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Cardiovascular Electrophysiology, illuminates the abnormal functioning of the 
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treatment for cardiovascular pathologies and how to regulate normal physiological 
functions with percutaneous or extracorporeal interventions.
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Preface

This book addresses two distinct clinical situations: patients with supraventricular 
arrhythmias and patients with dyssynchrony who would benefit from resynchroniza-
tion therapy for improving heart failure treatment. Evidently, these two subjects 
exhibit disparities; however, they share certain fundamental components. Hence, the 
connection between supraventricular arrhythmias and resynchronization therapy 
is not coincidental. On one hand, certain persistent atrial arrhythmias can cause the 
left ventricle to enlarge, a condition known as tachyarrhythmic cardiomyopathy. On 
the other hand, dilated cardiomyopathy can be further complicated by arrhythmias, 
particularly supraventricular ones like atrial fibrillation. Prior to initiating any 
resynchronization therapy, it is necessary to address the atrial arrhythmia in order to 
ensure a high pacing percentage and establish optimal cardiac synchronization.

The first section of the book focuses on supraventricular arrhythmias: from tachycar-
dias caused by accessory pathways to atrial fibrillation.

The second section of the book addresses the physiological justification and technique 
of resynchronization therapy in patients with heart failure, as well as indications, 
implantation techniques, complications, and long-term outcomes.

In the first chapter Adil Baimbetov describes accessory pathways and the types of 
reentrant arrhythmias that can be induced in this category of patients. Orthodromic 
atrioventricular reentrant tachycardia (AVRT) frequently develops in the presence 
of an accessory pathway (AP) that conducts retrogradely. The pathogenic impulse 
travels from atria to ventricles through the normal atrioventricular conduction sys-
tem, while it travels backward to the atria using the retrograde conducting accessory 
pathway. Occasionally, conduction takes place in the opposite direction, leading to the 
occurrence of antidromic AVRT with a large QRS complex. Accessory pathways can 
be found at any location along the atrioventricular rings, either mitral or tricuspid, 
and are typically solitary abnormalities. However, in certain individuals, congenital 
defects such as Ebstein anomaly or transposition of great arteries may also be present. 
The majority of accessory pathways exhibit nondecremental conduction character-
istics and are conducted at a faster rate compared to normal atrioventricular conduc-
tion tissue. This gives a risk of ventricular fibrillation in case of atrial fibrillation 
conducted anterogradely to the ventricle. Baseline electrocardiogram in a significant 
number of individuals with accessory pathways shows preexcitation, recognized by 
a short PR interval and a delta wave at the beginning of the QRS. Special algorithms 
can be used to predict the location of the pathways. Electrophysiological studies are 
frequently conducted in these patients with the aim of diagnosis, localization, and 
identification of the risk of sudden death related to the accessory pathway. In recent 
decades, catheter ablation has arisen as a radical therapy option for patients with 
Wolf–Parkinson–White (WPW) syndrome. The authors describe different techniques 
for catheter ablation using either radiofrequency or criotherapy, guided by X-ray or 
three-dimensional mapping techniques. This presentation, prepared by the authors, is 



highly helpful as it thoroughly explores the intricate details of the accessory pathways, 
encompassing every detail from the mechanism to the therapy.

In the second chapter, Rafael J. Ramirez et al. provide a comprehensive assessment of 
animal and computer models used to study atrial fibrillation (AF)—models that have 
generated useful insights into the mechanism of this arrhythmia. These models play 
a crucial role in bridging the gap between nonclinical and clinical research and have 
proved vital in improving our understanding of the various factors that contribute 
to the progression of cardiac arrhythmia. Researchers employ several investigative 
methods and scientific models to obtain understanding of the factors that influence 
the initiation and advancement of atrial fibrillation. They also evaluate new treat-
ments and therapeutic techniques through experimentation. Both large and small 
animal models, along with computational techniques, are extremely helpful tools for 
enhancing our understanding of this arrhythmia. Animal models give a biological 
background and empirical evidence, while computational models offer a versatile 
platform for evaluating theories and analyzing data. The combined use of these two 
methodologies enables a more thorough comprehension of AF. The integration of 
experimental and theoretical approaches will be increasingly vital in the development 
of effective drugs and the attainment of a comprehensive understanding of atrial 
fibrillation, as technology and materials continue to advance.

Cardiac resynchronization therapy (CRT) has emerged as a crucial treatment for 
individuals suffering from severe heart failure and left bundle branch block in recent 
decades. The presence of a large QRS complex is a sign of dyssynchrony between 
the left ventricle and the right ventricle, causing a reduction in the ejection fraction. 
Correcting the dyssynchrony by synchronizing the two ventricles is an effective 
therapy for increasing the left ventricular ejection fraction.

Abdulmohsen Almusaad et al. provide a concise overview of the development, 
performance, scientific studies, criteria for selecting patients, handling, and improve-
ment of cardiac resynchronization therapy. The main topics discussed include recom-
mendations for the use of CRT, both invasive and noninvasive imaging methods to 
improve results, various pacing locations to optimize response, and advancements 
in lead technology and implantation techniques. The chapter emphasizes the areas 
where our understanding is lacking and suggests future research topics to enhance 
the use of CRT and clinical results in real-world settings. By conducting additional 
research to address any remaining uncertainties, it is quite likely that CRT will 
become an even more efficient treatment for heart failure patients with dyssynchro-
nous cardiomyopathy. The progression of cardiac resynchronization therapy CRT 
from its early experimental phases to a widely accepted treatment for heart failure 
with reduced ejection fraction and ventricular dyssynchrony has been amazing. 
Cardiac resynchronization therapy CRT has unquestionably transformed the field 
of heart failure treatment, resulting in a reduction of symptoms, an improvement in 
quality of life, and an enhancement in survival rates. The efficacy of cardiac resyn-
chronization therapy CRT in reversing negative remodeling and improving heart 
function has been demonstrated in trials and other significant investigations.

Malik Ghawanmeh et al. analyze the recommendations on CRT in individuals with 
heart failure. In their chapter, they investigate the current understanding of CRT 
responders by examining the most recent evidence. They investigate the influence of 
IVXVI



CRT on mortality rates, hospitalizations due to heart failure, clinical characteristics of 
heart failure, preservation of ventricular function, and preventing the advancement 
of heart failure. They explore the most recent progress in physiological pacing, which 
includes studying the anatomical and physiological characteristics, while carefully 
assessing the benefits and disadvantages. In addition, the chapter examines potential 
future opportunities and directions in this field, offering a comprehensive picture 
of the developing potential of CRT. Extensive study over many years has resulted in 
significant advancements in understanding the relationship between cardiac conduc-
tion anomalies, symptoms, morbidity, and mortality. Significant progress has been 
achieved in correcting electromechanical dyssynchrony. The data strongly supports 
the benefits of CRT in specific patients with symptomatic heart failure with reduced 
ejection fraction and electrical dyssynchrony. Cardiac resynchronization therapy 
improves quality of life and decreases mortality. When CRT is not practical, conduc-
tion system pacing offers a viable alternative. Attractive options lie in future develop-
ments of the technique, patient selection, and companies’ innovations.

Radu Darciuc provides a comprehensive overview of the key technical considerations 
required for the implantation of CRT devices. It includes many procedures such 
as anesthesia, venous access, creation of the pocket, cannulation of the coronary 
sinus, and implantation of the left ventricular lead. A description of the necessary 
equipment is provided to assist implanting physicians in getting familiar with and 
overcoming potential problems throughout the procedure. Darciuc evaluates multiple 
techniques for every stage, highlighting their strengths and weaknesses. He provides 
an extensive set of tips and techniques that will assist physicians in conducting 
implantations with greater skill and expertise. The description of the technique is 
enhanced by the inclusion of numerous figures and images, which provide a more 
comprehensive understanding of the procedure. Implanting a CRT device is a com-
plex technique that involves multiple successive steps. In the absence of adequate 
preparation and training, there may arise huge challenges that are hard to surmount. 
Electrophysiology specialists should develop plans of action for each individual chal-
lenge encountered during cardiac resynchronization therapy setup. Developing an 
effective strategy is crucial for successfully addressing all obstacles.

Finally, but not least, Somshukla Ghosh et al. examine clinical trials that focused on 
the impact of several treatments on reducing mortality in patients with cardiomy-
opathy and heart failure. The treatments investigated were CRT with a pacemaker 
(CRT-P), internal cardiac defibrillator (ICD) alone, and a combination of CRT and 
ICD (CRT-D). A CRT device, specifically a CRT-P device without a defibrillator, 
has the potential to effectively decrease mortality rates in these individuals. On the 
other hand, defibrillators that do not include CRT have been employed to decrease 
mortality in the same group of patients. For patients with left bundle branch block, 
cardiomyopathy, and a reduced ejection fraction (LVEF) of 35 percent or less, it is 
recommended to consider using a cardiac resynchronization therapy with defibril-
lator (CRT-D) device, as long as there are no reasons to avoid defibrillation therapy. 
This treatment option may offer the greatest reduction in mortality, potentially 
due to a decreased risk of death from arrhythmias when using this combination. 
However, CRT-P has demonstrated advantages that extend beyond just alleviating 
heart failure symptoms and enhancing quality of life. It also offers a substantial 
reduction in mortality, making it a viable option when defibrillation therapy is not 
recommended.
VXVII



Overall, these chapters provide valuable information for experienced cardiologists 
specializing in arrhythmology, both electrophysiologists and device implantation 
doctors. They cover the treatment of supraventricular arrhythmias through ablation, 
as well as the challenging technique of CRT implantation. This book is intended to be 
beneficial to you all.

Gabriel Cismaru
Cardiology Department,

Iuliu Hatieganu University of Medicine and Pharmacy,
Cluj-Napoca, Romania
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Chapter 1

Tachycardias Associated with 
Accessory Pathways: Mechanisms 
and Catheter Ablation
Adil Baimbetov

Abstract

Accessory pathways (AP) of abnormal conduction are pathways between the 
ventricular and atrial myocardium that exist apart from the conduction system 
structures. Patients with AP of abnormal atrioventricular conduction may have 
ventricular tachycardia known as atrioventricular (AV) reciprocating tachycardia 
(AVRT). Orthodromic AVRT often occurs in the presence of AP. The pathological 
impulse passes antegrade via the normal AV conduction system, whereas retrograde 
conduction to the atria via AP. Rarely, conduction occurs in the opposite direction, 
resulting in antidromic AVRT. APs occur at all points of the AV ring and usually as 
isolated anomalies, although in some patients, congenital anomalies are observed. 
Most APs have non-decremental conduction properties and are conducted more rap-
idly than normal tissue with AV conduction. In many patients with AP, baseline ECG 
reveals clear preexcitation signs and special algorithms can be used to presume their 
localization. Electrophysiologic study in these patients is often performed with in the 
purpose of diagnosing, localizing, and determining AP’s functional characteristics. 
Drug therapy for AVRT prevention is useful for temporary control while waiting for 
drastic actions and, in some cases, for long-term treatment. Over the last few decades, 
a radical treatment option as catheter ablation has emerged in patient’s treatment with 
WPW syndrome.

Keywords: accessory pathway, catheter treatment, radiofrequency ablation, accessory 
pathway ablation, concealed pathway

1. Introduction

Accessory pathways are tracts formed by modified myocardiocytes or cells of the 
cardiac conduction system, connecting the myocardium of the atria and ventricles 
or various parts of the cardiac conduction system. Being morphologically similar 
to the tracts of the conduction system, APs have higher conductivity. As a result of 
their functioning, pre-excitation of the ventricles is formed, and tachyarrhythmias 
occur, which often have hemodynamic significance. APs are the morphological 
substrate of Wolff–Parkinson–White (WPW) syndrome. WPW syndrome is the 
most common congenital heart disease, and supraventricular tachycardias (SVT) 
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that occur with this syndrome are rarely associated with life-threatening condi-
tions. Still, despite this, they are the most common reason for seeking emergency 
medical care. Drug therapy for this pathology cannot radically help such patients; 
resistance to antiarrhythmic drugs develops in 56–70% of patients within 1–5 years. 
Timely diagnosis and treatment of AVRT in WPW syndrome is an urgent problem 
in clinical cardiology since it develops at working age in most cases. The radiofre-
quency ablation (RFA) of the APs has become widespread due to its safety and 
high efficiency in treating patients with AVRT. Today, it is generally accepted that 
radiofrequency catheter ablation of the additional atrioventricular junction is a 
highly effective method of treating WPW syndrome, characterized by a low risk of 
complications and thereby ensuring the return of patients to normal, full-fledged 
life activities.

2. Accessory pathways of cardiac conduction system

F. Wood et al. first described accessory pathways (APs) of the cardiac conduc-
tion system during histologic examination of a deceased patient’s heart with WPW 
syndrome. Shortly after, its most accurate description was given by R. Ohnell, who 
found that the accessory pathways are “thin threads” of atrial myocardium. According 
to the data obtained by A. Becker et al. in 1978, the APs are thicker at their origin 
in the atrium. Spreading in the ventricular myocardium, they branch like tree roots 
[1–3]. Histologically, they are fibers, typically consisting of working atrial myocar-
dium, located at various depths in the fatty tissue of the atrial-ventricular sulcus and 
connect the atrial and ventricular myocardium. The thickness of these bundles ranges 
from 0.1 to 7 mm (1.3 mm on average). In accordance with the anatomical classifica-
tion of APs, “connection” refers to abnormal conductive pathways penetrating the 
contractile ventricular myocardium, and “tract” refers to abnormal pathways termi-
nating in specialized conductive tissue [4–6].

The main ones are the following:

1. Atrioventricular (AV) pathways (“Kent bundles”).

2. Nodoventricular tract between the AV pathway and the right side of the inter-
ventricular septum (Mahaim fibers).

3. Nodofascicular tract between AV pathway and the branching of the right branch 
of the His bundle (Mahaim fibers).

4. Fasciculoventricular junction between the common His bundle and the myo-
cardium of the right ventricle (Mahaim fibers). Generally, it functions in rare 
cases.

5. Atriofascicular tract connecting the right atrium to the common His bundle 
(Breschenmacher tract). It tends to be rare.

6. Atrionodal tract between the SA node and the inferior part of the AV pathway 
(posterior inter-nodal James tract). This tract is present in all humans but is usu-
ally non-functional (Figure 1).
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The Breschenmacher tract and the posterior inter-nodal James tract are also called 
the AV nodal bypasses since they allow sinus or atrial impulses to reach the common 
His bundle without delay at the AV junction. The same category includes so-called 
short pathways in the AV node, along with “small” and “underdeveloped” AV nodes. 
The above classification does not reflect concealed retrograde “Kent bundles” and 
multiple APs [7, 8]. Accessory atrioventricular pathways can be located at any point 
of the atrial-ventricular sulcus except for the area between the aorta and the mitral 
valve ring. They are commonly divided into parietal and septal. The first one attaches 
to the free walls of the left and right ventricles, and the others connect the interatrial 
septum with the interventricular septum, terminating anteriorly or posteriorly in its 
membranous part, in the right triangle of the central fibrous body, generally under the 
endocardium near the typical structures of the conduction system. W. Untereker et al. 
(1980) summarized the anatomical data available in the literature on the hearts of 35 
deceased patients whose ECG registered signs of WPW syndrome during life. Short 
(1 to 10 mm) and narrow (average diameter - 1.3 mm) muscle bundles starting in the 
lower atrial regions and penetrating into the ventricular muscle were found in 30 cases. 
In most cases, left-sided APs were located outside the compact, well-formed fibrous 
mitral annulus and crossed the fatty layer of the epicardial sulcus close to it. Right-
sided APs pass to the ventricular myocardium through congenital disabilities “gaps” of 
the tricuspid fibrous ring, whose backbone is “weaker”. There are also superficial APs 
lying distant from the fibrous rings in the fatty tissue of the venous sulcus. In 1986, G. 
Guiraudon et al. showed that posterior-septal APs can connect the left ventricle’s poste-
rior part with the right atrium’s adjacent part [9–11]. In 1988, W. Jackman, based on the 
analysis of delta wave morphology in 12 standard leads of the surface ECG and fluoros-
copy localization, proposed to distinguish the following APs in WPW syndrome:

1. Septal APs: - right anterior or anterior-septal; − right medial-septal; − right 
posterior-septal; − left posterior-septal; − subepicardial.

2. Right APs: - right; − anterolateral; − lateral.

Figure 1. 
The figure illustrates possible types of existing AP. A description is given in the text (above).
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3. Left-sided APs: - anterolateral; − lateral; − posterior. Considering the anatomical 
location of the heart in the thorax, in 1999, F.G. Cosio proposed an anatomical 
classification of localization of accessory atrioventricular pathways in WPW 
syndrome. This classification divides all WPWs into right-sided, left-sided, and 
paraseptal (Figure 2)

Accessory pathways also can be divided in accordance with their location, direc-
tion, arrhythmia mechanism, and conduction characteristics.

Further, according to the anatomical properties they are subdivided into septal, 
left-sided, and right-sided conduction pathways. Posterior septal, medial septal, and 
anteroseptal can be combined into septal pathways, and left-/right-sided pathways 
can be subdivided into posterior, posterolateral, lateral, anterolateral, and anterior.

Several accessory pathways may be located in unusual anatomical spots, such as 
the epicardial connections between the left ventricle and the coronary sinus, the left 
ventricle and the noncoronary cusp of the aortic valve, the right ventricle and the right 
atrial appendage, or the left ventricle and the left atrial appendage. In addition, a few 
accessory pathways may be connected to a specialized conducting system straight-
away, such as fasciculoventricular, nodofascicular, and atriofascicular pathways.

Accessory pathways also can be characterized in accordance with their conduction 
direction (e.g., retrograde, anterograde, or bidirectional - see above), or according 
to their conductive features. Regarding the latter, most accessory pathways have fast, 
non-decremental conduction, but some paraseptal pathways might have slow or 
decremental conduction, the same as the AV node.

3. Mechanisms of arrhythmias involving accessory pathways

The first classification of arrhythmia mechanisms was presented in 1964: (1) 
impulse formation disturbance, (2) impulse conduction disorders, and (3) their 
combinations. These works were based on studies on the transmembrane potential of 
cardiomyocytes.

As a rule, most myocardium and conduction system cells have negative resting 
potential (−80 mV). Exceptions are cells of the sinus node (SN), atrioventricular 
node (AVN), and atrioventricular valve area, where resting potential is higher 

Figure 2. 
Generally accepted classification of AP localization.
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(−70 mV). A negative potential on the membrane surface is due to a potassium gradi-
ent associated with the potassium-sodium pump’s function. The depolarization phase 
of the cell is due to the exit of sodium ions from the cell, and the “plateau” phase is 
due to the slow exit of calcium and potassium entry. Automatism or spontaneous 
generation of impulses is caused by phase 4 of depolarization, which can be sup-
pressed by overdrive pacing, as the potassium-sodium pump, in this case, leads to the 
cell hyperpolarization [12, 13].

Impulse conduction disorders are caused by the presence of cells with pathologi-
cal resting potential and slowly increasing action potential (induced by calcium ion 
current) or by disruption in intercellular contacts (desmosomes). These factors create 
conditions for conduction delay and macroreentry formation. The formation of an 
unidirectional blockade in a system of multiple myocardial fibres may also lead to 
the development of excitation re-entry or macroreentry. In 1983, the possibility of 
re-entry formation in a small area of the atrial border ridge was demonstrated, even in 
the presence of anisotropy [4, 12].

Excitation re-entry wave underlies most tachyarrhythmias. The rhythm of heart-
beats arising from this conduction disturbance is caused by electric current circula-
tion in the myocardial area, leading to periodic depolarization of the cardiomyocyte 
membrane.

Under normal conditions, impulses from the sinus node propagate through the 
myocardium in a strictly ordered manner, after which they decay. Each section of 
the conducting system and each region of the myocardium is depolarized under 
the action of a single excitation impulse only once (due to the refractoriness of cells 
preventing tissue reactivation immediately after the impulse passage) [13]. The 
mechanism of the excitation re-entry wave is shown in Figure 3.

This circle can exist indefinitely, with each impulse passage activating distal parts 
of the conducting system, after which the excitation wave propagates throughout the 
myocardium, causing tachyarrhythmias. Theoretically, retrograde conduction slow-
ing is not a prerequisite for the existence of the re-entry mechanism. The excitation 
wave re-entry is possible only if the propagating impulse reaches cells whose mem-
brane can be depolarized. Consequently, the pulse travel time through the re-entry 
circuit must be longer than the refractory period of the excitable tissue. If the re-entry 
circuit transit time is less than this period, the impulse will fade after reaching the 
refractory tissue [14]. As a rule, the pulse conduction velocity is about 50 cm/s, and 
the duration of the refractory period is −200 ms. Obviously, for the realization of 
the re-entry mechanism, the circuit length should be at least 10 cm. However, in 
practice, the circulation of excitation impulses is observed in much smaller areas 

Figure 3. 
The primary mechanism of arrhythmia with the participation of the AP is re-entry.
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of the myocardium, so retrograde impulse conduction slowing down is still neces-
sary in most cases to develop the re-entry mechanism and persistent heart rhythm 
disruption.

Thus, two conditions are necessary to develop a mechanism of the excitation wave 
re-entry: (1) unilateral conduction blockade and (2) slowing of impulse conduction 
along the re-entry circuit. Compliance with these conditions is possible if neighboring 
cells differ in the rate of impulse conduction and the refractory period duration [15].

A classic example of an arrhythmia re-entry is orthodromic or antidromic 
atrial-ventricular tachycardia involving an accessory conduction pathway. Due to 
its abnormal location, this bundle links the atrial myocardium to the ventricular 
myocardium (Figure 4). The accessory pathway conducts the impulse rapidly, and 
the typical delay of the excitation wave in the AV node does not occur. Consequently, 
the ventricles are excited earlier than usual, accompanied by a shortening of the P-R 
interval on the ECG (usually less than 0.12 sec). Moreover, in such individuals, ven-
tricular depolarization is caused by impulses from both the AV node and the accessory 
conduction pathway. As a result, vast QRS complexes with earlier than regular rise 
in the initial complex part are observed on ECG. There are many variations in the 
severity of the delta wave (ventricular preexcitation) (depending on the electrophysi-
ologic properties of WPW and AV node), up to its complete absence in patients with 
intermittent, latent, or latent WPW syndrome. Also, in these patients, there are signs 
of repolarization disruption in the form of various changes in the T waveform (due to 
atopic ventricular depolarization, the repolarization process is also atopic), which is 
often mistakenly interpreted as an ischemia manifestation [16].

The accessory conduction pathway is the anatomical basis of the long re-
ventricular chain. The components of this circuit are, on the one hand, the accessory 
pathway and, on the other hand, the AV node. The conduction velocity and refractory 
period duration of the accessory and regular pathways usually differ, so appropriate 
frequency impulses can lead to tachyarrhythmias by the re-entry mechanism.

Under regular sinus rhythm, conduction can be antegrade down the AP or via the 
AV node, resulting in an obvious preexcitation on the ECG. Frequently, this might not 
be obvious in the case of the ventricle depolarization via the AV node before conduc-
tion via the accessory pathway is complete, as in a slow-conducting left lateral acces-
sory pathway. This phenomenon is known as latent preexcitation because the 12-lead 
ECG during typical sinus rhythm might appear normal. In case accessory pathways 

Figure 4. 
Scheme of premature impulse conduction through the AP and the ventricle’s preexcitation.
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conduct uniquely retrogradely during regular sinus rhythm, the ECG will also appear 
normal, and this is so-called concealed accessory conduction pathway. Concealed 
accessory conduction pathways are commonly regarded as less dangerous in terms of 
sudden death risk because they cannot conduct fast AF. Most accessory pathways have 
antegrade and retrograde properties [17].

If the antegrade accessory pathway is refractory and conduction takes place 
antegradely (via the AV node, which leads to the activation of His and the ventricle), 
and retrogradely (via the accessory pathway) Orthodromic AVRT takes place, which 
is illustrated in Figure 5. Typically, this occurs when the required VA time is greater 
than 70 ms. In spite of, insignificant changes in antegrade conduction via the AV 
node, the VA time, which indicates the time required for conduction via the accessory 
pathway, is usually steady and unchanged. In antidromic AVRT, conduction happens 
once the AV node is refractory, which favours antegrade conduction via the accessory 
pathway and retrograde atrial activation via the AV node and His, which is usually 
interconnected with QRS preexcitation because ventricular activation occurs only via 
the accessory pathway. Whereas conduction occurs via the AV node, the HA conduc-
tion time is typically more than 70 ms. This is more frequent in left lateral accessory 
pathways, as longer conduction times are required for the AV node to recover.

4.  Electrophysiologic study of supraventricular tachycardias associated 
with accessory pathway of cardiac conduction system

Objectives of electrophysiologic study (EPS) in patients with supraventricular 
tachycardia (SVT) associated with accessory pathway of cardiac conduction system:

• verification of SVT-AVRT;

• management of its induction and determination modes;

• differential diagnosis with AVNRT, atrial and intra-atrial tachycardia, atrial 
fibrillation, and atrial flutter. In cases with antidromic tachycardia or AVRT with 
aberrant conduction along the His bundle branches, the differential diagnosis is 
carried out with ventricular tachycardia as well;

• obtaining information on the AP electrophysiological properties and determin-
ing its localization;

Figure 5. 
Schemes of the orthodromic and antidromic tachycardia development with the AP participation. AVN- AV node, 
AP-accessory pathway.
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• determination of further treatment tactics;

• endocardial mapping of AP and RFCA.

Indications for EPS in patients with WPW syndrome are described in detail in 
the recommendations as 2019 ESC Guidelines for the management of patients with 
supraventricular tachycardia [18].

The study is performed in the X-ray operating room after withdrawal of all antiar-
rhythmic drugs for at least 6 half-lives.

Under local anesthesia, the left subclavian vein, right common femoral vein, and 
right femoral artery are punctured according to the Seldinger technique (in the case 
of left-sided localization of AP). 6–7 Fr diameter 2–3 introducers are inserted into the 
right common femoral vein. A 6 Fr diameter introducer is placed in the left subclavian 
vein and a 7 Fr in the right femoral artery (in left-sided localization of atrioventricular 
appendages).

Under X-ray control, diagnostic electrodes are placed in the coronary sinus (CS), 
His bundle region (HIS), and right ventricular apex (RVA) (Figure 6).

The protocol for EPS in patients with WPW syndrome includes evaluation of 
sinus node function recovery time, corrected sinus node function recovery time, 
anterograde and retrograde values of AP ERP and AV node, Wenckebach points, and 
verification of clinical AVRT (Figure 7). As a rule, APs are characterized by a nondec-
remental conduction.

The study includes the determination of the induction mode and clinical AVRT 
management (Figure 8). Frequently, in patients with WPW syndrome the VA interval 
exceeds 120 ms on the AVRT background. On intracardiac electrograms, the geometry 
of atrial myocardium retrograde activation will depend on the site of AP entry into 
the atrial myocardium. If the pulse propagates retrogradely along the left lateral AP, 
the earliest atrial activation will be observed in the distal regions of the CS from the 

Figure 6. 
Diagnostic electrode location during EP study and catheter ablation procedures, and recording electrograms.
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electrode pairs of the catheter located in the coronary sinus, in this case, CS1-2 (see 
Figure 9). On the orthodromic AVRT background in cases of functioning posterior 
or mid-septal APs, there is a “central type” of retrograde atrial activation, which 
complicates the differential diagnosis with atypical forms of AVNRT. In this case, to 
exclude AVNRT during the tachycardia paroxysm, the synchronized technique within 
50 ms with the His bundle, ahead of the release of ventricular extrastimulus from the 
right ventricle apex is used. In typical or atypical AVNRT, synchronized extrastimulus 
(S2) does not alter the retrograde atrial activation geometry. The intervals during 
tachycardia (A-A, H-H) and after extrastimulus administration (A-ASt, H-HSt) 
remain identical because the extrastimulus cannot capture the atria as a result of the 
His bundle activation by the anterograde front and retrograde conduction is not pos-
sible. The H-H interval during tachycardia and after extrastimulus does not change, 

Figure 7. 
Orthodromic tachycardia induction involving the AP left lateral localization during EP study.

Figure 8. 
Tachycardia induction with frequent pacing during EP study.
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indicating the absence of extrastimulus conduction through the His-Purkinje system. 
In case of retrograde conduction along the AP during a tachycardia paroxysm, the 
ventricular extrastimulus synchronized with the His bundle activation captures the 
atria. In this case, the electrogram reveals advancement of retrograde atrial activation 
(change of A-ASt intervals during tachycardia and after the administered extrastimu-
lus). The earliest atrial activation is seen at the atrial output site of the AP. Premature 
ventricular extrastimulus can interrupt the paroxysm of AVRT. If there are difficulties 
in the differential diagnosis between AVNRT and AVRT, we recommend para-Hisian 
pacing to exclude concealed septal APs. The para-Hisian pacing stimulation technique 
is conducted in asynchronous pacing of ventricles with a cycle length of 500–600 ms 
from an area anatomically located close to the His bundle area (para-Hisian area). 
The electrophysiological properties of ventricular myocardium in this region differ 
significantly from those of the His bundle itself. At high values of current strength 
in the para-Hisian area, simultaneous capture of the His bundle or the proximal part 
of the His bundle right branch and adjacent contractile myocardium of the right 
ventricle occurs. On the baseline ECG, this is manifested by relatively narrow stimu-
lation QRS complexes. Once the current is reduced or the patient breathes on the 
stimulating electrode, there might be a loss of the His bundle or right bundle branch 
capture, however, the capture of the contractile myocardium of the right ventricle is 
preserved (wide ventricular stimulation complexes are recorded on the ECG). In this 
case, the ventricular conduction system is activated retrogradely: first the ventricular 
myocardium and only then the Purkinje fibres - the His bundle legs - the His bundle. 
If the series of retrograde atrial activation does not change and the time intervals 
reflecting retrograde atrial activation remain unchanged in the case of trapping and 
non-trapping His-Purkinje complexes, then retrograde conduction via the concealed 
septal AP is assumed.

If there is no AP, retrograde conduction to the atria will depend on the direction 
of direct involvement of the His-Purkinje system elements in the retrograde activa-
tion circuit. In addition to the widening of the QRS complex, the absence of the His 
bundle “capture” will be accompanied by a prolongation of the interval illustrating 
retrograde activation of the atria. Thus, analysis of the retrograde atrial activation 

Figure 9. 
The early point of atrial activation during retrograde pacing indicates the left anterior location of the AP.
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features on the para-Hisian stimulation in patients with SVT, first of all, allows dif-
ferential diagnosis between atypical forms of AVNRT and orthodromic AVRT with 
the participation of retrogradely functioning septal APs. Occasionally, AV block of 
the second degree of Mobitz II may appear on the SVT background, which excludes 
AVRT as a cause of tachycardia. This phenomenon indicates that the maintenance of 
tachycardia does not require the involvement of underlying structures of the conduct-
ing system not involved in the loop of re-entry, such as the His bundle, the His bundle 
branch, and ventricular myocardium. In some cases, tachy-dependent blockade of 
impulse conduction along the His bundle branch is noted during an AVRT attack. As a 
rule, in this case, blockade of the His bundle branch on the side of the bundle loca-
tion (ipsilateral blockade) prolongs the tachycardia cycle length and correspondingly 
decreases the ventricular activation rate, whereas in AVNRT the value of tachycardia 
cycle length before and after the onset of blockade does not change [19]. The dif-
ferential diagnosis of AVNRT with “wide” QRS complexes during endocardial EPS is 
carried out primarily with ventricular tachycardias. Registration of endocardial elec-
trograms from atria and ventricles greatly facilitates verification of ventricular-atrial 
dissociation during tachycardia based on different values of V-V and A-A intervals 
and makes the diagnosis of VT undoubted.

Differential diagnosis is also performed with SVT with wide QRS complexes. As a 
rule, this is not difficult in patients with antidromic AVRT and signs of preexcitation 
on the sinus rhythm (delta wave) background. During tachycardia the degree of their 
severity increases, because in this case, anterograde excitation of ventricles occurs 
only by AP, and retrograde - by the His-Purkinje system. In this case, the direction 
of the initial vector of ventricular depolarization in 12 leads of ECG will be the same 
both on the sinus rhythm background and during tachycardia. Difficulties may arise 
in the differential diagnosis of antidromic AVRT in a patient with no evidence of 
delta waves during sinus rhythm, which is sometimes observed in antidromic AVRT 
with anterograde conduction along the nodofascicular and nodoventricular tracts 
(Mahaim fibres). In such cases retrograde conduction is carried out by His-Purkinje 
system and analysis of atrial activation geometry will not clarify the situation com-
pletely. The sign characteristic for antidromic AVRT with anterograde conduction by 
Mahaim fibres is the change in the degree of pre-excitation depending on the cycle 
length of atrial pacing (the greater the frequency of atrial stimulation, the more 
pronounced the degree of ventricular pre-excitation) [20].

As a rule, the differential diagnosis of AVRT and atrial tachycardia is not difficult. 
The signs characterizing more atrial tachycardia than AVRT include the increase 
of PR interval during tachycardia, occurring at the shortening of tachycardia cycle 
length, appearance of AV blockade due to AAT administration or reflex techniques. If 
the tachycardia mechanism is abnormal automatism, in addition to the above, these 
tachycardias are characterized by the fact that they are not induced or interrupted by 
asynchronous or programmed atrial stimulation, and spontaneous induction does not 
require a delay in intraatrial or nodal conduction [21–23]. Atrial tachycardias based on 
abnormal automaticity are often characterized by the so-called “warm-up” phenome-
non (gradual shortening of the tachycardia cycle length with each successive complex).

The characteristic features of atrial tachycardias based on a trigger mechanism 
are an increase in the cycle length of the tachycardia followed by its cessation; the 
initial cycle length of the tachycardia is equal to the cycle length of the asynchronous 
stimulation or the value of the coupling interval of the programmed extrastimulus; 
asynchronous or programmed atrial stimulation may induce (interrupt) or have no 
effect on the tachycardia.
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The peculiarities of intra-atrial tachycardias that distinguish them from AVRT 
are that the start of intra-atrial tachycardia occurs after conduction delay in the atria, 
whereas in AVRT, conduction delay occurs after conduction delay in the His-Purkinje 
system [24]. Intra-atrial tachycardias, unlike AVRT, are generally not provoked by 
ventricular stimulation. Moreover, the very existence of an intra-atrial tachycardia 
whose loop of re-entry involves ventricular structures is improbable.

5. Catheter ablation of accessory pathways in WPW syndrome

Nowadays, due to relative safety and high efficiency, the technique of radiofre-
quency catheter ablation (RFCA) of APs in the treatment of patients with WPW 
syndrome, even with minimal disease symptoms, has become widespread. The indi-
cations for RFCA in patients with WPW developed by the 2019 ESC Guidelines for 
the Management of Patients with supraventricular tachycardia” are used in everyday 
clinical practice [18]. In fact, RFCA is a method of choice in patients with WPW.

5.1 Mapping technique for AP topic initialization

Determination of the area of interest for the effective RF application is based on 
the data of activation mapping, which verifies the area where the elimination of APs 
conduction is most likely to occur during RF application. APs mapping is performed 
on the sinus rhythm (possible only in manifest WPW syndrome), asynchronous 
ventricular and/or atrial stimulation, as well as on AVRT background [25–27]. The key 
point for determining the point of effective radiofrequency application is the simulta-
neous registration of bipolar and unipolar signals from the ablation electrode.

5.2 Using of 3D cardiac mapping system for accessory pathway ablation

Advanced 3D cardiac mapping systems are commonly used to detect and ablate 
regular APs located in AV rings. Modern 3D mapping systems like Carto, NAVX, and 
Rhythmia have several advantages in treating complex arrhythmias. These are activa-
tion mapping with a 3D mapping system that allows accurate catheter location and 
facilitates the identification of the ablated target. In addition, the 3D mapping system 
can reconstruct detailed 3D surface anatomy of structures and catheter markings in 
real-time virtual space.

Previous studies have shown that the 3D cardiac mapping approach significantly 
reduces fluoroscopic exposure time but does not increase the probability of acute 
success of supraventricular tachycardia ablation [28, 29]. However, some recent 
studies have found that the 3D mapping technique had a significantly higher acute 
success rate and lower recurrence rate than the standard technique in patients with 
posterior septal APs associated with CS diverticulum. In addition, fluoroscopy time 
and procedure time were also significantly reduced while using the 3D mapping 
system method. These results are consistent with previous studies that demonstrated 
the efficacy and 3D mapping system method safety in the ablation of various APs 
types [30, 31]. Therefore, the 3D mapping method had more benefits for these 
patients with posterior septal APs associated with CS diverticulum, as no recurrence 
and no complications were observed in patients under 3D mapping method control 
at follow-up. 
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5.3 RFCA performing

Both conventional and irrigated electrodes can be used to perform RFCA of APs. The 
following parameters of RFCA are applied: average power –40 ± 10 W, average heating 
temperature – 51 ± 9°C, during conventional ablation electrode. Occasionally, if the 
actions mentioned above do not lead to effective RFCA of APs, it is reasonable to use irri-
gated electrodes. Their application is especially relevant for the ablation of septal and right 
APs, localized in the free wall. As a rule, we use average power parameters of 35 ± 5 W and 
average temperature parameters of 45 ± 5°C at an irrigation rate of 17 ml/min [15].

Both transaortic (retrograde) and transseptal access can be used for RFCA of 
left-sided APs.

5.4 In transaortic positioning

Under X-ray control, the ablation catheter is retrogradely inserted into the left 
heart and positioned in the area of the APs location - the zone of its optimal mapping 
on the sinus rhythm (in case of manifest APs), asynchronous or programmed ven-
tricular stimulation (in case of concealed APs) or AVRT background (if the patient 
can tolerate tachycardia well) (Figure 10).

Transseptal access is performed after the transseptal puncture, which is per-
formed under X-ray and transesophageal or intracardiac ultrasound control. After the 
atrial septal puncture under X-ray control, an ablation electrode is positioned into the 
area of interest in the left atrium via a long introducer.

Figure 11 illustrates the position of the ablation electrode inserted into the left 
atrium using a transseptal approach for the left anterior localization of AP.

Figure 10. 
Transaortic (retrograde) placement of an ablation catheter into the left ventricle where the AP is located.
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When the optimal positioning and stabilization of the ablation catheter in the 
point of interest is achieved during RF exposure on the sinus rhythm background, 
conduction elimination along the APs is noted (Figure 12).

Upon successful RF treatment of the concealed left lateral APs during ventricular 
stimulation, a change in the type of retrograde atrial activation from eccentric to 
central type is observed (Figure 13).

Figure 11. 
Transseptal catheter access into the left atrium for ablation of left side located AP.

Figure 12. 
Ablation effect during the procedure: The AP is closed; the impulse passes through the AV conduction (indicated by 
the arrow). P-R was 116 ms, after ablation prolonged to 179 ms.
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In certain cases, V-A dissociation, detected during asynchronous ventricular 
stimulation, is a sign of effective APs elimination.

5.5 Evaluation of RFСA efficacy

A repeated EP studies protocol is performed to assess efficacy, confirming persis-
tent conduction elimination by APs (absence of AVRT induction, presence or absence 
of VA -conduction - VA dissociation, change in geometry to a central type of atrial 
retrograde activation (Figures 12 and 13).

The operation is considered successful after intravenous administration of 1 ml 
of 0.1% atropine sulphate solution during the control protocol of EP studies and a 
waiting period approaching 30 minutes [32].

5.6 Cryotherapy in the ablation of tachycardias associated with APs

Catheter-based cryotherapy has been introduced for the treatment of various 
arrhythmia types. The main advantage of using cryoenergy is to avoid the formation 
of useless and undesirable lesions by cryomapping [33]. Cryomapping allows an 
accurate map of a needed region in advance. This aspect of cryoenergetics may help to 
reduce the risk of AV node damage. In addition, catheter adhesion (“cryoadhesion”) 
to cardiac tissue prevents the catheter tip displacement or sliding motion during 
lesion formation seen with radiofrequency energy application [34].

Recent studies have demonstrated the safety of the cryoablation system in terms of 
preventing damage to the compact AV node. It should be pointed out that the tip size 
of the cryoablation catheter varied in different studies. Khairy et al. reported that a 
cryocatheter with a more extended electrode tip could cause larger lesions of equal depth 
according to a comparative study using a cryocatheter with a tip of 4, 6, and 8 mm [35]. 
The 8 mm tip cryocatheter may provide a higher success rate, but it may increase the inci-
dence of adverse events by creating larger lesions that may reach the compact AV node.

Figure 13. 
One of the criteria for the effectiveness of ablation with retrograde stimulation is that the conduction along the AP 
is stopped, and retrograde atrial activation changes from eccentric to central type.



From Supraventricular Tachycardias to Cardiac Resynchronization Therapy

18

Author details

Adil Baimbetov
Interventional Cardiology and Arrhythmology Department, Syzganov’ National 
Scientific Centre of Surgery, Almaty, Kazakhstan

*Address all correspondence to: kazpace@gmail.com

5.7 Complications associated with RFCA of APs

Currently, complications during endocardial EP studies and RFCA of APs can be 
divided into three groups:

• complications associated with a puncture and catheterization of vessels (hae-
matoma, deep vein thrombosis, marginal damage of the femoral artery wall, 
arteriovenous fistula, and pneumothorax);

• complications during catheter manipulations (heart valve damage, microembo-
lism, perforation of myocardial wall or coronary sinus, dissection of coronary 
sinus, and its thrombosis);

• complications caused by RF exposure (AV blockade of various degrees, myo-
cardial perforation, spasm or occlusion of coronary arteries, transient cerebral 
circulatory disturbance, and other cerebrovascular complications).

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Atrial fibrillation (AF) is the most common cardiac arrhythmia with potentially 
severe consequences that include stroke and sudden death. A high prevalence in the 
general population, combined with severe morbidity and mortality, make AF a major 
public health concern. Factors that predispose to AF are numerous and complex 
and include electrical, structural, neurohumoral, immunological and inflammatory 
remodeling of the heart. This chapter provides a review of animal and computational 
models of AF that have provided insights into this complex arrhythmia. These models 
bridge the gap between nonclinical and clinical research, and have been indispensable 
for expanding our understanding of the many factors that contribute to progression 
of this arrhythmia. Using a wide variety of investigational approaches and scientific 
models, researchers gain insights into mechanisms that affect the onset and progres-
sion of AF, as well as test novel treatments and therapeutic strategies.

Keywords: atrial fibrillation, experimental animal models, computational models, 
arrhythmia, cardiac electrophysiology

1. Introduction

Atrial Fibrillation (AF) is the most common sustained arrhythmia that is linked 
with negative health outcomes [1]. The Global Burden project estimated that in 
2016, about 46.3 million people globally were affected by AF [2]. In 2004, the life-
time risk of developing AF for white men and women over 40 years was about 1 in 
4 [3]. However, a decade later, this risk increased to approximately 1 in 3 for white 
individuals and 1 in 5 for Black individuals [4]. In the United States, between 3 and 6 
million individuals currently suffer from AF, and predictions suggest this could rise to 
approximately 6 to 16 million by 2050 [5, 6]. Meanwhile, in Europe there were about 9 
million cases of AF in 2010 among those aged 55 and older. This number is anticipated 
to grow to 14 million by 2060 [7, 8]. Projections for Asia suggest that by 2050, AF will 
be diagnosed in roughly 72 million people, with almost 3 million of those experienc-
ing AF-related strokes [9, 10]. The clinical risk factors for AF include advancing age, 
diabetes, hypertension, congestive heart failure, rheumatic and nonrheumatic valve 
disease, and myocardial infarction [11].

This chapter reviews different types of large and small animal models of AF 
that have been developed as investigational tools for the study of mechanisms and 
treatments of AF. This review includes the development of computational models 
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that have provided further insights that are often untestable in animal model 
experimentation.

2. Sterile pericarditis-induced AF

Sterile pericarditis emerged as an early, valuable approach for inducing AF in 
animal models. This model involves the introduction of irritants into the pericardial 
space, triggering a localized inflammatory response that alters atrial conduction and 
refractoriness, favoring a substrate for AF initiation and persistence. Several tech-
niques have been utilized to induce sterile pericarditis, each having distinct aspects of 
the inflammatory response and overall development of AF.

2.1 Techniques to elicit sterile pericarditis

Mineral Oil Injection: The injection of sterile mineral oil into the pericardial space 
serves as an effective technique to induce sterile pericarditis. This method triggers 
an inflammatory response characterized by immune cell infiltration and cytokine 
release, resulting in an environment conducive to AF-associated inflammation.

Talc Administration: Intrapericardial talc injection induces inflammation via pleu-
ropericardial irritation, leading to fibrinous pericarditis. The resulting inflammatory 
cascade extends to the atrial myocardium, promoting electrophysiological changes 
comparable of those seen in clinical AF.

Lipopolysaccharide (LPS) Administration: LPS is a component of Gram-negative 
bacterial cell walls. When it is introduced intrapericardially, it elicits an immune 
response similar to infection-induced pericarditis. This approach demonstrates the 
role of immune activation in AF pathogenesis, offering insights into the connection 
between inflammation and arrhythmogenesis.

When creating an animal model of AF, there are a variety of techniques employed to 
create a suitable inflammatory response that is conducive to formation of a pro-fibrilla-
tory substrate. Sterile pericarditis created in a swine model has been achieved by plac-
ing double-layer gauze on the surface of the left and right atrial walls, combined with 
spreading talcum powder on the exterior of atrial surfaces [12]. A similar approach 
for inducing AF in a canine model using sterile pericarditis employed talcum powder 
coating, followed by single-layer gauze placement on the right and left atrial free walls, 
which was adequate for creating an atrial substrate prone to AF [13]. Another approach 
employing sterile pericarditis in canines used arachidonic acid applied to atrial append-
ages to trigger an acute inflammatory response promoting AF, where treatment with 
anti-inflammatory drugs attenuated arrhythmogenic effects [14]. Furthermore, simple 
pericardiotomies, involving a cutdown of the pericardium, have been performed on 
rabbits to induce AF. Here, histone deacetylase (HDAC), an epigenetic regulator of 
cardiac remodeling during cardiovascular disease, was inhibited to reduce instances of 
AF in rabbits [15]. Within these models, researchers have observed increased frequency 
of premature atrial contractions, shortened atrial refractory periods, cardiac hypertro-
phy and elevated fibrosis that is commonly observed in clinical cases of AF [12, 13, 15].

2.2 Large animal models utilizing sterile pericarditis

Sterile pericarditis-induced AF has been primarily explored in larger animal 
models like dogs, pigs and goats, as they share a comparable atrial anatomy and 
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size to humans. Large animal models allow for the introduction of catheter-based 
electrophysiological mapping and monitoring, making them suitable for studying 
mechanisms of AF [16, 17]. This feature of large animal models makes them useful 
for studying the spatiotemporal dynamics of AF [14], and offers insights into AF 
progression from paroxysmal to persistent [18], allowing researchers to investigate 
mechanisms of reentrant circuits and rotor formation [19–21] that are hallmarks of 
AF. The utility of the large animal AF model lies in its similarity to human clinical AF, 
including the ability to maintain high-frequency atrial activation, electrophysiologi-
cal heterogeneity, electrical remodeling, and reentrant circuit establishment as the 
principal driver of AF.

Sterile pericarditis as a method for AF induction gives rise to structural and 
electrical remodeling that is similar to that observed in clinical AF. Characteristics of 
cardiac remodeling that favor an atrial substrate conducive to AF include persistence 
of atrial flutter, altered gap junction connexin 40 and 43 distribution, unstable 
re-entrant circuits near and around the pulmonary veins and atrial septum, presence 
of short-lived rotors, and a dysregulated inflammatory response [14, 22–26]. These 
characteristics provide researchers with a reliable and robust environment to study 
the onset and progression of AF as well as novel treatments that may reduce re-
entrant events or mitigate progression of the arrhythmia.

2.3 Insights and implications

Researchers employing sterile pericarditis-induced AF models have investigated 
the relationship between inflammation, structural remodeling, and electrophysi-
ological changes in the pathogenesis of AF [12, 13, 15, 23, 27]. Through these models, 
researchers have been able to understand the contributions of pro-inflammatory 
cytokines, immune cell infiltration, and fibrotic changes to atrial electrical remodel-
ing [15, 23]. These models confirm that inflammation plays a crucial role in creating 
an arrhythmogenic substrate, and that atrial fibrosis is a critical factor contributing to 
AF maintenance [15, 27, 28]. Insights from sterile pericarditis models have shaped the 
development of anti-inflammatory and antifibrotic therapeutic strategies that address 
underlying mechanisms that drive AF [15].

The use of sterile pericarditis in animal models allows researchers to study the 
effects of post-operative atrial fibrillation (POAF), a condition that occurs in 30–50% 
of patients several days following open heart surgery who have no prior medical his-
tory of AF [29, 30]. Other studies have claimed these occurrences for POAF to range 
from 10 to 65% of patients, where onset of AF occurred around 2–3 days following 
surgery [31]. Observing and studying inflammatory mechanisms in controlled 
instances of POAF has been done through inducing sterile pericarditis in canine and 
swine models as they share comparative structural anatomies and electrophysiologi-
cal properties to that of a human heart [12, 13, 27]. Open heart surgery leading to 
AF can lead to a multitude of complications that compromise cardiac functionality. 
Heightened risk of myocardial ischemia, decreased diastolic filling and cardiac 
output, loss of optimal atrial contraction leading to increased pulmonary arterial 
pressure make up several of these complications [32]. As a result, POAF is associated 
with increased stroke risk, mortality, and hospital stays [31, 33]. Developing novel 
treatments to reduce the risks exacerbated by AF drives much of the current research, 
making animal models an indispensable research approach. Sterile pericarditis 
provides a reliable and replicable model to assess onset, progression, maintenance, 
and treatment of AF.
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3. Canine models of AF

3.1 Inducing AF in canine models

The research behind canine models of AF unravels a range of techniques designed 
to replicate the intricate arrhythmic behavior that can be observed in humans. These 
methods provide insights into distinct features of AF pathophysiology. One of the 
most common and efficacious techniques in inducing AF in canine models involves 
rapid atrial pacing (tachypacing), a technique that simulates the electrophysiological 
dynamics of AF through sustained high-frequency stimulation, commonly induced 
from pacemaker leads extending into the walls of the atrium [34–42]. By subjecting 
the atria to prolonged episodes of rapid pacing, researchers simulate the conditions 
that induce atrial electrical and structural remodeling similar to the AF substrate. 
This approach provides a model that recapitulates irregular atrial activation observed 
in clinical AF, but also shows conduction pathways and refractory period alterations 
associated with AF onset and stabilization.

In addition to rapid atrial pacing, atrial remodeling induced by heart failure 
serves as an avenue to understand the relationship between structural and electrical 
changes leading to AF. Studies have revealed that heart failure triggers substantial 
atrial remodeling, involving changes in ion channel expression, action potential 
characteristics, and conduction properties [41, 43]. These changes set the stage for 
the initiation and perpetuation of AF, further emphasizing how the nature of AF 
arrhythmogenesis may not all be entirely the same.

3.2 Electrophysiological insights and mapping

Electrophysiological exploration in canine models has ushered in an increased 
understanding of the mechanisms at play that govern induction and persistence of 
atrial fibrillation. By carefully mapping and monitoring the electrical landscape of the 
atria in these models, researchers have expanded their understanding of the initiation 
and maintenance of AF. Among these insights, atrial refractoriness dispersion takes 
center stage, demonstrating the critical role it plays in creating a conducive substrate 
for rotors and reentrant circuits, the hallmark of AF. The canine model’s fidelity to 
human atrial physiology allows researchers to uncover variations in refractoriness 
across different atrial regions, providing a greater understanding of the arrhythmia’s 
onset and persistence.

Conduction velocity alterations also emerge as a key characteristic in AF, clarify-
ing how variations in atrial conduction contribute to the irregular rhythm. Canine 
AF models have shed light on the regional disparities in conduction velocity, depict-
ing the complex conduction pathways that facilitate the chaotic activation patterns 
characteristic of AF. These observations not only deepen our understanding of AF but 
also give rise to potential targets for therapeutics aimed at normalizing conduction 
velocity and restoring atrial rhythm within patients experiencing AF.

The current understanding of electrophysiological remodeling has been advanced 
with application of high-resolution electrophysiological mapping techniques, such as 
the use of catheter-based mapping, in canine models. By employing these techniques, 
researchers can visualize activation patterns during AF, and further understand 
the spatial heterogeneity of atrial activation. The atrial dimensions in dogs, similar 
to those in humans, allow for accurate representation of conduction pathways and 
provide for the identification of regions prone to reentry. This approach enables 
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scientists to precisely map the pathways through which AF perpetuates, guiding the 
development of therapeutic strategies that target specific regions of interest.

3.3 Translational implications of canine AF models

Translational implications of canine models in AF research extend far beyond 
the laboratory, holding promise in shaping clinical interventions and management 
strategies for individuals experiencing more severe cases of AF. These models not 
only unveil the dynamic mechanisms underlying onset and persistence of AF, but also 
serve as testing grounds for novel therapeutic interventions. Using canine models in 
AF exploration can pave the way for innovative strategies that have a meaningful and 
effective impact on clinical care. Insights from canine models have been instrumental 
in refining catheter ablation techniques, which serves as a popular and common 
practice in treating AF and in AF management. Through accurately mapping conduc-
tion pathways and visualizing reentrant circuits [21], these models contribute to the 
advancement of ablation strategies, leading to improved success rates and patient 
outcomes.

Furthermore, canine models facilitate the evaluation of antiarrhythmic drugs, 
bridging the gap between experimental findings and clinical translation. Through 
these models, researchers can assess the efficacy and safety of potential therapeutic 
agents, steering drug development towards more targeted and effective treatments 
for AF [35, 43]. The canine model’s ability to simulate the dynamic environment of AF 
enhances the predictive value of preclinical trials, ensuring that only the most prom-
ising candidates proceed to human trials, thus expediting the drug discovery process. 
By serving as a bridge for translational research, canine models ultimately increase 
the tools available for clinicians to combat this arrhythmia in patient settings.

Spontaneous AF is a condition that has been observed to naturally occur in dogs 
and has been shown to have linkage to certain heart diseases, such as myxomatous 
mitral valve disease. This dysfunction can lead to enlargement of the left atrium 
and overall, heart failure, a prognosis commonly seen in clinical cases, increasing 
mortality [44, 45]. Canine models have seen high use in studying electrophysiological 
implications of AF. In canine models of AF, action potential durations in pulmonary 
veins are notably shorter than the surrounding left atrium, having an altered rest-
ing membrane potential and lower inward rectifier (IK1) current density [46–48]. 
Induction of AF in dogs has been mostly achieved by atrial tachypacing [34–42], 
sometimes following catheter-induced atrioventricular node ablation to separate the 
electrical connection between the atria and ventricles [49]. Notably, atrial tachypac-
ing does not always lead to sustained episodes of AF in dogs: one study found that 
to achieve sustained AF (AF episodes lasting >15 minutes), atrial tachypacing at 
a rate of 400 bpm was needed over a 6-week time period [42]. In this model, the 
resultant decreased atrial refractory period and slowed conduction velocity was 
directly correlated with how long animal subjects were exposed to atrial tachypac-
ing [42]. Additionally, inflammatory models, such as sterile pericarditis-induced 
AF, has emerged as a widely used model in studying AF, as outlined above. These 
models helped reveal the presence of short-lived rotors during episodes of AF as well 
as demonstrating a correlation between post operative AF and heterogenous atrial 
conduction [14, 26, 27].

Canine models of AF have shed light on the relationship between the autonomic 
nervous system and induction of AF. Canine models experiencing atrial tachypac-
ing showed inducibility of AF to be significantly decreased by sympathovagal 
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denervation, indicating that the triggering and modulation of AF episodes lasting at 
least 1 hour could be related to sympathovagal stimulation [50, 51]. One study found 
both isoproterenol and acetylcholine were useful in inducing AF and prolonging AF 
duration [52]. Indeed, combining autonomic stimulation with atrial tachypacing has 
been proven a reliable trigger for AF in canine models, with acute episodes lasting 
more than 1 hour [53].

Atrial remodeling in humans, to a degree that is conducive to AF, can occur 
secondarily to ventricular remodeling [54]. Ventricular tachypacing models of heart 
failure in canines have been used to study atrial remodeling, where alterations of con-
nexins, reduced expression of ionic currents including ICaL, Ito, and IKs, and increased 
expression of Na-Ca exchanger activity (INCX), has been observed [41, 55]. These 
changes parallel various types of cellular remodeling observed in human cardio-
myocytes, allowing ventricular tachypacing in canine models to serve as a suitable 
example for studying AF [56].

Canine models have provided a fruitful platform to study mechanisms, progres-
sion, and treatments for various arrhythmias, AF in particular. Nevertheless, canine 
models do come with limitations. Genetic heterogeneity, stemming from the use of 
different dog breeds, poses challenges to assessing and studying genetic differences 
between healthy and AF states in dogs as well as comparing them to human cases. 
Dog breeds need to be selected and monitored when choosing how the model will 
be created. Additionally, there are differences in coronary collateralization, heart 
weight-to-body weight ratio, and ECG metrics (P waves, QRS complexes, and QT 
intervals) compared to humans [57]. Nonetheless, canines have provided a fruitful 
model for studying AF.

4. Goat models of AF

In the realm of atrial fibrillation research, the goat model stands out as particularly 
insightful. Goats can sustain AF for extended periods, up to several weeks. This 
longitudinal property renders them invaluable in observing long-term structural 
and electrical modifications that persistent AF induces. However, no model is 
without its limitations. In the case of goats, researchers must grapple with issues 
like pronounced ECG variability, characteristically shorter action potentials, a 
predominance of the left-sided coronary system, and a scarcity of detailed cellular 
electrophysiological data.

4.1 Atrial tachypaced goat model

Most goat models of AF have employed an atrial tachypacing (ATP) approach 
that was pioneered by Wijffels [58–61]. The model design involved surgical 
thoracotomy, where electrodes were meticulously placed on atrial epicardial 
surfaces. Goats were treated with a regimen of ampicillin to ward off infections 
and buprenorphine to manage pain. After recovery, goats were instrumented with 
an external fibrillation pacemaker. This was achieved using a suspended cable 
connected to an electrode positioned on the goat’s neck, which interfaced with 
a multi-channel monitoring apparatus. This design ensured goats retained their 
full range of movement. Pacemaker operations were managed automatically by 
computer software, designed to distinguish sinus rhythms from atrial fibrillation. 
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Any detection of regular sinus rhythm immediately triggered the software to deliver 
biphasic stimuli, thus re-inducing AF.

4.2 Properties of atrial tachypacing goat AF models

Observations from the tachypaced Goat Models unveiled intriguing patterns. 
The onset of AF initiated a period of electrical remodeling within the first 24 hours. 
Tachypacing had a pronounced impact on repolarization and atrial excitability. Initial 
AF episodes were fleeting, often concluding within seconds. But over time, these 
episodes began to prolong in duration—lasting roughly 20 seconds after a day and 
then extending into chronic episodes in the weeks that followed. These observations 
gave rise to the expression, “Atrial Fibrillation Begets Atrial Fibrillation” [60]. As 
these episodes extended, there was a distinct rise in the fibrillation rate, accompanied 
by a decrease in the prominence of high-amplitude deflections, making way for more 
fragmented electrograms.

4.3 Atrial fibrillation begets atrial fibrillation

The concept that AF begets AF was conceived in these early observations [60]. The 
continual occurrence of AF instigates transformative changes in the heart’s structural 
anatomy and its electrical properties, thereby predisposing it to further AF episodes. 
In other words, the more frequently, or the longer one experiences AF, the higher the 
chances of its recurrence and the longer its duration in subsequent events. This cycli-
cal nature of AF poses two primary challenges:

a. Electrical Remodeling: Prolonged AF episodes instigate modifications in ion 
channel expression in atrial cells. This remodeling can drastically alter a fibrillat-
ing heart’s response to antiarrhythmic medications, potentially undermining the 
effectiveness of chemical cardioversion.

b. Rate Adaptation: When transitioning from AF back to sinus rhythm, there’s a 
marked shift in atrial interbeat intervals. An inappropriately adjusted, or even 
counteractive adaptation of the atrial refractory period can leave the atria vulner-
able, escalating the risk of a rapid return to AF.

5. Sheep chronic and acute models of AF

Sheep, as experimental subjects, have proven to be instrumental in the elucidation 
of AF mechanics. While naturally occurring, AF in sheep is elusive, and multiple 
ovine model systems have been tailored to mimic the various elements of human AF. 
These intricate models dive deep, shedding light on the structural, metabolic, and 
cellular metamorphoses that herald the advent of AF.

5.1 Sheep AF induction by rapid pacing and acetylcholine

Utilizing an ex vivo sheep heart protocol, the interplay of rapid pacing and 
acetylcholine in acute AF genesis has been extensively studied [19, 20, 62–65]. 
Organ harvest is performed under deep anesthesia using pentobarbital. Hearts are 
surgically removed and swiftly immersed in cold cardioplegic solution to preserve 
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their structural and functional integrity. Hearts are then perfused in a Langendorff 
apparatus, a long-established tool in cardiac research, for further electrical or 
optical mapping experiments. The coronary arteries are supplied with warm, 
oxygenated Tyrode’s solution at a constant rate, delivered retrogradely through an 
aortic cannula. AF is then initiated by burst pacing in tandem with acetylcholine or 
cholinomimetics.

5.2 Sheep AF modulation by interatrial pressure

In this method, the heart is Langendorff perfused with Tyrode’s solution. 
Increasing interatrial pressure by elevating perfusion pressure renders the hearts 
more susceptible to AF, creating stretch-related AF in sheep hearts [19, 20, 62–64]. 
The interatrial septum is perforated to equilibrate left and right interatrial pressures 
(IAP) and venous orifices are ligated to maintain a closed pressure system. Changes 
in IAP are controlled by adjusting the height of pressure relief outflow tubing with 
respect to height of the perfused heart. Enhanced inducibility of AF with stretch is 
reversible, returning to sinus rhythm when IAP is returned to normal physiologic 
pressures. This stretch-related sheep AF model has been used to explore atrial regions 
of high rate activity [62–64], differences between acute stretch AF and persistent AF 
[20], and mechanisms of AF rate acceleration [19].

5.3 Sheep AF induction by intermittent tachypacing

The tachypaced sheep model has offered significant insights into mechanisms of 
AF. In the intermittent right atrial tachypacing model, sheep are instrumented with a 
modified pacemaker to deliver a short burst of high frequency (20 Hz) atrial stimula-
tion whenever sinus rhythm is detected [18, 20, 66–69]. In this model, AF progresses 
from brief runs of AF to long-standing persistent AF which remains self-sustained (in 
the absence of device tachypacing) for periods as long as 1 year [18]. This progression 
of AF is characterized by hallmark electrical remodeling, including altered current 
densities of calcium, sodium and potassium currents; as well as features of structural 
remodeling including increased fibrosis, cellular hypertrophy, and atrial chamber 
dilation [18, 67–69]. The dynamic and biophysical properties of AF induced by 
tachypacing varies with the duration of arrhythmia burden [18], and are distinct from 
those induced acutely by increased chamber pressure and stretch [20]. This indicates 
that AF likely represents a broad spectrum of arrhythmia substrates that might not 
benefit from a single therapeutic approach.

In similar studies, sheep were implanted with dual pacemakers that affected 
both atrial and ventricular functions using a transvenous approach. A neurostimu-
lator was embedded subcutaneously in the neck region, ensuring rapid atrial pacing 
capabilities. After post-operative recovery, atrial pacing was initiated at 15 Hz, 
laying a foundation for persistent AF, with occasional pauses in pacing to ensure 
accurate rhythm evaluations. The key indicator for the establishment of persistent 
AF was when sinus rhythm was consistently absent over consecutive assessments 
[70]. Electrical remodeling, was evidenced by shortened atrial refractory periods 
and wavelengths in vivo. Parallel in vitro studies revealed shortened action potential 
durations and diminished rate adaptation responses. As observed across other large 
animal AF models, persistent AF wasn’t merely an electrical phenomenon, but was 
paralleled by extensive structural remodeling including atrial enlargement and 
fibrosis.
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6. Rodent models of AF

When diving into the field of AF, murine models stand as key players in providing 
genetic insights, wide ranges of induction strategies, molecular pathways, cellular 
remodeling, and targeted interventions. Despite their distinct atrial characteristics 
compared to humans, mice and rats serve as more-than suitable organisms for under-
standing the complexities of AF initiation and progression. Central to this explora-
tion is the creation of AF models, a process with an array of techniques that mirror 
the genetic and structural alterations seen in clinical AF cases. These models allow 
researchers to investigate intricacies of genetic predispositions, molecular pathways, 
and electrophysiological changes that culminate in AF.

The use of small animals, such as mice and rats have provided a model for study-
ing AF that is generally both time- and cost-efficient. Given that rodents have smaller 
hearts compared to humans and other large animal model counterparts, these hearts 
are more prone to recovering from cases of induced and spontaneous AF. Early on, 
this observation gave rise to the “critical mass” hypothesis, suggesting smaller animals 
with smaller hearts were not capable of sustaining a fibrillatory rhythm [71, 72]. This 
was mainly due to re-entrant circuits not having a large-enough pathway to travel 
within smaller hearts to sustain fibrillation, as the depolarizing wavefront of the 
re-entrant circuit would likely collide with the repolarizing tail, stopping fibrillation 
and restoring homeostatic rhythm. Small animal models require genetic manipulation 
or programmed electrical stimulation to induce AF, which in some cases only lasts 
for seconds at a time [57]. Although spontaneous AF is not commonly seen in rodent 
models, mouse models offer a good platform for studying the AF substrate, rather 
than the triggers that elicit AF [73]. Nonetheless, there have been several rodent 
models employed to study characteristics of structural and electrical remodeling seen 
in clinical AF.

Transesophageal Atrial Pacing Model: Due to low cost and utility of genetic 
manipulation, rodent models have become the most used animal models in biomedi-
cal research. To overcome a lack of spontaneously occurring AF, transesophageal 
atrial pacing has been used to initiate AF in closed-chest mice and rats [74–79]. A 
pacing lead is advanced down the esophagus and positioned to capture and stimulate 
the adjacent atria with burst pacing (as fast as 100 Hz) or programmed premature 
stimulation. Prolonged transesophageal atrial stimulation increases inducibility of 
atrial tachyarrhythmias in anesthetized mice, especially in the presence of diminished 
cell coupling [79], with high reproducibility [78], and particularly in male mice [75]. 
The summed duration of AF episodes can add up on the order of several minutes 
for an experimental protocol; however, effects of rapid atrial pacing using a trans-
esophageal approach can be confounded by activation of neighboring nerves and 
parasympathetic ganglia [75]. Transesophageal atrial pacing has also been used in rat 
models, where rapid pacing at 83 Hz for 30 seconds induces runs of AF lasting around 
10 seconds [74].

Glycolytic Inhibition Model: Rat hearts with glycolytic inhibition display vulner-
ability to AF in older rats due to Ca2+ handling abnormalities. This model underscores 
the role that glycolysis can play in the development of AF and its relationship with 
intracellular calcium levels, as the uptake of intracellular Ca2+ into the sarcoplasmic 
reticulum is ATP-dependent. Glycolytic inhibition was induced by adding sodium 
pyruvate to glucose-free perfusate in isolated rat hearts [80].

Asphyxia Model: This involves burst-pacing and asphyxia in rat models to induce 
AF. Asphyxia can be induced through clamping of the tracheal tube at the end of an 
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inspiratory cycle. A study researching asphyxia-induced AF in rats found that clamp-
ing of the tracheal tube for 35 seconds posed the best time course for inducing AF. 
Asphyxiation for shorter periods were associated with lowered AF inducibility while 
longer time periods were associated with prolonged atrioventricular block and severe 
cases of hypotension [81].

Myocardial Infarction Model: Rats with induced myocardial infarction (MI) 
through coronary artery ligation can be used to study mechanisms of AF. Although 
post-infarction rats exhibit remodeling of the extracellular matrix and increased 
matrix metalloproteinase activity, AF may not always be observable through ECG 
recordings [82, 83]. These models experience collagen and fibrotic accumulation 
between atrial cardiomyocytes, conducive to an AF substrate [82, 84].

Spontaneous Hypertension Model: Rats in this model are genetically predisposed 
to systemic hypertension, displaying increased fibrosis of the left atrium. Activation 
of the renin-angiotensin system, as a result of hypertension, contributes to progres-
sion of a fibrotic substrate. In this model, effective refractory period is unchanged; 
however, increased fibrosis predisposes to an AF substrate [85, 86].

Dilated Cardiomyopathy Model: Transgenic mice with overexpressed GTPase 
RhoA, muscle-restricted putative coiled-coil (MURC) protein, and/or tumor necrosis 
factor-α, replicate aspects of dilated cardiomyopathy. These models display substrates 
related to AF through increased fibrosis (induced by GTPase RhoA and further 
stimulated with MURC protein) and downregulated connexin40, revealing a connec-
tion between structural changes and onset and progression of AF [87–90].

Hypertrophic Cardiomyopathy Model: Mouse models with accelerated atrial repo-
larization replicate aspects of hypertrophic cardiomyopathy. Inducing AF in these 
models has been done through overexpression of junctin, a calsequestrin-binding pro-
tein; junctate, a calcium-binding protein associated with the calcium storage capacity 
within the sarcoplasmic reticulum; GTPase, and Rac1, both regulators of NADPH 
oxidase activity [91–93]. Prolonged episodes of AF have been observed in rodent 
models showing overexpression of cardiac Gαq, a mediator of alpha-adrenoceptor, 
angiotensin II, and endothelin, a protein involved in blood pressure regulation and 
blood vessel constriction [94]. These models create a substrate for development of AF, 
drawing a relationship between electrophysiological changes and arrhythmogenesis 
similar to clinical AF.

In rodents, various models have been employed to induce AF that provide insight 
into arrhythmia mechanisms. These models capture diverse aspects of the develop-
ment of AF, highlighting structural changes and electrophysiological abnormalities 
that contribute to the AF substrate. However, rodent models also come with their own 
limitations as there are substantial differences in heart scale and electrophysiology 
between humans and rodents that pose translational research challenges. Rodents 
have varied action potential morphology and duration attributed to higher resting 
heart rates, ion channel expression, and current densities [95]. Because of this, tools 
used to induce AF in large animals, such as catheter-ablations and pacemaker-
induced tachycardias have proved difficult to replicate in small animal counterparts 
[96]. Regardless of these drawbacks, rodent models offer avenues with high potential 
and value in researching therapeutic interventions.

6.1 Genetic mapping: genetic attributes of AF

Mice and rats serve as laboratories for genetic exploration, enabling us to better 
understand the genetic landscape of AF. Through genetic manipulations, researchers 



33

Experimental and Computational Models of Atrial Fibrillation
DOI: http://dx.doi.org/10.5772/intechopen.113726

have a better understanding of how AF originates and persists. Genetic modifica-
tions targeting ion channels such as KCNA5, KCNH2, and KCNJ2, as well as cal-
cium handling proteins, such as RyR2 and SERCA2a, offer insights into molecular 
pathways underlying AF [97, 98]. These genetic manipulations replicate mutations 
seen clinically, bridging genetic anomalies with molecular conditions that promote 
arrhythmogenesis.

6.2 Induction of AF in murine models

The induction of AF in murine models has been attributed to diverse strategies, 
echoing the multitudes of causes that drive the arrhythmogenesis of the clinical condi-
tion. While rapid atrial pacing emerges as a prominent approach, simulating the rapid 
firing characteristic of AF, it’s only one technique employed within murine models [99]. 
Techniques like transesophageal atrial burst pacing over a short period and surgical 
interventions introduce different AF triggers, providing the arrhythmia’s varied nature 
[75]. Each induction strategy reflects distinct characteristics of AF causation, reflecting 
the relationship between genetics and triggers that promote its onset.

6.3 Insights from murine models: cellular remodeling

Murine models of AF not only offer insight into genetic and molecular events, 
but also bring to light the wide array of cellular remodeling that can be observed. 
These models reflect differences in remodeling patterns encompassing action 
potential duration changes, altered calcium dynamics, and fibrosis development 
[100]. Through these changes in cellular remodeling, as a result of variance in gene 
expression, researchers have been able to better map the pathway of cellular transfor-
mations, furthering the understanding underlying molecular cues and genetic predis-
positions that bring about these changes. By unveiling these patterns, we uncover the 
pathways in which genetic expression influences cellular remodeling, paving the way 
for targeted interventions.

6.4 Translational implications of murine models

The murine models’ ability to provide insights into AF initiation and persistence 
extends to targeted interventions, paving the way for laboratory research to guide 
and influence clinical applications. The combination of genetic manipulation, a wide 
range of induction strategies, and diverse cellular remodeling helps researchers gain 
knowledge and direction in the development of interventions and therapeutics that 
address the diverse characteristics that cause AF. Pharmacological regulation and 
modulation of ion channels, calcium handling, and anti-inflammatory pathways 
emerge as promising frontiers in better understanding and treating AF [97, 100]. By 
targeting specific remodeling pathways, these interventions hold the potential to pre-
vent, or at the least lessen AF progression, ultimately allowing for murine discoveries 
to translate into practical clinical treatments.

7. Computational models of AF

Atrial fibrillation stands as the most frequently diagnosed cardiac arrhythmia, 
ensnaring millions globally [1, 2]. The mystique surrounding AF is not merely a 
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product of its prevalence, but stems from a wide variety of causes and mechanisms 
that drive it. These mechanisms, sprawling across scales from minute molecular inter-
actions to overarching organ dynamics, necessitate an arsenal of sophisticated tools 
for comprehension. Herein enters the computational model, a digital crucible wherein 
AF’s enigmatic dance can be dissected, offering researchers a panoramic view of its 
initiation, maintenance, and progression. Insights gleaned from these models not only 
further the scientific discourse, but also funnel directly into clinical interventions, 
bridging the chasm between theory and therapeutic application.

Modeling atrial electrical activity and AF, at the theoretical level, involves simulat-
ing the spread of an electrical impulse (atrial cell action potential) through a network 
of connected cells. Most AF models incorporate detailed biophysical properties of 
membrane protein kinetics, such as ionic channels, pumps, and exchangers. The 
mathematical foundation of these models is largely built on the formalism developed 
by Hodgkin and Huxley [101]. In computational AF research, cells are typically 
arranged in a regular 2- or 3-dimensional network, or in a volumetric model that 
reflects the geometry and structure of the atria.

7.1 Computational electrophysiological cell models

Early atrial action potential models focused on single cell electrophysiology based 
on biophysical properties of ion channels, pumps and exchangers [102–104]. These 
models were used to examine implications of electrical remodeling on potential 
therapeutic approaches to AF medical management [105]. In more recent computa-
tional studies, cellular action potential models have been integrated into structurally 
realistic cell-coupled models incorporating cardiomechanics [106], regional hetero-
geneity [107], muscle fiber orientation [108], and patient-specific individualization 
[109, 110] to develop novel approaches for understanding AF mechanisms and 
treatment [20, 111].

Peering into the cellular theater of AF, these models render the molecular intrica-
cies of ion movements - the symphony of influxes and effluxes through channels, 
pumps, and exchangers. As with any scientific tool, the magnifying lens on these 
models has sharpened over time, adapting to the influx of newer data, particularly 
human-centric. Not all models are cast in the same mold. While some models sketch 
the broad contours of AF, others zoom in on the mutations birthed by chronic AF, or 
explore regions of scientific inquiry that are not readily amenable to in vivo examina-
tion, such as effects of fibrillatory substrate size and acetylcholine conditions on rotor 
maintenance [112].

7.2 Computational models of AF-induced structural remodeling

AF, the ever-evolving maelstrom, often triggers a series of structural shifts in the 
heart, with fibrosis taking center stage. This scarring of the atrial tissue forms the 
bedrock of AF’s resilience. Computational models, sensing the gravity of fibrosis, 
have delved deep, by either painting it as non-conductive barricades or by tweaking 
conduction attributes. The revelations from these models are striking. They spotlight 
fibrosis as both the anchor for reentrant circuits and the architect of conduction 
barriers—with either role amplifying AF’s stronghold. While lab-based experimental 
endeavors often grapple with the challenge of segregating the multifaceted roles of 
fibrosis, computational models allow for explicit investigation of cause and effect. 
High-definition imagery of atrial fibrosis has infused these models with a granular 
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understanding, empowering them to traverse the fibrotic landscape with unmatched 
precision and predictive power [113–115].

8. Conclusions

Large and small animal models as well as computational approaches serve as 
invaluable tools in advancing our understanding of atrial fibrillation. Animal models 
offer biological context and empirical data, while computational models provide a 
flexible platform for hypothesis testing and data analysis. The synergistic applica-
tion of these two methods allows for a more comprehensive understanding of AF. 
As technology and methodologies evolve, the combined use of these experimental 
and theoretical approaches will become increasingly crucial for developing effective 
therapies and achieving a holistic understanding of atrial fibrillation.
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Abstract

Cardiac resynchronization therapy (CRT) is an established treatment for select 
patients with systolic heart failure, left ventricular conduction delay, and dys-
synchronous contraction. Landmark trials have shown CRT’s benefits on symp-
toms, exercise capacity, reverse remodeling, hospitalization rates, and mortality. 
However, limitations exist including sub-optimal patient selection, procedural 
complexity, high non-responder rates, and device-related adverse effects. This 
review summarizes the evolution, physiology, clinical trial evidence, patient 
selection, delivery, and optimization of CRT. Key areas covered include guidelines 
for CRT use, invasive and noninvasive imaging to improve outcomes, alternative 
pacing sites to enhance response, and advances in lead technology and implanta-
tion techniques. Gaps in current knowledge are highlighted along with future 
directions for research to refine CRT utilization and improve real-world clinical 
outcomes. With further studies to address remaining questions, CRT is poised to 
become an even more effective therapy for heart failure patients with dyssynchro-
nous cardiomyopathy.

Keywords: cardiac resynchronization therapy, CRT clinical trials, QRS duration, left 
bundle branch area pacing, His pacing, multipoint pacing, scar burden, dyssynchrony, 
remodeling, CRT responder

1.  Introduction

Cardiac resynchronization therapy (CRT) is preferred as a therapeutic approach 
for individuals presenting with left bundle branch block coupled with symptom-
atic systolic heart failure, regardless of optimal medical therapy. Guidelines on 
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cardiac resynchronization therapy and cardiac pacing emphasize the importance of 
CRT in heart failure patients with specific criteria, such as left ventricular ejection 
fraction (LVEF) ≤ 35%, sinus rhythm, and typical left bundle branch block with 
QRS duration ≥150 ms [1]. Advancements in CRT have led to the exploration of 
alternative pacing sites, the development of newer device-based algorithms, and 
strategies when traditional CRT is not feasible or effective. Strategies targeting 
“multi-points” have shown superiority over classic CRT [2]. Additionally, con-
duction system pacing has arisen as a promising technique [3]. Furthermore, the 
development of leadless CRT devices has been a significant advancement in this 
therapy. These devices eliminate the need for traditional leads and are implanted 
directly into the heart, providing synchronized pacing without the complications 
associated with lead placement [4]. Successful CRT requires appropriate patient 
selection, left ventricular lead positioning, and post-implant management. Active 
research is ongoing to determine how these factors can be optimized to maximize 
the benefits of CRT [5].

2.  Definition of CRT

Cardiac resynchronization therapy or biventricular pacing is a specialized type 
of pacemaker therapy that provides simultaneous electrical activation of the LV and 
RV used in patients with LV systolic dysfunction and dyssynchronous ventricular 
activation [6].

3.  Evolution of cardiac resynchronization therapy

3.1  The stepwise evolution of cardiac resynchronization therapy

In 1925, Wiggers conducted canine experiments demonstrating that abnormal 
electrical activation of the ventricular myocardium led to reduced left ventricular 
pressure generation (dP/dt) and prolonged isometric contraction. He hypothesized 
these negative effects of “dyssynchrony” were influenced by the timing of myocardial 
activation relative to Purkinje fiber excitation. This pioneering work established the 
mechanistic foundation for cardiac resynchronization [7].

In the 1980s, imaging modalities like radionuclide ventriculography enabled 
researchers to quantify dyssynchrony’s effects on regional cardiac mechanics 
in humans. Studies by Grines et al. revealed conduction abnormalities like left 
bundle branch block (LBBB) reduced septal contribution to ventricular ejection 
and shortened left ventricular filling time, diminishing overall cardiac efficiency 
(Figure 1) [8, 9].

Building on these mechanistic insights, several research groups began explor-
ing whether purposefully pacing different ventricular regions could resynchronize 
contraction and improve cardiac output:

• Initially described by Befeler et al. in 1978, temporary biventricular pacing was 
evaluated to treat arrhythmias [10].

• In 1983, Teresa et al. reported improved hemodynamic outcomes in AV block 
patients with AV sequential pacing [11].
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• In 1987, Mower patented “biventricular pacing” for heart failure using RV and LV 
leads [12]. His design included two electrodes: one in the RV and another around 
the LV free wall, connected in series and programmed to pace after a predeter-
mined AV interval.

• In 1993, Bakker’s group tested a dual-chamber pacemaker with a Y adapter on 
12 patients with HF and found that biventricular pacing improved functional 
capacity and left ventricular function [13].

• The pacing system with four chambers, pioneered by Cazeau et al., was observed 
to increase cardiac output and reduce pulmonary capillary pressure [14].

• Leclercq and team, in 1995, showed that CRT pacing (CRT-P) was more effective 
than AAI pacing for increasing the cardiac index and reducing pulmonary capil-
lary wedge pressure, demonstrating the benefits of CRT in managing HF [15].

• Auricchio and colleagues found that varying the AV delay for individual patients 
could optimize the LV dP/dt max and aortic pulse pressure, indicating that CRT 
response can vary from patient to patient. This understanding led to a focus on 
personalizing CRT settings for each patient, taking into account factors like QRS 
duration and morphology, which are now part of the ongoing discussion about 
AV optimization in CRT [16].

4.  Mechanisms of dyssynchrony

4.1  Dyssynchrony and remodeling

Dyssynchrony refers to timing differences in electrical or mechanical activa-
tion in the ventricles. It is caused by factors like right ventricular pacing and left 
bundle branch block (LBBB) [17]. Mechanical dyssynchrony causes inefficient 
contraction, increasing wall stress over time. This can lead to maladaptive remodel-
ing like hypertrophy and fibrosis [18]. Molecular changes can also impair function 

Figure 1. 
Typical examples of 3D electrical activation in canine hearts during normal conduction (left) and after creation 
of left bundle branch block (right). Plotted activation times were derived from ≈110 epicardial and endocardial 
contact electrodes and referenced to the onset of the Q wave. Electrocardiographic tracings are shown, together 
with RV and LV pressures signals which are normalized to peak values to reveal timing [8].
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in non-dyssynchronous regions [19]. Remodeling causes left ventricular dilation, 
reduced systolic/diastolic performance, and heart failure symptoms [19].

Chronic RV pacing ≥20–40% or LBBB can induce cardiomyopathy in some 
patients due to dyssynchrony-mediated remodeling [20]. Measuring mechanical dys-
synchrony is important for:

• Detailed assessment beyond electrical dyssynchrony

• Understanding myocyte contraction

• Predicting cardiac resynchronization therapy (CRT) response

• Clinical decision-making in heart failure patients

The mechanisms involved in LBBB dyssynchrony include:

• Delayed LV relaxation and altered diastolic filling [17, 20]

• RV filling precedes LV filling [17]

• Altered LV intracavitary flow patterns [21]

• Impact on global myocardial wall stress during diastole

5.  Physiology of biventricular pacing

5.1  Enhanced cardiac physiology through biventricular pacing

Following the implantation of a biventricular pacemaker, cardiac resynchronization 
therapy (CRT) greatly diminishes cardiac mechanical dyssynchrony, leading to immedi-
ate and long-term improvements in heart function and structure. As a result of synchro-
nized ventricular contractions, cardiac output increases immediately. As time progresses, 
CRT fosters a process of reverse remodeling, evidenced by a reduced left ventricular (LV) 
size and enhanced LV function (Figure 2). These changes are akin to those produced by 
well-established medications for treating heart failure [22, 23]. These changes are associ-
ated with decreased heart failure symptoms and mortality rates (Figure 3) [24].

Additionally, CRT can reduce mitral valve dilatation, lessening mitral regurgitation in 
heart failure patients [25]. On a cellular level, CRT enhances calcium-induced sarcomere 
contraction and increases beta-adrenergic receptor density, which improves heart muscle 
contractility and responsiveness [26]. It also boosts energy metabolism by upregulating 
mitochondrial enzyme activity [27]. However, these benefits are contingent on contin-
ued CRT, as discontinuation leads to the loss of therapeutic gains.

6.  Major clinical trials

6.1  The core clinical trials

The MUSTIC and PATH-HF studies evaluated the safety and efficacy of CRT 
in 2001. MUSTIC randomized 67 HF patients to receive CRT for 3 months or no 
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CRT, showing improvements in walking distance, quality of life, and peak oxygen 
uptake (VO2) [28]. PATH-HF demonstrated enhanced walking distance and peak 
VO2 after 12 months of biventricular pacing, along with evidence of left ventricular 
reverse remodeling [29]. The MIRACLE study, a double-blind trial, randomized 453 
HF patients to receive CRT-P or no pacing, observing improvements across various 
metrics, including left ventricular reverse remodeling, at the 6-month mark [24]. 

Figure 2. 
Change in left ventricular ejection fraction after cardiac resynchronization therapy (CRT) in patients with 
different functional heart failure classes. Compared with before CRT (blue bars), left ventricular ejection 
fraction increased significantly in all studies after 3–6 months (red bars) and even more during longer follow-up 
(green bars). The larger bars on the right indicate data from a study comparing right ventricular (RV) and 
biventricular (BiV) pacing in pacemaker-dependent patients with mild HF symptoms. The lines indicate the 
individual response [22].

Figure 3. 
Kaplan-Meier estimates of the probability of survival free of heart failure. There was a significant difference in 
the estimate of survival free of heart failure between the group that received cardiac-resynchronization therapy 
plus an implantable cardioverter-defibrillator (CRT-ICD) and the group that received an ICD only (unadjusted 
p < 0.001 by the log-rank test) [24].
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Throughout the 2000s, clinical trials highlighted the advantages of therapy with 
implantable cardioverter defibrillator (ICD) in patients with impaired left ventricular 
function. Primary prevention trials showed significant improvements in survival 
rates with ICDs [30]. The MIRACLE-ICD research, which investigated the impact of 
supplementing ICD with CRT (CRT-Defibrillation [CRT-D]), determined that CRT-D 
enhances life quality and the NYHA functional classification. However, the investi-
gation did not extend to walking distance, but it indicated a positive clinical effect 
without any safety concerns [31]. As the first trial to compare CRT-P and CRT-D with 
optimal pharmacological therapy (OPT), the COMPANION trial found that CRT-P 
and CRT-D showed a 20% reduction in mortality or hospitalization, but CRT-D 
showed the lowest total mortality, demonstrating the benefit of combining CRT and 
ICD (Figure 4) [32, 33].

According to the CARE-HF study, CRT-P reduced cardiovascular hospitalizations, 
mortality, and quality of life among patients with left ventricular ejection fraction 
(LVEF) and mitral regurgitation who underwent OPT with or without CRT-P [28]. 
Despite the therapeutic advantages, the response to CRT varies, with a non-responder 
rate of 20–40% [34]. Significant clinical trials have refined the understanding and 
application of CRT. REVERSE (Resynchronization reverses Remodeling in Systolic 
left ventricular dysfunction) found that CRT induced reverse remodeling in patients 
with mild heart failure symptoms and left ventricular dysfunction, suggesting ben-
efits from early intervention [35]. MADIT-CRT (Multicenter Automatic Defibrillator 
Implantation Trial-Cardiac Resynchronization Therapy) demonstrated that CRT 
reduced hospitalizations due to heart failure in patients with a wide QRS complex and 
mild symptoms. It emphasized the preventive potential of CRT in halting the progres-
sion of heart failure [24].

RAFT (Resynchronization for Ambulatory Heart Failure Trial) included 
patients with more severe symptoms (NYHA class II–III) and showed a significant 
mortality reduction for those receiving CRT, confirming the life-saving impact of 
the therapy in a population with advanced heart failure (Figure 5) [36]. Recent 
trials have also advised against CRT use in patients with narrow QRS complexes 
and mechanical dyssynchrony, as these patients did not benefit and may even 
experience harm [23, 37].

Figure 4. 
Hospital admission rate per patient is shown by treatment arm [32].



53

Synchronizing Beats: From Theory to Advances and Insight in Cardiac Resynchronization Therapy
DOI: http://dx.doi.org/10.5772/intechopen.1005299

7.  Special considerations

7.1  Atrial fibrillation and cardiac resynchronization therapy

A large proportion of trial participants with atrial fibrillation (AF) or heart failure 
(HF) are excluded from cardiac resynchronization therapy (CRT) trials [38, 39]. 
A meta-analysis comparing 1164 AF patients with a total of 797 patients with sinus 
rhythm revealed that AF patients exhibited greater enhancements in ejection frac-
tion. However, AF patients experienced lesser improvements in functional outcomes 
compared to those in sinus rhythm. Remarkably, in both groups, there was no appar-
ent difference in mortality rates [40].

• CRT devices are programmed to pace only when the heart rate is below a certain 
threshold, a feature that may present challenges in individuals with atrial fibril-
lation (AF) characterized by rapid ventricular response. This limitation has the 
potential to diminish the efficacy of pacing interventions in such patients.

Figure 5. 
Kaplan-Meier estimates of death or hospitalization for heart failure (composite primary outcome) and death from 
any cause. Panel A shows the probability of the primary outcome among patients who were receiving optimal medical 
therapy along with cardiac-resynchronization therapy (CRT) plus an implantable cardioverter-defibrillator (ICD), 
as compared with those receiving an ICD alone. The probability of event-free survival at 5 years was 0.576 in the ICD-
CRT group and 0.487 in the ICD group. Panel B shows the probability of death from any cause in each group, with a 
probability of survival at 5 years of 0.714 in the ICD-CRT group and 0.654 in the ICD group [36].
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• To ensure CRT delivers maximum benefit, it is essential to control the rate of 
ventricular contraction by managing AV nodal conduction (Figure 6) [41].

• AV nodal conduction can be slowed using medications like beta-blockers, 
calcium channel blockers, or digoxin.

• In cases where medication is insufficient, catheter ablation of the AV node can 
induce complete AV block, allowing the CRT device to pace the heart 100% of 
the time [42].

7.2  Pacing indications and heart failure (HF) risk in bradycardia

The risk of heart failure (HF) is higher for patients with bradycardia who require 
pacing, regardless of their systolic function status. Conventional pacing typically 
involves placing a ventricular lead at the right ventricular apex (RVA). However, this 
can cause left bundle branch block (LBBB) and negatively affect the left ventricular 
(LV) remodeling and function [43]. To mitigate the risk of HF in these patients, new 
pacing strategies have been introduced:

Figure 6. 
Survival decreases with reducing biventricular (BiV) pacing in an observational analysis of 36,935 patients with 
cardiac resynchronization therapy defibrillators. (A) Survival analysis by biventricular pacing percentage. (B) 
Survival analysis by biventricular pacing percentage and by the presence of significant atrial fibrillation (AFib), 
defined as average daily burden 0.5% [41].
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• Minimizing right ventricular pacing: Specific pacing algorithms can reduce the 
amount of RVA pacing [44].

• Alternative pacing sites: Septal pacing is considered an option to prevent the 
dyssynchrony associated with RVA pacing [45].

• Biventricular pacing (CRT): Biventricular pacing is another alternative, and 
studies have shown its benefits. In the PAVE study, CRT showed superiority 
over RVA pacing in maintaining ejection fraction (EF) and exercise capacity 
over 6 months [29]. The APAF study also demonstrated that CRT significantly 
reduced death from HF, hospitalization due to HF, or worsening HF compared to 
RVA pacing [46].

• BLOCK HF trial: This trial indicated that CRT is more effective than RV 
pacing in patients with an LVEF ≤50% and who are expected to pace fre-
quently, reducing mortality, HF-related urgent care visits, and LV dysfunction 
(Figure 7) [47].

• In the PACE study, biventricular pacing was shown to prevent adverse LV 
remodeling and decreased EF at both 12 and 24 months in patients with 
normal systolic function. However, the long-term significance of these results 
is not fully known, and CRTs may carry greater risks of complications [48]. 
However, the BIOPACE trial compared BiV pacing with RV pacing in 1810 
patients with AVB over 5.6 years. The study found no significant difference in 
death or heart failure hospitalization between the two groups, despite a slight 
non-significant trend favoring BiV pacing (HR 0.87; p = 0.08). This trend 
persisted across different LVEF levels but remained statistically insignifi-
cant [49].

Figure 7. 
Freedom from a primary-outcome event [47].
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7.3  Outcomes of CRT-P versus CRT-D

The COMPANION trial in 2004 showed CRT-D reduced all-cause mortality more 
than CRT-P (36% vs. non-significant trend of 9% reduction), suggesting the supe-
riority of CRT-D [33]. However, the CARE-HF trial in 2005 found CRT-P reduced 
total mortality compared to medical therapy alone after 29 months of follow-up [29]. 
A large European registry study of over 1700 patients found CRT-D was superior 
to CRT-P in reducing mortality over 2 years of follow-up [50]. However, the excess 
mortality seen with CRT-P was due to non-SCD causes, suggesting a residual risk of 
SCD was not higher with CRT-P [50]. A nationwide study in England of over 50,000 
CRT implantations from 2009 to 2017 reported lower total mortality with CRT-D than 
CRT-P over a median 2.7 years of follow-up [50].

The risk of SCD is governed by the underlying cardiomyopathy type and timing of 
CRT implantation. A study analyzing over 15,000 CRT procedures found mortality 
was lower for non-ischemic cardiomyopathy and when implanted earlier in the dis-
ease course [51]. Factors to consider in choosing CRT-D vs. CRT-P include the residual 
risk of SCD despite CRT (still around 2.7% per year according to recent trials), as well 
as individual patient characteristics and comorbidities influencing risks of SCD vs. 
non-SCD death.

8.  Patient selection

8.1  Clinical indications and patient selection criteria for CRT

Patients with reduced LVEF and prolonged QRS duration with HF in sinus 
rhythm should consider CRT; HF in AF patients might also be considered. 
However, ensuring biventricular capture or return to sinus rhythm is important. 
Not all HF patients are suitable for CRT—they must meet specific criteria. The 
main selection criteria are sinus rhythm, LVEF ≤35%, LBBB, QRS ≥150 ms, NYHA 
class III/IV, on maximal medical therapy. Other criteria that might be considered 
include AF, LVEF 35–50%, non-LBBB, QRS 130–149 ms, and NYHA class II. 
CRT is not recommended for QRS <130 ms without an indication of RV pacing 
(Tables 1 and 2) [1, 52, 54].

CRT is strongly recommended Maybe used

Sinus rhythm AF

LVEF ≤ 35 LVEF >35 to <50

LBBB QRS morphology Non-LBBB QRS morphology

QRS complex duration ≥ 150 ms QRS duration of 130–149 ms

NYHA functional class III or IV NYHA Class II

Ischemic or nonischemic cardiomyopathy

Maximal pharmacological therapy for heart failure

Not recommended: QRS duration < 130 ms without an indication for RV pacing.

Table 1. 
Patient selection for cardiac resynchronization therapy implantation [52].
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8.2  Current guidelines for CRT

The 2021 ESC/EHRA guidelines and 2022 ACC/AHA/HFSA guidelines strongly 
recommend CRT for symptomatic HF patients in sinus rhythm with LVEF ≤35%, QRS 
≥150 ms, and LBBB. The ESC guidelines emphasize CRT for patients requiring RV 
pacing, while the ACC/AHA/HFSA guidelines assign this a Class IIa recommendation 
(Tables 3 and 4) [52, 55]. For non-LBBB with QRS >150 ms or LBBB with QRS 120–
149 ms, CRT should be considered. The ACC/AHA/HFSA guidelines do not recommend 
CRT for QRS <120 ms, while the ESC guidelines use a cutoff of <130 ms [55].

Best candidate Worst candidate

QRS duration >150 ms <120 ms

QRS morphology LBBB Nin-LBBB

Scar and dyssynchrony (−) (+)

Etiology CAD (−) CAD (+)

Gender Female Male

Atrial fibrillation (−) (+)

CKD (−) (+)

CAD, coronary artery disease; CKD, chronic kidney disease; CRT, cardiac resynchronization therapy; LBBB, left 
bundle branch block.

Table 2. 
Patient selection for cardiac resynchronization therapy implantation [53].

COR Recommendations

LBB QRS morphology

1 CRT is recommended for symptomatic patients with HF in SR with LVEF ≤35%, QRS duration 
≥150 ms, and LBBB QRS morphology despite OMT, in order to improve symptoms and reduce 
morbidity and mortality.

2A CRT should be considered for symptomatic patients with HF in SR with LVEF ≤35%, QRS duration 
130,149 ms, and LBBB QRS morphology despite OMT, in order to improve symptoms and reduce 
morbidity and mortality.

Non-LBBB QRS morphology

2A CRT should be considered for symptomatic patients with HF in SR with LVEF ≤35%, QRS duration 
≥150 ms, and non-LBBB QRS morphology despite OMT, in order to improve symptoms.

2B CRT should be considered for symptomatic patients with HF in SR with LVEF ≤35%, QRS duration 
130,149 ms, and non-LBBB QRS morphology despite OMT, in order to improve symptoms and reduce 
morbidity and mortality.

QRS duration

3 CRT is not indicated in patients with HF and QRS duration <130 ms without an indication for RV pacing.

In patients with HF with permanent AF who are candidates for CRT:

2A CRT should be considered for patients with HF and LVEF ≤35% in NYHA III or IV despite OMT if 
they are in AF and have intrinsic QRS ≥130 ms, provided a strategy to ensure biventricular capture is 
in place, in order to improve symptoms and reduce morbidity and mortality.

2A AVJ ablation should be added in the case of incomplete biventricular pacing (<90–95%) due to 
conducted AF.
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COR Recommendations

In patients with symptomatic AF and uncontrolled heart rate are candidates for AVJ ablation (irrespective 
QRS duration).

1 CRT is recommended in patients with HFrEF.

2A CRT rather than standard RV pacing should be considered in patients with HFmrEF.

2A RV pacing should be considered in patients with HFpEF.

2B CRT may be considered in patients with HFpEF.

2A Patients who have received a conventional pacemaker or an ICD who subsequently develop 
symptomatic HF with LVEF ≤35% despite OMT, and who have a significant proportion of PV pacing, 
should be considered for upgrade to CRT.

Recommendation for patients with heart failure and atrioventricular block

1 CRT rather than RC pacing is recommended for patients with HFrEF (<40%) regardless of NYHA 
class who have an indication for ventricular pacing and high-degree AVB in order to reduce morbidity. 
This includes patients with AF.

Recommendations for using His bundle pacing

2A CRT candidates in whom coronary sinus lead implantation is unsuccessful, HBP should be considered 
as a treatment option along with other techniques such as surgical epicardial lead.

2A HBP with ventricular backup lead may be considered in patients whom a “pace-and-ablate” strategy 
for rapidly conducted superventricular arrhythmia is indicated, particularly when the intrinsic QRS is 
narrow first up.

CLASS (STRENGTH) OF RECOMMENDATION

CLASS 1 (STRONG) Benefit > > > Risk

Suggested phrases for writing recommendations:

• Is recommended

• Is indicated/useful/effective/beneficial

• Should be performed/administered/other

• Comparative-Effectiveness Phrases†:

○ Treatment/strategy A is recommended/indicated in preference to treatment B

○ Treatment A should be chosen over treatment B

CLASS 2a (MODERATE) Benefit > > Risk

Suggested phrases for writing recommendations:

• Is reasonable

• Can be useful/effective/beneficial

• Comparative-Effectiveness Phrases†:

○ Treatment/strategy A is probably recommended/indicated in preference to  
treatment B

○ It is reasonable to choose treatment A over treatment B

CLASS 2b (WEAK) Benefit ≥ Risk

Suggested phrases for writing recommendations:

• May/might be reasonable

• May/might be considered

• Usefulness/effectiveness is unknown/unclear/uncertain or not well-established
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CLASS 3: No Benefit (MODERATE)

(Generally, LOE A or B use only) Benefit = Risk

Suggested phrases for writing recommendations:

• Is not recommended

• Is not indicated/useful/effective/beneficial

• Should not be performed/administered/other

Class 3: Harm (STRONG) Risk > Benefit

Suggested phrases for writing recommendations:

• Potentially harmful

• Causes harm

• Associated with excess morbidity/mortality

• Should not be performed/administered/other

Table 3. 
Recommendation of 2021 ESC guidelines on cardiac pacing and CRT [52].

COR Recommendations

1 For patients who have LVEF <35% sinus rhythm, left bundle branch block (LBBB) with a QRS 
duration ≥150 ms, and NYHA class II, III, or ambulatory IV symptoms on GDMT, CRT is indicated to 
reduce total mortality, reduce hospitalizations, and improve symptoms and QOL.
For patients who have LVEF ≤35%, sinus rhythm, LBBB with a QRS duration of ≥150 ms, and NYHA 
class II, and III, or ambulatory IV symptoms on GDMT, CRT implantation provides high economic value.

2A For patients who have LVEF ≤35%, sinus rhythm, a non-LBBB pattern with a QRS duration ≥150 ms, 
and NYHA class II, III, or ambulatory class IV symptoms on GDMT, CRT can be useful to reduce total 
mortality, reduce hospitalizations, and improve symptoms and QOL.

2A In patients with high-degree or complete heart block and LVEF of 36–50%, CRT is reasonable to 
reduce total mortality, reduce hospitalizations, and improve symptoms and QOL.

2A For patients who have LVEF ≤35%, sinus rhythm, LBBB with QRS duration 120–149 ms, and NYHA 
class II, III, or ambulatory IV symptoms on GDMT, CRT can be useful to reduce total mortality, 
reduce hospitalizations, and improve symptoms and QOL.

2A In patients with AF and LVEF ≤35% on GDMT, CRT can be useful to reduce total mortality improve 
symptoms and QOL, and increase LVEF, if: (a) the patient requires ventricular pacing or otherwise 
meets CRT criteria (b) atrioventricular nodal ablation or pharmacological rate control will allow near 
100% ventricular pacing with CRT.

2A For patients on GDMT who have LVEF ≤35% and are undergoing placement of a new or replacement 
device implantation with anticipated requirement for significant (>40%) ventricular pacing, CRT can 
be useful to reduce total mortality, reduce hospitalizations, and improve symptoms and QOL.

2B For patients who have LVEF ≤35%, sinus rhythm, a non-LBBB with QRS duration of 120–149 ms, and 
NYHA class III or ambulatory class IV on GDMT, CRT can be useful to reduce total mortality, reduce 
hospitalizations, and improve symptoms and QOL.

2B For patients who have LVEF ≤30%, ischemic cause of HF, sinus rhythm, LBBB with QRS duration 
≥150 ms, and NYHA class I symptoms on GDMT, CRT may be considered to reduce hospitalizations 
and improve symptoms and QOL.

3 In patients with QRS duration <120 ms, CRT is not recommended.

3 For patients with NYHA I or II symptoms and non-LBBB pattern with QRS duration <150 ms, CRT is 
not recommended.

3 For patients comorbidities or frailty limit survival with good functional capacity to <1 year, ICD and 
cardiac resynchronization therapy with defibrillation (CRT-D) are not indicated.
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8.3  QRS criteria in CRT

The definition of left bundle branch block (LBBB) varies across medical guide-
lines and studies, affecting how patients are classified and recommended for cardiac 
resynchronization therapy (CRT). This inconsistency may lead to improper inclusion 
or exclusion of patients [56, 57]. Some researchers have proposed redefining LBBB 
criteria by considering gender differences in ventricular wall thickness and requiring 
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○ Treatment/strategy A is recommended/indicated in preference to treatment B

○ Treatment A should be chosen over treatment B

CLASS 2a (MODERATE) Benefit > > Risk
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• Is reasonable

• Can be useful/effective/beneficial
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○ It is reasonable to choose treatment A over treatment B

CLASS 2b (WEAK) Benefit ≥ Risk
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Table 4. 
2022 AHA/ACC/HFSA guidelines for the management of heart failure [55].
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septal activation patterns on ECG [57]. Complications also arise in patients with LBBB 
after myocardial infarction [58]. Studies show that strict ECG criteria, like QS or rS 
in V1, mid-QRS notching, and absence of Q in lateral leads, are associated with better 
CRT outcomes (Tables 5 and 6) [59].

Predictors of CRT response Predictors of CRT non-response

True LBBB

• QRS duration ≥130 ms in women and ≥140 ms in men

• Mid-QRS notching and/or slurring in two contiguous leads in 
V1–2 or I-aVL, V5–V6

• Absence of q waves in the lateral leads

• Absence of R wave in V1 (≥1 mm)

• 45 ms ≤ between the peak of the R to the nadir of the S wave in V1

Non-true LBBB and non-LBBB

• QRS duration ≥150 ms

• Mid-QRS notching or/and slurring in one lateral lead

• Masquerading bundle branch block

• ID in lead V6 > 60 ms

• QR-max index >120 ms

• More than two notches on the R wave 
or the nadir of the S wave.

• <32.5 ms to the beginning of the QRS 
fragmentation from the QRS onset 
and a longer fractionation duration

• Lead one ratio < 12

All QRS morphologies

• ID in lead I ≥ 110 ms

• ID in lead aVL ≥ 130 ms

• ID/QRS duration >0.69 in lead I

• [ID in lead I-ID in lead V1] >90 ms

• [aVLID-aVFID]/QRSd >25%

• [V5ID-V1ID]/QRSd >25%

• Large R/S in V6 (absence of deep S wave)

• QRS duration <130 ms

Table 6. 
Useful electrocardiographic signs to support the prediction of favorable response to cardiac resynchronization therapy [59].

Responders (n = 75) Non-responders (n = 27) p-Value

PR interval 162.2 ± 23.0 182.2 ± 32.3 0.02

QRS duration 172.4 ± 21.9 170.7 ± 24.2 n.s.

LBBB morphology 77.3% 66.7% n.s.

R amplitude in V1 1.1 ± 0.4 1.3 ± 0.5 0.04

S amplitude in V1 14.2 ± 5.9 14.5 ± 6.8 n.s.

R amplitude in V6 6.6 ± 5.0 3.6 ± 2.9 0.01

S amplitude in V6 4.1 ± 3.9 7.3 ± 6.6 0.01

R6/S6 4.6 ± 5.4 1.7 ± 2.5 0.02

(S1 + R6) − (S6 + R1) 15.7 ± 10.8 9.5 ± 8.8 0.02

Paced QRS duration 127.5 ± 26.3 137.0 ± 23.2 0.08

Table 5. 
Electrocardiographic variable in responder and non-responder group [59].
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According to trials such as MADIT-CRT and RAFT, patients with left bundle 
branch block (LBBB) benefit more from CRT than those with right bundle branch 
block (RBBB) or intraventricular conduction delay (IVCD) [30, 60]. While CRT 
trials historically used QRS ≥ 150 ms, evidence now supports QRS > 120–130 ms, 
especially in sicker patients. However, guidelines still advise CRT for QRS ≥ 150 ms 
or ≥ 130 ms + LBBB based on trials like MADIT-CRT, REVERSE, and RAFT 
(Figure 8) [28, 60, 61]. A meta-analysis shows CRT is effective for QRS ≥ 150 ms but 
not <150 ms [61]. Clinicians can be optimistic about CRT response for QRS ≥ 150 ms, 
particularly non-LBBB patients. More data are needed for Class I patients.

8.4  CRT and narrow QRS complex

CRT has undergone assessment for patients exhibiting a QRS duration <120 ms, 
resulting in different outcomes. While initial investigations conducted at single cen-
ters proposed symptomatic improvements in this population subset following CRT, 
findings from extensive trials have contradicted these findings.

Particularly, the LESSER-EARTH trial (Evaluation of Resynchronization 
Therapy for Heart Failure) and the EchoCRT (Echocardiography-Guided Cardiac 
Resynchronization Therapy) study, both multicenter, randomized, controlled 
trials, failed to indicate a mortality advantage with the incorporation of CRT to an 
Implantable Cardioverter Defibrillator (ICD) among this patient cohort [62, 63].

In the LESSER-EARTH trial, CRT did not improve clinical outcomes or lead to left 
ventricular (LV) reverse remodeling. There was even an indication that CRT could 
potentially be harmful [62, 63]. The EchoCRT trial focused on patients with a QRS 
duration of 130 ms or less, Left Ventricular Ejection Fraction (LVEF) of 35% or less, and 
mechanical dyssynchrony. In this investigation, participants underwent implantation 
of CRT-Defibrillator (CRT-D) devices and were subsequently randomly allocated to 

Figure 8. 
Central Illustration relation between QRS duration and the response and outcome of cardiac resynchronization 
therapy. (Left) Taken from a meta-analysis of individual patient data from landmark cardiac resynchronization 
therapy (CRT) trials showing hazard ratios (y-axis and solid purple line) 95% confidence interval (CI) (blue 
shading) for effects on total mortality of CRT versus control patients, with QRS duration plotted on the x-axis 
using spline smoothing. The intersection between the solid purple line and the vertical dashed line at a hazard 
ratio of 1.0 (no effect) denotes the QRS duration above which there is a high certainty of response. (Right) Data 
from a subanalysis of the REVERSE study showing the proportion of patients with an improved clinical response 
(CRT in solid gold line and control in dashed gold line) and the absolute change in left ventricular end-systolic 
volume index (LVESVi) at 12 months (CRT in solid blue line and control patients in dashed blue line) [59].
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either activate or deactivate the CRT function. The trial was prematurely terminated due 
to futility, as there was noted to be a rise in mortality rates in patients receiving CRT-D 
(Figure 9) [63]. These findings suggest that extending CRT to patients with shorter QRS 
durations may not provide the expected benefits and could even be detrimental, chal-
lenging the rationale for using CRT in this subset of heart failure patients.

9.  Predictors of response

9.1  Non-responders to cardiac resynchronization therapy

Approximately 33% of patients do not show a hemodynamic improvement follow-
ing the therapy (Figure 10). The relevance of measuring individual responses to CRT 
is questioned, as this is not a common practice in other medical interventions that aim 
for an average treatment effect, acknowledging that some patients will not benefit 
regardless [64]. Non-response rates for heart failure drugs like enalapril, bisoprolol, 
and spironolactone are high, suggesting that lack of response might be influenced by 

Figure 9. 
Echo-CRT trial cardiac-resynchronization therapy in heart failure with a narrow QRS complex Kaplan-Meier 
estimates for primary-outcome events. Panel A shows the Kaplan-Meier curves for the primary composite outcome 
of death from any cause or hospitalization for heart failure. Panel B shows the Kaplan-Meier curves for death 
from any cause [63].
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genetic factors. However, the challenge remains to identify a reliable surrogate marker 
for prognostic response to CRT. LV reverse remodeling is suggested as one such sur-
rogate because of its predictive value for cardiovascular mortality. Yet, it is not perfect 
as it does not predict symptomatic improvement and could lead to misclassification of 
non-responders.

Other potential surrogate markers like peak VO2 and natriuretic peptides have 
their limitations, with the former weakly predicting mortality and the latter being 
too variable to be useful in clinical practice. Factors known to reduce the response to 
CRT include increased scar burden, certain scar locations, extreme mechanical dys-
synchrony, and comorbidities like severe right ventricular dysfunction, pulmonary 
hypertension, renal failure, and valvular disease (Figure 11) [65]. However, without 
studies comparing these factors to control patients on optimal therapy, their impact 
on CRT effectiveness is not clear. Preventing the deterioration of a patient’s condition 
could be considered a response to CRT, though this effect has not been quantified in 
research. Gender and the cause of heart failure are noted to influence CRT outcomes, 
with women and those with nonischemic HF etiology generally experiencing better 
results from CRT [66].

9.2  Electrocardiographic parameters as predictors of response to CRT

While no single ECG parameter could predict CRT response on its own, yet 
specific parameters did demonstrate a difference between responders and non-
responders. In particular, an increased amplitude of the R wave in lead V6, an elevated 
R/S ratio in the same lead, and the derived figure (S1 + R6) − (S6 + R1) may suggest a 
greater likelihood of response in both LBBB and non-LBBB patients [67].

ECG variables: (S1 + R6) − (S6 + R1): This computed variable involves the summa-
tion of the S wave in lead V1 and the R wave in lead V6, subtracted from the sum of 
the S wave in lead V6 and the R wave in lead V1. The significant difference in this vari-
able between responders and non-responders suggests that the spatial and temporal 
characteristics of ventricular depolarization, as reflected on the ECG, might correlate 
with the mechanical synchrony achieved through CRT [68].

Figure 10. 
30% of CRT patients are non-responders.
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R6/S6 ratio: The ratio of the R wave to the S wave amplitude in lead V6 provides an 
index of the electrical activity in the lateral wall of the left ventricle. A higher R6/S6 ratio in 
responders may indicate a more favorable left ventricular electrical substrate for CRT [69].

Figure 12. 
LBBB responder and non LBBB responder.

Figure 11. 
Factors associated with sub-optimal CRT response [65].
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Height of R wave in V6: The R wave amplitude in the V6 lead represents the electri-
cal forces directed toward the lateral wall of the left ventricle. A higher amplitude 
might correlate with less scarring and better contractile reserve in the lateral wall, 
which could translate into a better response to CRT [70].

LBBB vs. Non-LBBB Patients: Patients with LBBB typically have a more dyssynchro-
nous contraction pattern, and CRT aims to correct this dyssynchrony. Therefore, param-
eters that reflect the extent of dyssynchrony in LBBB patients may be more predictive of 
CRT response in this group compared to non-LBBB patients (Figure 12) [67, 71].

9.3  The role of imaging

9.3.1  Imaging for patient selection

9.3.1.1  Echocardiography

• Early investigations indicated that echocardiographic assessments of mechani-
cal dyssynchrony were indicative of the outcome of cardiac resynchronization 
therapy (CRT) [72]. Nevertheless, recent trials have observed that echocardio-
graphic evaluations of dyssynchrony lacked consistent reliability in predicting 
CRT response. Clinical recommendations have subsequently shifted away from 
employing echocardiographic dyssynchrony as a criterion for patient selection 
for cardiac resynchronization therapy (CRT) [1, 73]

9.3.1.2  Cardiac magnetic resonance (CMR) and dyssynchrony

• CMR, especially myocardial tagging, offers a sophisticated method for assessing 
myocardial motion [74].

• Despite some measures of dyssynchrony via CMR showing promise in predicting 
CRT outcomes, they lack external validation.

• Complicating its use in predicting CRT response, mechanical dyssynchrony 
is influenced by various factors beyond conduction disturbances, including 
myocardial perfusion, viability, and passive motion [1].

9.3.1.3  Imaging to guide left ventricular (LV) pacing

• While dyssynchrony imaging may not be ideal for selecting patients, it has the 
potential to optimize LV lead placement [75].

• The TARGET and STARTER trials indicated that echocardiography could help 
improve CRT outcomes by targeting late-activated myocardial segments [75].

• CT imaging of coronary veins and CMR to avoid pacing in scarred areas are other 
strategies [1].

• Emerging techniques include electroanatomic and ECG body surface map-
ping, as well as image fusion and computational modeling to assist in LV lead 
 positioning [76].
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9.3.1.4  Scar burden

• A higher scar burden has been associated with a lower response rate to CRT in 
CMR and nuclear imaging studies [76].

• However, a specific cutoff for scar burden that predicts CRT response has not 
been established or validated [1].

• The assessment of scar burden and its clinical implications in CRT continues to 
be a research focus.

10.  Optimizing outcomes

10.1  Enhancing CRT outcomes by targeting the LV pacing site

10.1.1  Current CRT implantation technique

• The transvenous technique for CRT, established in 1994, remains standard 
practice [77].

• A posterolateral LV lead placement with good pacing parameters and no dia-
phragmatic stimulation is the typical goal [77].

• Studies yield conflicting results; some suggest lead position on the LV free wall is 
not crucial, while others find non-apical positions more favorable [78].

10.1.2  Variability in patient response

• Even with appropriate fluoroscopic positioning, patient responses to CRT are 
variable [29]. Fluoroscopic imaging does not account for myocardial factors that 
affect pacing efficacy [78].

10.1.3  Targeting late-activated segments

• Recent approaches focus on implanting LV leads in segments of the heart that 
activate late to improve CRT response (Figure 13) [79, 80].

• The STARTER trial (Echocardiography-guided left ventricular lead placement 
for cardiac resynchronization therapy) found this method reduced death or HF 
hospitalization but achieved only 30% accuracy in targeting late-activated seg-
ments (Figure 14) [81].

• Scarring was not considered in these results, raising questions about the influ-
ence of myocardial scarring on outcomes [50].

10.1.4  Influence of myocardial scarring

• Pacing in scarred myocardium correlates with a poorer response to CRT [82].
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• The degree of scarring intensifies the negative impact on CRT efficacy [82].

• CMR-guided pacing to avoid scarred tissue seems beneficial, but further valida-
tion is needed [82].

Figure 14. 
Kaplan-Meier plots of the results of the primary end point of freedom from heart failure hospitalization or 
death after cardiac resynchronization therapy (CRT), including all randomized patients with intention-to-treat 
analysis. Patients randomized to echocardiographic guided left ventricular (LV) lead positioning strategy had a 
significantly more favorable clinical outcome in comparison to routinely treated patients [81].

Figure 13. 
Examples of QLV measurements. The calipers are aligned with the onset of QRS and peak of the left ventricular 
electrogram. The QLV was calculated as 90 ms for the patient in (A) and 165 ms for the patient in (B) [79].
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10.1.5  Enhancing the response by multipolar LV leads

Multipoint pacing (MPP) in cardiac resynchronization therapy (CRT) has 
revealed improving clinical outcomes and reversing left ventricular (LV) remodeling 
associated with heart failure [83]. In a randomized, multicenter study conducted in 
the Middle East, patients implanted with CRT-D devices were randomized to receive 
either biventricular pacing (BiV) or MPP therapy. According to the study, a higher 
proportion of MPP patients had a reduction in end-systolic volume (ESV) of 15% or 
more and improved NYHA functional class than those with BiV (Figure 15) [84].

Moreover, a systematic review and meta-analysis comparing multipoint pacing 
(MPP) to traditional biventricular (BiV) pacing revealed that MPP correlated with a 

Figure 15. 
End-systolic volume (ESV) response distribution (top), detailed ESV response distribution (middle), and 
end-systolic volume + ejection fraction (ESV + EF) response distribution (bottom) for biventricular (BiV) and 
multipoint pacing (MPP) patients [84].
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heightened occurrence of patients experiencing functional improvement and elevated 
delta left ventricular (LV) dP/dtmax, suggesting enhanced hemodynamic parameters. 
Despite no notable variance between MPP and BiV in terms of hospitalization for 
heart failure, LV end-systolic volume, and all-cause mortality, MPP was associated 
with significantly lower projected battery longevity. These findings suggest that MPP 
has the potential to improve functional class and acute hemodynamic parameters in 
patients with heart failure, yet additional investigation is needed to understand the 
long-term advantages and optimize programming strategies for MPP [83]. Multipolar 
LV leads also offer the possibility of avoiding diaphragmatic stimulation and selecting 
from multiple pacing vectors [76]. This technology might enable specific targeting 
of viable and late-activated myocardium [76]. Although promising, more evidence is 
required to confirm whether multipolar leads enhance CRT outcomes [76]. Preference 
for multipolar leads is increasing, potentially making them the new standard [76].

10.2  Device optimization to enhance CRT response

Device optimization in cardiac therapy is crucial to improve left ventricular (LV) 
function, which is affected by atrioventricular (AV) delays. While echocardiography 
has traditionally been employed for identifying optimal AV delays, its time-consum-
ing nature has led to its decline in busy medical settings. Instead, operators often use 
a trial-and-error approach to find the best device settings, which is not methodologi-
cally robust. Furthermore, echocardiographic optimization, despite being a gold 
standard, has not been proven to enhance outcomes and may be no more effective 
than using standard device settings [85].

Automatic, device-based AV and VV (ventriculo-ventricular) optimization offer 
practical benefits over manual methods. However, studies have shown mixed results. The 
FREEDOM study revealed that the QuickOpt algorithm was less effective than echocar-
diographic optimization [85]. Similarly, the Smart-AV study found that the Smart-AV 
algorithm did not result in LV reverse remodeling when compared to standard settings 
[76]. Adaptive CRT, which uses an algorithm for automatic selection of pacing mode and 
AV/VV optimization, was shown to be comparable to echocardiographic optimization in 
the Adaptive CRT study (Figure 16) [53, 85]. Nonetheless, it remains uncertain if these 
benefits are due to the optimization of AV/VV intervals or the pacing mode itself [76].

10.3  Possible solutions for non-responders

10.3.1  Alternative pacing

Lead-based endocardial LV pacing and conduction system pacing like His bundle 
pacing (HBP) and left bundle branch area pacing (LBBAP) can improve outcomes 
for non-responders to standard biventricular pacing. HBP activates the physiological 
conduction system but has limitations like difficult implantation, high pacing thresh-
olds, and early battery depletion [86].

10.3.2  His-bundle pacing

His bundle pacing restores physiological activation of the ventricles. It has shown 
feasibility and efficacy for managing arrhythmias and heart failure [87–91]. However, 
it has drawbacks such as challenging implantation, unstable pacing thresholds, the 
risk of crosstalk, and failure to achieve cardiac resynchronization in some patients. 
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Limitations include prolonged procedures, high thresholds, early battery depletion, 
and lead dislodgement (Figure 17) [92–94].

10.3.3  Left bundle branch area pacing

In the evolving landscape of cardiac resynchronization therapy (CRT), left bundle 
branch area pacing (LBBAP) has emerged as a promising alternative to traditional 

Figure 17. 
Forms of His bundle pacing. (A) During selective His bundle (HB) capture, ventricular activation occurs directly 
over the His-Purkinje system. There is an isoelectric line between the pacing stimulus and the QRS which is identical 
to the native QRS. (B) In nonselective HB pacing there is fusion capture of HB and adjacent myocardial tissue 
resulting in the presence of pseudo-delta wave. Although paced QRS duration is slightly increased (by the H-QRS 
interval), the overall electrical axis of the paced QRS is concordant with the electrical axis of the intrinsic QRS [92].

Figure 16. 
End-improved survival with dynamic optimization of CRT pacing using adaptive CRT algorithm: analysis of real 
world patient data [53].



From Supraventricular Tachycardias to Cardiac Resynchronization Therapy

72

approaches. While HBP has shown promise in CRT, it is not without its challenges. 
The presence of potential blockages along the conduction system can hinder the 
effectiveness of HBP. To overcome these obstacles, researchers have proposed stimu-
lating the conduction system distal to the His bundle, specifically targeting the left 
bundle branch. This distal approach aims to bypass areas of blockage and achieve a 
more profound and targeted form of cardiac resynchronization (Figure 18).

LBBAP has gained attention as a practical, safe, and promising option in the realm 
of CRT. Its versatility extends beyond patients who have experienced unsuccessful 
Biventricular Pacing (BVP)-CRT implantation or are non-responders. LBBAP is also 
being considered as a primary choice for addressing intraventricular conduction delay 
[95]. The technique involves pacing either the main trunk of the left bundle branch or 
its anterior/posterior fascicles, with a preference for the main trunk in cases of the left 
bundle branch block. In cases lacking conduction abnormalities, especially those with 
a narrow QRS, left bundle branch area pacing (LBBAP) provides a distinct advantage. 
Through retrograde activation of the right bundle branch, LBBAP can promptly stimu-
late the right ventricle with minimal delay. This approach aids in preserving interven-
tricular synchrony and potentially achieving physiological ventricular synchrony. As a 
result, LBBAP is proving to be a suitable pacing strategy, especially in the context of pure 
anti-bradycardia pacing without intraventricular conduction abnormalities [96, 97].

Recent studies have shed light on the comparative effectiveness of LBBAP in 
relation to other pacing strategies. The left bundle branch pacing vs. left ventricular 
septal pacing vs. Biventricular Pacing for Cardiac Resynchronization Therapy trial 
demonstrated superior clinical outcomes with LBBAP compared to LVSP and BIVP 
for CRT patients [53]. Achieving left bundle branch capture appeared to be a crucial 
factor in the success of LBBAP, while LVSP and BIVP showed no significant differ-
ences. This prospective, multicenter study involving 415 patients undergoing CRT 
further solidified the position of LBBAP as the preferred pacing strategy based on the 
research findings [98].

Left bundle branch area pacing represents a promising frontier in the field of 
cardiac resynchronization therapy and is regarded as an excellent choice for BVP-CRT 
for patients with left ventricular dysfunction and conduction abnormalities. Further 
research is crucial to affirm the potential significance of these pacing techniques and 
to deepen our understanding of their similarities and differences [53, 97].

Figure 18. 
Left bundle area pacing in left bundle branch block patients targets zones [86].
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10.3.4  Left bundle branch area pacing procedural protocol

The goal of conduction system pacing is to produce a more physiologic ventricular 
activation sequence that resembles normal ventricular activation during sinus rhythm. 
This goal can be achieved either by capturing the HIS bundle directly at the base of the 
interventricular septum (IVS) or by capturing the left bundle, which is located more 
distally on the IVS. Of the two techniques, left bundle branch area pacing (LBBAP) has 
emerged as the most attractive of the two techniques given higher sensing amplitude, 
lower capture threshold and greater degree of stability, and low number of lead revisions 
[99, 100]. Thus, only LBBAP technique will be discussed in this section.

From its inception, LBBAP has been performed almost exclusively using lumen-
less pacing leads (LLL-LBBAP), mainly the SelectSecure 3830 (Medtronic Inc., 
Minneapolis, USA). Alternatively, standard-stylet-driven pacing leads (SDL-LBBAP) 
have been reported to be both safe and practical [101]. Although the lead and helix 
designs differ, the implantation technique is similar for both leads. Both techniques 
use a delivery sheath to deliver the lead at a more perpendicular angle to the IVS 
to allow for lead migration into the septum, as indicated in Figure 19. In patients 
presenting with left bundle branch block (LBBB), backup ventricular pacing is highly 
recommended, given the possibility of transient complete AV block due to mechanical 
pressure on the HIS bundle.

10.3.4.1  LBBAP implantation steps

10.3.4.1.1  Identification of the initial site of implantation on the septum

The sheath and dilator are advanced to the RV over a guidewire, this is best achieved 
in right anterior oblique (25-degree) view. Once the delivery system is in the RV, the dila-
tor and wire are withdrawn, and the lead is advanced to the tip of the sheath. The Ideal 
location for lead fixation is 1–1.5 cm apical to the HIS location in the RV septum. This can 
be achieved by connecting electronic clips to the lead in a unipolar fashion and sensing 
HIS bundle depolarization to determine the starting point in the RV. Alternatively, pacing 
from the lead tip and observing the paced morphology, can help locate the optimal site for 
lead fixation. The ideal pacing morphology as shown in Figure 20 includes the following:

Figure 19. 
Lumen-less and style-driven leads used in LBBAP and corresponding delivery sheaths.
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• W pattern in V1, with a hump or notch on the later half preferably

• R wave is taller in lead II than III

• aVR and aVL discordance in the first 40 ms

Once an adequate unipolar pacing morphology is observed, contrast injection 
of the sheath is helpful to assess the apposition of the sheath to the septum, this is 
usually performed in the lateral anterior oblique view (20–25 degrees). A satisfactory 
contrast injection should show near perpendicular alignment on the interventricular 
septum. This location should be stored as a reference to assess lead placement into the 
septum.

10.3.4.1.2  Lead deployment and advancement into the septum

Lead advancement into the septum requires clockwise rotation of the lead with 
forward pressure while monitoring lead migration into the septum on fluoroscopy. 
The lead can be observed to rotate during forward displacement. Approximately 
6–8 mm into the septum, lead impedance as well as pacing morphology should be 
evaluated.

Pacing morphology following initial rotation should be assessed, as the lead 
migrates into the septum the notch in V1 will start to move later in the QRS, ulti-
mately, the notch will reach the end of the QRS and an R′ will be observed. Although 
this is usually observed during LBBAP, it is not a universal finding and adequate final 
locations can only show a notch in V1 in the later half with terminal negative electrical 
force. Once the lead helix reaches the LV sub-endocardium, a sudden reduction in the 
QRS duration typically occurs, along with a decrease in the left ventricular activation 
time (LVAT), indicating successful capture of the LV conduction system. LVAT is 
defined as the interval from pacing stimulation to the appearance of R waves in leads 
V4–V6 (Figure 21A).

Figure 20. 
Target pacing morphology at the RV septum to indicate an adequate site for lead fixation.
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Initial impedance is expected to be relatively high during penetration. As the lead 
migrates into the septum, lead impedance will start to gradually decrease, signaling 
deep penetration into the septum and proximity to the left ventricular endocardium. 
Generally, unipolar lead impedance should be >500 Ohms. Sheath contrast injec-
tion can help determine lead implantation depth into the septum, as well as identify 
inadvertent septal perforation (Figure 21B).

10.3.4.1.3  Determining final lead position

The final lead position should show a pacing morphology that reflects a terminal 
R′ in V1 and LVAT of less than 90 ms, this usually is accompanied by a narrow QRS 
of less than 120 ms. When the left ventricular conduction system is captured with 
the lead helix, a low pacing threshold (<1.5 V/0.5 ms) is usually observed. Observing 
fixations beats which are premature ventricular depolarizations (VPD) with RBBB 
morphology with left axis deviation signifies mechanical stimulation of the left 
posterior fascicle, this finding indicates proximity to LV endocardium, and further 
migration into the septum should be avoided [102]. Left bundle potentials can be 
recorded once the lead helix is in proximity to the LV endocardium. Once the final 
location is reached, bipolar pacing should be performed, and pacing impedance and 
bipolar capture threshold determined. Following sheath removal, adequate lead slack 
should be ensured to prevent lead dislodgement or migration, and a 12-lead ECG is 
recommended to document pacing morphology immediately following implantation 
(Figure 22).

10.3.4.1.4  Septal perforation and septal artery injury

Septal lead perforation into the LV cavity can occur due to excessive lead rotation 
and migration into the septum. This is indicated by a marked decrease in pacing 
impedance that corresponds with sudden increase in unipolar capture threshold. 
Fluoroscopy usually shows deep penetration of the lead from the site of initial 

Figure 21. 
(A) Progression of unipolar pacing morphology during lead fixation into the ventricular septum. (B) Sheath 
contrast injection showing extent of septal lead migration.
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implantation. Sheath contrast injection can show contrast escape into the LV cavity. If 
septal perforation occurs, withdrawal of the lead into the RV is usually possible with-
out major consequences as the lead track into the septum is sealed by septal muscle 
rebound and rarely leaves residual connection between the right and left ventricle. 
The lead should be removed from the sheath and examined for any retained muscle 
tissues as this will hinder lead re-implantation.

Septal perforator artery injury can occur during LBBAP lead implantation, this can 
be minimized by placing the lead inferiorly and posteriorly on the septum to avoid the 
large septal branches usually observed in the anterior septum. Contrast injection into 
the delivery sheath can delineate septal vascular injury [103].

10.3.5  Endocardial left ventricular (LV) pacing

Endocardial pacing seems to produce more efficient resynchronization than epicar-
dial pacing. It allows pacing from a variety of LV sites without restrictions from coronary 
sinus anatomy [104]. Potential advantages of endocardial LV pacing include optimiz-
ing the pacing site to target the latest activation area based on evidence from trials like 
TARGET, which showed echo-guided targeting had superior response compared to 
empirical placement [1]. Studies show endocardial pacing accesses fast-conducting tissue 
or Purkinje fibers for faster LV activation than epicardial pacing and may reduce arrhyth-
mogenic effects by restoring physiological activation/repolarization patterns [105].

Lead-based endocardial LV pacing was used in the ALSYNC trial of 132 patients, 
which reported 55% had reverse remodeling and 59% symptomatic improvement 
at 6 months [106]. However, it is limited by thromboembolic risk requiring antico-
agulation. The WiSE-CRT leadless system avoids these risks. The SELECT-LV trial 
of 35 patients showed a high 97.1% procedural success and 84.8% clinical response 
at 6 months [107]. An international WiSE-CRT registry of 90 patients demon-
strated good procedural success at 94.4% and 69.8% clinical response at 6 months 
Figures 23 and 24 [98, 104, 108]. Endocardial LV pacing warrants further research 
into leadless delivery systems as a promising option for CRT non-responders.

Figure 22. 
(A) Final lead location in a patient who underwent CRT-D placement with a left bundle branch area pacing 
following failed CS cannulation due to lack of acceptable CS branches. (B) ECG showing LBBAP with narrow 
QRS of 88 ms and LVAT of 72 ms.
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11.  Procedural techniques

11.1  Pre-implant patient evaluation

Before cardiac resynchronization therapy (CRT) implantation, a comprehensive 
patient evaluation is crucial. The European Society of Cardiology and the European 
Heart Rhythm Association have provided guidelines for this process [109]. The assess-
ment should include a detailed medical history, physical examination, vital signs, 
and laboratory tests to ensure that patients have stable heart failure (HF) while on 
guideline-directed medical therapy (GDMT) [109].

Echocardiography plays a vital role in measuring left ventricular ejection fraction 
(LVEF) and assessing cardiac size and function. Additionally, a 12-lead electrocar-
diogram (ECG) is necessary to evaluate QRS duration and morphology [109]. For 
patients at high risk of thromboembolism receiving warfarin, maintaining treatment 
at a lower dose while monitoring the international normalized ratio (INR 2–3) is 
recommended, with postoperative heparin being discouraged [109].

Prophylactic treatment with antibiotics that target staphylococcal bacteria is 
recommended [109]. Also, performance of quality life (QOL) functionality assess-
ments to assess the anticipated response to cardiac resynchronization therapy (CRT) 
is advised [109]. Cardiac magnetic resonance imaging (cMRI) and computed tomog-
raphy angiography (CTA) can both reflect valuable insights into myocardial viability 
and venous anatomy, respectively.

Figure 23. 
(A) Primary composite outcome. (B) Heart failure (HF)-related hospitalization. Left bundle branch pacing vs. 
left ventricular septal pacing vs. biventricular pacing for cardiac resynchronization therapy [98].
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Identifying and managing atrial fibrillation or frequent premature ventricular 
contractions (PVCs) that may hinder continuous CRT therapy delivery is essential 
[109]. For patients with a low to moderate risk of thromboembolism, changing the 
anticoagulant therapy dose before surgery is recommended to minimize bleeding 
risk [109]. CRT should be postponed in patients with HF, on inotrope medication, 
or with unstable ventricular arrhythmias [25]. Patients should not be excluded 
from cardiac resynchronization therapy based on echocardiographic dyssynchrony 
 assessment [25].

If a patient is decompensated with HF, dependent on inotropes, or has unstable 
ventricular arrhythmias, CRT should be postponed until the medical condition 
improves [25]. The assessment of dyssynchrony in the echocardiogram should not be 
used to rule out patients for CRT [25].

11.2  Perioperative period

Close monitoring post-CRT implantation is essential due to potential changes 
in urine output and electrolyte balance, which may necessitate modifications to the 
prescribed drugs [110]. Temporarily withdrawing antiplatelet agents before implanta-
tion may decrease bleeding risk [111]. Perioperative antibiotic administration has 
been shown to significantly reduce infection rates [110].

Despite technological advancements and improved surgical techniques, complica-
tions such as LV lead failure, hematomas, dissections, perforations, heart block, lead 

Figure 24. 
Endocardial LV pacing—components of the WiSE-CRT system [104].
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dislodgement, renal failure, and mortality can occur, with overall complication rates 
ranging from 4% to 28% (Figure 25) [110, 113].

11.3  Targeting LV lead placement

Optimal LV lead placement and stability are critical for successful CRT outcomes 
[110, 114, 115]. Conventional lead implantation involves placing a single LV lead 
through the coronary sinus (CS) into a suitable vein, with the target vein selected based 
on anatomical considerations. Fluoroscopic guidance and operator experience are used 
for optimal site determination (Figure 26) [110, 114, 115]. However, this approach has 
limitations, including subjective assessment and potentially suboptimal positioning.

Research has shown that apically positioned LV leads are associated with poorer 
clinical outcomes [110]. While the COMPANION and MADIT-CRT trials demonstrated 
comparable responses between lateral, anterior, or posterior locations, the REVERSE trial 
patients benefited from lateral positions [110]. Imaging techniques may assist in selecting 
specific LV pacing sites based on anticipated electromechanical optimization [110].

11.4  Techniques for CRT implantation

Techniques for CRT implantation as recommended by The European Society of 
Cardiology [109].

11.4.1  Pre-procedural considerations

• Patient assessment and imaging to understand venous anatomy.

• Selection of equipment based on the patient’s anatomical requirements.

Figure 25. 
Rates of reported complications of cardiac resynchronization therapy in randomized controlled trials, registries, 
and administrative databases [112].
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11.4.2  Sedation and anesthesia

• Conscious sedation and local anesthesia are the norms.

• General anesthesia for special cases such as pediatric patients or those who can-
not be sedated under normal circumstances.

11.4.3  Pacing leads placement sequence

1. Right ventricular (RV) lead: Establish baseline pacing.

2. Left ventricular (LV) lead: Critical for resynchronization, placed using the sheath 
in the CS branch.

3. Right atrial (RA) lead: Placed last to complete the setup.

11.4.4  LV lead positioning

• Obtaining a detailed phlebogram to visualize the CS anatomy.

• Selecting a target vein based on size, absence of stenosis, and location.

• Aim for proximal to mid-third of the LV to match areas of greatest dyssynchrony.

11.4.5  Branch cannulation techniques

• Customizing approaches to patient-specific anatomy, such as using specialized 
catheters or leads.

• Maneuvers for difficult angles including inner catheters or leads with special 
curves.

Figure 26. 
CS venous tributaries and segments of the left ventricle [116].
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11.4.6  Lead stability and placement troubles

• Ensuring lead stability with designs meant for aggressive fixation or active fixa-
tion mechanisms.

• Stenting as a method to secure a lead position.

• Exploring alternative venous branches or sheath shapes for challenging anatomy.

• Post-implantation assessment including electronic repositioning and chest 
radiography [112].

11.4.7  Post-procedure management

• Monitoring complications such as diaphragmatic capture or threshold variations.

• Chest X-ray to confirm final lead placement and for future comparisons.

Potential need for reprogramming or repositioning leads electronically in case of 
issues [109].

11.5  Implantation tips and tricks

Difficult LV lead implantations in CRT can be attributed to various factors 
such as difficulty accessing the coronary venous system, anatomic variations, scar 
tissue, phrenic nerve stimulation, and lead instability. By utilizing new technolo-
gies, improved tools, and techniques, clinicians can overcome these challenges and 
improve the success rates of CRT implantations for heart failure patients [112].

Potential Causes of Difficult LV Lead Implantations and Solutions:
Failure to access the coronary venous system: Difficulty in accessing the coronary 

venous system is a common cause of implant failure. Improved technology, such 
as specific sheaths with primary and secondary curves, allows better support and 
cannulation of the coronary sinus (CS). Techniques like withdrawing the sheath with 
counterclockwise rotation and using contrast dye injections for better visualization 
can aid in accessing the CS [117].

Anatomic variations in the coronary venous system: Upon successful cannulation of 
the coronary sinus (CS), and obtaining a venogram, the CS anatomy is recognized. In 
case of failure, alternative imaging modalities like venous-phase coronary angiogra-
phy, computed tomography (CT)-guided imaging, fiberoptic endoscopy, or intracar-
diac echocardiography can be used. Specially shaped sheaths and inner catheters can 
be used for lead delivery in challenging vessel segments [112].

Extensive scar tissue in the target region: Scar tissue can make lead implantation 
difficult. Techniques such as careful dissection of the scar tissue, use of guidewires or 
inner catheters for support, and consideration of alternative lead placement sites can 
help overcome this challenge [116].

Phrenic nerve stimulation: Phrenic nerve stimulation can occur during LV lead 
implantation, causing diaphragmatic contraction. Proper lead positioning, pac-
ing adjustments, or using multipolar leads can help avoid or manage phrenic nerve 
stimulation [118].
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LV lead instability: LV lead instability can lead to poor pacing outcomes. 
Techniques like using fixation screws, atraumatic leads, and active fixation leads can 
enhance lead stability and reduce the risk of dislodgement [112].

11.6  Delivery of CRT in the real world

Cardiac resynchronization therapy (CRT) has been shown to provide incremental 
survival benefits to optimal pharmacotherapy (OPT) in patients with advanced heart 
failure (HF), according to the IMPROVE HF study [119]. Moreover, recent evidence 
suggests CRT may slow disease progression even in mild HF cases. Despite these 
benefits, the adoption rate of CRT remains low [50]. HF significantly impacts both 
survival rates and quality of life, with non-CRT patients experiencing a mortality rate 
comparable to certain cancers, as indicated by the CARE-HF study. Yet, the treatment 
of HF with CRT has not reached the same level of comprehensive patient coverage 
as seen in oncology for those with both advanced and early-stage disease [120]. 
Additionally, CRT is not without its complications, which must be considered. One of 
the key barriers to effective CRT delivery is the separation between the fields of HF 
and electrophysiology. A multidisciplinary approach is crucial, requiring a shift in 
focus to ensure that patients are systematically identified and treated across special-
ties, including within general practice. Implementing computerized alerts for QRS 
duration and left ventricular (LV) function across both secondary and primary care 
levels could improve patient identification and treatment rates [121].

12.  Conclusion and future directions

The journey of cardiac resynchronization therapy (CRT) from its nascent experi-
mental stages to a well-established treatment for heart failure with reduced ejection 
fraction and ventricular dyssynchrony has been remarkable. CRT has undoubtedly 
changed the landscape of heart failure management, reducing symptoms, improving 
quality of life, and enhancing survival rates [122]. As evidenced by the CORE trials 
and other pivotal studies, CRT’s utility in reversing negative remodeling and promot-
ing a more efficient cardiac function is clear.

However, the path ahead is paved with challenges and opportunities that beckon 
further exploration. Future directions for the advancement of CRT include:

Personalization of therapy: Ongoing research aims to refine patient selection criteria 
through genetic profiling, advanced imaging techniques, and biometric data analysis 
to predict CRT response more accurately. Personalizing therapy may involve adjusting 
device settings and pacing strategies for individual patient anatomy and physiology.

Technological innovation: The development of leadless and modular CRT devices 
offers a glimpse into a future with minimally invasive procedures and reduced com-
plications. Advances in battery technology, device miniaturization, and biocompat-
ibility are expected to further improve patient outcomes and comfort.

Algorithm enhancement: Device-based algorithms that adapt to physiological changes 
in real-time and dynamically manage pacing are under investigation. These algorithms 
may potentially cater to daily variations in patient activity and circadian rhythms.

Combination therapies: Research into the synergistic effects of combining CRT 
with other heart failure therapies, such as novel pharmacological agents or stem cell 
therapy, could provide a multipronged approach to treating the underlying pathology 
of heart dysfunction.
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Conduction system pacing: The exploration of pacing techniques that more closely 
mimic the heart’s natural conduction system, such as His-bundle pacing or left bundle 
branch pacing, offers the promise of improved outcomes over traditional CRT.

Global accessibility: Efforts to increase the global accessibility of CRT, especially in 
low- and middle-income countries, are essential. This includes the development of 
cost-effective devices and training programs for local healthcare professionals.

Long-term studies: There is a need for long-term studies to understand the enduring 
impacts of CRT on chronic heart failure and to identify any late-emerging benefits or 
complications associated with therapy. In conclusion, while CRT has established itself 
as a cornerstone therapy for a subset of heart failure patients, the quest for optimiza-
tion and innovation continues. Embracing a multidisciplinary approach that integrates 
advancements in technology, a deeper understanding of cardiac physiology, and indi-
vidualized patient care is the key to unlocking the full potential of CRT in the future.
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to Cardiac Resynchronization 
Therapy
Malik Ghawanmeh, Dorys Chavez, Luis Cerna Urrutia  
and Cynthia M. Tracy

Abstract

This chapter aims to comprehensively examine and offer guidance on the 
 contemporary indications for Cardiac Resynchronization Therapy (CRT) in individu-
als with pacemaker indications or heart failure. Herein we examine the contemporary 
understanding of CRT responders by analyzing the latest evidence. We explore the 
impact of CRT on mortality rates, heart failure hospitalizations, clinical parameters 
of heart failure, stabilization of ventricular function, and its role in preventing the 
progression of heart failure. We delve into the latest advancements in physiological 
pacing, encompassing anatomical and physiological characteristics, while critically 
evaluating the associated advantages and disadvantages. Additionally, the chapter 
explores future prospects and directions in the field, providing a well-rounded 
overview of the evolving landscape of CRT.

Keywords: conduction system pacing, cardiac physiologic pacing, cardiac 
resynchronization therapy, heart failure with reduced ejection fraction, left bundle 
branch block

1. Introduction

Cardiac Physiologic Pacing (CPP) is at the forefront of device management in 
Heart Failure with reduced Ejection Fraction (HFrEF). The 2023 HRS/APHRS/
LAHRS guideline on Cardiac Physiologic Pacing for the avoidance and mitiga-
tion of heart failure defined CPP as “cardiac pacing intended to restore or preserve 
ventricular synchrony”. CPP includes cardiac resynchronization therapy (CRT) and 
Conduction System Pacing (CSP). CRT uses left ventricular (LV) stimulation and 
Biventricular (BiV) pacing by utilizing a lead placed in a coronary sinus branch in the 
LV epicardium. CSP includes His bundle pacing (HBP), or left bundle branch area 
pacing (LBBAP). The evidence supporting CRT use in HFrEF is more robust than 
that of Conduction System Pacing (CSP) due to the longer duration of its widespread 
application [1]. The primary focus of this chapter is CRT: pathophysiology, indica-
tions, patient selection, procedural aspect, current evidence of CRT, and future CRT 
directions and innovation.
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2. Pathophysiology of cardiac dyssynchrony

In the normal physiologic depolarization sequence, the initial electrical activa-
tion originates in the LV and Right Ventricular (RV) endocardium. This progression 
unfolds with the depolarization of the septum from left to right, followed by the 
swift activation of the remaining LV myocardium, including the lateral wall, through 
specialized conduction tissue [2].

Conversely, with left bundle branch block (LBBB), depolarization initiates in 
the right ventricular endocardium. Subsequently, septal activation occurs through 
impulses transmitted from the right bundle branch, moving in a right-to-left direc-
tion. This activation then traverses to the left ventricular endocardium, reaching and 
activating the remainder of the left ventricular myocardium. Notably, this latter route 
partially bypasses specialized conduction tissue, leading to a delayed activation of the 
lateral wall creating electromechanical dyssynchrony [3].

Electromechanical dyssynchrony caused by a LBBB carries significant hemo-
dynamic implications, potentially resulting in diminished LV contraction and 
compromised relaxation. This can culminate in adverse remodeling over an extended 
period. Consequently, a subset of individuals experiencing prolonged LBBB may be 
susceptible to the development of dyssynchrony-induced cardiomyopathy, character-
ized by a reduction in left ventricular ejection fraction (LVEF) and the onset of heart 
failure (HF). Similarly, patients with high percentages of RV only pacing may develop 
dyssynchrony from a similar mechanism [4].

Acknowledging the reversible nature of electromechanical dyssynchrony-induced 
cardiomyopathy underscores the importance of routine assessments of ventricular 
function in the specific context of LBBB or high percentage RV pacing. The integra-
tion of tailored therapeutic approaches such as CRT can play a pivotal role in mitigat-
ing the impact of electrodyssynchrony [5].

3. Evidence

Prior to the MUSTIC (Multisite Stimulation in Cardiomyopathies) trial in 2001 
and PATH-CHF (The Pacing Therapies for Congestive Heart Failure) trial in 2002, 
observational studies had highlighted the negative impact of RV pacing on heart fail-
ure patients and the positive hemodynamic changes in the pulmonary capillary wedge 
pressure and cardiac output [6]. Despite their limitations in sample size and study 
design, the MUSTIC and PATH-HF trials established the efficacy of CRT pacing in 
selected chronic systolic heart failure patients with intraventricular conduction delay 
and showcased positive outcomes such as improved walking distance and reduced HF 
hospitalizations (Figure 1) [8, 9].

These pivotal trials paved the way for the MIRACLE (Multicenter InSync 
Randomized Clinical Evaluation) study, the first double-blinded randomized clinical 
trial involving 453 patients with moderate to severe HF and QRS duration ≥130 ms. 
This trial validated the efficacy of CRT-P + Optimal Medical Therapy (OPT) com-
pared to OPT alone. CRT-P + OPT combination reduced NYHA functional class and 
HF hospitalization in addition to improving quality of life and LVEF [10]. This was 
followed by the MIRACLE ICD study involving 369 patients with moderate to severe 
HF and QRS duration ≥130 ms. This trial demonstrated the safety and efficacy of 
combined CRT and ICD therapy (CRT-D) compared to ICD therapy alone. CRT-D 
improves quality of life and functional class [11].
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In 2004, the COMPANION (Comparison of Medical Therapy, Pacing and 
Defibrillation in Heart Failure) trial was the first randomized clinical trial to com-
pare CRT-P and CRT-D + OPT to OPT alone. The primary composite endpoint, 
encompassing time to death from any cause or hospitalization, showed a decreased 
risk with both CRT-P (HR 0.81) and CRT-D (HR 0.80) compared to OPT alone [12]. 
Subsequently, in 2005, CARE-HF (Cardiac Resynchronization-Heart Failure) trial 
compared CRT + OPT to OPT alone in 813 patients. The findings were consistent 
with previous clinical trials: the primary endpoint, time to death from any cause or 
unplanned hospitalization for a major cardiovascular event, was lower in CRT group 
(39%) vs. OPT group (55%). The secondary endpoint of death from any cause was 
also lower in the CRT group (20% vs. 30%) [13].

The COMPANION and the CARE-HF landmark trials laid the foundation for 
using CRT-P and CRT-D as part of the Guideline Directed Medical Therapy (GDMT) 
in HFrEF (EF ≤35%) with NYHA class III-IV and wide QRS complex (≥120 ms).

The benefit of CRT in mild symptomatic HF was not fully explored until the 
publication of REVERSE (Resynchronization Reverses Remodeling in Systolic Left 
Ventricular Dysfunction) and MADIT-CRT (Multicenter Automatic Defibrillator 
Implantation Trial with Cardiac Resynchronization Therapy) trials in 2008 and 2009. 
The REVERSE randomized 610 patients with NYHA Class I-II, EF < 40% and wide 
QRS (≥120 ms) to active CRT vs. control. Active CRT in combination with medical 
therapy reduces HF hospitalization and improves the LV structure and function [14]. 
The MADIT-CRT randomized 1820 patients with NYHA Class I-II, EF < 30% and a 
wide QRS (≥130 ms) to CRT-D vs. ICD alone. CRT-D had HR 0.66, P = 0.001 in the 
primary endpoint (death or nonfatal heart-failure events) compared to ICD alone. 
CRT-D arm had 41% reduction in HF hospitalization especially with QRS duration 
>150 ms. CRT-D was also associated with improved LVEF and volumes [15].

The BLOCK HF (Biventricular versus Right Ventricular Pacing in Heart Failure 
Patients with Atrioventricular Block) study demonstrated the superiority of the BiV 
pacing over RV pacing only in patients with atrioventricular block, LVEF ≤50%, 
and NYHA Class I-II. The primary outcome was comprising death from any cause, 
an urgent care visit for heart failure requiring intravenous therapy, or a 15% or more 
increase in the left ventricular end-systolic volume index. The HR for the primary 
outcome was 0.74 suggesting the CRT role in mitigating adverse LV remodeling and 
improving overall outcomes compared to RV pacing only (Table 1) [16].

Figure 1. 
A timeline of the core CRT clinical trials [7].
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4. Indications

This cumulative evidence supporting CRT use in patients with moderate to 
severe HF and interventricular conduction delay shaped the current guidelines and 
recommendations. The 2023 HRS/APHRS/LAHRS guideline on CPP support the 
following (Table 2) [1].

5. Patient selection and CRT response

These core CRT clinical trials assessed response on several clinical and 
 echocardiographic parameters. Clinical responses evaluated included NYHA class, 
improvement in quality of life, increase in peak oxygen consumption, and reduced 
HF hospitalization and mortality. Echocardiographic responses included >5% abso-
lute increase in LVEF or the absence of worsening in LVEF, reduction in LV size, 
increase in LV stroke volume, and decrease in mitral regurgitation. Based on these 
selection criteria, 60–70% of CRT recipients will be responders [1].

Reverse remodeling following CRT has been linked to LBBB, QRS duration 
(>150 ms), nonischemic etiology, and female sex [18]. Below we discuss the most 
important predictive factors of CRT response:

5.1 QRS duration and morphology

CRT is effective in patients with QRS duration of >120 to 130 ms. Conversely, 
 individuals with a QRS duration <120 ms are not likely to benefit from CRT based on 
randomized studies which showed no improvement in peak oxygen consumption or 
reverse remodeling on the echocardiogram, therefore, CRT is not indicated for this 
population [19–21]. A comprehensive meta-analysis utilized patient-level data from key 

Recommendation 
class

Recommendation

Class IA Patients with LVEF ≤35%, sinus rhythm, LBBB with QRS duration ≥150 ms and NYHA 
class II-IV on Guideline Directed Medical Therapy (GDMT), CRT with BiV pacing 
improves symptoms and reduce morbidity and mortality.

Class IIA Patiens with LVEF ≤35%, sinus rhythm, LBBB with QRS duration ≥150 ms, and 
NYHA class I symptoms on GDMT, CPP with HBP with LBBB correction or LBBAP is 
reasonable if effective CRT cannot be achieved with BiV pacing based on anatomical or 
functional.

Class IIB In patients with LVEF ≤30%, sinus rhythm, LBBB, QRS duration ≥150 ms, and NYHA 
class I symptoms on GDMT, CRT with BiV pacing may be considered to reduce the risk 
of worsening HF and potentially improve LV remodeling.

Class IIB In patients with LVEF 36–50%, sinus rhythm, LBBB with QRS duration ≥150 ms, and 
NYHA class II-IV symptoms on GDMT, CPP maybe considered to maintain or improve 
LVEF

Class IIB In patients with LVEF <35%, sinus rhythm, LBBB with QRS duration ≥150 ms, and 
NYHA class II-IV symptoms on GDMT, CSP with HBP or LBBAP may be considered as 
an alternative to CRT with BIV pacing.

Table 2. 
A summary of the 2023 HRS/APHRS/LAHRS guideline on CPP guidelines [1].
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CRT trials, including MIRACLE, MIRACLE-ICD, MIRACLE-ICD II, REVERSE, RAFT, 
BLOCK-HF, COMPANION, and MADIT-CRT. This meta-analysis aimed to evaluate the 
benefits of CRT based on QRS morphology LBBB (n = 4549); RBBB, (n = 691); and non-
specific intraventricular conduction delay NSIVCD, (n = 1024) and duration (with a 150-
ms partition). The primary endpoint focused on the time to heart failure hospitalization 
(HFH) or death, while a secondary endpoint considered the time to all-cause death. This 
meta-analysis showed no advantage of CRT in patients with RBBB or NSIVCD [22].

5.2 Cardiomyopathy type (ischemic versus non-ischemic)

In the Cardiac Resynchronization – Heart Failure (CARE-HF) study, CRT resulted 
in comparable reductions in all-cause mortality for individuals with both ischemic 
and non-ischemic cardiomyopathy [23]. However, several studies showed that CRT is 
more effective in patients with non-ischemic cardiomyopathy compared to ischemic 
cardiomyopathy. CRT in non-ischemic cardiomyopathy resulted in a more substantial 
increase in LVEF and a greater reduction in NYHA functional class compared to those 
with ischemic cardiomyopathy [24]. Furthermore, upon conducting sub-analyses of 
various prospective randomized studies, including MIRACLE (Multicenter InSync 
Randomized Clinical Evaluation), CARE-HF and, REVERSE (Resynchronization 
reVErses Remodeling in Systolic left ventricular dysfunction) [20], and MADIT-CRT 
it was consistently affirmed that more favorable reverse remodeling occurred in cases 
of non-ischemic cardiomyopathy compared to ischemic cardiomyopathy [25].

5.3 Atrial fibrillation

Frequent atrial arrythmias including atrial fibrillation (AF), and frequent 
 premature ventricular complexes diminish BiV pacing percentage and therefore the 
CRT effectiveness. Conversely, achieving a high percentage of BiV pacing in obser-
vational studies has shown a potential link between CRT and a decreased burden 
of AF [26]. Regardless, for CRT to be useful, adequate rate control must be present. 
Achieving a high percentage of BiV pacing proved unsuccessful in approximately 
two-thirds of the 8686 patients diagnosed with persistent or permanent AF due to 
medically refractory rapid ventricular rates [27]. Notably, the subgroup with less well 
controlled rates experienced an elevated risk of mortality. It is important to consider 
a more aggressive approach to rate control and increased effective BiV pacing in 
individuals with AF to optimize the advantages of CRT. In fact, in patients with 
permanent AF in whom primary AF ablation is not possible, many will benefit from 
AV node ablation and CRT. Specifically, those with heart failure [28]. In the PAVE 
trial, a group of 184 individuals diagnosed with permanent atrial AF, of which 83% 
had NYHA class II or III HF, underwent AV node ablation as a treatment for medically 
refractory rapid ventricular rates. These participants were then randomly allocated to 
either a standard RV pacing system or CRT pacing system. After a six-month follow-
up period, CRT led to significantly greater enhancements in the six-minute walking 
distance above baseline (31% vs. 24%, P = 0.04), peak oxygen consumption during 
exercise, and exercise duration when compared to standard RV pacing [29].

5.4 LV SCAR

LV scar is detected in as many as 40% of individuals eligible for CRT, and its 
 presence is indicative of an anticipated suboptimal response. Absence of scar in LV 
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and RV pacing regions is associated with 81% CRT response rate compared to when 
the scar occupies RV pacing region (55% CRT response rate), LV pacing region (25% 
CRT response rate), and both pacing regions (0% CRT response rate) [30].

6. Pacing considerations in patients with preserved LVEF

Selecting appropriate pacemaker type in patients with bradyarrhythmia and 
 preserved LVEF needs careful consideration. Available choices are RV pacing and 
CPP (CSP or CRT). Several factors should be considered such as AF, AV conduction 
and patient’s age and comorbidities. Taking these factors into account, both RV pac-
ing and CPP are reasonable options in carefully selected patients.

In PACE, an older study, 177 patients with bradycardia and EF ≥ 45% at baseline 
were examined for effect if CRT vs. RV only pacing. The EF was better preserved in 
CRT as compared to those with RV only pacing. In the CRT group, 20.2% dropped 
their EF ≥5% at 2 year as compared to 62.5% of those in the RV group (p < 0.001)29. 
However, no differences were seen in secondary endpoints such as 6-minute walk. 
Mortality was low in both groups. Thus, mortality benefit was not proven. It is 
notable that the baseline EF of 45% would by more current standards be regarded 
as mid-range for heart failure [31]. Similarly, the PREVENT-HF trial, a randomized 
study involving 108 patients with an initial mean normal LVEF (55% in the RV pacing 
group and 57% in the CRT group), did not demonstrate a clear advantage of biven-
tricular (BiV) pacing compared to right ventricular pacing (RVP) based on primary 
and secondary echo parameters of outcome (primary-LV diastolic volume, second-
ary LV systolic volume, EF and MR). Importantly, while no significant harm was 
observed with BiV pacing, it is noteworthy that the introduction of an additional left 
ventricular (LV) lead during the procedure was linked to an extended duration of the 
procedure and an increased occurrence of procedure-related complications [32].

Based on these data, it is reasonable to perform RV only pacing in patients with 
preserved EF, particularly in those in whom a low percentage of RV pacing is antici-
pated. In addition, patients who develop depressed EF because of RV only pacing 
should be considered for upgrade to CRT [33, 34]. However, it is a class IIb in the HRS/
APHRS/LAHRS guidelines to select CPP to reduce the risk of pacemaker-induced 
cardiomyopathy [1].

7. Procedural considerations and follow up

7.1 Preprocedural evaluation

Preprocedural evaluation includes but is not limited to history and physical exam 
to evaluate candidacy and severity of HF symptoms, EKG to assess QRS duration and 
morphology, echocardiogram to evaluate LVEF [35–37]. Rarely, Cardiac MRI (CMR) 
and nuclear imaging can be used to evaluate LVEF, ischemia and scar.

7.2 CRT implant

Several factors are taken into consideration that can be barriers when performing 
a CRT implant: engaging the CS, finding optimal branches, and determining the best 
pacing strategies to maximize CRT. Current guidelines recommend “a quadripolar LV 
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lead to assist with lead stability, lower capture thresholds, avoid phrenic nerve pacing 
and decrease need for lead repositioning (Class 1)”, making lead positioning one of 
the most important factors to consider when performing CRT device implantation. 
Compared to bipolar leads, quadripolar leads require less fluoroscopy, allow for better 
distal vein positioning, and facilitate lower pacing thresholds and impedances [38]. 
Given that pacing vectors can be switched between the different poles, phrenic nerve 
stimulation can be avoided. Thus, the best hemodynamic response is usually achieved 
by placing the electrode around the area with the latest LV activation that provides 
adequate threshold without phrenic nerve stimulation.

Moreover, there are several means of optimization of CRT therapy. In a small study 
[39], the best hemodynamic response was achieved with the narrowest QRS duration 
by optimization of the interventricular delay. Additional improvement in reverse 
remodeling can be achieved by optimizing the AV delay and finding the best fusion-
optimized QRS duration during LV pacing [40]. Currently, device manufacturers have 
different algorithms to enhance QRS duration automatically to provide an individual 
approach to each patient. For example, certain Medtronic CRT device models use 
AdaptivCRT™ algorithm which enhances physiological and dynamic pacing by assess-
ing intrinsic conduction to determine appropriate AV interval duration, based on the 
AV interval, the device decides on Adaptive LV vs. BiV pacing. As a result, the device 
will continuously optimize the AV and VV delay and optimize pacing configuration 
[41]. Several studies have shown non-inferiority of this method compared to echocar-
diographic optimization which is time consuming and rarely performed clinically.

Anatomic lead positioning is also fundamental and plays an important role in the 
success of a CRT. Apical LV pacing has shown lower event-free survival and LV reverse 
remodeling compared to basal and midventricular LV lead positions [42]. Additionally, 
placement of LV leads in areas of electrical delay can confer a greater benefit [43]. 
QLV (time from the onset of QRS on the ECG to local activation at the site of the LV 
lead) > 95 ms or > 50% total QRS duration favor optimal response with CRT.

When CS lead placement is unattainable, surgical epicardial LV lead pacing is a 
reasonable alternative.

7.3 Complications

The risks of complications should be weighed when deciding to implant a CRT 
device. In those with life expectancy <1, shared decision-making is required to 
consider the potential improvement in quality of life compared to the risk of proce-
dural complications. CRT-D is not indicated for these patients, whereas CRT-P may be 
considered.

The complications related to a CRT are those inherent to a pacemaker and ICD 
with the addition of those related to an LV lead placement. These complications 
include coronary vein dissection or perforation. Additionally, other complications 
include the risk of pneumothorax, lead dislodgement, infection and/or hematoma, 
perforation, tamponade, cardiac arrest, and sustained ventricular tachyarrhythmia.

7.4 Follow up

A multidisciplinary team is required for follow up of patients with implanted 
CRT devices. This includes advanced heart failure and electrophysiologists, both 
to assess and optimize GDMT and assess periodically LV lead capture. This is best 
accomplished in a specialized device clinic [44]. Patients who do not appear to have 
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benefited from CRT need careful evaluation to correct potentially reversible factors, 
such as inadequate BiV pacing percentage (due to a high burden of ectopy or AF), 
or suboptimal lead placement position. A chest X-ray can be useful to assess LV lead 
position. A 12-lead ECG is useful to confirm LV capture and facilitate optimization of 
LV pacing configurations. An echocardiogram should be repeated within 3–12 months 
after implant. Ablation or pharmacological suppression of PVCs or atrial fibrillation 
might be required to promote enhanced BiV pacing.

7.5 Alternatives to CRT

LV lead placement is not possible in up to 10% of patients planned for CRT with 
BiV pacing due to anatomical/technical reasons, functional issues (high thresholds, 
diaphragmatic stimulation), and intrinsic ECG considerations. Criteria for optimal lead 
placement continue to evolve and failure of lead placement at initial implantation has 
not been standardized. Hence, the decision to abandon the initial approach and cross-
over to another conduction system pacing (HBP or LBBAP) varies among the operators. 
Current guidelines recommend crossover from CRT with BiV pacing via CS to CSP with 
HBP or LBBAP when the CS LV lead placement is unsuccessful or suboptimal (class 2a). 
Crossover to epicardial LV lead placement is currently a class 2b indication.

We are not fully addressing CSP in this chapter, but briefly note that there is com-
pelling data to support the use of CSP, either as a “fallback” when CRT is not feasible. 
Or in some cases as a preferred first line means to achieve resynchronization.

7.6 Response to CRT

The response to CRT in heart failure patients is variable. Some may experience 
improvement in objective (LVEF, NYHA class) and/or subjective parameters and in 
some others, CRT might manifest as a slowing of the natural progression of HF [45]. 
In all these patients, continuation of CRT should be sought at the time of battery 
replacement as some studies have shown worse outcomes when CRT was deactivated 
in people with improved LVEF [46]. Those who do not respond to CRT as expected 
are labeled as “nonresponders”. However, this definition does not consider the 
natural history of the disease and the fact that CRT can stabilize HF progression. 
Nevertheless, these patients should have medication optimization, evaluation of lead 
position, device reprogramming to optimize and look for a favorable response.

8. Future directions and innovation

8.1 Leadless CRT

Leadless pacemaker implantation is growing due to the high success rate and low 
complication rate [47]. Single and dual chamber leadless pacemaker eliminates leads 
and generator-related complications such as lead fracture or dislodgement, and 
pocket infection or procedural complications such as pneumothorax and coronary 
sinus perforation [48]. Leadless CRT efficacy and safety remains under investigation, 
however, similar to single and dual chamber leadless pacemakers, leadless CRT will 
eliminate lead and some procedural complications compared to conventional CRT.

The SOLVE-CRT study, presented at Heart Rhythm 2023 scientific meeting, intro-
duced the WiSE® CRT System, a potential endocardial LV pacing as an alternative to 
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conventional CRT. The study included CRT non-responders, untreated cases with lead 
failures, and those undergoing high-risk upgrades. Results showed 80.9% freedom 
from Type I complications (device and procedure-related) and a significant 16.4% 
improvement in Left Ventricular End Systolic Volume [49]. Although a large sample 
randomized double blinded clinical trials are needed to determine the efficacy and 
safety of leadless CRT, these positive findings will help customize CRT in HF patients.

8.2 Use of advanced cardiac imaging to optimize response and patient selection

QRS duration as the sole measurement of ventricular dyssyncrhony is not ideal. 
This is evidenced by the 30% CRT nonresponse rate. Nonresponders may include a 
subset with wide QRS but no actual mechanical dyssyncrhony. This inspired research-
ers to evaluate other methods to predict CRT responsiveness and optimize patient 
selection. Initially, echocardiogram offered a non-electrical assessment of mechani-
cal dyssnchrony using several parameters such as M-mode, color tissue Doppler 
(TD) M-mode, longitudinal TD velocity, pulsed TD, additional measures such as 
strain and strain rate imaging and 3-D echocardiography [50]. However, the multi-
centric Predictors of Response to CRT (PROSPECT) study showed variable ability 
of echocardiographic parameters to predict CRT response, sensitivity (ranging from 
6–74%) and specificity (ranging from 35–91%) [51]. Similarly, echocardiographic 
characterization of dyssynchrony in patients with QRS <130 ms in the Cardiac-
Resynchronization Therapy in Heart Failure with a Narrow QRS Complex trial failed 
to improve outcomes in the study population prompting halting the study due to 
safety concerns [52]. As a result, failure of echocardiographic assessment of mechani-
cal dyssyncrhony opened the avenue for alternative imaging approach.

Various MRI-based methods and indices have been established to improve CRT 
patient selection and optimize pacing algorithm. CMR may be useful to predict the 
CRT responsiveness and improve patient selection and predict long term outcomes. 
Techniques such as cine myocardial tagging, harmonic phase analysis, and strain-
encoded MRI offer a more comprehensive evaluation of ventricular dyssyncrhony 
[53, 54]. Taylor AJ et al. demonstrated the utility of multisequential CMR in predict-
ing CRT response. Mechanical dyssyncrhony identified as ≥65 ms delay between 
septal and posterolateral wall contraction on cine imaging in combination with lack 
of transmural scarring of the anteroseptal or posterolateral wall on delayed contrast-
enhanced imaging were labeled as CRT-responders. The sensitivity of CMR-predicted 
CRT clinical response was 90%, with a specificity of 59%. Additionally, transplant-
free survival post-CRT was observed in 88% in CMR-predicted CRT responders vs. 
58% in CMR-predicted non-responders [55].

Myocardial tagging is a CMR technique that uses temporary tags applied to 
the myocardium to monitor myocardial deformation and motion throughout the 
cardiac cycle. Bilchick KC et al. using a circumferential mechanical dyssynchrony 
index (Circumferential Uniformity Ratio Estimate or CURE), a value derived from 
myocardial tagging, was able to predict clinical response in CRT HF group with 90% 
accurate rate. The addition of scar imaging improved the accuracy rate to 95%. This 
study demonstrates the use of myocardial tagging-CURE combined with scar imag-
ing predicts clinical responsiveness after CRT with 95% accuracy rate [56]. Chalil 
S et al. evaluated the Cardiovascular Magnetic Resonance-Tissue Synchronization 
Index (CMR-TSI) ability to independently predict major cardiovascular events in CRT 
patients. CMR-TSI ≥110 ms was associated with worse outcomes including death or 
unplanned HF hospitalization [57].
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8.3 Artificial intelligence

Artificial Intelligence (AI) and Machine Learning (ML) is at the forefront of 
 cardiovascular medicine. CRT-respondent patient selection remains challenging. AI 
and ML may be able to provide better classification and characterization of heart 
failure patients with ventricular dyssyncrhony. Cikes M et al. applied unsupervised 
machine learning algorithm on 1106 HF patients from the MADIT-CRT dataset 
utilizing echocardiographic and clinical data to phenotype heart failure patients to 
identify CRT respondents. This algorithm, groups patients with similarities in clinical 
parameters, LV volume, and deformation traces at baseline. Four phenogroups were 
identified, two of these groups had higher clinical characteristics predictive of CRT 
response [58]. Similarly, Feeny AK et al. used a ML algorithm incorporating 9 variables 
including QRS morphology, QRS duration, New York Heart Association classification, 
left ventricular ejection fraction, end-diastolic diameter, sex, ischemic cardiomyopa-
thy, atrial fibrillation, and epicardial left ventricular lead. This model was superior to 
guidelines in predicting CRT responsiveness and survival [59]. AI and ML serve as an 
essential building block in predicting CRT responsiveness and outcomes.

9. Conclusion

Decades of research has led to impressive gains in knowledge of the interplay 
between cardiac conduction abnormalities, symptoms, morbidity and mortality. 
Impressive strides have been made at correcting electromechanical dyssynchrony. 
The evidence supporting CRT benefits in selected patients with symptomatic HFrEF 
and dyssyncrhony is overwhelming. CRT therapy improves quality of life and reduces 
mortality. When CRT is not feasible, CSP provides a good alternative. Future direc-
tions at better patient selection and improved technology hold great promise.
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Chapter 5

Cardiac Resynchronization 
Therapy Devices Implantation 
Technique
Radu Darciuc

Abstract

This chapter describes the most important technical aspects of the cardiac 
 resynchronization therapy device implantation. It includes the technique of anes-
thesia, venous access, pocket creation, coronary sinus cannulation, left ventricular 
lead placement, etc. The description of the necessary tools is made to help implant-
ing physicians become familiar with and overcome possible challenges during 
the procedure. We compare several techniques for every step, underlining their 
advantages and disadvantages. We mention a list of tip and tricks that will help 
physicians perform implantations and become more proficient. Numerous figures 
and images are used to make the explanation of the technique more comprehensive.

Keywords: coronary sinus cannulation, generator pocket, left ventricular lead 
placement, target vessel, venous access

1.  Introduction

In the last decades, cardiac resynchronization therapy (CRT) has become a 
 strategic treatment for patients with advanced heart failure and left bundle branch 
block (LBBB).

In 1994, Cazeau et al. published their paper about the first successful cases of 
biventricular pacing in patients with severe congestive heart failure [1], in 1998, 
Daubert et al. published about transvenous approach via the coronary sinus (CS) 
tributaries [2] leading to fast development of various techniques and tools for CRT.

Nowadays, CRT device implantation has become a routine technique performed in 
many specialized centers around the globe. Nevertheless, during the procedure, some 
challenges and complications may arise. This is why it is important to have proper 
knowledge and tools.

A lot of information about the technical aspects of the CRT device implantation 
was gained during years: about choice of anesthesia, venous access, pocket creation, 
coronary sinus cannulation, left ventricular lead placement, etc.
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2.  Patient preparation

The success of the CRT device implantation starts with the preparation of the 
patient. That preoperatory part is very important. Before the procedure, we take into 
consideration aspects such as:

• Stopping or adjusting anticoagulants

For years, bridging anticoagulation was performed before implantation in patients 
taking oral anticoagulation. Nowadays, some centers do not even discontinue anti-
coagulants before the procedure. Other centers act in a case-by-case manner, as was 
mentioned by AlTurki et al. [3].

The current approach in our center is:
In patients on direct oral anticoagulants, we give the last dose 24–48 hours before 

the procedure for Rivaroxaban and 12–24 hours for Dabigatran or Apixaban. In 
patients on Antivitamin K anticoagulants (Warfarin, Acenocoumarol) and interna-
tional normalized ratio (INR) > 2.5 we stop them 2 days before the procedure. If INR 
is ~2 we do not stop the anticoagulants.

• The placement of the peripheral venous catheter

The catheter has to be placed on the same side where the device is implanted.

Why is that important? It is important to have the venous catheter at that side in 
case the venogram of the cephalic, axillary, and subclavian veins will be necessary 
to guide the puncture.

• Antibiotic prophylaxis

According to the current guidelines [4], it is important to give 2 g intravenous 
cefazolin (or 3 g in patients over 120 kg), 30–60 minutes before the procedure. In 
patients with known allergy to cephalosporin, 1 g of vancomycin is administered 
before the procedure in slow infusion (during 2 hours).

We recommend the use of the Prevention of Arrhythmia Device Infection Trial 
(PADIT) score to predict the risk of infection [5]. In patients with a PADIT score of 
≥5 points, we continue with oral antibiotic therapy for 5–7 days after the procedure.

3.  Anesthesia

CRT device implantation is a minor surgical procedure and is performed under 
local anesthesia.

Usually, local anesthesia with lidocaine is used. Three syringes with 4 ml Lidocaine 
2% diluted with 6 ml sodium chloride 0.9% are usually enough to perform the case.

If the patient has an allergy to lidocaine, we could choose another local anesthetic 
such as bupivacaine or articaine.

Is the sedation necessary? It could be used because it adds comfort for both physi-
cian and patient. The sedation is obtained with 1–6 mg midazolam and 25–100 μg 
fentanyl, or deep sedation with continuous propofol infusion could be performed in 
unstable patients.
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4.  Venous access

An important part of the procedure is the venous access. Several different tech-
niques of venous access exist, such as cephalic vein preparation, subclavian vein 
access, and axillary vein access. Which one to choose?

The cephalic vein is, in many cases, not suitable for implanting all three leads. The 
subclavian puncture has more risks. This is why our current approach is to use axillary 
vein puncture. It permits access to the extrathoracic portion of the venous system, 
leading to decreased risk of pneumothorax formation and avoidance of lead fractures. 
In our center, we had no pneumothorax complications when the axillary vein was 
punctured but had some when subclavian vein access was chosen [6].

How to guide the puncture? 
Some operators use ultrasound to guide axillary vein puncture, some use  anatomical 

landmarks only, and some use X-ray landmarks to guide the puncture. In our center, we 
use the X-ray-guided axillary vein puncture technique described by Burri et al. [7]. The 
target point for the pucture is the confluence of the second and third rib, where the vein 
is usually located. With fluoroscopy guidance, we advance the needle, pointing toward 
the head of the patient at a 45–60° angle to the skin surface until the blood is aspirated. 
To avoid pneumothorax, we take care not to cross the medial border of the first rib.

What if we cannot find the vein? It could happen if the patient is dehydrated, if 
there is venous spasm, or if there is venous occlusion. What to do in such a case? If the 
venous access is challenging, it is advisable to perform a venogram. For that is necessary 
to inject about 10 ml of contrast agent (iohexol 350 mg/ml) diluted with 10 ml 0.9% 
sodium chloride in the peripheral venous catheter. The contrast agent flows through the 
venous system and permits us to obtain the image of the cephalic, axillary, and subcla-
vian veins. The venogram is latter used as a reference image to guide the vein puncture.

5.  Pocket

We will not describe in detail the location of the incision. There are different 
approaches, taking into consideration which venous access was chosen and some 
cosmetic aspects.

In case a CRT device with defibrillator (CRT-D) is implanted, a subpectoral gen-
erator implantation has to be taken into consideration. It permits us to obtain better 
cosmetic results and avoid skin erosion, especially in patients with frailty. In patients 
with well-developed subcutaneous tissue, a prepectoral pocket could be created.

6.  Leads placement

After obtaining the venous access, the peel-away sheath introducer is inserted in 
the vein, and the lead is advanced into the heart chambers.

Right ventricular (RV) lead is used for pacing, sensing, and, in case of a CRT-D 
device, for delivery of shocks. Right atrial (RA) lead is used for pacing and sensing. 
The left ventricular (LV) lead is used for pacing and sensing.

6.1  Which leads to implant first?

The majority of operators perform RV lead placement first. That approach has some 
specific advantages. We obtain a landmark for CS cannulation with the RV lead curve [8]. 
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It helps us to understand the location of the CS ostium. Another advantage is that we also 
have the lead in place if an emergency pacing is needed, for example, in case of asystole.

6.2  Where to secure the RV lead?

It could be placed in an apical or septal position. The apical position is more stable 
but has more risks of cardiac perforation.

6.3  Is RA lead always necessary?

The question about RA lead could gain interest if the patient has permanent atrial 
fibrillation. Is it necessary to implant the RA lead? Yes, it is necessary. The RA lead 
has to be implanted even in patients with permanent atrial fibrillation, taking into 
consideration the possibility of the conversion to sinus rhythm (spontaneous or after 
delivery of shocks). Also, the RA lead presence is used by arrythmia discrimination 
algorithms of the device.

6.4  Coronary sinus cannulation

The basic lead for CRT is the LV lead that is placed in the coronary sinus. The LV 
lead placement is the main part of the procedure, which is sometimes technically 
difficult and time-consuming.

The most important and challenging step in LV lead placement is CS ostium 
cannulation.

How to cannulate the CS ostium?
We can use different techniques [9–11]:

• direct cannulation with the CS sheath

• use of the electrophysiology (EP) catheters

• use of the coronarography catheters (AL2, MP catheters).

Every center or physician has his own style, but it could be performed as follows, 
using several consecutive techniques:

1. Direct cannulation with the CS (Figure 1).

The J-shaped guidewire is gently placed in the RV, and the CS sheath is pushed 
over the guidewire. We aim to place the tip of the sheath over the tricuspid valve 
(near the RV lead curve) (Figure 1B). Then we pull back the guidewire. After 
that, we gently rotate counterclockwise and pull back the CS. With that rotation, 
the tip of the CS sheath usually jumps in the CS ostium. We confirm the engage-
ment by injecting some contrast, and if confirmed, cannulate the CS with the 
guidewire and thereafter with the CS sheath over the wire.

2. The use of the EP catheters (Figure 2).

To perform that type of cannulation, we insert 6F or 7F deflectable (or non-
deflectable) EP catheters inside the CS sheath. The shape of the catheter could 
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be changed adjusting to the CS ostium position. Also, the tip of EP catheter is 
round. Therefore, the risk of CS dissection is lower. Some operators use not only 
anatomical landmarks to guide the cannulation but also electrograms obtained 
from the EP catheter. After cannulating the CS with the EP catheter, we push the 
CS sheath over the EP catheter inside the CS.

3. Another technique to find the CS ostium in difficult cases is the use of small 
amount of contrast agent. The operator is gently moving the tip of the CS sheath 
and injects small amounts of contrast. When the CS ostium is located, it is 
directly cannulated with the CS sheath or with the J-shaped guidewire.

4. Coronarography with venous phase. When we cannot find the ostium with the 
techniques mentioned above, we can think about performing coronarography 
with the venous phase. It allows us to understand the CS anatomy and to use the 
obtained venogram as a reference image.

5. The telescopic method. In some challenging cases, the operator can use ad-
ditional catheters inside the main CS sheath. Different types of coronarogra-
phy catheters such as AL2, AL3, and MP could be used to enter the CS ostium 
(Figure 3).

Sometimes, even when using all the mentioned techniques, we cannot engage 
the CS ostium. What to do in such a case? We have at least three options: to postpone 
the procedure for other session, use left bundle branch (LBB) area pacing, or refer to 
cardiac surgeons for epicardial LV pacing.

Figure 1. 
Coronary sinus cannulation using coronary sinus sheath. A. The right ventricle lead is in place. Two J-shaped 
guidewires parked in the inferior vena cava. B. One of the guidewires is placed in the right ventricle, and the 
coronary sinus sheath is pushed over the guidewire on the tricuspid valve. C. The guidewire is pulled back into the 
coronary sinus sheath, and the sheath is rotated counterclockwise. D. The tip of the sheath at the coronary sinus 
ostium. E. The J-shaped guidewire is advanced into the coronary sinus. F. The coronary sinus sheath is advanced 
over the J-shaped guidewire and inserted into the coronary sinus.
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6.5  Target vessel

In the majority of cases, we successfully cannulate the CS. Our next step in LV lead 
placement is choosing the target vessel. How do we perform that? The vein is selected 
by performing the venogram of the CS (with or without CS balloon) in the left 
anterior oblique 30° projection.

The target area for LV lead placement is posterolateral or lateral branches.
There could be cases without any branch in posterolateral or lateral area.  

What to do in such a case? We aim for anterolateral branches. Rarely, but there 
could be cases where there are no suitable vessels for LV lead placement. The 
cause could be a complete absence of the branches or the presence of very small 
branches. What to do in such a case? We have at least two options: epicardial 
implantation of the bipolar lead on the LV lateral wall or consider LBB  
area pacing.

It is necessary to keep in mind that epicardial leads or LBB area pacing 
leads are bipolar only and, thereby, cannot be directly connected to quadripolar 
devices. This is why we always keep in our hospital a CRT device with a bipolar LV 
lead port.

How do you insert the lead into the target vein? We cannulate the target branch 
with 0.014-inch floppy wire and advance the LV lead over the wire.

Figure 2. 
Coronary sinus cannulation using electrophysiology catheter. A. The right ventricle lead is in place. Two J-shaped 
guidewires were parked in the inferior vena cava. B. The coronary sinus sheath is placed in the right atrium. Using 
electrophysiology catheter, the ostium of the coronary sinus is located. C. Cannulation of the coronary sinus using 
the electrophysiology catheter. D. The coronary sinus sheath is advanced over the electrophysiology catheter into the 
coronary sinus.
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Sometimes, the cannulation of the target branch is challenging due to the angu-
lation of the vessel. In such a case, we can use an angiographic catheter (e.g., a 4F 
vertebral catheter) to cannulate that branch and send the floppy inside.

You must keep in mind that in some difficult cases there is not enough stability of 
the CS sheath to deliver the LV lead. In that case, we could solve the issue using extra 
support 0.014 ich floppy guidewires to send the LV lead in the target vein.

6.6  Types of the leads

What type of lead to choose?
There are several types, but experienced operators keep in mind some basic things.
If we are talking about CRT-D devices, a question about the number of coils in RV 

lead will arise. What is the best choice, single coil RV lead or dual coil RV lead?
For RV is advisable to use only single coil RV leads. The current evidence 

is that there are no additional benefits to the use of dual coil RV leads, and addi-
tional difficulties could arise if RV explantation is necessary in case of device 
infection [12, 13].

What about bipolar vs. quadripolar LV leads for CRT?
Quadripolar LV lead is the preferred choice with well-known advantages [14].
The use of the quadripolar LV leads offers much more vector possibilities for LV 

pacing. We could choose the vector with the lowest threshold, which will save battery 

Figure 3. 
Coronary sinus cannulation using telescopic method. A. The right ventricle lead is in place. B. The coronary sinus 
sheath is placed in the right atrium. The AL2 or AL3 catheter is advanced to reach the coronary sinus ostium. 
C. Some contrast is injected to confirm the engagement of the coronary sinus ostium. D. More contrast is used to 
confirm stable position. After that, the J shaped guidewire could be inserted deep into the coronary sinus.
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life. We can change the vector if there is diaphragmatic stimulation or if there is loss 
of LV capture.

What about the shape of the LV lead? There are many types of LV lead shapes on 
the market: straight, S shape, L shape, etc. One of the best shapes for LV leads is the 
S shape. It permits us to have easy access of the lead to the target branch and to have 
good stability after implantation.

7.  Types of the devices

The devices could be divided into pacemakers, referred as CRT-P and defibrillators, 
referred as CRT-D. The CRT-D devices could deliver high-energy interventions called 
shocks to treat severe arrhythmias such as ventricular fibrillation or ventricular 
tachycardia.

The devices could be MRI-compatible or not. They could be with bipolar LV leads 
or quadripolar LV leads, as was discussed earlier.

8.  Complications

The CRT implantation could be a cause of many complications. Some of the 
complications could appear during procedure, and some are postoperative.

During the procedure, the physician must be attentive to avoid CS dissection or 
rupture, cardiac tamponade, and hemodynamic instability.

In the postoperative period, we have to avoid and to early detect and treat compli-
cations such as pocket hematoma, lead dislodgement, and pocket infection.

8.1  Hematoma

The pocket hematoma increases the risk for subsequent pocket infection [4]. 
The Bridge or Continue Coumadin for Device Surgery Randomized Controlled Trial 
(BRUISE CONTROL) proved that pocket hematoma is an independent risk factor for 
subsequent device infection [15].

Therefore, it is of utmost importance to avoid postoperative pocket hematoma.
To do so, it is advisable to not use bridge therapy with anticoagulants [3]. As an 

option, electrocautery could be used to perform meticulous hemostasis. And if neces-
sary, use 500–1000 mg local tranexamic acid to obtain hemostasis [16].

8.2  Coronary sinus dissection or rupture

CS dissection or rupture is a known major complication during LV lead implantation 
(Figure 4).

How to prevent CS dissection? Manipulate the CS sheath and the guidewires gen-
tly. Please do not introduce the contrast agent in CS with high pressure if the sheath is 
perpendicular to CS wall. Check first with a small amount of contrast.

What should we do if we have dissection or rupture? Just take into consideration 
that usually, after 3–4 weeks, the dissection or rupture is healed, so the procedure 
could be continued in the postponed session.
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8.3  Lead’s dislodgement

To avoid lead dislodgement, it is preferable to use RA and RV leads with active 
fixation. Also, as we mentioned earlier, it is better to use S-shaped LV leads.

To avoid Twiddler syndrome, is important to secure the generator of the CRT-P or 
CRT-D inside the pocket.

We recommend that our patient avoid raising the elbow higher than the shoulder 
level at the surgery side for 6 weeks.

8.4  Free wall perforation and cardiac tamponade

Some patients could have apical aneurysms of the LV or very thin myocardium. 
Think about that when using the RV lead with active fixation. Consider securing the 
RV lead in septal region and avoid apical region.

8.5  Infection

Infection is an unpleasant complication, causing significant morbidity and 
mortality.

Infection rates are higher with device replacement or upgrade procedures [17]. As 
was reported by Olsen T. et al., the lifetime risk of system infection in patients with 
a pacemaker is 1.19%, with an implantable cardioverter defibrillator is 1.91%, with a 
CRT-P is 2.18%, and with a CRT-D is 3.35% [18].

To avoid infection, it is necessary to perform adequate patient preparation (anti-
biotic prophylaxis and skin preparation), use good surgical techniques, and avoid 
prolonged procedures to prevent hematoma formation (Figure 5).

Figure 4. 
Coronary sinus rupture. (Figure by Darciuc et al. [6], used under creative common attribution license).
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9.  Follow-up

Is tremendously important to follow up with the patients.
During the follow-up visit, the physician:

• Is checking the appearance of the pocket.

• Is checking the percentage of biventricular pacing.

• Is performing CRT optimization by adjusting atrioventricular and 
 ventriculo-ventricular delay. It could be performed using electrocardiography 
or echocardiography guidance.

• In CRT-D devices, is analyzing the events and the delivered therapies. Readjust 
the therapies as necessary.

10.  Conclusions

CRT implantation is a challenging procedure that consists of many steps. Without 
proper planning and training, there could be challenges difficult to overcome.

EP specialists should have a backup plan for every single obstacle in CRT 
implantation.

It is important to develop the proper strategy to face all the challenges.
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Figure 5. 
Pocket infection. The cardiac resynchronization therapy device was implanted in 2019. The patient did not visit 
the device clinic for about 4 years. In 2023, he had a chest trauma, and a hematoma appeared in the region of 
the CRT-D generator. Thereafter, the hematoma became infected, and a phlegmon appeared. The system was 
successfully removed.



Cardiac Resynchronization Therapy Devices Implantation Technique
DOI: http://dx.doi.org/10.5772/intechopen.1005119

121

Author details

Radu Darciuc
Cardiology Department, Medpark International Hospital, Chișinău, 
Republic of Moldova

*Address all correspondence to: rdarciuc@yahoo.com

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



From Supraventricular Tachycardias to Cardiac Resynchronization Therapy

122

References

[1] Cazeau S, Ritter P, Bakdach S, 
Lazarus A, Limousin M, Henao L, et al. 
Four chamber pacing in dilated 
cardiomyopathy. Pacing and Clinical 
Electrophysiology. 1994;17(11 Pt. 2): 
1974-1979. DOI: 10.1111/j.1540-
8159.1994.tb03783.x

[2] Daubert JC, Ritter P, Le Breton H, 
Gras D, Leclercq C, Lazarus A, et al. 
Permanent left ventricular pacing with 
transvenous leads inserted into the 
coronary veins. Pacing and Clinical 
Electrophysiology. 1998;21(1 Pt. 2):239-
245. DOI: 10.1111/j.1540-8159.1998.
tb01096.x

[3] AlTurki A, Proietti R, Birnie DH,  
Essebag V. Management of 
antithrombotic therapy during cardiac 
implantable device surgery. Journal 
of Arrhythmia. 2016;32(3):163-169. 
DOI: 10.1016/j.joa.2015.12.003

[4] Glikson M, Nielsen JC, Kronborg MB, 
et al. 2021 ESC guidelines on cardiac 
pacing and cardiac resynchronization 
therapy [published correction 
appears in Eur Heart J. 2022 May 
1;43(17):1651]. European Heart Journal. 
2021;42(35):3427-3520. DOI: 10.1093/
eurheartj/ehab364

[5] Birnie DH, Wang J, Alings M, et al. 
Risk factors for infections involving 
cardiac implanted electronic devices 
[published correction appears in J Am 
Coll Cardiol. 2020 Feb 25;75(7):840-841] 
[published correction appears in J Am 
Coll Cardiol. 2020 Aug 11;76(6):762]. 
Journal of the American College of 
Cardiology. 2019;74(23):2845-2854. 
DOI: 10.1016/j.jacc.2019.09.060

[6] Darciuc R, Boiciuc I, Ivanov D, 
Eraslan H, Batrinac A, Diker E. Technique 
of the cardiac resynchronization therapy 

device implantation. Medical Research 
Archives. 2023;11(7.1). DOI: 10.18103/
mra.v11i7.1.4057

[7] Burri H, Sunthorn H, Dorsaz PA, 
Shah D. Prospective study of axillary 
vein puncture with or without 
contrast venography for pacemaker 
and defibrillator lead implantation. 
Pacing and Clinical Electrophysiology. 
2005;28(Suppl. 1):S280-S283. 
DOI: 10.1111/j.1540-8159.2005.00039.x

[8] Cheng CM, Huang JL, Wu TJ, et al. 
Novel tips for engaging the coronary 
sinus guided by right ventricular lead. 
Europace. 2012;14(12):1754-1758. 
DOI: 10.1093/europace/eus192

[9] Gunes H, Aksu E, Nacar H, 
Kerkutluoglu M, Gunes H, Ozgul S. 
What is the most appropriate method 
for coronary sinus cannulation? 
The telescopic method or the 
electrophysiologic method? PLoS 
One. 2018;13(9):e0203534. Published 
2018 Sep 14. DOI: 10.1371/journal.
pone.0203534

[10] Katritsis DG. A novel technique 
for placement of coronary sinus pacing 
leads in cardiac resynchronization 
therapy. Europace. 2007;9(10):878-879. 
DOI: 10.1093/europace/eum146

[11] Worley SJ. Challenging implants 
require tools and techniques not tips 
and tricks. Cardiac Electrophysiology 
Clinics. 2019;11(1):75-87. DOI: 10.1016/j.
ccep.2018.11.003

[12] Aoukar PS, Poole JE, Johnson GW, 
et al. No benefit of a dual coil over a 
single coil ICD lead: Evidence from the 
sudden cardiac death in heart failure 
trial. Heart Rhythm. 2013;10(7):970-976. 
DOI: 10.1016/j.hrthm.2013.03.046



Cardiac Resynchronization Therapy Devices Implantation Technique
DOI: http://dx.doi.org/10.5772/intechopen.1005119

123

[13] Sunderland N, Kaura A, Murgatroyd F, 
Dhillon P, Scott PA. Outcomes with single-
coil versus dual-coil implantable 
cardioverter defibrillators: A meta-
analysis. Europace. 2018;20(3):e21-e29. 
DOI: 10.1093/europace/euw438

[14] Rijal S, Wolfe J, Rattan R, et al. Lead 
related complications in quadripolar 
versus bipolar left ventricular leads. 
Indian Pacing and Electrophysiology 
Journal. 2017;17(1):3-7. DOI: 10.1016/j.
ipej.2016.10.008

[15] Essebag V, Verma A, Healey JS, 
Krahn AD, Kalfon E, Coutu B, et al. 
Clinically significant pocket hematoma 
increases long-term risk of device 
infection: Bruise control infection 
study. Journal of the American College 
of Cardiology. 2016;67(11):1300-1308. 
DOI: 10.1016/j.jacc.2016.01.009

[16] Beton O, Saricam E, Kaya H, et al. 
Bleeding complications during cardiac 
electronic device implantation in patients 
receiving antithrombotic therapy: Is 
there any value of local tranexamic 
acid? BMC Cardiovascular Disorders. 
2016;16:73. Published 2016 Apr 22. 
DOI: 10.1186/s12872-016-0251-1

[17] Rattanawong P, Kewcharoen J,  
Mekraksakit P, Mekritthikrai R, 
Prasitlumkum N, Vutthikraivit W, 
et al. Device infections in implantable 
cardioverter defibrillators versus 
permanent pacemakers: A systematic 
review and meta-analysis. Journal of 
Cardiovascular Electrophysiology. 
2019;30(7):1053-1065. DOI: 10.1111/
jce.13932

[18] Olsen T, Jørgensen OD, Nielsen JC, 
Thøgersen AM, Philbert BT, Johansen JB. 
Incidence of device-related infection 
in 97 750 patients: Clinical data from 
the complete Danish device-cohort 
(1982-2018). European Heart Journal. 
2019;40(23):1862-1869. DOI: 10.1093/
eurheartj/ehz316





125

Chapter 6

Cardiac Resynchronization 
Therapy: With or without 
Defibrillation
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Abstract

Approximately one-third of patients with cardiomyopathy and heart failure (HF) 
have intraventricular dyssynchrony that leads to progression of left ventricular (LV) 
systolic dysfunction and HF symptoms. In these patients, the use of cardiac resyn-
chronization therapy (CRT) can result in improved LV function and favorable cardiac 
remodeling. These structural changes were found to result in a reduction in mortality. 
As such, it could be postulated that CRT device, without a defibrillator (CRT-P), may 
be enough to reduce mortality in these patients. Conversely, defibrillators without 
CRT have been used for the purpose of mortality reduction in the same group of 
patients. In an attempt to answer the question about the best device to be used for 
mortality reduction in these patients, we studied the clinical trials that compared the 
reduction in mortality benefit in patients with cardiomyopathy and HF with the use 
of CRT-P, ICD alone, and CRT in combination with ICD (CRT-D).

Keywords: cardiac resynchronization therapy, systolic heart failure, defibrillation 
therapy, COMPANION, RAFT, MADIT-CRT

1.  Introduction

Cardiac resynchronization therapy (CRT) is a type of cardiac pacing that was 
introduced in 1990s with the aim to achieve simultaneous or near simultaneous 
activation of the left and right ventricles to reduce ventricular dyssynchrony, which 
has been known to cause progression of LV systolic dysfunction and clinical heart 
failure (HF) [1]. In normal myocardium, the electrical waveform that travels through 
the conduction system is uniform and ensures synchronized depolarization of the 
ventricles. In diseased myocardium, areas of delayed conduction and activation are 
seen due to damage to the conduction fibers as well as changes to the electrochemi-
cal substrate [2]. This delay in conduction will manifest as QRS prolongation on an 
electrocardiogram and therefore is a clue to the presence of electrical dyssynchrony.

Electrical dyssynchrony can result in mechanical dyssynchrony, which can exhibit 
in three different ways: interventricular dyssynchrony, intraventricular dyssynchrony, 
and atrioventricular dyssynchrony. One of the consequences of long-standing dyssyn-
chrony is cardiac remodeling, which often worsens clinical outcomes [3].
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There have been multiple observational studies that have demonstrated an associ-
ation between electrical dyssynchrony and adverse clinical outcomes. Approximately 
one-third of patients with advanced heart failure have prolonged QRS duration, 
indicating electrical ventricular dyssynchrony, and these patients have an increased 
risk of adverse outcomes [4].

In patients with heart failure due to cardiomyopathy and evidence of electro-
mechanical ventricular dyssynchrony, CRT exerts beneficial effects by improving 
dyssynchrony, thus restoring the physiologic atrioventricular relationship, which in 
turn results in improved myocardial oxygen consumption, LV function, favorable 
cardiac remodeling, and reduced severity of mitral regurgitation [3, 4]. These struc-
tural changes of CRT translated into clinical benefits noted in appropriately selected 
patients including functional improvement in exercise capacity, improved quality of 
life, and a reduction in heart failure admissions and mortality. Therefore, it has been 
postulated that stand-alone CRT (CRT-P) may be enough to reduce mortality without 
the need for an added defibrillation therapy. On the other hand, defibrillation therapy 
using ICDs alone had been used for almost a decade before the introduction of CRT 
and was proven to reduce mortality in patients with heart failure due to cardiomyopa-
thy, both with and without evidence electromechanical ventricular dyssynchrony.

As noted in the current guidelines, there is significant overlap in the indications 
for CRT and ICD devices implantations in patients with cardiomyopathy and heart 
failure [5].

In the guidelines, the CRT indications include patients with left ventricular 
ejection fraction (LVEF) of 35% or less, who have been treated with goal-directed 
medical therapy for at least 90 days or 40 days, if cardiomyopathy occurred following 
myocardial infarction (MI), as potential candidates for CRT.

For patients who are NYHA class I, it is a class IIb recommendation for CRT if 
LVEF is 30% or less, and the electrocardiogram shows a QRS duration more than 
150 msec and LBBB pattern, and the patient has ischemic cardiomyopathy. While 
in patients with LVEF of 35% or less, with NYHA class II-III symptoms, it is class I 
indication for CRT if QRS duration is 150 msec or more and there is an LBBB pattern 
and a class IIa indication for CRT if QRS duration is between 120 and 149 msec and 
there is an LBBB pattern.

According to the same guidelines, the primary prevention ICD indications bear 
similarities to the CRT indications as follows. ICD therapy is indicated as a Class I 
recommendation in patients with LVEF less than or equal to 35% due to prior MI 
who are at least 40 days post-MI and are in NYHA functional Class I-III. Also, ICD 
therapy is indicated as a Class I recommendation in patients with nonischemic 
cardiomyopathy who have an LVEF less than or equal to 35% and who are in NYHA 
functional Class II or III.

Whether an implantable cardioverter-defibrillator (ICD) should be combined 
with CRT is dependent on if the patient meets criteria for primary prevention as 
mentioned above, or secondary prevention in patients who have a history of ventricu-
lar arrhythmias without any identifiable reversible causes.

2.  Studies that compared device therapy clinical outcomes

Several clinical trials compared the reduction in mortality benefit in patients with 
heart failure with the use of CRT-P, ICD alone, and CRT-D. In this chapter, we are 
summarizing the results of some of these trials.
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2.1  The multicenter insync randomized clinical evaluation (MIRACLE) and the 
multicenter insync ICD randomized clinical evaluation (MIRACLE ICD) trial

Published in 2002, the double-blind, randomized MIRACLE trial sought to evalu-
ate the effect of CRT as compared with no CRT on functional capacity and quality 
of life in patients with existing heart failure and known ventricular dyssynchrony. A 
secondary goal was to assess the safety of CRT in patients with HF. They hypothesized 
that CRT would resynchronize contraction of the failing LV and improve cardiac 
performance [6].

The study enrolled 453 patients; only 32 were female, with an average age of 
64 years and NYHA Class III and IV symptoms who were followed for at least 
6 months. The patient population had the following characteristics: LVEF <35%, QRS 
>130 msec, LV end-diastolic dimension >55 mm, and a six-minute walking distance 
of at least 450 meters. The primary endpoints were defined by a measure of quality of 
life (determined by the Minnesota Living With Heart Failure Questionnaire), NYHA 
functional class, and the six-minute hall walk.

After inclusion criteria were met and a baseline assessment completed, the 
 participants underwent device and were randomized to either the control group (no 
CRT, n = 225) or CRT group (n = 228). They subsequently underwent follow-up at 
one, three, and six-months. The electrophysiologist was the only unblinded third 
party, and the rest of the team, which consisted of the heart failure specialist, the 
managing physician, and the patient, were blinded to study assignment during the 
six-month period. After the six-month follow-up period, patients in the control arm 
could go into the resynchronization mode.

Before randomization, all participants were required to be maintained on an 
angiotensin-converting enzyme inhibitor or ACE inhibitor substitute for 1 month 
and those on beta-blocker therapy were required to be on a stable regimen for at 
least 3 months before randomization. Changes to medical therapy were discouraged 
 during the study.

The trial showed that in comparison with placebo, CRT was associated with 
significant improvement in the quality of life (p = 0.001), time on treadmill during 
exercise testing (p = 0.001), the six-minute walk distance (p = 0.005), NYHA class 
(p < 0.001), and EF (p < 0.001). Furthermore, the QRS duration was significantly 
lower in CRT patients compared with control (p < 0.001), as was the need for hos-
pital admission (p = 0.02) and intravenous medication (p = 0.004). Using the Heart 
Failure Clinical Composite Outcome Measure, a larger percentage of CRT patients 
were classified as improved compared to the control group (67 vs. 39%, p < 0.001) 
and fewer were classified as worsened compared to the control group (16 vs. 27%). 
Death or worsening heart failure requiring hospitalization occurred less frequently 
in the CRT arm as well (28 vs. 44%, hazard ratio 0.60, 95% confidence interval 
0.37–0.96; p = 0.03).

In conclusion, the MIRACLE trial demonstrated that biventricular pacing was 
associated with improved quality of life and functional class among patients with HF 
and ventricular dyssynchrony.

Subsequently, the MIRACLE-ICD trial was published in 2003 and aimed to 
compare the effect of CRT plus ICD versus ICD alone on the quality of life, functional 
capacity, and safety in patients with chronic heart failure and ventricular dyssyn-
chrony [7].

The MIRACLE-ICD trial enrolled 369 patients, only 23 participants were female, 
with a mean age of 67 years with most of them categorized as NYHA class III and 
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a small percentage as NYHA class IV, LVEF ≤35%, a QRS duration ≥130 msec, LV 
end-diastolic diameter ≥ 55 mm, and a stable drug regimen for at least 1 month. 
The participants included also had to have a history of cardiac arrest due to ventricu-
lar fibrillation or ventricular tachyarrhythmia, or spontaneously sustained ventricu-
lar tachyarrhythmia, or inducible ventricular fibrillation or sustained ventricular 
tachyarrhythmia.

The primary end points included NYHA functional class, quality of life score, 
and distance covered during the six-minute walking test. All patients underwent 
device implantation after baseline assessment and were randomized to either the 
control group (CRT off, ICD on, n = 182) or experimental group (CRT and ICD 
both on, n = 187) and followed for 6 months. The electrophysiologist served as the 
unblinded third party, and the rest of the managing team was blinded. Compared 
with placebo, CRT was associated with a significant improvement in NYHA class 
by at least one class (median class change −1 vs. 0, p = 0.007) and quality of life 
(−17.5 vs. −11 points, p = 0.02), but there was no difference in the 6-minute walk 
distance.

In addition, multiple secondary end points were improved in the CRT arm, 
although not all with significant p-values, including time on the treadmill during 
exercise testing, improved end-diastolic and end-systolic volumes, and ejection 
fraction. There was also a trend for a higher percentage of CRT patients to be classi-
fied as improved using the change in overall clinical status. There was no difference in 
mortality or the composite of death or repeat hospitalization for worsening HF.

2.2  The comparison of medical therapy, pacing, and defibrillation in heart failure 
(COMPANION) trial

The COMPANION trial was published in 2004 and was the first randomized, 
controlled trial that compared optimized pharmacological therapy, CRT delivered 
with a biventricular pacemaker (CRT-P), and CRT with defibrillator (CRT-D) in 
patients with advanced chronic heart failure. The trial was conducted at 128 U.S. 
centers between early 2000 and end of 2002 and included 1520 patients with 
New York Heart Association (NYHA) class III or IV heart failure (which could be 
ischemic or nonischemic in etiology), LVEF <35%, and a QRS duration of more 
than 120 msec [8].

These patients were randomized in a 1:2:2 ratio to receive optimized medical 
therapy (diuretics, angiotensin-converting-enzyme inhibitor, beta-blocker, and 
mineralocorticoid receptor antagonist) alone or in combination with CRT or CRT-D. 
The primary composite end point was the time to death from any cause or hospi-
talization for any cause. Secondary outcome was death from any cause. The median 
follow-up duration was about 14 months. Of the enrolled patients, mean age was 
67 years, about one-third were female, 85% had NYHA class III heart failure, and 
mean EF was 22%.

Compared to the arm where patients where receiving optimized medical therapy 
only, patients with CRT and CRT-D had improved primary end point by 34% and 
40%, respectively. CRT reduced the risk of the secondary end point of death from any 
cause by 24%, and CRT-D reduced the risk by 36%. All data was statistically signifi-
cant. There was an even larger reduction in the outcome of death from or hospitaliza-
tion for heart failure. It is noteworthy that in both CRT and CRT-D arms, lowering of 
the hazard ratio was directly proportional to an increasing QRS interval.
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2.3  The multicenter automatic defibrillator implantation (the MADIT-CRT) trial

The MADIT-CRT was published in 2009 and was designed to determine whether 
CRT would improve clinical outcomes (specifically death and heart failure events) 
in patients with LVEF <30% (ischemic or nonischemic cardiomyopathy), QRS 
duration of at least 130 ms, but with milder cardiac symptoms (NYHA I and II) [7]. 
Patients were randomized in a 3:2 ratio to receive CRT-D (1089 patients) or ICD 
alone (731 patients). All patients were on goal-directed medical therapy (diuretics, 
angiotensin-converting-enzyme inhibitor, beta-blocker, mineralocorticoid antago-
nist). The primary end point was death from any cause or a nonfatal heart-failure 
event. During an average follow up of 2.4 years, the patients in the CRT-D group 
had a lower rate of the primary outcome with 35% relative reduction in all-cause 
mortality (p = 0.048) and a 63% relative reduction in first heart failure event 
(p < 0.001).

Echocardiography was performed at baseline and at the 1-year follow-up to assess 
changes in LV volumes and ejection fraction in the two study groups. There was 
reduction in LV volumes and significant increment in the ejection fraction in patients 
in the CRT-D group as compared to the those in the ICD group.

When subgroup analysis of the primary outcome was performed, it revealed that 
women benefitted more than men from CRT-D and that the benefit of CRT-D over 
ICD was seen only in patients who had QRS duration of more than 150 msec.

The median age of patients enrolled in the COMPANION and MADIT-CRT trials 
was 67 and 65 years, respectively. Therefore, the benefit of CRT in older patients 
with heart failure with reduced ejection fraction (HFrEF) was not adequately 
assessed.

A recently published retrospective study has looked at whether CRT benefited 
patients with HFrEF who were older than 65 years [9]. Patients were categorized by 
age (65–74, 75–84, and 85+ years), and they had undergone implantation of CRT-D or 
ICD device between 2008 and 2015. The risk of death was lower in the CRT-D group 
by 10% and 18% in the age groups of 75–84 and 85 + years, respectively. This supports 
the use of CRT in older patients undergoing ICD implantation.

2.4  Resynchronization reverses remodeling in systolic left ventricular 
dysfunction (REVERSE trial)

In the large multicenter, randomized, double-blind REVERSE trial, which was 
published in 2008, participants were randomized to have their CRT-D turned on for 
1 year and then CRT-D turned off for 1 year or vice versa [10].

They studied a total of 610 patients with NYHA functional class I or II heart 
failure, a QRS >120 msec, and an LVEF <40% who were randomly assigned to active 
CRT (CRT-ON; n = 419) or control (CRT-OFF; n = 191) for 12 months. The primary 
end point was the HF clinical composite response and was scored as improved, 
unchanged, or worsened based on how the patients did over 12 months. In the 
CRT-ON group, there was only 16% worsening in the HF clinical composite response 
as compared with 21% in the CRT-OFF group (p = 0.10).

In addition, patients assigned to CRT-ON experienced a greater improvement in 
LV end-systolic volume index (p < 0.0001) and other measures of LV remodeling, 
and they had a significantly delayed time-to-first HF hospitalization (hazard ratio: 
0.47, p = 0.03).
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The concept of reverse remodeling by CRT has been described in small studies 
with a 6-month follow-up prior to the REVERSE trial, but it was reinforced with the 
much larger REVERSE trial with a longer follow-up period [11, 12].

Overall, the REVERSE trial demonstrated that CRT, in combination with optimal 
medical therapy (with or without defibrillator), reduced the risk for heart failure 
hospitalizations and improved ventricular structure and function in patients with 
mild HF symptoms or those who were asymptomatic, that is, NYHA functional class 
II and I, respectively.

2.5  Resynchronization-defibrillation for ambulatory heart failure (RAFT) trial

Published in 2010, the multicenter RAFT trial studied 1798 patients with NYHA 
class II or III heart failure, intrinsic QRS duration ≥120 msec or a paced QRS duration 
≥200 msec, and LVEF ≤30% (ischemic or nonischemic etiology). These patients 
were randomized to receive either CRT-D or ICD alone. The primary outcome was 
mortality and hospitalization for HF with a mean follow-up duration of 40 months. 
The primary outcome occurred in 25% lesser patients in the CRT-D group than in the 
ICD group. The number needed to treat was exceptionally low at only 14. However, 
patients in the CRT-D group had a significantly higher adverse event rate as compared 
to the ICD group [13].

The probability of event-free survival at 5 years was 8.9% more in the CRT-D 
group than in the ICD group, while the probability of survival at 5 years was 6% more 
in the CRT-D group than in the ICD group.

Only 20% of patients in this trial had NYHA class III heart failure; however, 
on subgroup analysis, similar reductions in the risk of death or hospitalization 
for heart failure were observed in the two study arms. Approximately 70% of 
the patients had LBBB type of QRS morphology, and these patients benefitted at 
a greater degree than those with nonspecific interventricular conduction delay. 
Furthermore, CRT-D was found to be more beneficial for patients with intrinsic 
QRS duration >150 msec.

The RAFT Long-Term Study followed the patients in the RAFT trial for a mean 
7.7 years to study the effect of CRT on long-term survival [14]. 1050 patients of the 
total 1798 patients were included in this trial. Among these patients with reduced EF, 
widened QRS complex, and NYHA class II or III HF, the survival benefit associated 
with CRT-D as compared with ICD was sustained during a median of nearly 14 years 
of follow-up [14].

2.6  Cardiac resynchrnization therapy upgrade in heart failure with right 
ventricular pacing (budapest CRT upgrade trial)

The Budapest CRT Upgrade trial, presented at ESC Congress 2023, showed that 
upgradation to CRT-D from pacemaker or ICD in patients with ejection fraction (EF) 
less than 35%, QRS duration ≥150 msec, and RV pacing burden of ≥20% resulted 
in decreased all-cause mortality, hospitalization from heart failure, and decreased 
end-systolic volume.

A total of 360 patients with EF ≤ 35% (NYHA heart failure symptoms II-Iva) on 
goal-directed medical therapy who had undergone implantation of a pacemaker or 
ICD ≥ 6 months prior and had a wide QRS duration ≥150 msec with pacing burden 
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of ≥20% were randomized in 3:2 ratio to a CRT-D upgrade group and an ICD group. 
During a median follow-up of more than a year, the primary outcome of a composite 
of hospitalization from heart failure, all-cause mortality and decreased reverse 
LV modeling occurred in 32.4% patients in the CRT-D arm and 78.9% patients in 
the ICD arm, p < 0.0001. The number needed to treat was incredibly low at 2.2. 
Notably, the occurrence of ventricular arrhythmia was substantially lower in the 
CRT-D group. Procedure or device-related complications were comparable in the 2 
groups.

3.  For patients with cardiomyopathy and heart failure, which device to 
implant: ICD, CRT, or CRT-D?

Meta-analysis of the studies discussed above provided strong evidence that CRT 
reduces mortality and hospitalization and improves cardiac function and structure 
in symptomatic HF patients on OPT with severely depressed LVEF (i.e., ≤35%) and 
complete LBBB. In these patients, CRT was superior either to optimal medical therapy 
or to ICD alone. Also, analysis of these studies demonstrated that CRT-D provided a 
slightly better degree of reduction in mortality with a trade-off of higher cost and to 
some degree higher procedural complications (Table 1) [15].

In patients indicated for CRT, defibrillation therapy is typically deferred in 
patients with life expectancy less than a year, NYHA Class IV, severe renal disease and 
other severe comorbidities, cachexia, and frailty (Table 2) [15].

CRT-D CRT-P

Mortality 
reduction

Similar level of evidence but CRT-D 
slightly better

Similar level of evidence but CRT-P 
slightly worse

Complications Higher Lower

Costs Higher Lower

CRT-D = cardiac resynchronization therapy and defibrillator; and CRT-P = cardiac resynchronization therapy and 
pacemaker.

Table 1. 
Comparative results of CRT-D vs. CRT-P in primary preventions.

Factors favoring CRT-P Factors favoring CRT-D

Advanced heart failure Life expectancy >1 year

Severe renal insufficiency or dialysis Stable heart failure, NYHA II

Other major co-morbidities Ischaemic heart disease (low and intermediate MADIT risk score)

Frailty Lack of comorbidities

Cachexia

CRT-D = cardiac resynchronization therapy and defibrillator; CRT-P = cardiac resynchronization therapy and 
pacemaker; MADIT = Multicentre Automatic Defibrillator Trial; and NYHA = New York Heart Association.

Table 2. 
Clinical guidance to the choice of CRT-P or CRT-D in primary prevention.
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4.  Pacing site-dependent arrhythmia

This phenomenon was described by Medina-Ravell et al. in 2003 and was defined 
as an arrhythmia due to simultaneous pacing of right ventricle (RV) endocardium 
and LV epicardium [16]. Normally, ventricle activation starts at the endocardium and 
spreads through the myocardium to the epicardium. Therefore, LV epicardial pacing 
alters ventricular activation and repolarization dynamics, which leads to QT interval 
prolongation rendering the ventricle vulnerable to extrasystoles that result in R on 
T phenomenon, Torsades des Pointes, or non-sustained or sustained polymorphic 
ventricular tachycardia. The incidence of this condition was reported to be about 4% 
and mostly occurred in ischemic cardiomyopathy patients [17].

Because about 4% of CRT implant patients could die soon after device implanta-
tion due to the device-related arrhythmia described above if left untreated, CRT-D is 
preferably selected instead CRT-P when a patient meets CRT indications.

5.  Future prospective

None of the randomized controlled trials for either CRT or CRT-D had the patients 
on goal-directed medical therapy optimized as per present day guidelines. These trials 
had majority of patients on beta-blockers, but the proportion of patients on miner-
alocorticoid receptor antagonist or angiotensin convertase inhibitors/angiotensin 
receptor blockers was much less. The role of angiotensin receptor/neprilysin inhibitor 
and SGLT-2 inhibitors in heart failure treatment were yet not established when these 
trials were conducted. Hence, there is a scope for newer trials to be conducted with 
patients on optimized goal-directed medical therapy as per present day guidelines.

Also, left ventricular scarring may lead to ineffective CRT. Cardiac MRI is the current 
gold standard for detecting myocardial scarring. With the use of cardiac MRI, it may 
be helpful in guiding LV lead deployment. The strategy of avoiding myocardial scar 
during LV lead implantation has not been studied in a multicenter, randomized, con-
trolled trials because of the difficulty in including a control group not treated with CRT. 
Cardiac MRI can also provide measurements of global and segmental cardiac function 
and permit localization and quantification of myocardial perfusion. These measures 
provide important information on the cause and prognosis of patients with heart failure. 
Therefore, further studies regarding the use of cardiac MRI to select appropriate candi-
dates for CRT and to achieve the maximum benefit from it are needed [18].

Another potential benefit of cardiac MRI use in selection of the device relates to 
myocardial scar as a possible predictor of arrhythmic events. Some studies showed 
that scar burden is a more powerful predictor of SCD than LVEF. For example, in 
the MADIT-II (Multicenter Automatic Defibrillator Implantation Trial II) trial, the 
extent of fixed perfusion defects on nuclear imaging was a strong predictor of lethal 
arrhythmias over a follow-up of 30 months [19]. As such, the presence of extensive 
myocardial scarring in patients eligible for CRT may be a good reason to favor the use 
of CRT-D over CRT-P in these patients.

6.  Conclusion

In the presence of QRS duration of ≥150 msec and LBBB in patients with 
 cardiomyopathy and reduced ejection fraction LVEF of ≤35%, and in the absence of 
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contraindications for defibrillation therapy, it is suggested that the maximum reduc-
tion of mortality benefit may be achieved with the use of CRT-D device, possibly due 
to decreased risk of death due to arrhythmia with this combination.

Nevertheless, CRT-P has proven benefits that do not only include improvement in 
heart failure symptoms and quality of life, but include significant mortality reduc-
tion benefit as well and therefore can still be used when defibrillation therapy is 
contraindicated.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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