
Multimodality imaging to guide cardiac interventional
procedures
Tops, L.F.

Citation
Tops, L. F. (2010, April 15). Multimodality imaging to guide cardiac
interventional procedures. Retrieved from https://hdl.handle.net/1887/15228
 
Version: Corrected Publisher’s Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/15228
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/15228


1 
General introduction and 

outline of the thesis





Chapter 1
Introduction and outline of the thesis

11

In the past decades, tremendous advances have been made in both the imaging and 

interventional fi eld of clinical cardiology. Dedicated imaging techniques such as multi-slice 

computed tomography have been introduced and enable detailed non-invasive evaluation 

of cardiac anatomy. Furthermore, conventional techniques such as echocardiography have 

been improved and nowadays allow a more comprehensive assessment of cardiac morphol-

ogy and function. At the same time, percutaneous interventional procedures for arrhythmias 

and valvular heart disease have been further explored. While conventional invasive treatment 

of these conditions requires open-heart surgery, nowadays it has become feasible to perform 

these procedures with minimal-invasive techniques. 

These advances allow a more integrative approach to cardiac imaging and interventions. 

The combination and integration of diff erent imaging modalities and subsequent use of these 

techniques during interventional procedures will further enhance the evaluation and treat-

ment of cardiac arrhythmias and valvular heart disease. In this thesis, the role of multimodality 

imaging to guide cardiac interventional procedures is investigated. In particular, catheter abla-

tion for atrial fi brillation (AF), cardiac pacing and resynchronization therapy, and percutaneous 

valve procedures are explored. 

CATHETER ABLATION FOR ATRIAL FIBRILLATION

Atrial fi brillation is the most commonly encountered cardiac arrhythmia. It is characterized by 

rapid, irregular activity of the atria. In the general population, the prevalence of AF is approxi-

mately 1% (1). Since the prevalence of AF increases with age, it may become ‘epidemic’ in the 

coming decades, with an estimated 3.3 million patients in the United States in 2020 (Figure 1). 

Importantly, AF is associated with an increased risk of both cardiac morbidity and mortality (2). 

The most important goals in the treatment of AF are: reduction of the risk of thrombo-

embolism and control of AF-related symptoms (3). To reduce the risk of thromboembolism, a 

tailored anti-thrombotic regimen (e.g. anticoagulation or aspirin) should be chosen depending 

on clinical characteristics (4). To control symptoms of AF, both ‘rate control’ and ‘rhythm control’ 

strategies can be chosen. Again, an individualized approach is preferred, since the superiority 

of one strategy has not been proven. Large randomized trials have not demonstrated diff er-

ences in mortality or quality of life between the two strategies (5,6). 

If a ‘rhythm control’ strategy is chosen, anti-arrhythmic drugs and/or electrical cardioversion 

are used to restore sinus rhythm. Unfortunately, anti-arrhythmic drugs may have side-eff ects 

and often fail to maintain sinus rhythm. In the past decade, catheter ablation procedures have 

been introduced as a new therapeutic option in the treatment of patients with AF. 

Haissaguerre et al. demonstrated that the pulmonary veins (PVs) are the main source of 

ectopic beats that initiate AF (7). Subsequently, it was shown that electrical isolation of these 

PVs with the use of (radiofrequency) catheter ablation is eff ective for the restoration and 
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maintenance of sinus rhythm. During the catheter ablation procedure, the PVs are isolated from 

the left atrial (LA) wall by applying radiofrequency current around the PV ostia (Figure 2). Sev-

eral randomized controlled trials have compared anti-arrhythmic drugs and catheter ablation 

procedures regarding the effi  cacy to maintain sinus rhythm during long-term follow-up (8-11). 

From these studies, it has become apparent that catheter ablation may be more eff ective than 

anti-arrhythmic drugs (Table 1). It should be noted however, that serious complications may 

occur in up to 5% of patients undergoing catheter ablation for AF (12). Therefore, at present 

catheter ablation still is considered a second-line therapy, but an excellent treatment option 

Figure 1. Estimated number of patients with atrial fi brillation (AF) in the United States of America (USA). The total number of patients may 

increase up to 2.5-fold in the coming 4 decades. Adapted with permission from Go AS et al., reference (1).

Figure 2. The left panel shows a schematic representation of a catheter ablation procedure. The ablation catheter is introduced into the 

left atrium (LA) through the foramen ovale. Subsequently, radiofrequency current is applied around the ostia of the pulmonary veins (PVs) 

(indicated with the white dots). The right panel shows a volume-rendered reconstruction of multi-slice computed tomography images of the LA 

and PVs that is used to guide the ablation procedure. The red dots indicate the ablation lesions.
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after at least one anti-arrhythmic drug has failed (3). Interestingly, an increasing number of AF 

patients worldwide are treated with catheter ablation (Figure 3). 

The cornerstone of AF ablation procedures is electrical isolation of the PVs. However, ana-

tomical studies have demonstrated that PV anatomy is highly variable (13). In particular, the 

exact number and location of the PVs has large inter-individual variation. Therefore, careful 

identifi cation of the PVs is important both before and during the catheter ablation procedure. 

Several imaging modalities are available to evaluate the anatomy of the LA and the PVs. Multi-

slice computed tomography and magnetic resonance imaging provide excellent images of 

the PVs. However, they do not provide real-time information since the images are acquired 

before the actual ablation procedure. On the other hand, intracardiac echocardiography and 

electroanatomic mapping enable online visualization of the PVs in relation with the ablation 

catheters. However, these techniques are limited by the two-dimensional character and the 

use of reconstructed anatomy, respectively. Ideally, the information of the diff erent imaging 

Table 1. Randomized studies comparing catheter ablation and anti-arrhythmic drugs

Study 

(reference)

Number of 

patients

Type of AF Follow-up Primary 

endpoint: 

Freedom from 

AF (Ablation 

vs. AAR) 

Secondary endpoints Complications 

ablation

Oral et al. (9) 146 146 
persistent 
(100%)

12 months 74% vs. 58%, 
p=0.05

- Decrease in LA 
diameter in successful 
ablation patients
- Increase in LVEF in 
successful ablation 
patients 
- Improvement in 
symptoms in all 
ablation patients

None reported

Pappone et 
al. (10)

198 198 
paroxysmal 
(100%)

12 months 86% vs. 22%, 
p<0.001

N/A - TIA: 1
- Pericardial 
eff usion: 1

Stabile et al. 
(11)

137 92 
paroxysmal 
(67%)
45 
persistent 
(33%)

12 months 66% vs. 9%, 
p<0.001

N/A - Stroke: 1
- Transient phrenic 
nerve paralysis: 1
- Pericardial 
eff usion: 1

Jais et al. (8) 112 112 
paroxysmal 
(100%)

12 months 89% vs. 23%, 
p<0.001

- No diff erences in LA 
diameter and LVEF at 
follow-up
- Greater reduction in 
AF burden in ablation 
patients
- Improvement in 
quality of life and 
exercise capacity in 
ablation patients

- Cardiac 
tamponade: 2
- Hematoma: 2
- PV stenosis: 1

AF = atrial fi brillation; AAR = anti-arrhythmic drugs; LA = left atrial; LVEF = left ventricular ejection fraction; PV = pulmonary vein; TIA = 

transient ischemic attack
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techniques is integrated, providing highly detailed on-line anatomical information during the 

catheter ablation procedure. 

Another important issue is the eff ect of catheter ablation procedures for AF on cardiac size 

and function. It has been well recognized that there is a close relation between AF and LA size 

(14). After catheter ablation, the ablation lesions may result in scarring of the LA wall. This may 

negatively aff ect LA size and contractile function. On the other hand, a reduction in LA size 

may result in lower susceptibility to AF (15). In addition, the restoration of sinus rhythm may 

ultimately result in an improved LA function. Furthermore, normalization of heart rhythm may 

result in more effi  cient left ventricular (LV) function. It has been demonstrated that catheter 

ablation results in signifi cant improvement in LV ejection fraction in patients with AF and sys-

tolic heart failure (16). However, the eff ect of catheter ablation on LV function in patients with 

preserved LV ejection fraction is unclear. 

Multimodality imaging and image integration may enhance AF ablation procedures by 

improved visualization of cardiac structures, and may result in better understanding of the 

eff ects of catheter ablation on cardiac function. Accordingly, the aims of the studies described 

in this thesis are to test the feasibility of image integration to guide catheter ablation proce-

dures and to assess the eff ects of catheter ablation procedures on LA and LV function. 

Figure 3. World-wide number of catheter ablation procedures for AF between 1995 and 2002. A clear increase in the annual number of 

procedures is noted. Adapted with permission from Cappato R et al. Worldwide survey on the methods, effi  cacy, and safety of catheter ablation 

for human atrial fi brillation. Circulation 2005;111:1100-5.
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VENTRICULAR PACING AND DYSSYNCHRONY

In 1958, the fi rst pacemaker implantation was performed in a patient with high degree atrio-

ventricular block. Since then, cardiac pacing has been an eff ective treatment in the manage-

ment of patients with symptomatic brady- and tachy-arrhythmias. The annual number of new 

pacemaker implantations in the Netherlands is about 6000, and is steadily increasing (17). High 

degree atrioventricular block and sick sinus syndrome are the most important indications for 

implantation of a conventional pacemaker (Figure 4). 

Typically, the endocardial ventricular pacing lead is positioned at the right ventricular (RV) 

apex. However, large randomized trials have revealed a possible association between RV apical 

pacing and deterioration of cardiac function (18,19). In the Mode Selection Trial (MOST), it was 

demonstrated that a high percentage of ventricular pacing is associated with an increased risk 

of heart failure hospitalization (Figure 5). Furthermore, other studies have shown that RV apical 

pacing results in changes in myocardial perfusion (20) and ventricular remodeling (21). At the 

same time, minimizing RV apical pacing with dedicated algorithms can prevent harmful eff ects 

of cardiac pacing (22). 

The deleterious eff ects of conventional RV apical pacing may be associated with the abnor-

mal electrical and mechanical activation pattern of the cardiac chambers. During RV apical 

AV block
SSS
AF
Other

Figure 4. Indications for new pacemaker implantations in the World Survey of Cardiac Pacing and Cardioverter Defi brillators 2001. 

High degree atrio-ventricular (AV) block (40%) and sick sinus syndrome (SSS, 30%) remain the most important indications for pacemaker 

implantation. Less frequently, atrial fi brillation (AF, 12%) and other indications (e.g. bundle-branch block, cardiomyopathy) result in 

implantation of a pacemaker. Adapted from Mond HG et al., reference (17).
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pacing, the electrical wave front propagates through the myocardium, rather than through the 

His-Purkinje conduction system. Due to the diff erences in conduction velocity, heterogeneity 

in electrical activation of the cardiac chambers occurs (23). Simultaneously, changes in the 

mechanical activation pattern are noted. In particular, the onset and magnitude of mechanical 

contraction of various LV walls change (24). The temporal occurrence of peak strain of diff erent 

ventricular segments exhibits an asynchronous pattern during RV apical pacing. This is referred 

to as ‘ventricular mechanical dyssynchrony’ (Figure 6). 

Mechanical dyssynchrony can be assessed with various non-invasive imaging modalities. 

Already in 1977, Gomes et al. noticed the asynchronous contraction pattern of the LV during RV 

apical pacing with the use of transthoracic echocardiography (25). A signifi cant delay between 

the (early) posterior motion of the interventricular septum and the (delayed) contraction of the 

posterior wall was observed immediately after onset of pacing. Nowadays, additional echocar-

diographic techniques are available for assessment of ventricular dyssynchrony (26). With the 

use of tissue Doppler imaging, myocardial velocities of diff erent ventricular segments can be 

assessed throughout the cardiac cycle (Figure 6). Off -line analysis of the regional time-to-peak 

systolic velocity enables quantifi cation of ventricular mechanical dyssynchrony (27). Speckle-

tracking strain analysis is another echocardiographic technique that allows assessment of 

regional timing of peak strain (28). The assessment of myocardial strain permits diff erentiation 

Figure 5. In the MOST trial, >40% cumulative percentage of ventricular pacing (Cum%VP) in the DDDR pacing group (n=707) signifi cantly 

increased the risk of heart failure hospitalization compared with <40% pacing (hazard ratio 2.60; 95% CI 1.05 - 6.47; p<0.05). This fi gure 

demonstrates the Kaplan-Meier plots relating time to fi rst heart failure hospitalization (event) by cumulative percentage of ventricular pacing. 

Reprinted with permission from Sweeney MO et al., reference (18).
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between active contraction and passive motion of the myocardium. Again, by calculating dif-

ferences in time-to-peak systolic strain of various segments, ventricular dyssynchrony can be 

assessed (29). 

Importantly, it has been demonstrated that the presence of mechanical dyssynchrony has 

prognostic value in heart failure patients (30). However, the association between mechanical 

dyssynchrony and the deterioration of cardiac function and functional class in pacemaker 

patients has not been fully elucidated yet. Furthermore, in the past decade cardiac resynchro-

nization therapy has become a well-established therapeutic option for patients with severe 

drug-refractory heart failure and signs of electrical or mechanical dyssynchrony (31,32). In 

cardiac resynchronization therapy, an LV pacing lead is added to a conventional pacing system, 

allowing simultaneously pacing of the RV and LV to re-synchronize the cardiac chambers. It 

may well be that cardiac resynchronization therapy is able to (partly) reverse the detrimental 

eff ects of conventional RV apical pacing. 

New imaging techniques may be valuable tools for the detection of mechanical dyssyn-

chrony, and may help in monitoring patients with conventional pacemakers and selecting 

potential candidates for upgrade of RV pacing to biventricular pacing. Accordingly, the cur-

rent studies explore the possible association between deterioration of cardiac function and 

ventricular mechanical dyssynchrony after onset of RV pacing, and reversal of the detrimental 

eff ects and LV dyssynchrony with cardiac resynchronization therapy. 

Figure 6. Mechanical dyssynchrony. The left panel is a schematic representation of mechanical dyssynchrony. Two diff erent regions of the 

heart contract with similar force (myocardial stiff ening), but one region has a delay in contraction relative to the other. The net diff erence 

between the two regions determines the extent of discoordination in contraction, or mechanical dyssynchrony. The right panel shows 

echocardiographic dyssynchrony assessment with tissue Doppler imaging. Sample areas are placed at the basal parts of the septum and 

lateral wall of the LV. The diff erence in time-to-peak systolic velocity of the two regions (indicated with white arrows) represents mechanical 

dyssynchrony. Left panel adapted with permission from Kass DA. An epidemic of dyssynchrony: But what does it mean? J Am Coll Cardiol 

2008;51:12–7.
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PERCUTANEOUS VALVE PROCEDURES

Valvular heart disease is an important entity in clinical cardiology. Aortic stenosis (AS) and mitral 

regurgitation (MR) are the most common native single-valve disease. In the general population, 

the prevalence of AS is estimated between 2 and 7% (33). Various pathophysiologic processes 

can attribute to the development of AS or MR, but most frequently the etiology is degenerative 

(Table 2). Importantly, the presence of severe AS (34) or MR (35) is associated with a substan-

tially increased risk of cardiac morbidity and mortality. The poor natural history of untreated 

AS and MR emphasizes the importance of treatment of patients with these conditions (36,37). 

Surgical aortic valve replacement is the treatment of choice in severe, symptomatic AS. 

Operative mortality is about 3-5%, and good long-term survival has been reported (Figure 7) 

(38). Importantly, the severity of symptoms, LV ejection fraction and age are important predic-

tors of good outcome after surgical aortic valve replacement (39). For MR, surgical treatment 

is more complex, due to its variety in etiologies. Mitral valve repair using undersized mitral 

annuloplasty is most frequently used for degenerative and ischemic MR (40). The outcome of 

surgical mitral valve repair depends largely on the etiology of MR, but also severity of symp-

toms, LV ejection fraction and age are important predictors of outcome (33). In particular for 

organic MR (e.g. mitral valve prolapse), good long-term results have been reported (41). 

Despite the good outcome after surgical treatment of AS and MR, a large proportion of 

patients does not undergo surgery. The Euro Heart Survey on Valvular Heart Disease explored 

the characteristics, treatment and outcome of 5001 patients with valvular heart disease from 25 

countries in Europe (42). From this Euro Heart Survey, it has become apparent that up to 30% 

Table 2. Results from the Euro Heart Survey on Valvular Heart Disease on the etiology and surgical treatment of aortic stenosis and mitral 

regurgitation. 

Aortic stenosis Mitral regurgitation

Etiology *

Degenerative, % 82 61

Rheumatic, % 11 14

Endocarditis, % 1 4

Infl ammatory, % 0 1

Congenital, % 5 5

Ischaemic, % 0 7

Other, % 1 8

Surgical intervention †

Mechanical prosthesis, % 49 43

Bioprosthesis, % 50 10

Valve repair, % 0 47

Other, % 1 0

* Data on etiology from 1197 patients with aortic stenosis and 877 patients with mitral regurgitation. † Data on surgical intervention from 512 

patients with aortic stenosis and 155 patients with mitral regurgitation. Adapted from Iung et al., reference (42).



Chapter 1
Introduction and outline of the thesis

19

of patients with severe symptomatic valvular disease do not undergo surgical intervention, 

while a clear indication exists. Most frequently, this is because of co-morbidity and age (42). 

Obviously, there is a need for a less invasive approach, in particular in elderly patients with 

co-morbidity and severe valvular heart disease. 

In recent years, various new percutaneous procedures for the treatment of AS and MR have 

been introduced. The implantation of an aortic valve prosthesis through the femoral artery or 

the LV apex has become feasible (Figure 8). The feasibility of a balloon-expandable (43) and 

a self-expanding valve (44) for the percutaneous treatment of severe AS have been demon-

strated. Importantly, large multi-center studies (45) and mid-term follow-up studies (46) have 

demonstrated the safety and effi  cacy of these procedures. 

Furthermore, new percutaneous devices have been introduced for the percutaneous 

treatment of MR (Figure 8). The feasibility of a mitral valve clip mimicking edge-to-edge repair 

has been demonstrated (47), and diff erent prostheses that target mitral annulus remodeling 

through the coronary sinus have been introduced (48,49). The safety and mid-term effi  cacy of 

these procedures have also been demonstrated (50,51). 

However, percutaneous valve procedures still have limitations and severe complications 

can occur. An important issue is failure of the procedure as a result of unfavorable cardiac 

anatomy. For example, the close relation between the native valve leafl ets, valve annulus 

and the coronary arteries may preclude save percutaneous implantation of a device. In the 

Mitral Annuloplasty Device European Union Study (AMADEUS), the coronary sinus device was 

Figure 7. Long-term outcome after primary surgical aortic valve replacement in 2227 patients with severe aortic stenosis. The observed 

(open circles) and relative (solid circles) survival is shown in patients who survived the fi rst postoperative month. Reprinted with permission 

from Kvidal P et al., reference (38).
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recaptured because of potential coronary compromise in up to 30% of the non-implanted 

patients (51). Furthermore, acute coronary occlusion during percutaneous aortic valve implan-

tation has been reported (43). 

Imaging may be of great value in the percutaneous treatment of valvular heart disease. It 

may improve the selection of patients and may enhance real-time guidance of the procedures. 

In the studies described in the present thesis, the potential role of multi-slice computed tomog-

raphy in the selection for candidates for new percutaneous valve procedures for AS and MR is 

explored.  

OUTLINE OF THE PRESENT THESIS

The aim of this thesis is to evaluate the role of multimodality imaging to guide cardiac interven-

tional procedures. In particular, catheter ablation procedures for AF, conventional pacing and 

cardiac resynchronization therapy, and percutaneous valve procedures are studied. Therefore, 

the present thesis consists of three distinct parts. 

PART I: Catheter ablation for atrial fi brillation

In the fi rst part, catheter ablation procedures for AF are studied. These procedures are considered 

a good treatment option in patients with drug-refractory AF, after at least one anti-arrhythmic 

drug has failed. Visualization of the PVs with diff erent imaging modalities, the integration of 

various imaging techniques, and the eff ect of catheter ablation on LA and LV function are 

important issues in AF ablation. Chapter 2 and Chapter 3 provide two extensive reviews on 

the role of multimodality imaging in the assessment of PV and LA anatomy, and in catheter 

ablation procedures for AF. In Chapter 4, the fi rst clinical experience with a new image integra-

tion system that allows integration of MSCT images and electroanatomic mapping is described. 

Subsequently, the integration of intracardiac echocardiography with electroanatomic mapping 

and multi-slice computed tomography is studied in Chapter 5. The assessment of PV anatomy 

with multi-slice computed tomography, and its impact on the outcome of catheter ablation 

procedures is explored in Chapter 6. 

In the next chapters, the eff ect of catheter ablation for AF on LA and LV function is studied. 

In Chapter 7, conventional transthoracic two-dimensional echocardiography is used to assess 

the eff ect of catheter ablation on LA size. The fi ndings of this study are further extended in 

the following chapters. In Chapter 8, real-time three-dimensional echocardiography is used to 

assess LA function after catheter ablation. Subsequently, the eff ect of catheter ablation on LA 

systolic and diastolic strain is investigated in Chapter 9. Furthermore, the predictive value of LA 

strain for LA reverse remodeling is studied. Finally, the eff ect of sinus rhythm maintenance after 

catheter ablation on LV function is studied in Chapter 10. 
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PART II: Ventricular pacing and dyssynchrony

In the second part, conventional RV apical pacing, cardiac resynchronization therapy and ven-

tricular mechanical dyssynchrony are studied. In particular, the association between dyssyn-

chrony and the deterioration of LV function after long-term RV apical pacing, and the reversal 

of the negative eff ects with cardiac resynchronization therapy are investigated. In Chapter 11, 

an extensive review of the available evidence on the eff ects of RV apical pacing on LV function 

is provided. Chapter 12 describes the initial observation that long-term RV apical pacing can 

induce LV mechanical dyssynchrony assessed with conventional echocardiography and tissue 

Doppler imaging. Subsequently, the acute eff ects of RV apical pacing on ventricular dyssyn-

chrony are studied with speckle-tracking echocardiography in Chapter 13. Furthermore, the 

eff ects of RV apical pacing on LV strain and LV twist are investigated in this study. Subsequently, 

speckle-tracking echocardiography is used to assess ventricular dyssynchrony, and in particular 

the site of latest activation in a cohort of patients with long-term RV apical pacing in Chapter 

14. Importantly, the eff ect of upgrade to biventricular pacing is investigated in this study. In 

Chapter 15, the eff ect of RV apical pacing and ventricular dyssynchrony on myocardial oxida-

tive metabolism and effi  ciency is studied with the use of positron emission tomography scan-

ning. Finally, the prevalence of ventricular dyssynchrony in patients with arrhythmogenic right 

ventricular dysplasia/cardiomyopathy is studied in Chapter 16. 

PART III: Percutaneous valve procedures 

In the third part, the role of cardiac imaging in percutaneous valve procedures is explored. 

Recently, various percutaneous procedures for aortic valve and mitral valve disease have been 

introduced. The background of these procedures and the diff erent prostheses are reviewed in 

Chapter 17. The relation between the mitral annulus, the LA posterior wall and the coronary 

arteries determines the feasibility of percutaneous mitral annuloplasty. The assessment of this 

critical relation with the use of multi-slice computed tomography is described in Chapter 18. 

Figure 8. Percutaneous valve procedures for aortic stenosis (AS) and mitral regurgitation (MR). The left panel shows the percutaneous 

implantation of a balloon expandable aortic valve prosthesis. The catheter with the balloon and prosthesis is inserted retrograde through the 

femoral artery and aorta. The right panel shows a coronary sinus device that attempts to remodel the mitral valve annulus in severe MR. The 

device is inserted antegrade through the right atrium.
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Subsequently, multi-slice computed tomography is used for the assessment of the mitral valve 

itself, and exploration of the anatomical mechanism underlying functional MR in Chapter 19. 

For percutaneous aortic valve procedures, other anatomical considerations are important. In 

particular, the extent and location of aortic valve calcifi cations, and the relation between the 

aortic valve annulus and the coronary arteries are important issues. The role of multimodality 

imaging in the selection of patients and performing percutaneous aortic valve procedures is 

discussed in Chapter 20. Furthermore, the clinical experience with percutaneous aortic valve 

procedures is extensively reviewed in this chapter. In Chapter 21, a systematic analysis with the 

use of multi-slice computed tomography of the aortic valve and the relation with the coronary 

arteries is performed in a large cohort of patients. Finally, this methodology is used in patients 

undergoing percutaneous aortic valve implantation in Chapter 22. 
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