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General introduction and outline of the thesis

GENERAL INTRODUCTION

Cardiac resynchronization therapy (CRT), the implantation of a dedicated device to resynchro-
nize the ventricles in heart failure, is an established treatment for patients who remain symp-
tomatic despite optimal medical therapy. It has a multitude of potentially beneficial effects, 
which include: improvement of symptoms, left ventricular reverse remodeling, improvement 
of left ventricular ejection fraction (LVEF), reduction of functional mitral regurgitation (FMR), 
decrease in the risk of ventricular arrhythmias and improvement in survival (Figure 1).1-4 The 
probability of these favorable outcomes occurring after CRT implantation, is dependent on the 
appropriate patient characterization by echocardiography.

Risk-stratification of cardiac disease entails the scientific estimation of the probability for 
serious, disease-related events, e.g. heart failure and sudden cardiac death (SCD), either to 
inform prognosis or guide management. Multimodality cardiac imaging (echocardiography, 
magnetic resonance and radionuclide techniques) has assumed a central role in the risk-
stratification of various cardiac diseases, encompassing multiple etiologies (Figure 2).5

Echocardiography for the prediction of outcome after CRT
Patients with a left bundle branch block (LBBB) morphology on the surface ECG, as well as a 
QRS duration of ≥150 ms, appear to derive most benefit from CRT in terms of symptom im-
provement and survival.6-8 It is less clear if these baseline characteristics also translate into a 
greater degree of left ventricular reverse remodeling and improvement in LVEF, both of which 
are quantified by means of echocardiography.9 Reverse remodeling is most commonly defined 
as a ≥15% reduction in the left ventricular end-systolic volume (LVESV) at 6 months after CRT 
implantation.10 Long-term outcome after CRT is strongly linked to reverse remodeling, but 
also to improvement in global longitudinal strain (GLS), which can be measured with speckle 
tracking strain echocardiography.11-13 These two measures, i.e. a reduction in LVESV and an 
improvement in GLS, reflect different mechanisms of CRT response – resynchronization and re-
cruitment of contractile reserve, respectively. It is unknown whether an improvement in both, 
an improvement in only one or no improvement in either, has different prognostic implications.

Echocardiography may be useful for predicting outcome after CRT not only when performed 
before implantation, but also thereafter. CRT exerts its beneficial effects by resynchronization 
of the left ventricle.1,2 Left ventricular dyssynchrony can be quantified with a novel, speckle 
tracking strain parameter, i.e. mechanical dispersion (MD).14,15 It is calculated as the standard 
deviation of the time from the onset of the QRS complex on the triggered ECG to the peak 
longitudinal myocardial strain in a 17-segment model.14,15 The degree to which left ventricular 
synchrony has been restored by CRT, quantified with MD, appears to predict outcome, i.e. a de-
crease in ventricular arrhythmias.16 What remains unknown, is if MD (as a measure of residual 
dyssynchrony after CRT implantation) also leads to improved survival. CRT restores mechanical 
efficiency to the failing left ventricle by resynchronization of contraction. The less efficiently 
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the left ventricle operates at baseline, the greater the potential is for recovery of efficient work 
after CRT. It is unknown whether a greater reserve of potentially recoverable left ventricular 
myocardial work efficiency before CRT occasions better outcome. Global, left ventricular work 
efficiency can now be quantified with a non-invasive technique, which involves speckle tracking 
strain echocardiography.17,18

FMR is common in heart failure patients, and a reduction in FMR is counted among the be-
neficial effects of CRT.19-27 This is achieved by a variety of mechanisms, i.e. resynchronization of 
the atrioventricular, inter- and intraventricular contraction, preload reduction and an increase 
in mitral valve closing forces.26,28-30 The impact of the evolution of FMR after CRT on mortality 
has not been adequately investigated in a large cohort. Furthermore, atrial fibrillation (AF) is 
a common occurrence in heart failure, and may contribute to the severity of FMR through left 
atrial and mitral annular dilatation.31-33 The impact of AF on the extent of FMR improvement in 
CRT has never specifically been investigated.

Echocardiography therefore plays a central role in the characterization of heart failure 
recipients of CRT, as well as in the delineation of the factors which will determine outcome. 
Results of research which have been included in this thesis, focus on the intersection of 
echocardiography and the following determinants of outcome after CRT: reverse remodeling, 
resynchronization and FMR improvement.
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Figure 1: Summary of beneficial effects of cardiac resynchronization therapy (CRT), with highlighted (blue) 
determinants of outcome which are addressed in this thesis. FMR: functional mitral regurgitation, LV: left 
ventricular, LVEF: left ventricular ejection fraction, VT: ventricular tachycardia. 
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The role of multimodality imaging in the risk-stratification of cardiac disease
SCD is the cause of >4 million global deaths per year (one-fifth of all recorded deaths).34 Since it 
often occurs in individuals who were not previously known with cardiac disease, its prevention 
remains challenging.34 Insertion of an implantable, cardioverter-defibrillator (ICD) is the most 
effective approach to primary prevention (persons at high risk of SCD) and secondary prevention 
(patients with a previous, aborted episode of SCD).5 Currently, ICD candidates are selected on 
the basis of an LVEF <35%.34 This criterion, however, is neither sensitive, nor specific, and new 
approaches are required to improve upon this strategy.5 Various cardiac imaging techniques, 
e.g. speckle tracking strain echocardiography, late gadolinium contrast enhanced (LGE) cardiac 
magnetic resonance (CMR), as well as nuclear techniques, have shown promise for more ac-
curate SCD risk-stratification than LVEF in isolation.5

Genetic, dilated cardiomyopathy (DCM) is associated with more than 50 pathogenic genes 
(sarcomeric and lamin A/C mutations being the most common), as well as neuromuscular dis-
orders.35-37 Mutation carriers often remain asymptomatic until heart failure, arrhythmias or SCD 
supervenes.35,38 Preventive strategies have not been adequately defined, partly because early 
disease is challenging to detect.35 Advanced cardiac imaging techniques (e.g. echocardiographic 
tissue Doppler imaging, speckle tracking strain echocardiography, CMR and nuclear scans) can 
identify both structural and functional abnormalities early during the course of genetic DCM.35 
Furthermore, multimodality cardiac imaging can provide incremental benefit to LVEF for the 
risk-stratification of individuals with established, genetic DCM.35

Multimodality imaging is very promising as a risk-stratification tool for cardiac disease, and 
it has been reviewed, as well as further researched, in the context of genetic DCM, in this thesis.
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Figure 2: Examples of multimodality imaging in risk-stratification of cardiac disease. CMR: cardiac magnetic 
resonance.  

Figure 2: Examples of multimodality imaging in risk-stratification of cardiac disease. CMR: cardiac magnetic 
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OUTLINE OF THE THESIS

The objective of this thesis was twofold: i) to investigate the role of echocardiography in 
predicting outcome after CRT, and ii) to review and investigate multimodality imaging in the 
risk-stratification of cardiac disease.

In Part I, the role of echocardiography in predicting outcome after CRT is discussed. Chapter 
2 investigates the relation between baseline QRS duration and the presence of an LBBB on the 
one hand, and the degree of left ventricular reverse remodeling and improvement of LVEF, 
on the other, in CRT recipients. In chapter 3, results are presented on the interaction of two 
important determinants of outcome in CRT, i.e. left ventricular GLS and left ventricular reverse 
remodeling, as well as their impact on survival. The benefits of restoration of mechanical 
dyssynchrony (measured by MD) in CRT patients (decrease in ventricular arrhythmias, as well 
as survival) are discussed in chapter 4. A novel, non-invasive technique for assessing cardiac 
mechanical efficiency is applied to CRT prognostication in chapter 5. Chapter 6 focuses on 
the prognostic influence of FMR in CRT recipients, with particular emphasis on the evolution 
thereof, i.e. what the impact on survival is when FMR is improved (or not improved) by CRT. In 
chapter 7, the impact of AF on the improvement in FMR in the CRT context is analyzed.

Part II provides a perspective on the use of multimodality imaging in the risk-stratification 
of various cardiac diseases. In chapter 8 a brief overview of multimodality imaging in the pre-
diction of SCD is given. Chapter 9 reviews the role of cardiac imaging in the risk-stratification 
of genetic DCM, especially when associated with neuromuscular disorders. The use of speckle 
tracking strain echocardiography in risk-stratification of genetic DCM, is explored in chapter 10.



1

13

General introduction and outline of the thesis

REFERENCES

	 1.	 Brignole M, Auricchio A, Baron-Esquivias G et al. 2013 ESC Guidelines on cardiac pacing and cardiac 
resynchronization therapy: the Task Force on cardiac pacing and resynchronization therapy of the 
European Society of Cardiology (ESC). Developed in collaboration with the European Heart Rhythm 
Association (EHRA). Eur Heart J 2013;34:2281-329.

	 2.	 Spartera M, Galderisi M, Mele D et al. Role of cardiac dyssynchrony and resynchronization therapy 
in functional mitral regurgitation. Eur Heart J Cardiovasc Imaging 2016;17:471-80.

	 3.	 Al-Majed NS, McAlister FA, Bakal JA et al. Meta-analysis: cardiac resynchronization therapy for 
patients with less symptomatic heart failure. Ann Intern Med 2011;154:401-12.

	 4.	 Thijssen J, Borleffs CJ, Delgado V et al. Implantable cardioverter-defibrillator patients who are 
upgraded and respond to cardiac resynchronization therapy have less ventricular arrhythmias 
compared with nonresponders. J Am Coll Cardiol 2011;58:2282-9.

	 5.	 Van der Bijl P, Delgado V, Bax JJ. Sudden cardiac death: The role of imaging. Int J Cardiol 2017;237:15-
8.

	 6.	 Birnie DH, Ha A, Higginson L et al. Impact of QRS morphology and duration on outcomes after car-
diac resynchronization therapy: Results from the Resynchronization-Defibrillation for Ambulatory 
Heart Failure Trial (RAFT). Circ Heart Fail 2013;6:1190-8.

	 7.	 Cleland JG, Abraham WT, Linde C et al. An individual patient meta-analysis of five randomized trials 
assessing the effects of cardiac resynchronization therapy on morbidity and mortality in patients 
with symptomatic heart failure. Eur Heart J 2013;34:3547-56.

	 8.	 Peterson PN, Greiner MA, Qualls LG et al. QRS duration, bundle-branch block morphology, and 
outcomes among older patients with heart failure receiving cardiac resynchronization therapy. 
JAMA 2013;310:617-26.

	 9.	 Van der Bijl P, Khidir M, Leung M et al. Impact of QRS complex duration and morphology on left 
ventricular reverse remodelling and left ventricular function improvement after cardiac resynchro-
nization therapy. Eur J Heart Fail 2017;19:1145-51.

	 10.	 Bleeker GB, Bax JJ, Fung JW et al. Clinical versus echocardiographic parameters to assess response 
to cardiac resynchronization therapy. Am J Cardiol 2006;97:260-3.

	 11.	 Ypenburg C, van Bommel RJ, Borleffs CJ et al. Long-term prognosis after cardiac resynchronization 
therapy is related to the extent of left ventricular reverse remodeling at midterm follow-up. J Am 
Coll Cardiol 2009;53:483-90.

	 12.	 Pouleur AC, Knappe D, Shah AM et al. Relationship between improvement in left ventricular dys-
synchrony and contractile function and clinical outcome with cardiac resynchronization therapy: 
the MADIT-CRT trial. Eur Heart J 2011;32:1720-9.

	 13.	 Delgado V, Ypenburg C, Zhang Q et al. Changes in global left ventricular function by multidirectional 
strain assessment in heart failure patients undergoing cardiac resynchronization therapy. J Am Soc 
Echocardiogr 2009;22:688-94.

	 14.	 Haugaa KH, Smedsrud MK, Steen T et al. Mechanical dispersion assessed by myocardial strain in 
patients after myocardial infarction for risk prediction of ventricular arrhythmia. JACC Cardiovasc 
Imaging 2010;3:247-56.



Chapter 1

14

	 15.	 Ersboll M, Valeur N, Andersen MJ et al. Early echocardiographic deformation analysis for the pre-
diction of sudden cardiac death and life-threatening arrhythmias after myocardial infarction. JACC 
Cardiovasc Imaging 2013;6:851-60.

	 16.	 Hasselberg NE, Haugaa KH, Bernard A et al. Left ventricular markers of mortality and ventricular 
arrhythmias in heart failure patients with cardiac resynchronization therapy. Eur Heart J Cardiovasc 
Imaging 2016;17:343-50.

	 17.	 Russell K, Eriksen M, Aaberge L et al. Assessment of wasted myocardial work: a novel method to 
quantify energy loss due to uncoordinated left ventricular contractions. Am J Physiol Heart Circ 
Physiol 2013;305:H996-1003.

	 18.	 Russell K, Eriksen M, Aaberge L et al. A novel clinical method for quantification of regional left 
ventricular pressure-strain loop area: a non-invasive index of myocardial work. Eur Heart J 
2012;33:724-33.

	 19.	 Bursi F, Enriquez-Sarano M, Nkomo VT et al. Heart failure and death after myocardial infarction in 
the community: the emerging role of mitral regurgitation. Circulation 2005;111:295-301.

	 20.	 Grigioni F, Enriquez-Sarano M, Zehr KJ et al. Ischemic mitral regurgitation: long-term outcome and 
prognostic implications with quantitative Doppler assessment. Circulation 2001;103:1759-64.

	 21.	 Agricola E, Stella S, Figini F et al. Non-ischemic dilated cardiopathy: prognostic value of functional 
mitral regurgitation. Int J Cardiol 2011;146:426-8.

	 22.	 Lancellotti P, Melon P, Sakalihasan N et al. Effect of cardiac resynchronization therapy on functional 
mitral regurgitation in heart failure. Am J Cardiol 2004;94:1462-5.

	 23.	 Cazeau S, Leclercq C, Lavergne T et al. Effects of multisite biventricular pacing in patients with heart 
failure and intraventricular conduction delay. N Engl J Med 2001;344:873-80.

	 24.	 Abraham WT, Fisher WG, Smith AL et al. Cardiac resynchronization in chronic heart failure. N Engl J 
Med 2002;346:1845-53.

	 25.	 Cleland JG, Daubert JC, Erdmann E et al. The effect of cardiac resynchronization on morbidity and 
mortality in heart failure. N Engl J Med 2005;352:1539-49.

	 26.	 Kanzaki H, Bazaz R, Schwartzman D et al. A mechanism for immediate reduction in mitral regurgita-
tion after cardiac resynchronization therapy: insights from mechanical activation strain mapping. J 
Am Coll Cardiol 2004;44:1619-25.

	 27.	 St John Sutton MG, Plappert T, Abraham WT et al. Effect of cardiac resynchronization therapy on left 
ventricular size and function in chronic heart failure. Circulation 2003;107:1985-90.

	 28.	 He S, Fontaine AA, Schwammenthal E et al. Integrated mechanism for functional mitral regurgita-
tion: leaflet restriction versus coapting force: in vitro studies. Circulation 1997;96:1826-34.

	 29.	 Breithardt OA, Sinha AM, Schwammenthal E et al. Acute effects of cardiac resynchronization therapy 
on functional mitral regurgitation in advanced systolic heart failure. J Am Coll Cardiol 2003;41:765-
70.

	 30.	 Porciani MC, Macioce R, Demarchi G et al. Effects of cardiac resynchronization therapy on the me-
chanisms underlying functional mitral regurgitation in congestive heart failure. Eur J Echocardiogr 
2006;7:31-9.

	 31.	 Ponikowski P, Voors AA, Anker SD et al. 2016 ESC Guidelines for the diagnosis and treatment of 
acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic 



1

15

General introduction and outline of the thesis

heart failure of the European Society of Cardiology (ESC) Developed with the special contribution of 
the Heart Failure Association (HFA) of the ESC. Eur Heart J 2016;37:2129-200.

	 32.	 Tanimoto M, Pai RG. Effect of isolated left atrial enlargement on mitral annular size and valve 
competence. Am J Cardiol 1996;77:769-74.

	 33.	 Di Biase L, Mohanty P, Mohanty S et al. Ablation versus amiodarone for treatment of persistent 
atrial fibrillation in patients with congestive heart failure and an implanted device: results from the 
AATAC Multicenter Randomized Trial. Circulation 2016;133:1637-44.

	 34.	 Priori SG, Blomstrom-Lundqvist C, Mazzanti A et al. 2015 ESC Guidelines for the management 
of patients with ventricular arrhythmias and the prevention of sudden cardiac death: The Task 
Force for the Management of Patients with Ventricular Arrhythmias and the Prevention of Sudden 
Cardiac Death of the European Society of Cardiology (ESC). Endorsed by: Association for European 
Paediatric and Congenital Cardiology (AEPC). Eur Heart J 2015;36:2793-867.

	 35.	 Van der Bijl P, Delgado V, Bootsma M et al. Risk stratification of genetic, dilated cardiomyopathies 
associated with neuromuscular disorders: role of cardiac imaging. Circulation 2018;137:2514-27.

	 36.	 Millat G, Bouvagnet P, Chevalier P et al. Clinical and mutational spectrum in a cohort of 105 unrela-
ted patients with dilated cardiomyopathy. Eur J Med Genet 2011;54:e570-5.

	 37.	 Van Spaendonck-Zwarts KY, van Rijsingen IA, van den Berg MP et al. Genetic analysis in 418 index 
patients with idiopathic dilated cardiomyopathy: overview of 10 years’ experience. Eur J Heart Fail 
2013;15:628-36.

	 38.	 Zhang L, Liu Z, Hu KY et al. Early myocardial damage assessment in dystrophinopathies using (99)
Tc(m)-MIBI gated myocardial perfusion imaging. Ther Clin Risk Manag 2015;11:1819-27.




