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Preface:

In approximately one fourth to one third of patients with heart failure, 

ventricular conduction disturbances are found, most commonly manifested 

as left bundle-branch block (LBBB). The prevalence of such LBBB increases as 

heart failure and ventricular remodeling progress to more advanced stages. In 

turn, the appearance of a LBBB itself conveys an increased risk of heart failure 

deterioration and death.1 For such patients, Cardiac Resynchronization Therapy 

(CRT) has emerged as an important additional therapy on top of optimized 

pharmacological treatment that can improve their functionality, quality of life, 

and survival.2, 3

Historically, and reflected by its terminology, the very concept and development 

of CRT is based on the observation that a dyssynchronous electrical activation 

like LBBB disturbs the left ventricular (LV) functional and structural integrity 

through induction of a dyssynchronous contraction, and that this process 

can be reversed by interventions on the electrical substrate, e.g. by pacing.4 

The initial reception of this concept has been slow, considering that the first 

published evidence of the detrimental mechanical effects of dyssynchronous 

electrical activation dates from over 80 years ago.5 It has taken almost 40 

years to test whether modifying the electrical activation sequence by pacing 

impacted on LV function,6 some 20 more before the concept of mechanical 

resynchronization was first tested in experimental settings,7, 8 and another 10 

before cardiac resynchronization therapy was finally introduced into the clinical 

arena by pioneers like Bakker in the Netherlands9 and Cazeau in France.10 Owing 

to an increasing number of randomized trials consistently indicating beneficial 

effects on ventricular function, structure, and prognosis in patients with heart 

failure and LBBB, the concept of mechanical resynchronization has gained 

widespread acceptance and new areas of growth are being explored. Thus, 

about ten years after the formal introduction in clinical practice, CRT can be 

regarded as having survived its childhood diseases and now is in its adolescence 

stage of development. Indeed, on the one hand there are signs that there is still 

growing potential for CRT, on the other hand CRT has some behavioral problems. 

One of the issues deserving our attention are the approximately one third of 

patients that do not appear to “respond” to CRT despite LBBB, another is the 
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failure to adequately predict response by the currently used methods assessing 

mechanical dyssynchrony,11 and even more challenging our old believes is the 

fact that in the major trials prognostic benefit appears less dependent on 

either such desired “response” or on mechanical dyssynchrony than would 

be expected.12 Proper growth to adulthood requires a better understanding 

of the basic mechanisms of CRT in human subjects and a reappraisal of the 

various relevant diagnostic and monitoring tools. Such revision of our concepts 

and tools might prove helpful to deal with some of the current confusion and 

limitations of CRT, and may prove invaluable for guiding new resynchronization 

strategies or when exploring dyssynchrony and resynchronization therapy in 

new patient populations and clinical areas. 

Overview of the thesis:

The work presented in this thesis has evolved at the crossroads where physiology, 

diagnostic imaging and clinical care converge, in an effort to refine both our 

physiologic insights as well as our diagnostic approaches. The development of 

a new echocardiographic technique, speckle tracking deformation imaging, has 

been the impetus to subject some of the physiologic principles, obtained under 

the stringent and sophisticated conditions of animal experiments, to a practical 

test in the complex setting of human pathology and clinical care. Inversely, some 

of the current clinical methodologies have been scrutinized by weighing them 

against the physiological evidence. Besides the search for the dyssynchronous 

substrate in humans, part of the work therefore has also concentrated on 

the search for physiologically sensible, but meanwhile clinically applicable, 

diagnostic methods.      

Chapter 1 presents a general introduction to some of the basic physiologic 

principles of cardiac dyssynchrony, and within this context reviews the working 

mechanisms and clinical results of cardiac resynchronization therapy and the 

limitations of our current dyssynchrony imaging methods. 

Chapter 2 introduces myocardial deformation imaging derived from speckle 

tracking echocardiography. The overview covers the principle of the speckle 

tracking methodology, and discusses the technical aspects of image resolution 
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and tracking quality which have guided the methodological choices used during 

the different research projects. This chapter also deals with the physiologic 

information embedded in deformation and deformation-rate graphs.    

Chapter 3 scrutinizes the rationale and the clinical value of one of the currently 

most used methods to assess dyssynchrony; tissue Doppler imaging of delays 

in myocardial velocities. Neither a relation with the delays in myocardial 

shortening, nor with response to CRT is found, casting doubt over the 

physiologic rationale behind the methodology.  Technical problems inherent 

to the angle dependency of the Doppler technique, measurement variability 

and difficulties in the interpretation of results are identified as factors that limit 

the clinical applicability. The predictive value of shortening dyssynchrony by 

speckle tracking echocardiography proves to be a superior approach.

Chapter 4 describes the physiological rationale to move further onwards from 

shortening dyssynchrony (temporal delays) to shortening dyscoordination 

methods (out-of-phase/ competing shortening). A for this purpose newly 

designed, speckle tracking based, 3-D reconstruction and analysis method 

(STOUT) is described, and tested in normal, mildly and severely dyssynchronous 

hearts. Three-dimensional mapping and vector analysis is found to enhance 

the diagnostic yield of temporal dyssynchrony indices; new dyscoordination 

measures are introduced and suggested to better describe the functional 

impact of mechanical resynchronization.  

Chapter 5 and Chapter 6 explore how spatial mapping of deformation patterns 

help to define accessory pathway localizations in patients with Wolf-Parkinson-

White syndrome. Preexcitation is found to induce characteristic changes in the 

deformation curves. The study also demonstrates the local and global impact 

of pre-excitation in general, and of septal preexcitation in particular.

Chapter 7 provides further evidence for the importance of assessing shortening 

dyscoordination and abnormal stretch in the septum in dyssynchronous hearts 

by first demonstrating which stretch components are specifically corrected 

by CRT and how this translates in the predictive value of septal stretch 

measurements with regard to mid-term effects of CRT.

Chapter 8 confirms the findings in the previous chapter in an extended study 

and demonstrates that baseline septal stretch measurements not only predict 

mid-term reverse structural and neurohormonal remodeling, but also longer 
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term survival.

Chapter 9  discusses new findings of the thesis within the broader scope of 

the clinical syndrome of dyssynchrony and resynchronization, and the potential 

implications of our findings for future research and for the current clinical 

practice.  
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Summary:

The adverse impact of dyssynchronous LV activation and subsequent 

dyscoordinate contraction are now widely recognized. Also the benefits of 

cardiac resynchronization are irrefutably established. The response to therapy 

is variable amongst patients and proves difficult to predict by currently used 

markers of electrical or mechanical dyssynchrony. After a period of rapid 

expansion and enthusiasm, it seems time for reflection. A critical reappraisal of 

the pathophysiologic processes involved in dyssynchronous, failing hearts and 

of the working mechanisms of CRT is warranted. The ultimate consequences of 

LV dyssynchrony likely depend on more than temporal differences in motion or 

contraction alone. In animal experimental models of dyssynchrony, local inter- 

and intra-ventricular heterogeneities in shortening, stretching, and wall stress 

(“dyscoordination”) not only lead to reduced systolic function and energetic 

inefficiency; they also instigate structural and molecular changes at the local 

myocardial level that conspire to worsen contractile function, remodeling 

and arrhythmia susceptibility. From this viewpoint, dyscoordination poses 

more than a purely mechanical risk. The significance of dyscoordination in 

human dyssynchronous hearts remains however vastly unexplored. Tuning 

echocardiographic imaging modalities and methodologies towards echo-

physiologic approaches may pave the way for further progress.

Epidemiology of dyssynchronous heart failure:

Heart failure is an increasing worldwide health problem. In Europe, it is 

estimated that nearly 10 million people are living with heart failure. Heart 

failure is a costly disease in terms of morbidity, mortality, and resources. In 

developed countries, an estimated 1–2% of total health-care expenditure is 

spent on the management of this disease. Electrical conduction delay in the 

ventricles, as testified by QRS prolongation, becomes increasingly prevalent as 

heart failure progresses. Left bundle branch block (LBBB) is the most common 

conduction disorder in advanced heart failure, where up to 25% of the patients 

are affected.1, 2 In many epidemiologic studies, LBBB has been shown to be a 

harbinger of underlying heart disease, and in itself portends an increased risk of 
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cardiovascular disease.3, 4 Epicardial pacing of the left ventricle, in particular by 

pacing the right ventricular (RV) apex, is another common source of abnormal 

ventricular activation in clinical practice. It shares with LBBB most of its electrical 

as well as mechanical consequences, and its negative impact on ventricular 

function, morbidity and mortality has now been firmly established.5

Dyssynchrony and resynchronization: pathophysiology

Electrical and mechanical dyssynchrony in left bundle branch block

In the healthy heart, ventricular contraction occurs in a highly coordinated 

manner. Mechanical activation of the ventricles depends on the rapid spread 

of electric signals via specialized fibers (His-Purkinje system) that arborize 

throughout the right ventricular (RV) and LV endocardia. This ensures a near-

simultaneous electrical activation of the entire ventricular endocardium and 

working myocardium,6 followed by a synchronous and coordinated contraction.7, 

8 This physiologic myocardial activation sequence furthermore involves a fast 

electrical propagation from endo- to epicard and from the mid-apical region 

to the base, enhancing the systolic and diastolic performance of the heart.6, 

9, 10 However, patients with LBBB and other conduction abnormalities have a 

markedly altered ventricular activation sequence. In LBBB the right ventricle 

(RV) and the right sided endocardium of the septum are activated early via 

the right bundle of the His Purkinje system.11 From this right ventricular site, 

the electrical impulse has to propagate to the remainder of the heart through 

the slower conducting working myocardium. Although the extent and site of 

maximal conduction delay may vary between patients, the conduction sequence 

typically involves a prolonged (and right to left) transseptal activation, and an 

even larger activation delay between the septum and the posterolateral LV 

wall.11 This conduction sequence is also largely mimicked by traditional right 

ventricular apical pacing at absent intrinsic atrioventricular conduction, or 

short programmed atrioventricular delay.

With the septum representing the electrical interface between these two 

areas of slow conduction and furthermore being positioned between two 

pressure generating chambers, it literally plays a central role in the mechanical 

consequences of a LBBB. A “classic” LBBB activation sequence induces an 
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abnormal right-to-left transseptal activation and pressure gradient (“transseptal 

/ inter-ventricular dyssynchrony”) 12-14 and provokes an additional delay in 

the onset of force development in the posterolateral LV wall compared to 

the relatively early activated septum (“intra-ventricular dyssynchrony”). The 

early activated septum contracts early, aided by the temporary right to left 

transseptal pressure gradient. This results in pre-stretch of the still quiescent LV 

lateral wall. Through a local Frank-Starling mechanism, this prestretch in turn 

leads to increased lateral wall shortening later in systole, which subsequently 

can prematurely interrupt septal shortening and force the septum to lengthen 

(stretch) before the end of ejection.15, 16 The magnitude of such inter- and 

intra-ventricular interaction will ultimately depend on more than electrical 

dyssynchrony alone (e.g. influence of shortening velocity dependent contractile 

deactivation,17 ventricular pre-/afterload, etc.) but by itself determines the 

severity of the contractile inefficiency of the ventricle, since it implies that part 

of the contractile energy in the heart is dissipated internally into reciprocal 

stretching work (internal work), instead of being externalized to the circulation 

as stroke volume and pressure (external work) (Fig. 1).18, 19 These counteracting 

instead of collaborative mechanics (=”dyscoordination”), and the specific role 

of premature (septal) shortening as a central and major component are further 

investigated and discussed in this thesis.

Figure 1. The left panel shows a typical example of myocardial circumferential shortening trac-
ings of septum and LV lateral wall in a canine heart before and after induction of LBBB. Arrows 
indicate the time of onset of myocardial shortening. The right panel shows M-mode echocar-
diographic images, illustrating the paradoxical septal motion after LBBB and the septal-to-pos-
terior wall motion delay (SPWMD). Thin vertical white lines indicate the moment of maximal 
inward movement of septum and LV lateral wall. Thick white lines indicate SPWMD.
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Experimental, invasive studies have demonstrated that this dyscoordinate 

contraction results in a 10-20% decline in indices of systolic (e.g., cardiac 

output, LVdP/dtmax) and diastolic function (e.g., LVdP/dtmin, peak filling rate, 

tau), ventricular dilatation and a decline in mechanical efficiency (Fig. 2).16, 

20 Other mechanical consequences can reasonably be assessed by imaging 

techniques and consist of a delayed rise of LV pressure, prolonged relaxation, 

uncoordinated papillary muscle contraction, mitral valve regurgitation (MR) 

and decreased stroke volume.21 Ventricular dilatation appears related to the 

fact that the ventricle needs to operate at a larger volume to compensate for 

the loss in function, and further contributes to neurohormonal activation in 

response to the hemodynamic stress.

These acute detrimental mechanical consequences appear to be amplified on 

the long run due to structural,22 contractile,23, 24 and electrical remodeling25, 

part of which show regional differences within the LV wall.21, 26 As opposed 

to the homogeneous concentrations of circulating hormones throughout the 

heart, regional differences in response suggests involvement of local signaling 

factors. Temporal disparity in regional stretch and loading has been postulated 

to be implicated in a disparity in regional gene expression of proteins involved 

in calcium handling, metabolic pathways, extracellular matrix remodeling, and 

myocardial stress responses. Thereby such molecular remodeling processes 

may predispose to development and progression of heart failure and arrhythmic 

susceptibility over time.21, 26

Mechanisms of CRT in acute and chronic studies

Resynchronization of ventricular activation and contraction can be achieved 

in two ways (Fig. 3). The most common approach for CRT is to stimulate the 

RV and LV (almost) simultaneously, resulting in two activation wave fronts, 

merging approximately halfway the LV wall. Such resynchronization can also be 

obtained by pacing the LV lateral wall using an atrioventricular (AV) delay that 

allows the wave front emerging from the intrinsic activation, originating from 

the right bundle-branch, to merge with the wave front originating from the LV 

pacing lead.27, 28 

CRT essentially corrects the mechanical disturbances induced by LBBB, 

discussed in the previous paragraph and displayed in Fig. 2. Consequently, CRT 
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improves pump function, as indicated by increased LVdP/dtmax, pulse pressure, 

LV stroke work, and cardiac index28, 29 and decreases pulmonary–capillary 

wedge pressure.30 CRT also shortens the isovolumic contraction and relaxation 

times, resulting in an increased filling time.31 These improvements occur almost 

instantaneously and without increasing myocardial energy consumption.32 

Moreover, experimental models indicate that CRT also reduces the spatial 

heterogeneity in loading and stretch. In view of the potential role of abnormal 

loading and stretch on the electrical and contractile molecular remodeling 

discussed above, the beneficial effects of stretch and loading homogenization 

by CRT, may reach beyond the mere improvement in ejection fraction.

Figure 2. Schematic relationship between the various consequences of dyssynchronous activa-
tion of the ventricles, due to LBBB, and the deterioration of pump function over time. 
LBBB: left bundle branch block

Figure 3. Schematic representation of LV activation through intrinsic activation from the right 
bundle-branch (as is seen in LBBB, (left)), during biventricular pacing (middle), and fusion of the 
LV pacing activation wave front with intrinsic activation through the right bundle-branch (right). 
Black dots indicate pacing location.
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Various mechanistic studies have evaluated the long-term effects of CRT. In 

canine (non-failing) hearts, Vernooy et al16 showed that, upon induction of 

LBBB, LVdP/dtmax decreased to 79% of the pre-LBBB value. LVdP/dtmax recovered 

to 89% and 95% of pre-LBBB values with acute CRT and after 8 weeks of CRT, 

respectively. Also in patients it has been shown that the benefit for LV pump 

function is maintained on the long run,33 if not improved further.34 Furthermore, 

CRT leads to a reduction in LV end-systolic and end-diastolic volumes and LV 

wall mass as well as reduction in asymmetric hypertrophy, in the canine LBBB 

model16 and in patients.34-36 Inversely, upon cessation of CRT the functional 

deterioration and maladaptive remodeling gradually returns over time.34 This 

supports the concept that long term CRT affects intrinsic muscles properties. 

Thus, improved ventricular pump function and geometry over time indicate 

that CRT is able to reverse pathological ventricular remodeling. 

Clinical trials 

The final proof of the concept of mechanical resynchronization in heart failure 

patients with LBBB has come from large multicentre studies demonstrating 

improved ventricular function, structure, and survival. Over 4000 patients 

have been included in major single- or double-blinded randomized controlled 

trials on CRT.37-44 Inclusion criteria for these trials have been the presence of 

congestive heart failure grading New York Heart Association (NYHA) functional 

classes III-IV, and more recently NYHA I-II, an impaired left ventricular function 

(left ventricular ejection fraction (LVEF) <35%), normal sinus rhythm, and a QRS 

duration of at least 120 ms on surface ECG with interventricular conduction 

disturbances. Mostly, endpoints reflected functional status or LV reverse 

remodeling, but those trials that have considered mortality42, 43, 45 have also 

shown a reduction in mortality by CRT. Data from selected randomized trials 

are summarized in Table 1.

All patients included in these major trials had evidence for an underlying 

electrical dyssynchronous substrate (QRS>120 ms), with the vast majority of 

patients having conduction delays of the left rather than right bundle branch 

block type. Outcome may be less favorable in patients with (isolated) right 

bundle branch block but data in this patient group remain sparse.46, 47 The great 
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success of CRT in patients with wide QRS complex has lead some investigators 

to extend CRT to patients with narrow QRS complex, especially in case of 

mechanical dyssynchrony. However, the physiological explanation for a benefit 

in this category of patients is not clear; a benefit could only be explained by 

the presence of considerable electro-mechanical dissociation. After all, in 

the presence of synchronous electrical activation, considerable mechanical 

dyssynchrony can only be achieved when there are extensive regional differences 

in the electromechanical interval (at least ~ 100 ms). However, such large 

electromechanical dissociation has never been demonstrated convincingly. As 

recently pointed out by Kass, the mechanical dyssynchrony in the presence of 

narrow QRS complexes may be related to regional differences in contractile 

force, rather than different timing.48 Since regional differences in contractile 

force are likely not amenable for pacing therapy, it may not be surprising that 

the recent RethinQ study showed no benefit of CRT.49 Nevertheless, it appears 

that LV pre-excitation may improve filling and pump function by reducing 

abnormal ventricular interaction in patients with increased filling pressures.50 

This potentially additive, effect of LV-based stimulation clearly deserves further 

investigation, especially in long term studies

Points of concern: non-responders, mechanical dyssynchrony

 
Despite the uniform success of clinical trials, a significant proportion of 

apparently suitable patients do not “respond” to CRT. Studies, which used 

functional status as the definition of response (i.e., improvement in NYHA 

functional class), reported non-response rates of 20-30%.51, 52 In contrast, 

when using LV reverse remodeling as endpoint (i.e. a decrease in LVESV or an 

increase in LVEF), the rate of non-response was 40-50%.52, 53 The former relates 

to subjective, patient experienced improvement, whereas the latter is a more 

objective criterion. In the MIRACLE trial39 approximately 30% of patients in 

the control group (i.e., device implanted but inactive) improved at least one 

NYHA functional class, showing that factors like inclusion and extra care in a 

clinical trial as well as the placebo effect to device implantation have important 

consequences for the patients’ perceived fitness. The 40-50% non-responders, 

as observed by echocardiography may, therefore, better reflect the lack of a 
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clear (patho)physiological benefit of in almost half of the CRT patients and 

indicates that considerable efforts are needed to increase the efficiency of CRT 

in health care.

Electrical/mechanical dyssynchrony

In all large multicenter CRT trials, a widened QRS complex (ranging from 

>120 ms to >150 ms) was an important inclusion criterion. Later studies (not 

clinical trials) suggested an additional role for “mechanical dyssynchrony” in 

predicting response to CRT. Arguments were that prediction of the success 

of CRT did not correlate perfectly with QRS width and that the hemodynamic 

and clinical benefit of CRT was not related to narrowing of the QRS complex.39 

However, recently, mechanical dyssynchrony has been criticized because in 

multicenter trials it hardly improved the prediction of response to CRT.49, 54 This 

could be related to problems in the recognition of true dyssynchrony, or be a 

consequence of variability in response introduced by inappropriate delivery of 

resynchronization. In the light of the main focus of the work presented in this 

thesis, only the former aspect is discussed. An extensive review on the latter 

aspect is provided elsewhere.55, 56 

 Measuring mechanical dyssynchrony 

Over the last decade various techniques and approaches have been used to 

determine mechanical dyssynchrony. Measures of mechanical dyssynchrony, as 

opposed to the later discussed dyscoordination, are based on temporal delays 

in mechanical events. An extensive review of imaging techniques is out the 

scope of this chapter and can be found elsewhere.52, 57. In short, dyssynchrony 

measurements may be based on timing of valve opening or on displacement, 

velocity or deformation (strain) of the tissue. The relation between the latter 

three mechanical variables is displayed in Fig.4.

A/ Inter-ventricular dyssynchrony

Interventricular dyssynchrony is typically measured by pulsed-wave Doppler 

echocardiography, assessing the difference in left and right ventricular pre-

ejection intervals, measured from QRS onset to the beginning of aortic and 

pulmonary Doppler flow velocity curves. An aortic-pulmonary pre-ejection 
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interval, or interventricular mechanical delay (IVMD) of more than 40 ms is 

regarded as a significant delay.52, 57 

Figure 4. Principles of measurement of myocardial displacement, velocity, strain rate and strain 
using ultrasound techniques. Tissue Doppler Imaging (TDI) measures velocities of the tissue 
with respect to the ultrasound (U.S.) probe (along blue lines). Local velocity depends on rigid 
body motion of the ventricle, rotation (grey arrows) and shortening (red arrows), while only the 
latter reflects local mechanical behavior of the tissue. Modified from Stoylen: 

http://folk.ntnu.no/stoylen/strainrate/Ultrasound/ 

B/ Measures relying on displacement of tissue

These methods measure displacement of tissue with respect to a certain 

reference point. The septal-to-posterior wall motion delay (SPWMD) is 

measured using conventional M-mode echocardiography and is defined as 

the delay between the maximal inward movement of the septum and the LV 

lateral wall (Fig. 1). An SPWMD >130 ms has been shown to predict clinical and 

echocardiographic response to CRT.52, 57 Such abnormal septal motion patterns 

can also reliably and reproducibly be appreciated visually by experienced 

observers on apical 4-chamber images.58 An updated approach to this classic 

M-mode and visual approach is the use of anatomical (free section angle) 

Velocity ~ 
rigid body motion, 

rotation and strain and 
allignment of US beam
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M-mode or of tissue Doppler derived techniques to demonstrate the swift and 

brief-lived inward septal motion at onset of the contraction, known as “septal 

flash”.59 

Tissue tracking (TT) measures the displacement of the myocardium with 

respect to the ultrasound transducer. Dyssynchrony is assessed by determining 

the location and the number of wall segments with delayed longitudinal 

displacement (i.e., after aortic valve closure) and by measuring the magnitude 

of the time delay for each segment.52

The novel 3D echocardiography technology allows to measure endocardial 

wall motion in many LV wall segments. Regional ejection fraction is derived 

from the motion towards a central cavitary reference point. Compared to 

tissue Doppler-derived longitudinal motion, this centre point approach has 

the obvious advantage that the described motion is the vector sum of all 

motion components, corresponding to local ejection fraction. This technique 

thereby describes ventricular dyssynchrony in terms of regional differences 

in time to peak local ejection fraction throughout the entire ventricle.52, 60 An 

additional advantage of the 3-D method is that is provides the most accurate 

and reproducible echocardiographic technique to assess ejection fraction, and 

volumes, thus represents the best available techniques for follow-up of CRT 

effects on ventricular structure and function.

C/ Measures relying on velocity of tissue

Tissue Doppler Imaging (TDI) measures the velocity of myocardial displacement 

and, consequently, results in noisier signals than displacement measurements 

(Fig. 4). Commonly measured parameters include the time from end-diastole to 

onset and/or peak systolic velocity. Regional differences in these times are the 

most commonly used indicators of mechanical dyssynchrony. Examples are the 

septal-to-lateral wall delay in peak systolic velocity and the standard deviation 

of the time to peak systolic velocity for 12 LV wall segments (Ts-SD-12).52, 57 

TDI has theoretical and technical limitations, which are illustrated in (Fig. 4). 

First, the physiologic correlate of time to peak shortening velocity is not clear. 

TDI measures velocity in the direction of the ultrasound beam, rather than 

along the muscle fibers. Figure 4 shows that local velocity (the blue arrows) is a 

function of many factors, only one of them being local shortening. TDI can make 
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significant errors in estimating local myocardial behavior when wall segments 

are not aligned with the ultrasound beam. Velocity tracings can also change 

considerably by even slight changes in the position of the sample volume, 

thereby also changing the timing of peak velocities (Fig. 4).61 Overall heart 

motion has been shown to be a important confounder.62 Due to the complex 

signals and the flexible criteria, even experienced observers often disagree on 

the choice of a peak in the velocity tracing.54, 61

While these problems appear to be well coped with in single center studies, 

the PROSPECT yielded disappointing results.54 Although some indices of 

dyssynchrony did correlate with CRT response, their sensitivity and specificity 

was fairly poor. As a consequence, it was concluded that no single measure of 

mechanical dyssynchrony could be recommended to further improve patient 

selection beyond the current guidelines.54, 57 Furthermore, a marked inter- 

and intra-observer variability was noticed, indicating that methodology to 

determine mechanical dyssynchrony needs further elaboration. 

D/ Measures relying on deformation (or strain)

Strain represents the extent of deformation of a tissue segment over time 

and is expressed as the percentage of segmental shortening or lengthening 

in relation to its original dimension. Thus, myocardial deformation describes 

mechanical performance of a specific myocardial region, irrespective of passive 

motion related to overall heart motion or tethering by adjacent contraction.

Deformation can be determined by post processing of TDI velocities in two 

adjacent regions to deformation rate and subsequently be time-integrated 

to deformation (Fig. 4). Doing so, Breithardt et al showed that, in describing 

dyssynchrony and its changes due to CRT, the thus calculated deformation 

yielded more reliable information than tissue Doppler velocities.63 However, 

deformation analysis from TDI is problematic, because all errors of TDI, as 

mentioned above, make subtraction of two of such signals cumbersome, 

time-consuming and operator dependent.52 This problem is enhanced by the 

spherical remodeling and wall thinning in failing hearts, which further limits 

the amount of analyzable segments.
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Measuring mechanical dyscoordination: 

Mechanical dyssynchrony inherently relates to time differences in, for example, 

onset or peak strain. However, such differences may only partially reflect the 

loss of ventricular pump function. A more comprehensive impression may 

be achieved from indices describing dyscoordination, i.e. the amount and/or 

distribution of competing stretch and shortening within the LV wall. Examples 

of such indices are the CURE index64 and the recently presented Internal Stretch 

Fraction (ISF). With respect to the latter index, preliminary data indicate that 

distinction between CRT responders (defined as reduction in LVESV >15%) 

and non-responders can be made using ISF, but not using timing differences 

in onset and peak shortening, as measured by MRI tagging.19 The significance 

of dyscoordination in human dyssynchronous hearts, and the recoordinating 

effect of CRT in particular, remain however vastly unexplored.

Compared to dyssynchrony measures that consider only (peak) timing, 

dyscoordination measures require extraction of phase and amplitude information 

from the regional deformation. Deformations in dyssynchronous hearts are 

complex, because, for example in comparison with regionally ischemic hearts, 

they show considerably larger regional differences and multiphasic signals. As 

a consequence, only techniques providing comprehensive and reliable data 

on deformation can be expected to provide a good estimation of mechanical 

dyscoordination. 

Magnetic resonance imaging (MRI) tagging is regarded as the gold standard for 

deformation imaging.65 Tags are temporarily applied changes in the magnetic 

field, creating planes of saturation, leading to a family of lines, usually imposed at 

end diastole. These lines stick to the myocardium and move during subsequent 

phases of the cardiac cycle. Measuring the difference in displacement between 

adjacent lines allows calculation of myocardial deformation.66 This technique 

has however important limitations in human patients: it is expensive and 

time-consuming, tags are only applied after the QRS trigger and have a limited 

survival (earliest systolic and latest diastolic events are missed), and the current 

contraindication to perform MRI in the presence of pacing devices precludes 

verification of CRT-effects and -physiology in human patients.

A novel approach to quantify myocardial deformation that may overcome many 

of the above limitations is echocardiographic speckle-tracking deformation 
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imaging.67 The principle of speckle-tracking is similar to the analysis of MRI 

tagging (frame-to-frame tracking of acoustic marker displacement throughout 

the myocardium), the speckle pattern is however generated by ultrasound and 

continuously present during the entire cardiac cycle. Therefore, this technique 

allows investigating early systolic and diastolic events. Its application after 

resynchronization can bring us the much needed information on the exact 

working mechanism and the effects of CRT in human patients. In particular 

when ventricular deformation patterns can be mapped over the entire ventricle, 

either by 3-D reconstruction techniques or by true 3-D speckle tracking, also 

comprehensive measurements of dyscoordination can be implemented. Such 

echo-physiologic approaches may facilitate the identification of reparable 

forms of dyssynchrony in the future and pave the way for further progress in 

our knowledge on and application of resynchronization therapy. 
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Introduction:

There is an increasing need for diagnostic modalities able to objectively 

quantify myocardial function. Quantification of regional myocardial function 

with ultrasound is challenging on its own. Visual assessment of wall motion 

and thickening requires extensive training,1 is semi-quantitative at best, and 

remains highly subjective.2, 3 Myocardial deformation imaging using speckle 

tracking is a recently introduced technique which enables the objective 

assessment of regional myocardial deformation based on gray scale (B-mode) 

imaging by echocardiography. This technique can quantify regional left and right 

ventricular function and holds promise as a technique to unmask or unravel 

cardiac pathology and physiology. Knowledge of its principles and limitations 

is mandatory for proper application and reliable interpretation of the results 

both in the clinical as well as the scientific setting. This introduction to speckle 

tracking based deformation imaging aims to explain some of the basic concepts 

of myocardial deformation and deformation-rate, and of the technical aspects 

of B-mode speckle tracking.

Technical principles of speckle tracking deformation imaging

Speckle tracking deformation imaging is a new technique which uses standard 

B-mode images for analysis based on feature tracking, in which the speckled 

pattern (caused by interference between local acoustic backscatter signals) are 

the image features that are followed frame by frame.4, 5 This speckled pattern 

is unique for each myocardial region and it is relatively stable throughout the 

cardiac cycle. The displacement of this speckled pattern is considered to follow 

myocardial movement and a change in distance between speckles represents 

myocardial deformation (Figure 1). When tracking a defined region of speckles, 

a software algorithm follows the change in geometric position of this region, 

frame by frame, and extracts the displacement, velocity, deformation (or strain) 

and deformation-rate (or strain-rate) of a defined myocardial segment.4 In 

contrast to tissue Doppler-derived parameters, speckle tracking is an insonation 

angle independent technique, as the movement of speckles can be followed in 

any direction, or at least within the imaging plane. For the apical views this 
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implies that not only longitudinal, but also transverse (≈radial) parameters can 

be calculated. In short axis images both circumferential and radial parameters 

can be calculated. In addition to the circumferential deformation parameters, 

ventricular rotation and twist (additional components of a normal LV function) 

can also be calculated using this technique.6, 7 Since the deformation parameters 

can be calculated in two dimensions, this technique is often referred to as two-

dimensional strain echocardiography (2DSE). Using 3-D echocardiography, 

speckles can be tracked and deformation calculated in the 3-dimensional space; 

this could be referred to as three-dimensional strain echocardiography (3DSE). 

Validation

Validation of early versions of 2DSE software in a tissue mimicking gelatin 

block and in an animal model (pigs with myocardial infarction) revealed a 

good correlation compared to sonomicrometry. In the lower range of values 

deformation was slightly overestimated though, and correlation to the 

reference weaker.5 Using an updated (two-stage block matching + optical 

flow) tracking algorithm,4 a better correlation was found between the 2DSE 

values and those obtained using sonomicrometry over the entire broad range 

of clinically relevant values.8 For circumferential, longitudinal, and rotational 

parameters a good correlation was found versus sonomicrometry in dogs 

and versus MRI-tagging in human subjects.6, 9 Generally, the reliability of 

longitudinal parameters outperformed the one of short-axis parameters in 

studies directly comparing both.5, 9, 10 In a direct comparison of TDI and 2DSE 

with MRI-tagging as a reference, comparable values were found for 2DSE and 

TDI in both normal and dysfunctional segments, but 2DSE was more reliable 

than TDI for radial deformation.10 Validation of the technique in the specific 

setting of dyssynchrony, is currently lacking.

Image acquisition and post-processing 

Image acquisition 

The ultrasound investigation starts with an optimal ECG signal, with a clear 

definition of the QRS-complex and P-wave ensuring a consistent ECG-triggering. 
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Pulsed or continuous wave measurements of the transvalvular flow are needed 

to incorporate cardiac event timing in the off-line measurements. Transvalvular 

flow and gray scale imaging are preferably performed with a stable ECG recording 

and during breath hold to minimize variations in durations of systolic/diastolic 

periods and to limit through plane motion. Since the angle of interrogation does 

not influence strain and strain-rate calculations, the transducer can be placed 

off-axis to obtain the optimal gray scale image. However, misalignment in the 

third dimension (foreshortening in apical views and oblique transsections in 

parasternal views) cannot be corrected for during post-processing and should 

be correct. Visualization of the myocardial wall needs to be optimal, with a clear 

delineation of myocardial tissue and extracardiac structures, while  avoiding 

drop-out since this will result in unacceptable ROI tracking and drift. The 

optimal balance between temporal and spatial image resolution to be chosen 

will depend on the (research) question but is always achieved when adjusting 

the image sector slightly wider than the interrogated wall. Optimal frame rates 

to ensure adequate tracking are still under discussion; in our own experience a 

frame rate of 50–80 FPS results in optimal tracking quality in the standard (i.e. 

wide angle) left ventricular long and short axis views. When the sector angle is 

restricted to imaging of a single wall, a frame rate between 70–110 FPS can be 

achieved without compromising image quality or will even improve line density 

(lateral resolution) and result in proper tracking.11 In addition, implementation 

of dual-focus imaging to reduce near field clutter or artifacts can improve image 

quality in narrow-angle images, while maintaining adequate frame-rates (Table). 

For parasternal recordings (radial and circumferential deformation in short 

axis sections), small angle recordings are not possible because all myocardial 

segments need to be in the image field. For any recording, it should be kept in 

mind that all myocardial segments need to be visualized optimally, since poor 

tracking of any segment can affect tracking of the adjacent segments.

Post-processing

Basic steps in the ROI tracking in 2DSE consist of the following:

1) The ROI is defined by tracing the endocardium in a still frame (default at end 

systole). 

2) The ROI width is set to match the myocardial thickness. An automated 
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software program calculates the frame-to-frame displacements of the speckle-

pattern within the ROI throughout the cardiac cycle. The strongest echo’s are 

weighted more in the tracking than faint signals (personal communication Dr. 

P. Lysyanski, GE Healthcare), care should be taken to avoid inclusion of bright 

echo’s originating from pericardial or extracardial structures.

3) The resulting tracking quality is then scored as either acceptable or non-

acceptable but should be visually checked and adjusted if necessary, since 

“adequate tracking” of a stationary artifact is not uncommon. Even slight failure 

of ROI tracking can result in drifting and other errors in the calculated deformation 

curve. For each myocardial segment, velocity, displacement, deformation and 

deformation rate are calculated in two dimensions: longitudinal and transverse 

parameters in the apical recordings and circumferential and radial parameters 

in the parasternal recordings (Figure 2). Additionally, ventricular rotation and 

rotation rate are calculated for the short axis recordings. With these parameters, 

left ventricular twist can be calculated. For the right ventricle, only longitudinal 

parameters can be reliably calculated due to the thin wall.

An important setting is the correction for drift in the deformation curves. 

Assuming that during breathhold and regular sinus rhythm the length of 

the myocardium returns to its original length at the end of the cycle, the 

Table 1:
Temporal and spatial image resolution and quality according to B-mode 
acquisition settings

The influence of image sector width, frame rate, and dual/single focus on the lateral 

(beam width) and temporal (frame rate) resolution in standard B-mode images at 15 cm depth. 

The optimal lateral and temporal relation was calculated by multiplying the beam density 

(beams/cm) and the recording duration of one beam. Data extracted from a GE Healthcare Vivid 

7 Dimension echocardiographic machine, using raw data analysis by SPEQLE (Software Package 

for Echocardiographic Quantification LEuven). 

From: Teske AJ, De Boeck BW, Olimulder M, et al.11
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Figure 1:
Typical speckled pattern of the myocardium on ul-
trasound. The tracking algorithm follows a unique 
speckle pattern during the cardiac cycle. The red 
square represents the starting location and the 
green square the location of the pattern at end 
systole. Note the change in distance between the 
speckles due to deformation (longitudinal shorten-
ing and radial thickening of the square).RV = right 
ventricle; LV = left ventricle; RA = right atrium.

Figure 2: 
Example of circumferential deformation calculated 
on a short axis recording at the level of the papil-
lary muscles in a healthy individual. On the top left 
the short axis view with the ROI divided into six seg-
ments; top right: graphical representation of the 
segmental deformation curves; bottom right: auto-
mated analysis of onset and peak timing and values 
by commercially available software (with some edit-
ing possibilities); middle bottom: display of all avail-
able parameters from this short-axis analysis: radial 
and circumferential strain and strain-rate, radial dis-
placement, rotation and rotation rate; bottom left: 
color coded M-mode of circumferential deformation 
along the entire LV circumference.

Figure 1

Figure 2
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Figure 3: 
Illustration in a 3-D dataset of 
through plane motion in short 
axis slices. The red lines cor-
respond to stationary slices as 
they would be acquired from the 
short axis. Because of longitudinal 
systolic displacement (shorten-
ing) towards the apex, the myo-
cardium transected by the most 
basal slice at end-diastole (upper 
panel) has moved out by end-
systole (lower panel) and part 
of the mitral annulus has moved 
into the stationary slice. Note 
that 3-D tracking has accurately 
coped with this longitudinal dis-
placement: only the myocardium 
that in diastole was adjacent to 
the annulus and in systole has 
moved into the plane is tracked. 

deformation value should return to zero. Rounding errors when integrating the 

deformation-rate to deformation, and tracking errors of any kind can result in 

drifting of the deformation curve. Drift compensation is meant to correct for 

this un-physiologic phenomenon but can not distinguish where and when the 

error was introduced. The potential extra error introduced by drift correction 

itself should be taken into account when interpreting the deformation results. 

In our personal experience, the more reliable the tracking, the less drift is seen. 

In other words, optimizing tracking until drift is nearly absent is sometimes 

worth the effort. 
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Technical limits and error sources

2DSE is generally more smoothed and, therefore, less influenced by artifacts than 

TDI derived strain, but also less sensitive to detect small regions of pathology. 

For many pathologic conditions this is not an important limitation, although in 

conditions with small regions of myocardial dysfunction, such as early stages 

of hypertrophic cardiomyopathy or arrhythmogenic right ventricular dysplasia, 

averaging may result in normal deformation parameters because of normal 

deformation in the adjacent myocardium. 

Image quality and image artifacts can pose important limitations despite 

increased smoothing and anti-clutter filters. Apparent loss of local motion due 

to image drop-out or tracking of stationary reverberations result in incorrect 

calculation of deformation in the affected and adjacent segments. Since spatial 

resolution is always lower in the transverse direction, tracking perpendicular to 

the ultrasound beam in general is less robust. 

The frame rates currently used in B-mode echocardiography and speckle tracking 

are still relatively low. This could result in undersampling, especially in patients 

with tachycardia. Rapid events during the cardiac cycle (e.g. during isovolumic 

phases) may disappear all together, and peak velocity and deformation rate 

may be reduced due to undersampling, especially in isovolumic phases and in 

early diastole. Unless when achieved at identical or increased line density by 

narrowing sector angles, higher frame rates will result in a reduction of spatial 

resolution and potentially less optimal ROI tracking.11 Low frame rates increase 

the spatial resolution, but introduce a new problem. Speckle-tracking software 

uses a frame-by-frame approach to follow the myocardial movement and 

searches each consecutive frame for a speckle pattern closely resembling and 

in close proximity to the reference frame. With a too low frame rate the speckle 

pattern could be outside the search area, again resulting in poor tracking. 

Another problematic situation imposed to 2-dimensional speckle tracking is 

through plane motion, where speckles disappear altogether from the imaging 

plane. In short axis images this is caused by longitudinal motion; viewed from 

the apex speckles can move out from the image plane by rotation induced by 

ventricular torsion (Figure 3). In terms of absolute out of plane displacement, 

the (normal) longitudinal displacement at the ventricular base likely imposes 
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larger challenges than (normal) rotational motion at any level.

Tracking seems to be affected by dyskinetic bulging (e.g. ischemia), presumably 

because of changes in fiber orientation, affecting acoustic properties and 

speckle integrity.5 This problem has been primarily reported for circumferential 

shortening rather than longitudinal shortening, at least when tested in the 

normal conically shaped heart.

Characteristics and physiological correlate of (normal) myocardial 

deformation

Following electro-mechanical activation, the myocardium deforms during 

systole due to sarcomere shortening. This active deformation causes a 

reduction in intracavitary size, resulting in the ejection of blood from the 

ventricle. In diastole the original ventricular geometry is restored due to active 

relaxation and (passive) filling, aided by flow inertia and later followed by atrial 

contraction. Since myocardial tissue is virtually incompressible, the volume of 

the ventricular wall remains virtually the same during the cardiac cycle and, 

thus, deforms in three dimensions. This three-dimensional deformation is 

usually expressed in three ventricular coordinates: longitudinal (from base to 

apex along the myocardial wall), circumferential (perpendicular to the former 

around the LV circumference) and radial (perpendicular to both the former 

towards the centre of the cavity). During systole there is longitudinal and 

circumferential shortening, and radial thickening; during diastole respectively 

lengthening or stretch, and thinning. When the initial length of the investigated 

myocardial segment is known, the relative length change (shortening / 

stretching in %, or strain) can be calculated throughout the entire cardiac cycle. 

In particular for circumferential and also for longitudinal shortening, the local 

amount of deformation during systole relates well to the regional ejection 

fraction and the global LV shortening reflects the LV ejection fraction (Figure 

4).12, 13 Accordingly, when visualized in a graph, the different phases of the 

cardiac cycle resemble those of the volume curve of the ventricle (figure 5, 

left). During systole segments become shorter (relative decrease in length) with 

the greatest shortening in the normal ventricle occurring around aortic valve 

closure, in line with greatest reduction in cavity size at end-ejection. In diastole 



Chapter 2

42

the deformation values return towards zero (towards the original length of the 

analyzed myocardial segment at the onset of the cardiac cycle) in three phases: 

(1) the early or rapid filling phase (E-wave), (2) a plateau phase or diastasis (at 

lower heart rates), and finally (3) atrial filling (A-wave). Towards the end of the 

E-wave, undulations in the deformation curves are often visible, characterized 

by opposing deformation direction in apex and base and a brief recoil shortening 

often best seen in the apical segments. This entity has little been described or 

studied but may correspond to the interaction between wall segments near 

their diastolic (slack) length, and fluid propagation and reflection.14 A recent 

magnetic resonance study has confirmed the occurrence of internal flow and 

blood volume redistribution during this phase.15

The speed at which the myocardial deformation occurs is the deformation rate 

(shortening / stretching rate in s-1, also known as strain rate). This rate depicts 

the change in deformation over a period of time. Generally spoken, systolic 

deformation rate provides complementary information about contractility.16, 17 

Thus, whereas the total amount of (local) systolic deformation relates to (local) 

ejection fraction, the (local) systolic deformation rate is considered a measure 

of (local) contractility, at least in synchronous ventricles. When plotted in 

a graph (figure 5, right), the different cardiac phases resemble those of the 

emptying and filling velocities of a ventricle similar to the flow pattern over the 

ventricular outflow and inflow tract: in systole a negative deflection indicating 

myocardial shortening with a peak rate at the steepest part of the deformation 

curve, and in diastole two positive deflections: the E- and A-wave, at low heart 

rates separated by diastasis in which little or no change in deformation occurs.

A difference between global blood volume changes and global deformation to 

keep in mind, is that during the isovolumic phases the normal ventricle does 

change in shape. Thereby, these ventricular phases may be isovolumic but 

are not isometric. For example, a significant proportion of ventricular torsion 

and changes in ventricular sphericity occur during isovolumic contraction and 

relaxation. This non-isometric behavior during isovolumic periods becomes 

clearly visible when considering the shape of individual local shortening curves 

and typically reaches extremes in dyssynchronous ventricles. (Figure 5, 6)

Another important aspect to keep in mind is that timing as well as amount of 

shortening are dependent on when and how long the contractile forces in the 
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myofibers (and/or elastic recoil forces) overcome the cumulative load imposed 

on them.18 Therefore, local deformation is dependent not only on active 

contractile force, but in part also on local load (or more precise wall stress 

as end-result of all loading forces). Considering all shortening to represent 

active myocardial contraction is therefore an oversimplification. A well known 

example is the delayed shortening onset and postsystolic shortening that occur 

in transmurally scarred segments.19 As discussed before, such “dyssynchrony” 

should not be confounded with truly delayed active contraction susceptible 

to CRT.19, 20 Load dependency of deformation is of particular relevance in 

the physiology and evaluation of the dyssynchronous ventricle. Electrical 

dyssynchrony by itself solicits a temporal- and regional disparity in loading, 

e.g. by allowing early activated segments to impose a supplementary load on 

not-yet-activated segments, and to shorten themselves against a relatively low 

load (discussed in chapter 4).21, 22 From a practical point of view, is remains 

safe to state that shortening at increasing loading such as during isovolumic 

shortening and early ejection, indicates the presence of active contractile 

force. In addition, at the (generally) uniform loading encountered at end-

diastole, the earliest activated viable segment will most likely shorten first.23 

More importantly, notwithstanding the difficulties to unravel its underlying 

components, the resulting local systolic deformation and changes induced by 

therapy still reflect (changes in) local contribution to ejection and local workload 

(with their respective secondary effects).22

Figure 4: Relation between global longitudi-
nal shortening during ejection and biplane 
ejection fraction. Pooled data from patients 
with LBBB prior to CRT (open circles; n=52), 
after CRT (squares; n=42), patients with 
Wolf-Parkinson-White syndrome (stars; 
n=23), and normal volunteers (open trian-
gles; n=18).
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Figure5

Figure 6
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Figure 5:
Examples of normal longitudinal deformation (left panels) and deformation-rate (right panels). 
Left panel: Local deformation curves from base to apex in 1 wall (top) and over 36 segments 
covering the entire LV (bottom). Note that all local curves, and the global longitudinal shortening 
curve (thick yellow curve, bottom left) in particular, bear the gross features of ventricular volume 
curves. During the isovolumic periods, none of the curves is isometric, indicating local and global 
ventricular shape changes during these periods. Arrow in top left panel indicates undulations at 
the end of early filling with a typical pattern between base (yellow-cyan) and apex (red-blue). 
See text for details. 
Right panel: Local deformation-rate curves from base to apex in 1 wall (top) and over 36 seg-
ments covering the entire LV (bottom), with the systolic and diastolic phases indicated (S: systole, 
E: early filling, D: diastase, A: atrial kick). Note the physiologic heterogeneity. Vertical arrows cor-
respond to vertical arrow in top left panel: opposite deformation phase between base and apex 
at end of early filling. The atrial filling phase being purely passive, stretch is highly homogenous 
and usually displays a propagation from base to apex (horizontal arrows). See text for details.
 
Figure 6:
Example of the complex deformation in dyssynchronous ventricles. Displayed are local and glob-
al deformation (left) and deformation-rate (right) curves as in figure 5. Local deformation curves 
(top left) are multiphasic, without the typical appearance of a ventricular volume curve, which 
is only recognizable in the global deformation (thick yellow line bottom left). Global longitudinal 
shortening continues until mitral valve opening, suggesting that the ventricle becomes more 
globular instead of more conical during isovolumic relaxation. In local deformation-rates, multi-
phasic patterns make definition of different systolic and diastolic phases difficult. Passive stretch 
with a base to apex propagation during atrial filling (arrow, top right) is recognizable.

Evaluation of deformation in CRT-patients 

Left ventricular dyssynchrony and function:

A potential clinical role of speckle tracking deformation imaging is the evaluation 

of patients qualifying for cardiac resynchronization therapy.24 The application 

of regional deformation imaging in this patient group has the advantage to be 

able to carefully calculate timing of regional deformation of the myocardium, 

independently of translated displacement induced by adjacent or by opposite 

wall segments, or by overall heart motion.25 In addition, in a population in 

which spherical remodeling constrains the assessment of deformation by tissue 

Doppler based techniques to a very limited proportion of the LV, the angle 

independency of B-mode derived speckle tracking echocardiography allows 

evaluation of the entire ventricle. Another advantage of using deformation 

throughout the entire ventricle is that LV ejection fraction can be estimated 

using the global LV end-systolic shortening (Figure 4).26, 27 Thereby, one can 

monitor the effects of CRT on left ventricular dyssynchrony and function at 
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once. In the following example a patient (male, 54 years) is presented fulfilling 

CRT criteria (LBBB with a QRS-width >120 ms, NYHA-class III-IV and an ejection 

fraction of 22%) who was implanted with a CRT-device. As image quality was 

good, tracking was adequate also in wide angle images at 67 frames per second. 

Prior to implantation, we found highly heterogeneous shortening amplitudes 

(lowest in the septum, highest in free wall) and a septal-to-lateral delay to peak 

shortening of 425 ms. The heterogeneity of regional shortening is well seen in 

the bulls-eye plot of peak systolic deformation values (figure 7, bottom left). 

At 8 months follow up after device implantation, there was a significant 

Figure 7: 
Use of longitudinal deformation using speckle tracking before (left) and after (right) CRT, with the 
standard display of deformation curves (top) and parametric bulls-eyes imaging (bottom).
Top left: Longitudinal deformation in the 4-chamber view using 2DSE before CRT device implan-
tation. Note the early septal peak-systolic shortening (yellow arrow/graph) simultaneous with 
lateral stretching and the late lateral peak shortening (red arrow/graph). Top right: Longitudinal 
deformation in the 4-chamber view after CRT device implantation. Shortening evolves synchro-
nously in all wall segments and the septal to lateral delay has decreased (distance between yel-
low and red arrow). Note the marked increase in septal shortening and mildly reduced shorten-
ing with signs of pre-excitation in the mid-lateral wall, corresponding to the position of the LV 
lead. Bottom: bulls-eyes representations clearly display how CRT has homogenized shortening 
amplitudes throughout the LV.



Deformation imaging by speckle tracking

47

improvement of ejection fraction (to 42%), a reduction in LV volume, and a 

dramatic improvement of systolic longitudinal deformation. 2DSE revealed a 

nearly synchronous longitudinal shortening (figure 7, top right) and far more 

homogeneous amplitudes throughout the ventricle (bottom right).

Right ventricular dyssynchrony and function

Although clinical and preclinical research of left ventricular function is broadly 

being explored, less is known about normal and pathologic right ventricular (RV) 

function and the consequences of dyssynchrony and resynchronization. In our 

own experience, the quantification of regional RV function using either 2DSE 

or tissue Doppler derived deformation imaging is feasible, fairly reproducible 

and superior to visual wall motion scoring.3, 11, 28 This technique has a potential 

place in the assessment and follow up of patients with primary or secondary RV 

disease, and to investigate right ventricular dysfunction and dyssynchrony.3, 29

Future perspectives

Several new developments are to be expected, not only to improve quality 

of raw echocardiographic data and of speckle tracking, but also to make this 

promising technique clinically more appealing. New automated programs for 

2DSE (“automated function imaging”) for instance, allow rapid evaluation of 

left ventricular deformation in a 17 segment model and visualization of peak 

systolic strain and post systolic strain index in bulls-eye figures (figure 7).

The low temporal resolution in 2DSE is an important limiting factor in the 

technology. Combination of gray scale with tissue Doppler data (high quality, 

angle independent gray scale data and Doppler data with high temporal 

resolution) could enhance the robustness of the technique and reduce the 

post-processing time.

MRI-tagging enables deformation assessment in three dimensions.19, 30 2DSE 

has “upgraded” the one-dimensional tissue Doppler-derived deformation 

assessment to the second dimension. The next step has already been made: 

echocardiographic speckle tracking of three dimensional deformation (Figure 

8). This largely solves the problem of image misalignment and through plane 

motion (Figure 3). It also adds a whole new set of geometric information 
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Figure 8:
Example of three-dimensional speckle tracking. Circumferential deformation throughout the LV is 
calculated from a full (non interpolated / non-multislice) three-dimensional B-mode dataset ac-
quired from an apical window at a frame rate of 20 Hz. Owing to the continuous 3-D nature of the 
image, speckles are followed in all directions and the circumferential deformation is anatomically 
fixed, rather than slice dependent (see also figure 3). The bottom left shows a parametric grid im-
age of the entire LV deformation between systole and diastole; torsion of the LV apex compared to 
the base can be clearly appreciated. Tracking of the endo- and epicardium allows automatic cal-
culation of LV volumes / thickness simultaneously with deformation throughout the cardiac cycle.

needed to calculate ventricular torsion and –combined with pressure data- 

to provide closer estimates of local wall stress and true contractility. By its 

ability to map deformation along all three commonly used coordinates at 

exactly matched locations, this technique will likely be the one bringing clarity 

on challenging and controversial issues such as the differences and relative 

merits of longitudinal, circumferential and radial deformation in various forms 

of dyssynchronous activation.31, 32 Currently, the low temporal resolution and 

relatively lower image quality compared to 2DSE impose important limitations 

to its universal use, but this may soon prove a matter of time.
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Concluding remarks:

Myocardial deformation imaging by speckle tracking echocardiography is a rapidly 

evolving technique able to objectively evaluate regional and global myocardial 

function. In this overview, some insight is given into its basic concepts, image 

acquisition and data analysis in view of the research and clinical application 

of this technique for dyssynchrony and resynchronization assessment. Both 

for reliable and reproducible research results as well as for introduction 

into clinical practice, knowledge of image acquisition, post processing 

techniques and correct interpretation of the significance of deformation and 

deformation-rate graphs are mandatory. Like for all ultrasound techniques, 

image quality, artifacts, and operator dependency remain limiting factors. Its 

limitations notwithstanding, speckle tracking myocardial deformation imaging 

is progressing to an accurate and robust technique. It offers new clinical and 

research possibilities in particular in fields where magnetic resonance performs 

poorly or is contraindicated, such as in the study of late diastolic events and 

after device implantation. Further confirmation of its added clinical value is 

warranted to determine its future niche in clinical practice.



Chapter 2

50

References:

1. Picano E, Lattanzi F, Orlandini A, Marini C, L’Abbate A. Stress echocardiography and the 
human factor: the importance of being expert. J Am Coll Cardiol. 1991;17(3):666-669.

2. Hoffmann R, Lethen H, Marwick T, Arnese M, Fioretti P, Pingitore A, Picano E, 
Buck T, Erbel R, Flachskampf FA, Hanrath P. Analysis of interinstitutional observer 
agreement in interpretation of dobutamine stress echocardiograms. J Am Coll Cardiol. 
1996;27(2):330-336.

3. Teske AJ, Cox MG, De Boeck BW, Doevendans PA, Hauer RN, Cramer MJ. 
Echocardiographic Tissue Deformation Imaging Quantifies Abnormal Regional Right 
Ventricular Function in Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy. 
J Am Soc Echocardiogr. 2009;22((8)):920-927.

4. Behar V, Adam D, Lysyansky P, Friedman Z. Improving motion estimation by accounting 
for local image distortion. Ultrasonics. 2004;43(1):57-65.

5. Korinek J, Wang J, Sengupta PP, Miyazaki C, Kjaergaard J, McMahon E, Abraham TP, 
Belohlavek M. Two-dimensional strain--a Doppler-independent ultrasound method 
for quantitation of regional deformation: validation in vitro and in vivo. J Am Soc 
Echocardiogr. 2005;18(12):1247-1253.

6. Helle-Valle T, Crosby J, Edvardsen T, Lyseggen E, Amundsen BH, Smith HJ, Rosen BD, 
Lima JA, Torp H, Ihlen H, Smiseth OA. New noninvasive method for assessment of left 
ventricular rotation: speckle tracking echocardiography. Circulation. 2005;112(20):3149-
3156.

7. Notomi Y, Lysyansky P, Setser RM, Shiota T, Popovic ZB, Martin-Miklovic MG, Weaver 
JA, Oryszak SJ, Greenberg NL, White RD, Thomas JD. Measurement of ventricular 
torsion by two-dimensional ultrasound speckle tracking imaging. J Am Coll Cardiol. 
2005;45(12):2034-2041.

8. Korinek J, Kjaergaard J, Sengupta PP, Yoshifuku S, McMahon EM, Cha SS, Khandheria 
BK, Belohlavek M. High spatial resolution speckle tracking improves accuracy of 
2-dimensional strain measurements: an update on a new method in functional 
echocardiography. J Am Soc Echocardiogr. 2007;20(2):165-170.

9. Amundsen BH, Helle-Valle T, Edvardsen T, Torp H, Crosby J, Lyseggen E, Stoylen A, Ihlen 
H, Lima JA, Smiseth OA, Slordahl SA. Noninvasive myocardial strain measurement by 
speckle tracking echocardiography: validation against sonomicrometry and tagged 
magnetic resonance imaging. J Am Coll Cardiol. 2006;47(4):789-793.

10. Cho GY, Chan J, Leano R, Strudwick M, Marwick TH. Comparison of two-dimensional 
speckle and tissue velocity based strain and validation with harmonic phase magnetic 
resonance imaging. Am J Cardiol. 2006;97(11):1661-1666.

11. Teske AJ, De Boeck BW, Olimulder M, Prakken NH, Doevendans PA, Cramer MJ. 
Echocardiographic assessment of regional right ventricular function: a head-to-head 
comparison between 2-dimensional and tissue Doppler-derived strain analysis. J Am 
Soc Echocardiogr. 2008;21(3):275-283.

12. Bogaert J, Rademakers FE. Regional nonuniformity of normal adult human left ventricle. 
Am J Physiol Heart Circ Physiol. 2001;280(2):H610-620.

13. De Boeck BW, Teske AJ, Meine M, Leenders GE, Cramer MJ, Prinzen FW, Doevendans PA. 
Septal rebound stretch reflects the functional substrate to cardiac resynchronization 
therapy and predicts volumetric and neurohormonal response. Eur J Heart Fail. 
2009;11: 863-871.

14. De Boeck BW, Oh JK, Vandervoort PM, Vierendeels JA, van der Aa RP, Cramer MJ. 
Colour M-mode velocity propagation: a glance at intra-ventricular pressure gradients 
and early diastolic ventricular performance. Eur J Heart Fail. 2005;7(1):19-28.

15. Fornwalt BK, Gonzales PC, Delfino JG, Eisner R, Leon AR, Oshinski JN. Quantification of 
left ventricular internal flow from cardiac magnetic resonance images in patients with 



Deformation imaging by speckle tracking

51

dyssynchronous heart failure. J Magn Reson Imaging. 2008;28(2):375-381.
16. Weidemann F, Jamal F, Sutherland GR, Claus P, Kowalski M, Hatle L, De Scheerder 

I, Bijnens B, Rademakers FE. Myocardial function defined by strain rate and strain 
during alterations in inotropic states and heart rate. Am J Physiol Heart Circ Physiol. 
2002;283(2):H792-799.

17. Greenberg NL, Firstenberg MS, Castro PL, Main M, Travaglini A, Odabashian JA, Drinko 
JK, Rodriguez LL, Thomas JD, Garcia MJ. Doppler-derived myocardial systolic strain rate 
is a strong index of left ventricular contractility. Circulation. 2002;105(1):99-105.

18. Usyk TP, McCulloch AD. Relationship between regional shortening and asynchronous 
electrical activation in a three-dimensional model of ventricular electromechanics. J 
Cardiovasc Electrophysiol. 2003;14(10 Suppl):S196-202.

19. Rutz AK, Manka R, Kozerke S, Roas S, Boesiger P, Schwitter J. Left ventricular 
dyssynchrony in patients with left bundle branch block and patients after myocardial 
infarction: integration of mechanics and viability by cardiac magnetic resonance. Eur 
Heart J. 2009.

20. Kass DA. An epidemic of dyssynchrony: but what does it mean? J Am Coll Cardiol. 
2008;51(1):12-17.

21. Prinzen FW, Augustijn CH, Arts T, Allessie MA, Reneman RS. Redistribution of myocardial 
fiber strain and blood flow by asynchronous activation. Am J Physiol. 1990;259(2 Pt 
2):H300-308.

22. Prinzen FW, Hunter WC, Wyman BT, McVeigh ER. Mapping of regional myocardial strain 
and work during ventricular pacing: experimental study using magnetic resonance 
imaging tagging. J Am Coll Cardiol. 1999;33(6):1735-1742.

23. Wyman BT, Hunter WC, Prinzen FW, McVeigh ER. Mapping propagation of mechanical 
activation in the paced heart with MRI tagging. Am J Physiol. 1999;276(3 Pt 2):H881-
891.

24. Suffoletto MS, Dohi K, Cannesson M, Saba S, Gorcsan J, 3rd. Novel speckle-tracking 
radial strain from routine black-and-white echocardiographic images to quantify 
dyssynchrony and predict response to cardiac resynchronization therapy. Circulation. 
2006;113(7):960-968.

25. Anderson LJ, Miyazaki C, Sutherland GR, Oh JK. Patient selection and echocardiographic 
assessment of dyssynchrony in cardiac resynchronization therapy. Circulation. 
2008;117(15):2009-2023.

26. Brown J, Jenkins C, Marwick TH. Use of myocardial strain to assess global left 
ventricular function: a comparison with cardiac magnetic resonance and 3-dimensional 
echocardiography. Am Heart J. 2009;157(1):102 e101-105.

27. Delgado V, Mollema SA, Ypenburg C, Tops LF, van der Wall EE, Schalij MJ, Bax JJ. Relation 
between global left ventricular longitudinal strain assessed with novel automated 
function imaging and biplane left ventricular ejection fraction in patients with coronary 
artery disease. J Am Soc Echocardiogr. 2008;21(11):1244-1250.

28. Teske AJ, Prakken NH, De Boeck BW, Velthuis BK, Martens EP, Doevendans PA, Cramer 
MJ. Echocardiographic tissue deformation imaging of right ventricular systolic function 
in endurance athletes. Eur Heart J. 2009;30(8):969-977.

29. Pirat B, McCulloch ML, Zoghbi WA. Evaluation of global and regional right ventricular 
systolic function in patients with pulmonary hypertension using a novel speckle tracking 
method. Am J Cardiol. 2006;98(5):699-704.

30. Rademakers FE, Rogers WJ, Guier WH, Hutchins GM, Siu CO, Weisfeldt ML, Weiss JL, 
Shapiro EP. Relation of regional cross-fiber shortening to wall thickening in the intact 
heart. Three-dimensional strain analysis by NMR tagging. Circulation. 1994;89(3):1174-
1182.

31. Waldman LK, Covell JW. Effects of ventricular pacing on finite deformation in canine 
left ventricles. Am J Physiol. 1987;252(5 Pt 2):H1023-1030.



Chapter 2

52

32. Helm RH, Leclercq C, Faris OP, Ozturk C, McVeigh E, Lardo AC, Kass DA. Cardiac 
dyssynchrony analysis using circumferential versus longitudinal strain: implications for 

assessing cardiac resynchronization. Circulation. 2005;111(21):2760-2767.



3
Practical and conceptual limitations 

of tissue Doppler imaging to predict reverse 
remodelling in cardiac resynchronisation 

therapy.

Bart W.L. De Boeck*, Mathias Meine*, Geert E. Leenders*, Arco J. Teske*, 
Harry van Wessel*, J. Hans Kirkels*, Frits W. Prinzen §, Pieter A. Doevendans*, 

Maarten J. Cramer*.

* University Medical Centre Utrecht, Utrecht and
§ University of Maastricht, Maastricht, the Netherlands

European Journal of Heart Failure, 2008



Chapter 3

54

Abstract

Background: Recent, conflicting results on the value of tissue Doppler imaging 

derived (TDI-) asynchrony indices to predict reverse remodelling after cardiac 

resynchronisation therapy (CRT) have raised questions on their physiological 

meaning and methodological limitations.

Methods: In 41 patients baseline TDI-derived septal to lateral delays of peak 

velocities (TDI-SL), standard deviation of peak velocities over 12 segments (Ts-

SD), and peak 2D longitudinal strain (strain-SL) were compared with volumetric 

response (reduction in end-systolic volume of ≥15 %) after at least 6 months of 

CRT. Timing of peak TDI velocities was compared to timing of 2DS velocities and 

strain-SL. Influence of sample position, transverse motion, and interobserver 

inconsistency of the chosen peak velocities was assessed. Diagnostic accuracy 

of TDI-based delays was compared to accuracy of visual and 2D strain-based 

assessment. 

Results: After 7.0±3.2 months of CRT, 24 patients classified as responder. TDI-SL 

and Ts-SD were similar between responders and nonresponders at baseline, did 

not predict response, and were unaffected by CRT. Visual asynchrony scoring 

and strain-SL were better predictors than TDI-SL and Ts-SD. TDI measurements 

were highly susceptible to sample location and transverse motion components 

and poorly correlated with the timing of longitudinal contraction. Considerable 

disagreement existed between observers with regard to scoring of TDI-SL and 

Ts-SD.

Conclusion: TDI-based measurements of asynchrony do not appear robust 

predictors of volume response to CRT.
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Introduction

Cardiac resynchronisation therapy (CRT) has evolved to an established therapy 

for a subset of patients with drug refractory heart failure. It improves symptoms, 

ventricular function, and prognosis by restoration of a more coordinated 

contraction pattern. Multiple large trials have indicated clinical response in only ± 

70%, including a noticeable placebo effect.1, 2 Reverse remodelling, in particular 

a reduction of left ventricular end-systolic volume (LVESV), heralds an improved 

prognosis following CRT but is observed in only 50-65% of patients.3-6 Failure to 

respond to resynchronisation has traditionally been attributed to the absence 

of mechanical asynchrony despite electrical activation delay on the standard 

electrocardiogram. Accordingly, attention has increasingly shifted towards 

echocardiographic techniques quantifying mechanical asynchrony. Previous 

retrospective studies with tissue Doppler imaging (TDI) have suggested a good 

agreement between TDI-derived asynchrony parameters, more specifically 

delays between peak velocities of longitudinal motion, and acute and long-

term echocardiographic response in patients eligible for CRT.5, 7-10 These 

encouraging results have prompted many cardiologists to consider TDI-based 

asynchrony as a potential selection criterion, instigating a movement towards 

their incorporation in the guidelines.11 However, the idea of echocardiography-

guided patient selection itself is debated and some negative reports have 

recently appeared.12-14 A poor predictive performance may have several 

causes: the ability of the biomarker to depict the underlying pathophysiological 

substrate may be poor and/or the measurement may be user dependent. With 

regard to the first, we hypothesized that in the asynchronous ventricle timing of 

peak velocities along the ultrasound beam would unsatisfactorily reflect timing 

of local myocardial shortening.15 With regard to the second issue, we assumed 

that variations in the sample position within the basal segment and improper 

alignment of the ultrasound beam with the ventricular wall could have more 

than subtle effects of on the TDI signal characteristics, and finally that noticeable 

differences in the measurement result between different observers could also 

result from inconsistencies in the choice of peak velocities. The present study 

was designed to prospectively evaluate the abovementioned issues and the 

overall predictive value of TDI with regard to reverse remodelling.
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Methods

Study population

Patients with heart failure eligible for CRT (NYHA classification ≥3 despite 

optimal medical treatment, ejection fraction (LVEF) <35 %, and QRS-duration 

≥130 ms with left bundle branch morphology) were consecutively enrolled in 

the study unless they had decompensated heart failure, severe aortic stenosis, 

intractable ventricular arrhythmias, atrial fibrillation with insufficient rate 

control, recent (<6 months) myocardial infarction or coronary intervention. 

Predefined criteria to exclude patients from the data analysis consisted of 

insufficient image quality for reliable calculation of left ventricular volumes and 

any arrhythmia or device related problem resulting in biventricular pacing in ≤85 

% of the time. Clinical status (NYHA class), brain-type natriuretic peptide (BNP), 

and echocardiographic characteristics were prospectively assessed before CRT 

and after a follow-up of at least 6 months. The study was approved by the local 

Medical Ethics Committee and conformed with the principles outlined in the 

Declaration of Helsinki on research in human subjects. 

Echocardiographic protocol:

Pulsed and colour Doppler data, colour tissue Doppler, and 2D echocardiographic 

data were acquired on a Vivid 7 ultrasound machine (General Electric, 

Milwaukee, USA) using a 3.5 MHz phased array probe. Doppler of the aortic 

flow was used for timing issues with systole being defined as the time period 

between aortic valve opening and closure. The interventricular mechanical delay 

(IVMD), the left (LVPEP) and right ventricular (RVPEP) pre-ejection period were 

measured as previously proposed.11 Colour-coded TDI was performed from the 

apical views at frame rates >100 fps. A minimum of 3 loops were acquired at 

end-expiration and analysed off-line (Echopac version 6.0.1, General Electric, 

USA). In the apical 4-chamber TDI images, a fixed region of interest (ROI) of 

6 x 6 mm was placed in the basal part of the septal and lateral wall 1-3 mm 

above the mitral annulus in end-systole to calculate the septal to lateral delay 

(TDI-SL) in peak systolic velocity (Figure 1).5, 8 Time to peak velocity (T1) was 

measured from the onset of the QRS-complex to the (highest) peak systolic 

velocity, neglecting velocities within the isovolumic periods.7-11 Time to peak 
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systolic velocities in 6 basal and 6 mid segments was automatically detected by 

tissue synchronization imaging (TSI) from which the standard deviation over 12 

segments (Ts-SD) was determined.10, 16 The cut-offs of TDI-SL >60 ms and Ts-SD 

>32ms proposed in the PROSPECT study design were adopted to prospectively 

predict response to CRT.8, 11, 17 Response at follow-up was determined in terms 

of LV reverse remodelling, with a decrease by at least 15% of LVESV to classify 

as a responder. Left ventricular end-systolic (LVESV) and end-diastolic (LVEDV) 

volume and LVEF were measured by biplane Simpson’s method. To avoid errors 

because of between-plane asynchrony, special care was taken to perform 

endocardial border tracing in both planes in exactly matched phases of the 

isovolumic periods. The mitral insufficiency was quantified (effective regurgitant 

orifice MRero) 18 and the rate of LV isovolumic pressure augmentation dP/dt 

deducted from the continuous Doppler mitral regurgitation signal. To determine 

intraobserver variability, measurements of IVMD, TDI-SL, Ts-SD, strain-SL, and 

biplane volumes were repeated on a random sample of 40 recordings at least 6 

weeks after the initial evaluation.

The longitudinal deformation of the septal and the lateral wall was calculated 

offline from high resolution single wall B-mode images using 2D strain 

echocardiography (2DS) based on speckle tracking software (Echopac 2DS 

version 59).19 To represent the integral of longitudinal shortening calculated 

over the entire wall length, the ROI was set along the endocardial border from 

base to apex. The timing of the first peak negative value 20 of the longitudinal 

deformation along the entire ROI was assessed for calculation of the strain-

based septal to lateral delay (strain-SL). 

Additional echocardiographic measurements: 

- Variation in position of the sample area: Extra TDI-ROIs were placed in the 

midbasal segments of all 41 colour-coded 4-chamber images for comparison of 

basal and midbasal T1 values and SL-delays (Figure 1). Midbasal was defined as 

the middle of the basal segment in end-systole. 

- Influence of transverse motion in TDI-measurements: Whereas 2DS can 

measure true longitudinal velocities along the ventricular wall, TDI-derived 

signals are composed of the vector sum of longitudinal and radial velocities 

projected on the ultrasound beam direction. Therefore TDI is susceptible 
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to misalignment, however only if additionally radial motion characteristics 

substantially differ from the longitudinal.21 Evidence for a combined effect of 

both factors confounding the “longitudinal” velocities assessed by TDI was 

searched for by comparing the correlation between TDI- and 2DS-derived 

peak velocity patterns obtained at 28 matched positions in perfectly aligned 

segments (i.e. reference correlation) with the correlation between these two 

techniques obtained at matched positions in 28 basal segments. 

- Consistency of measurement outcome between experts: To test the 

interobserver agreement in the perceived definition of “peak systolic velocity” 

we distributed handouts of velocity traces of the first 18 consecutive patients 

to 9 faculty members of an international echocardiography congress dedicated 

to TDI and CRT. Handouts included still frames displaying the ROI markers in 

the basal septal and lateral segment, the associated velocity traces of two 

consecutive beats, and timing event markers. Observers were asked to mark 

the septal and lateral velocity peaks they would chose in their everyday 

clinical practice. TDI-SL for all submitted traces were calculated to determine 

interobserver variability. 

- Visual impression of asynchrony: Two experienced observers visually scored 

asynchrony based on a qualitative estimation of the presence and severity of 

a rocking motion of the apex and/or a septal “whiplash motion” (brisk early 

systolic inward motion followed by dyskinesia).22 They were allowed to view 

only the available 2D ultrasound data and decided about the presence of 

relevant asynchrony on a yes or no scale. 

 

CRT device implantation

Devices were implanted using a single left pectoral incision with transvenous 

insertion of the LV pacing lead into a side branch of the coronary sinus in 40 

patients and on the ventricular free wall by video assisted thoracoscopy in one. 

The LV-lead was placed midlateral or midposterolateral in 34 patients (82.9%), 

midposterior in 4 (9.8%), apicolateral in 2 (4.9%), and basolateral in 1 (2.4%). 

Right atrial and right ventricular leads were positioned in the atrial appendage 

and apex respectively. In 31 patients (76%) the AV and VV delay were acutely 

optimized by invasive measurements aiming at the highest maximal rate of LV 

pressure change (dP/dt max) (Radi, Uppsala, Sweden). Devices were optimized 
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based on the intracardiac electrogram in the remaining 10 patients (24%).23 

Statistical analysis:

Statistical analysis was performed using SPSS version 11.5 (SPSS Inc., Chicago, 

Illinois). Continuous variables were described as mean±SD; frequencies and 

percentages were calculated for categorical variables. A P-value <0.05 was 

considered statistically significant. Intraobserver variability was assessed by the 

coefficient of variation. Interobserver reproducibility of TDI-SL measurements 

between the 9 experts was evaluated by the intra-class correlation coefficient 

(ICC). Paired measurements (basal versus midbasal TDI, TDI- versus 2DS-

derived velocities) were analysed according to Bland-Altman to assess limits 

of agreement and the difference (bias) was controlled by t-test. Differences in 

continuous and categorical variables between responders and nonresponders 

were assessed by independent Students t-test and Fischer’s exact test, 

respectively. Differences between echocardiographic characteristics at baseline 

and follow-up were evaluated using the paired Students t-test. Correlation 

between TDI-SL and strain-SL asynchrony and between baseline asynchrony 

parameters and changes in LVESV at follow-up was expressed by Pearson’s 

or Spearman’s correlation coefficients where appropriate. Receiver operating 

characteristics (ROC) curves were constructed and the area under the curve 

(AUC) was measured to evaluate the predictive value of the baseline variables. 

Sensitivity, specificity, positive (PPV) and negative predictive value (NPV), and 

accuracy of response prediction by the predefined cut-off points for TDI-SL, 

Ts-SD, and for the visual and strain assessment of asynchrony were calculated. 

Finally, a forward stepwise logistic regression analysis was performed to test 

the independent predictive value of baseline patient and echocardiographic 

characteristics with regard to volumetric response. The model included age, 

gender, type of the underlying disease, rhythm, QRS duration, NYHA class, BNP, 

LVEF, LVESV, MRero, IVMD, TDI-SL, Ts-SD, and strain-SL (LVPEP was removed 

as it is collinear with IVMD). Results are expressed in odds ratio (OR), 95% 

confidence intervals (CI), and p-value.
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Results:

Study population

Of the 46 screened patients 4 were excluded because of insufficient image 

quality, one because of sustained slow ventricular tachycardia after CRT. Forty-

one patients constitute the final population. Baseline characteristics of the total 

population and differences between baseline characteristics of responders and 

nonresponders are presented in table 1. Aetiology of heart failure was ischemic 

in 39% of the patients; there were no differences in baseline characteristics 

between ischemic and nonischemic patients. Pacemaker implantation was 

successful in all patients; no procedure-related complication occurred during 

follow-up. Follow-up was completed for all patients after 7.0±3.2 months of 

CRT. One patient underwent heart transplantation and one died respectively 6.5 

and 10 months after CRT. Both had been classified as volumetric nonresponders 

after 6 months.

Response to CRT

After a mean of 7.0±3.2 months of follow-up, CRT induced reverse remodelling 

(LVEDV 238±82 ml to 199±93ml, p<0.001; LVESV 197±78 ml to 149±90 ml, 

p<0.001), improved LV function (LVEF 18.6±6.9% to 29.1±12.7%, p<0.001; dP/dt 

546±171 mmHg/s to 746±221 mmHg/s, p<0.001), and decreased the severity of 

mitral regurgitation (MRero 10.2±8.5 mm2 to 6.4±7.1 mm2, p=0.001) in the total 

population. In addition, resynchronization improved heart failure symptoms 

(NYHA 3.2±0.3 to 2.2±0.8, p<0.001) and tended to reduce the plasma levels 

of BNP (182±178 pmol/ml to 139±219 pmol/ml, p=0.095). Interventricular 

asynchrony decreased (IVMD 56±25 ms to 6±27 ms, p<0.001) and strain 

analysis indicated intraventricular resynchronization by CRT (strain-SL 262±130 

ms to 3±137 ms, p<0.001). TDI-estimates of intraventricular asynchrony did not 

improve (TDI-SL 30.1±57.3 ms to 18.1±62.5 ms, p=0.358 and Ts-SD 44.1±15.6 

ms to 41.1±16.5 ms, p=0.308). None of these effects of CRT differed between 

ischemic and nonischemic patients, or between patients optimized invasively 

or by the EGM.

Of the total population, 24 patients (58.5%) displayed a reduction of LVESV 

≥15% and were considered responders. Clinical and echocardiographic 
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differences between responders and nonresponders at baseline and at follow-

up are presented in tables 1 and 2. At baseline, nonresponders on average had 

more severe clinical and echocardiographic evidence of LV dysfunction and 

remodelling, a strong trend (p=0.054) towards more mitral insufficiency and 

significantly less inter- en intraventricular asynchrony assessed by IVMD, LVPEP 

and strain-SL. In contrast, Ts-SD and TDI-SL did not discriminate responders from 

nonresponders at baseline and failed to indicate any resynchronization at follow-

up in either group. The amount of residual interventricular and strain-based 

intraventricular asynchrony at follow-up was limited also in nonresponders and 

did not differ from the residual asynchrony in responders. 

Volumetric responders displayed both a marked clinical response (NYHA 3.1±0.2 

to 1.8±0.5, p<0.001) as well as a prominent decrease in BNP (141±134 pmol/

ml to 45± 46 pmol/ml, p=0.002). In contrast, BNP levels failed to decrease at 

6 months of follow-up in patients classified as nonresponders (237±215 pmol/

ml to 264±288 pmol/ml) despite minor improvements in echocardiographic 

parameters and in functional status (NYHA 3.2±0.4 to 2.8±0.9, p=0.041, 10/17 

patients reporting improvement of at least 1 NYHA class). 

Table 1: Baseline demographic and clinical patient characteristics.

BSA: body surface area; BP: blood pressure; ACE/AT: ACE- / angiotensin recep-
tor blockers. See text for abbreviation
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Predictive value and correlation of asynchrony parameters with reverse 

remodelling

Only baseline IVMD, LVPEP, and strain-SL but none of the TDI-based indices 

significantly correlated with the magnitude of the volumetric response and 

revealed discriminatory power between responders and nonresponders at 

ROC analysis (Table 3). The sensitivity, specificity and predictive value of the 

previously proposed cut-off values of TDI-SL and Ts-SD 11 was poor and was 

outperformed by global markers of asynchrony, by the visual asynchrony 

judgment of both observers, and by a judgment based on strain-delays (Table 

4). At multivariate analysis baseline asynchrony assessed by strain-SL (OR 

1.019; 95% CI 1.005-1.033; p=0.008) and IVMD (OR 1.053; 95% CI 1.000-1.108; 

p=0.049) as well as baseline remodelling assessed by LVESV (OR 0.974; 95% CI 

0.953-0.995; p=0.016) were identified as independent predictors of volumetric 

response.

Intraobserver variability of the main asynchrony and end point parameters.

Acquiring adequate strain data at the lateral wall was challenging in 4 patients 

but none of the data were rejected from the analysis. The coefficients of 

intraobserver variation (CV) for TDI-SL and Ts-SD were 11.3% and 12.9% 

respectively; for LVPEP and IVMD 5.6% and 13.5% respectively and for strain-SL 

8.9% in this study. The intraobserver reliability of the biplane LVESV and LVEF 

were reasonable at a CV of 5.6% and 5.8% respectively. 

Table 2: 
Echocardiographic differences between responders and nonresponders at baseline and
at follow-up

† p < 0.01 versus nonresponders at baseline; * p = < 0.05 versus nonresponders at baseline
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Technical and interobserver factors influencing the accuracy and results of 

longitudinal velocity measurements.

- Variation in position of the sample area

The measured TDI-SL was significantly higher (p<0.01) when the region of 

interest was placed in the basal part of the basal segment compared to the 

middle of part this segment. The wide limits of agreement indicate a major 

impact on the measurement by varying the sample position by only 1.5-2 cm 

within this segment (Figures 1 and 2).

- Influence of transverse motion

Comparison between TDI-derived and 2DS-derived timing measurements 

showed a good correlation in segments perfectly aligned to the ultrasound beam 

(r=0.927, p<0.001) whereas in basal segments the measurements correlated 

significantly less (r=0.464, p=0.013) than the former reference correlation 

(p<0.01 for comparison of the correlation). Moreover, Bland-Altman revealed 

a nearly 3-fold higher variability between the 2 techniques in basal segments 

(95% LOA 165 ms) compared to the reference in aligned segments (95% LOA 58 

ms). These findings strongly suggest that the TDI-velocity pattern in the former 

less optimally aligned segments included radial velocity components on top of 

the true longitudinal velocity pattern. 

Table 3: Baseline asynchrony predictors of reverse remodelling

Table 4: Sensitivity, specificity and predictive values of echocardiographic cut-off 
values and of the visual assessment to predict volumetric response to CRT.

Table 2: 
Echocardiographic differences between responders and nonresponders at baseline and
at follow-up
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- Time to peak longitudinal velocities versus time to peak shortening

Neither for the basal nor for the midbasal segments any correlation was found 

between timing of septal to lateral delay of peak contraction by 2DS and the 

corresponding delay of peak velocities obtained by TDI (all r <0.3, all p >0.2). 

- Interobserver inconsistencies in the definition of peak velocities

Out of the 18 cases handed over to the experts, in only 3 cases all observers 

agreed on the TDI-SL, in 7 cases agreement existed between 8 out of 9 

observers, without any single observer who systematically scored different 

from the others. Two experts refrained from measuring any TDI-SL in 2 traces 

because of the absence of any positive systolic peak in the septum. Intra-class 

correlation coefficient was 0.42, indicating a moderate inter-rater reliability. 

 

Figure 1. Sample position within the basal segment can affect the measured TDI-SL.
Left panel shows the basal and midbasal position of ROI’s as defined in the study, with the 
corresponding traces (see text). A biphasic systolic signal with a late peak is seen in the basal 
lateral wall (top right, cyan curve), resulting in a TDI-SL of 117 ms. At the midbasal level, the ve-
locity pattern at the lateral wall is less biphasic and displays an early peak (bottom right,green 
curve); a TDI-SL of -22 ms is measured. The patient responded to CRT.
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Figure 2. Bland-Altman plot with 95% agreement boundaries between TDI-SL acquired 
in the lower (basal) and middle part (midbasal) part of the basal segments.

Figure 3. Measurement method of and relation between TDI-SL and strain-SL.
In this responder peak systolic velocities assessed by TDI occur simultaneously (red ar-
rows upper pannel, TDI-SL: 5 ms). Strain of the entire wall is measured by 2DS (lower 
panels). Septal contraction (lower left quadrant) starts early and has an early peak, 
while the lateral wall (lower right quadrant) displays prestretch, a late onset and peak. 
Strain-SL was 315 ms. 
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Discussion:

In the present study two commonly used and advocated TDI-based methods 

of intraventricular asynchrony assessment 11 failed to prospectively predict 

reverse remodelling following CRT and had no apparent added value over 

global echocardiographic parameters of asynchrony (LVPEP and IVMD) or the 

experienced eye. The poor performance of TDI can at least partly be explained 

by a combination of inherent shortcomings of the TDI technique and poorly 

defined conventions about acquisition and measurement methodology.

Comparison with previous TDI studies:

The overall response and responder rate was as can be expected in this 

population, even though the proportion of patients with NYHA IV symptoms 

was fairly large and the LVEF rather low compared to most reported TDI 

studies. Nevertheless, we were unable to reproduce the predictive value of 

colour-coded TDI reported in the recent literature (for overview: see reference 

12). A few negative reports have recently surfaced for pulsed TDI.12-14 Among 

them, the most compelling evidence has come from a prospective multi-centre 

Italian study of 133 patients in which pulsed TDI-SL failed to predict clinical 

as well as echocardiographic response.12 Because multiple segment models 

of asynchrony have been suggested to yield superior results both for pulsed 

and colour-coded TDI compared to a septal and lateral assessment only, we 

also evaluated Ts-SD. 9, 10 However, in our population also this approach poorly 

predicted volumetric remodelling after CRT.14 According to a recent congress 

presentation also the multi-centre PROSPECT study raised questions about the 

feasibility and accuracy of TDI. The publication of the results from this study is 

pending.24

Simple global parameters of inter- and intraventricular asynchrony as well as 

visual signs of contractile asynchrony did appear of value in our study as well 

as in previous larger studies 12, 22, 25, 26 and should therefore probably not be 

abandoned in favour of local TDI measurements but rather analysed in addition 

to them. 
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Potential explanations for the present findings.

1/ Limited value of TDI to represent contractile asynchrony in dilated hearts:

Our study indicates a considerable degree of variability in both the TDI 

signal characteristics as well as their interpretation by experts. We often 

encountered complex and multiphasic systolic TDI signals rendering an uniform 

interpretation more difficult. Other important confounding factors appear to be 

the susceptibility of the signals to sample position and to the alignment of the 

ultrasound beam with the ventricular wall. The latter can be understood if one 

considers that myocardial deformation is a complex three-dimensional process 

with different amounts and timing of shortening in different directions.21 

Consequently, transverse motion components in Doppler signals of poorly 

aligned wall segment may result in erroneous peak velocities. 

More importantly, asynchrony indices in this study which were based on 

known physiological principles of contractile asynchrony did predict response 

to CRT, even when assessed visually. Despite the presence of left bundle branch 

block in all patients, TDI-SL indicated a delayed contraction of the lateral wall 

in only 66% (vs 95% by strain-SL).15 The discrepancy between the two indices 

may be particularly large in asynchronous ventricles because the very nature 

of asynchronous contraction renders the myocardial forces unbalanced 

throughout the ventricle and around the LV apex.27 The result of this interaction 

is variable but often visible as a rocking or rotational motion of the apex and/

or a “whiplash motion” of the septum.22 Under such circumstances the motion 

pattern at the base of the ventricle does no longer only represent the integral 

of longitudinal shortening between apex and base but also the highly variable 

effect of apical and global ventricular motion (Figure 3). A large part of the 

poor predictive value of TDI can therefore be attributed to its aforementioned 

practical and conceptual limitations to depict contractile asynchrony.

2/ Evidence for absence of reverse remodelling despite resynchronization? A 

“beyond repair”-hypothesis.

Although the multifaceted nature of asynchrony makes it unlikely for any single 

asynchrony parameter to reliably predict response to CRT, another contributing 

factor may be that some hearts are “beyond repair”, even though they are 

asynchronous. In accordance to previous prospective, multi-centre CRT trials 
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and other interventional studies in advanced heart failure, the nonresponders 

in our study were characterised by more severe heart failure and more 

remodelled ventricles. 3, 12, 28, 29 (Table 1,2) These findings support the idea that 

some ventricles are beyond repair regardless of the presence of an amendable 

substrate. In fact, in 9 nonresponders marked baseline asynchrony was present 

(strain-SL > 150 ms) (additional figure 1). In all but one of them, invasive dP/dtmax 

during the procedure increased by ≥ 25%.30, 31 Moreover, at follow-up neither 

lead location nor V-V intervals or pacing percentage (96%) differed between 

responders and nonresponders. Inadequately delivered CRT therefore seems a 

less plausible cause for non-response in most of these patients. More studies 

are warranted on this topic. 

Limitations: 

This study has the limitations inherent to single centre, observational studies 

with relatively small numbers of patients. Because of the small numbers, 

results from the subgroup analysis in particular should be interpreted with 

caution. Nonetheless, applying strict entry criteria to minimize the confounding 

effects of poor image quality or inadequate therapy, we reproduced most 

echocardiographic findings of recently conducted, larger, multi-centre 

prospective trials.12, 28 

In advanced heart failure both improving symptoms and prognosis are 

important treatment goals. However, in the present echocardiographic study 

reverse remodelling was chosen as the primary outcome parameter. Volume 

changes can be assessed more objectively than symptomatic improvements 

(NYHA class) and have a stronger impact on the prognosis.2, 6 Monitoring of 

natriuretic peptides has recently been advocated as an alternative objective 

method to assess clinical improvement and prognosis.2, 32 A universal definition 

of CRT responders is still lacking though. In the present study we classified 

patients into nonresponders based on the failure to achieve marked reverse 

remodelling (≥15% reduction in LVESV) ± 6 months after CRT. This was mainly 

done to allow comparison with previous TDI-studies. We realise that such 

dichotomous classification ignores the potential benefits of less pronounced 

reverse remodelling or of disease stabilisation.33 In fact, minor clinical and 

echocardiographic improvements also occurred in our “nonresponders”. We 
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therefore tried to circumvent the problem of dichotomization by performing 

correlation analysis for the main parameters. In this respect, an important 

finding was that the strongest predictors of volumetric response in the present 

study also correlated with decreases in (log transformed) BNP (correlation for 

strain SL r=0.457, p=0.004, respectively for IVMD r=0.547, p<0.001).

Finally, the effects of CRT on ventricular structure and function have been 

demonstrated to be dynamic over time.2, 33 Our 6-months measurements 

therefore do not necessarily represent the true long term benefit of the therapy. 

Nevertheless, both marked left ventricular reversed remodelling as well as a 

decrease in natriuretic peptides early after CRT can be regarded as important 

prognostic factors. 2, 6, 32 

Only IVMD, LVPEP and colour tissue Doppler-derived TDI-SL and Ts-SD were 

investigated, while many indices have been proposed and are prospectively 

evaluated in the PROSPECT-trial.11, 17 This trial will undoubtedly enable more 

definite conclusions on the value of all the commonly proposed 

parameters. 17, 24

We chose the integral of longitudinal deformation assessed by 2DS over the 

entire length of the septum and the lateral wall for a better comparison with 

velocities at the base. The length over which the deformation was calculated 

and the high image resolution of single wall recordings enabled measurements 

of strain-SL in all patients and with a reasonable intra-observer variability. In 

addition, this approach approximates the impact of asynchrony by including 

a relevant proportion of the ventricle in the analysis.19 Asynchrony of 

circumferential contraction would theoretically yield a higher predictive value, 
21 but in our experience is technically less feasible. 

Conclusion:

In the present study TDI-based asynchrony measures appeared to be poor 

predictors of reverse remodelling after CRT. As potential explanations we 

identified the critical dependency of TDI on properly agreed upon standards 

of acquisition and measurement methodology and its inherent weakness to 

represent the contractile sequence in dilated ventricles. 
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supplementary material

Additional figure: “Asynchronous nonresponders” (circled red ) had on average a lower LVEF and 
displayed a trend towards higher volumes than responders, despite similar amounts of strain-
based intra-ventricular asynchrony (275±61 ms vs 330±101, p=0.141)
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Abstract:

Background: Dyssynchrony of myocardial deformation is usually described in 

terms of variability only (e.g. standard deviations SD’s). A description in terms 

of the spatio-temporal distribution pattern (vector-analysis) of dyssynchrony 

or by indices estimating its impact by expressing dyscoordination of shorten-

ing in relation to the global ventricular shortening may be preferential. Strain 

echocardiography by speckle tracking is a new non-invasive, albeit 2-D imaging 

modality to study myocardial deformation. 

Methods: 

A post-processing toolbox was designed to incorporate local, speckle tracking-

derived deformation data into a 36 segment 3-D model of the left ventricle. 

Global left ventricular shortening, standard deviations and vectors of timing 

of shortening were calculated. The impact of dyssynchrony was estimated by 

comparing the end-systolic values with either early peak values only (early 

shortening reserve ESR) or with all peak values (virtual shortening reserve VSR), 

and by the internal strain fraction (ISF) expressing dyscoordination as the frac-

tion of deformation lost internally due to simultaneous shortening and stretch-

ing. These dyssynchrony parameters were compared in 8 volunteers (NL), 8 

patients with Wolff-Parkinson-White syndrome (WPW), and 7 patients before 

(LBBB) and after cardiac resynchronization therapy (CRT). 

Results: Dyssynchrony indices merely based on variability failed to detect differ-

ences between WPW and NL and failed to demonstrate the effect of CRT. Only 

the 3-D vector of onset of shortening could distinguish WPW from NL, while at 

peak shortening and by VSR, ESR and ISF no differences were found. All tested 

dyssynchrony parameters yielded higher values in LBBB compared to both NL 

and WPW. CRT reduced the spatial divergence of shortening (both vector mag-

nitude and direction), and improved global ventricular shortening along with 

reductions in ESR and dyscoordination of shortening expressed by ISF.

Conclusions:

Incorporation of local 2-D echocardiographic deformation data into a 3-D mod-

el by dedicated software allows a comprehensive analysis of spatio-temporal 

distribution patterns of myocardial dyssynchrony, of the global left ventricular 

deformation and of newer indices that may better reflect myocardial dyscoor-
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dination and/or impaired ventricular contractile efficiency. The potential value 

of such an analysis is highlighted in two dyssynchronous pathologies that im-

pose particular challenges to deformation imaging.
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Background:

The deleterious effects of an altered electrical activation on ventricular me-

chanical function have been recognized for the first time some 40 years ago 

but have gained important scientific interest only in more recent years 1. Since, 

it has become clear that important disparities exist between electrical dys-

synchrony and its mechanical consequences. The physiology behind these 

disparities is complex; it encompasses non-linear relationships between elec-

trical and mechanical activation times 2-4 and involves an intricate interplay be-

tween loco-regional differences in wall stress, workload and contractility 5-8. 

Electrical dyssynchrony can thereby induce a variable degree of unbalanced 

myocardial forces. Spatial differences in forces provoke spatial heterogeneities 

in timing ánd amplitude of myocardial deformation and also give way to seg-

mental interactions within the heart (back-and-forth shortening and stretching 

between different regions) 7, 9-11. By this mechanism, part of total deformation 

work is dissipated into internal interaction work instead of being external-

ized into stroke work. Multiple well controlled studies have indicated that it 

is this heterogeneity of wall stress and deformation that determines both the 

functional impairment as well as the remodelling observed in the dyssynchro-

nous ventricle 2, 6-8, 10, 12-14. Moreover, the benefits of cardiac resynchronization 

therapy (CRT) have been shown to be directly proportional to the reduction in 

deformation heterogeneity and dyscoordination 3, 14, 15. Finally, the spatial or-

ganization of dyssynchrony –random versus organized- has been suggested to 

determine the chances of successful resynchronization and its pattern is con-

sidered important in choosing the most appropriate pacing site 3, 15. Therefore, 

myocardial deformation plays a pivotal role in the physiology of dyssynchrony 

and resynchronization. Nevertheless, a considerable gap persists between the 

experimental knowledge obtained from animal experiments and the complex 

physiology of dyssynchrony and response to therapy in human pathologies. 

Hence, for a proper evaluation of dyssynchrony in human subjects, both re-

gional and global deformation have to be assessed by accurate techniques ánd 

with appropriate analysis methods. In the present work, we describe a novel 

software toolbox designed to improve the echocardiographic assessment of 

the above mentioned physiological aspects of dyssynchrony of deformation, 
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we illustrate how this can provide new data in two challenging patient groups, 

and we discuss potential advantages and limitations of different approaches to 

quantify dyssynchrony. 

Materials and methods:

Patients and volunteers:

Healthy controls (NL; n=8) were included after providing written informed 

consent if they had a normal resting electrocardiogram and no cardiovascular 

disease and medication. Eight patients with Wolff-Parkinson-White syndrome 

(WPW), admitted for radio-frequency ablation of the accessory pathway un-

derwent echocardiography the day before the procedure to rule out underlying 

structural abnormalities. All provided written informed consent. Seven patients 

with drug-refractory NYHA-class III heart failure (EF 18.8±4.8%), widened QRS 

(179±28 ms) and left bundle branch block (LBBB), of which 3 with an ischemic 

aetiology, underwent an extensive echocardiographic examination as part of 

the routine clinical work-up, an average of 45±49 days before CRT. The exam 

was repeated before discharge, 2.5±2 days after device implantation. The ex-

ecution of the study conformed with the local Medical Ethics Committee policy 

and with the principles outlined in the Declaration of Helsinki on research in 

human subjects. 

Echocardiography acquisition:

Echocardiography was performed on a GE Vingmed Vivid 7 scanner (GE Vingmed 

Ultrasound, Horten, Norway). Small angle, single wall, B-mode recordings of 

the septal, anteroseptal, anterior, lateral, posterior and inferior wall were per-

formed from 3 standard apical imaging planes at 51 to 109 frames per second 
16. From the Doppler recordings of mitral inflow and left ventricular outflow 

the duration of the RR-interval, the timing of mitral valve opening (MVO) and 

closure (MVC), the onset of atrial flow wave (AWO), and aortic valve opening 

(AVO) and closure (AVC) were measured with respect to the onset of the QRS 

to serve as “reference timing events”. Two-dimensional longitudinal and trans-

verse strain and strain-rate curves were processed off-line using commercially 

available speckle-tracking software (GE, EchoPAC version 6.0.1). For each wall 
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six samples were evenly distributed from base to apex, providing a 36-segment 

model of the left ventricle. Spatial smoothing was set at half of the software 

default value and the onset of the ECG was taken as the zero reference point. 

The obtained traces were transferred as text-files to a personal computer for 

post-processing into custom-made software (STOUT: Speckle tracking Toolbox 

Utrecht) programmed in Matlab (The MathWorks Inc., Natick, USA). The ex-

ported text-files contained information on the wall under investigation within 

the filename and the EchoPac software automatically generated a header to 

the numeric data encoding the type of parameter (velocity, strain, strain-rate, 

etc), its direction (longitudinal, transverse, etc.), the time of the zero reference 

point at onset and end of the cycle (defining the R-R-interval), and a colour-

coding for the six levels. 

Data post-processing in STOUT:

In STOUT, the information embedded in the imported files regarding type of 

parameter, wall segment, beginning of the QRS and duration of the cardiac 

cycle is automatically decoded file by file. The “reference timing events” are im-

ported manually once, after which adjustment for unequal frame rates and RR-

intervals is automatically performed within each imported file by interpolating 

the data to 1 ms and by re-sampling based on the empirical observation that 

the systolic period lengthens with about 33% when total RR duration doubles; 
17 see Additional file 1: Algorithm for RR-normalization. These RR-normalized 

and interpolated data are consecutively fitted to a simple 36 segment 3-D mod-

el assuming all walls to have similar length and a rotational orientation of 60° 

between the imaging planes 18. The integration of spatial and continuous tem-

poral information permits to display the data as a series of bulls-eyes (figure 

1) and two-dimensional M-mode maps (figure 2), as well as a 4-dimensional 

projection of the data on a conical cast. By normalizing the individual curves 

to the reference RR, all data can be summed and averaged to yield a “global” 

or “netto” curve, representing the externalized motion or deformation of the 

ventricle as far as the dataset is complete (figure 3). 

To make the analysis more time efficient, STOUT has an automated search algo-

rithm for the identification of onsets, peaks and end-systolic values of motion 

and deformation. All data can be manually edited if needed. The vector algo-
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rithm proposed by Zwanenburg et al., allowing estimation of 3-D vectors also 

in case of missing values, is implemented in the software and is automatically 

calculated for the operator-approved onsets and peaks 19. At the end of the 

analysis, all the results are automatically exported to an excel-spreadsheet. 

Figure 2. Shortening and stretching patterns in a patient with LBBB (left) and a normal individual 
(right) represented by a two-dimensional M-mode map representation of the same data as in 
figure 1: the temporal information can now be continuously plotted over time (left to right within 
each plot). Vertical lines represent event timing markers. Spatial representation is less optimal: 
each of the 6 walls is plotted separately (from top to bottom) with each level plotted from base 
(top) to apex (bottom) within the separate plots. As in figure 1, shortening and stretching are 
markedly inhomogeneous in LBBB (left) compared to NL (right).

Figure 1. Shortening and stretching patterns in a patient with LBBB (left) and a normal individual 
(right) represented by a series of colour-coded bulls-eyes representing deformation-rate at 25 
time points throughout the entire cardiac cycle for each of the 36 segments. Yellow = shortening, 
blue = stretching, green = no deformation / diastasis. AS = anteroseptum, ANT = anterior, LAT = 
lateral, POST = posterior, INF = inferior, SEPT = septum. In the normal individual (right), through-
out most of the cardiac cycle all segments deform in phase (indicated by the same colour in all 
segments per frame). In LBBB (left) at many time points simultaneously occurring back-and-forth 
shortening (yellow) and stretching (blue) between septal regions and ventricular free wall can 
be appreciated.

AS
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Figure 4. ISF-plot with timing markers in a patient before (A) and after (B) CRT. To calculate ISF 
(in this article between AVO and AVC), all shortening (in blue) and all lengthening strain-rates (in 
yellow) are summed and integrated over the desired time period. Overlapping areas (light green) 
indicate simultaneous shortening and stretching between different segments (dyssynergy). A/ 
Note large areas of overlap between AVO and AVC in this patient with LBBB, resulting in a high 
ISF. B/ Immediately after CRT, ISF has decreased (less overlap) because little lengthening occurs 
during ejection and the amount of shortening (blue area) has increased. This suggests a conver-

sion of internal strain into external (global) strain.

Figure 3. Global strain plot in a patient with LBBB (left) and in a normal individual (right). All 
36 separate tracings are displayed as well as the average shortening curve representing global 
ventricular longitudinal shortening (thick yellow curve). Timing event markers are indicated in 
vertical dashed lines with MVC: mitral valve closure, AVO: aortic valve opening, AVC: aortic valve 
closure, MVO: mitral valve opening, and AWO: onset of mitral flow A-wave. Note the highly vari-
able timing, shape and amplitude of the segmental deformation curves in this patient with LBBB 
(left) compared to the normal pattern (right). 
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A new index estimating the impact of segmental interaction and expressing 

dyssynergy (i.e. dyscoordination / opposing strain work) is implemented in the 

software. The calculation of the internal strain fraction (ISF) is based on the 

directional changes of the strain, i.e. the slopes of the all strain curves, which 

for each time span are ranked in a group of shortening and lengthening / thick-

ening strain slopes 20. The absolute values of all these slopes for that particu-

lar time span (the actual value of the strain-rate) are summed within the two 

groups and plotted over time as a positive strain-rate group and a negative 

strain-rate group which are integrated over time to yield total positive and total 

negative strain (figure 4). ISF represents their relative fraction for the desired 

period within the cardiac cycle; see Additional file 2: Algorithm for ISF and vec-

tor of paradoxical strain-rate behavior (PSrV).

Definitions and data analysis:

Mechanical activation time was defined as the time of onset of shortening and 

throughout the article we will use mechanical activation for the onset of short-

ening 10. The temporal variability of mechanical activation was then expressed 

by the standard deviation of shortening onset times (SDot) and its spatio-tem-

poral distribution width by the vector magnitude of onset times in the hori-

zontal plane (VMot). In analogy, the temporal variability (=standard deviation) 

and the spatio-temporal distribution width (=vector magnitude) were also cal-

culated for the time to the (first) peak of shortening (SDpt and VMpt, respec-

tively). These indices express dyssynchrony based on timing-issues only. The 

coefficient of variation of end-systolic strains (CVeS) was calculated to express 

the effects of dyssynchrony in terms of heterogeneity in strain amplitudes at 

end-ejection 13. The inefficiency caused by deviation of the peak shortening 

from its ideal timing at AVC was estimated by comparing the peak deformation 

values with the end-systolic values in two ways. According to the first approach, 

the impact of dyssynchrony on global ventricular function (= degree of inef-

ficiency) was expressed by estimating the improvement in global end-systolic 

shortening if all peak shortening were to occur at end-systole. As this repre-

sents a virtual resynchronization towards AVC it was denominated the virtual 

shortening reserve (VSR). 

VSR = [(mean of peak strains – mean of end-systolic strains) / mean peak 
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Figure 5. Rationale for the use of ESR. Representative deformation traces of the septal (green) 
and lateral wall (red) and global ventricular deformation (light grey) obtained by MR-tagging 
before (A) and 8 weeks after the induction of left bundle branch block (B) in a dog with on Y-axis 
shortening in % (data from reference 14). AVC = time of aortic valve closure; # and dashed line 
from AVC to Y-axis denote the end-systolic value, * denotes the peak value of deformation. From 
A to B: LBBB induces a marked reduction in septal strain peak amplitude (green *) and in particu-
lar in the end-systolic value (green #). The peak deformation amplitude of the lateral wall (red 
*) occurs after AVC and has increased (-11.0% to -13%) but the end-systolic value has changed 
less. This means that a hypothetically perfect resynchronization (backwards from B to A) would 
consist of an relative increase in septal deformation with little change in the lateral contribution 
in this period. Hence, to estimate how much function can improve by resynchronization, ESR 
only takes differences between peak and end-systolic values of early shortening into account 
(i.c.green* and green #).

strains]*100%

For the second approach, the distinction was made between premature (peak 

shortening before AVC) and postsystolic shortening (peak at or after AVC). 

Only the inefficiency caused by premature shortening was considered to be 

amenable by resynchronization, while post-systolic shortening was not consid-

ered to represent recruitable shortening (figure 5). Hence the early shortening 

reserve (ESR) was used to estimate the amount of potentially amenable dys-

synchrony by performing a virtual resynchronization of early shortening only: 

ESR = [(mean of premature peaks + mean of end-systolic strains of postsystolic 

peaks) – mean end-systolic value of all peaks) / (mean of peaks of early strains 

+ mean of end-systolic strains of late peaks)]*100

The internal strain fraction (ISF) was used to express the impact of segmental 

interaction on ventricular function. ISF was calculated for the ejection period, 
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defined in this study as the time between AVO and AVC. To describe the global 

left ventricular shortening during ejection, the global ejecting strain (GejS) was 

determined automatically from the internal strain rate plot: 

GejS =    (│total positive strain│ – │total negative strain│) between AVO and 

AVC.

The site of earliest electrical activation was searched for by looking for the site 

of earliest mechanical activation within the ventricle was as well as on the ori-

gin of the vector of mechanical activation time by an observer blinded to the 

electrophysiological procedure (figure 4). In patients with WPW-syndrome, we 

compared the results with the localization of the bundle defined by electro-

physiological mapping 21 and in patients following CRT with left ventricular lead 

position (all V-V ≤ 0 ms).

Statistical analysis:

Data between NL, WPW and LBBB at baseline were compared by ANOVA with 

Bonferroni correction for multiple comparisons. Dyssynchrony of mechanical 

activation (SDot, VMot) was compared to the corresponding dyssynchrony of 

peak deformation (SDpt, VMpt) by paired t-test in each patient group. The ef-

fect of CRT was also studied by comparison of pre-CRT values (LBBB) with post-

CRT values (CRT) by paired samples T-test. A p-value of < 0.05 was considered 

statistically significant. Agreement between first mechanically activated site 

and localization of the extra bundle (WPW) or left ventricular lead (BiV) was 

described for circumferential segment. 

Results:

Post-processing of the longitudinal deformation data imported in STOUT re-

quired 5 minutes on average for calculation and checking / editing of SDot, 

SDpt, VMot, VMpt and CVeS and for calculation and plotting of ISF.

Variability and spatio-temporal distribution of mechanical activation and peak 

deformation:

Table 1 displays the differences in timing-based dyssynchrony indices of lon-

gitudinal strain. Failing hearts with LBBB were characterized by a markedly in-
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creased temporal variability (SDot, SDpt) as well as spatio-temporal distribu-

tion width of deformation (VMot, VMpt) compared to the normal ventricles. 

Moreover, all these parameters in LBBB yielded significantly higher values at 

peak shortening compared to the onset of shortening. To the contrary, the dis-

tinction between WPW and NL could only be made by VMot, which was signifi-

cantly larger in WPW, while dyssynchrony values at peak shortening were little 

different from the onset value in both groups (Table 1, figure 6).

Indices of (the impact of) deformation heterogeneity and / or dyssynergy:

Table 2 shows the baseline differences in CVeS, VSR, ESR and ISF. All param-

eters of deformation heterogeneity (CVES, VSR, ESR) and dyssynergy (ISF) were 

highly abnormal in LBBB, compared to NL as well as to WPW. None of the pa-

rameters reached statistical difference when comparing NL and WPW. Obser-

vation of the ISF-plots identified pre-excitation induced dyssynergy of deforma-

tion shortly after the QRS and mostly before AVO rather than during ventricular 

ejection in WPW, compatible with local abnormal early shortening during late 

passive filling and isovolumic contraction (figure 7 and Additional file 3: figure 

showing PSrV plot in NL and WPW). 

Effects of resynchronization:

In this small sample of patients, a resynchronization effect of biventricular pac-

ing was not demonstrable when dyssynchrony was expressed merely in terms 

of variability of deformation timing (SDot, SDpt) or end-systolic amplitudes 

(CVeS). However, biventricular pacing markedly diminished VMot, VMpt, indi-

cating a decreased spatial divergence of deformation timing (Table 3). A more 

detailed analysis of the vector data also indicated that biventricular pacing with 

a mean V-V-interval of -43±37 ms, had inverted the septal to lateral mechani-

cal activation delay vector to a small lateral to septal delay (121.8±50.0 ms to 

-30±44.8 ms, p<0.0001). Analysis by ISF suggested that the overall coordination 

of shortening had improved and this improved coordination during the ejection 

was paralleled by an improvement in ejection performance (GejS) (Table 3). 

Site of ventricular pre-excitation in WPW and LV-first pacing:

The presence of a bypass with electrical pre-excitation somewhere at the ven-
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Figure 6.  Colour-coded bulls-eye projections of mechanical activation times (top row; A to D) 
and of timing of peak shortening (bottom row; A1-D1), with the vector magnitude and direc-
tion plotted in the centre (small blue arrows). The thick black line on the left of each bulls-eye 
defines the attachment of the inferior right ventricular wall between the inferior and the septal 
wall (wall segmentation: see figure 1). For clarity, all plots have an equal scale: 0 ms to 180 ms for 
mechanical activation times (top row) and 100 to 550 ms for peak times (bottom row). Example 
A and A1: normal volunteer. Examples B, B1 and C, C1 : patient with an inferoseptal and with an 
anterolateral bypass, respectively (* = invasively determined bypass localization). D: patient with 
LBBB. Note the large onset delay vector (D) and even larger peak shortening vector (D1) pointing 
from the septum to the lateral wall.

Table 1: Timing based differences in deformation (mean±SD) and Bonferroni-corrected 

p-value between groups. 

Table 2: Markers of deformation heterogeneity and dyssynergy (mean +/- SD) and 

Bonferroni-corrected p-value. 

CVeS: coefficient of variation of end-systolic strain values; VSR: virtual shortening reserve; ESR: 
early shortening reserve; ISF: internal strain fraction during the ejection period

# p< 0.001 versus NL and versus WPW; * p = 0.041 WPW versus NL; ‡ p< 0.01 versus SDot and 
VMot (paired t). SDot: standard deviation of onset times; SDpt: standard deviation of peak times; 
VMot: vector magnitude of onset time distribution; VMpt: vector magnitude of peak time dis-
tribution.
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tricular base instead of around the apical anterior and septal breakthrough site 

in the normal ventricle inverted the mechanical activation vector from an apex 

to base (apex-base vector component NL: 38±30 ms) pattern to a base to apex 

mechanical activation gradient (apex-base vector component WPW: -19±21 

ms, p = 0.015). The origin of the mechanical activation vector in the horizontal 

plane was variable and correctly indicated the site of the bundle in 7 out of 8 

patients (figure 6). The site of earliest mechanical activation matched with the 

site of the bypass in 6 of the 8 patients. 

The same methodology identified the site of the left ventricular pacing in 5 out 

Figure 7. Comparison of the ISF-plot obtained in a normal volunteer (A) and in a patient with 
WPW (B). Note the increased area of overlap (light green areas) around the isovolumic periods 
(between MVC-AVO and between AVC-MVO) and in particular the onset of vigourous shortening 
(onset of high blue spike, red arrow) starting during the end of atrial filling, long before MVC (red 
dashed line).

Table 3: Effects of CRT on homogenization (SDot, SDpt) and redistribution (VMot, VMpt) of tim-
ing of deformation and on parameters expressing deformation heterogeneity (CVeS, VSR, ESR), 
synergy (ISF) and global function (GejS and ejection fraction).
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of 7 cases (both for vector and earliest mechanical activation). In all cases of 

incorrect echocardiographic diagnosis, the site of electrical pre-excitation was 

located in the adjacent segment.

Discussion:

In the current work, we illustrate how two-dimensional deformation data ob-

tained from echocardiography can be reconstructed into a 3-D model of the left 

ventricle in order to enable a more comprehensive description of mechanical 

activation and deformation dyssynchrony. Such an approach enables mapping 

of the spatio-temporal distribution characteristics of dyssynchrony and allows 

the implementation of newer indices aimed at estimating the impact of dyssyn-

chrony on global ventricular performance. Using a model of mild dyssynchrony 

(WPW), severe dyssynchrony (LBBB) and an intervention on the dyssynchro-

nous substrate (CRT), differences between and potential advantages of certain 

approaches are further discussed.

Differences between approaches to express dyssynchrony and dyscoordina-

tion:

The most widely used method to describe dyssynchrony consists of measur-

ing differences in timing of onsets and/or peaks of deformation throughout 

the ventricle 10, 22, 23. However, multiple shortening waves are very common in 

the dyssynchronous ventricle, making this method vulnerable to noise and ren-

dering uniform definitions on “onsets” and “peaks” more cumbersome 10, 22, 23. 

When spatial information is encoded in the data-set, delays within the ventricle 

can also be expressed in terms of their spatio-temporal distribution patterns, 

e.g. by vector-analysis 10, 19. This approach may be preferable as it offers addi-

tional data on the organizational pattern of deformation and makes the analy-

sis less vulnerable to accidental outliers or random noise in the measurements. 

In the present study, the additional value of vector analysis became apparent in 

the WPW-ventricle. A distinctly different spatio-temporal pattern of mechani-

cal activation compared to the normal ventricle could be demonstrated, while 

in this small group no differences were detectable in variability of mechanical 

activation. Moreover, in the patients with left bundle branch block, CRT had a 
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stronger effect on the vector magnitude than on the standard deviation of peak 

shortening timing 10.

Myocardial dyssynchrony does not only induce heterogeneity of deformation-

timing but also of –amplitudes. Because global ventricular function relates to 

global deformation, 24, 25 and global deformation in turn depends on the defor-

mation magnitude in the individual wall segments as well as on the coordina-

tion (synergy) between them, timing alone does not necessarily reflect the im-

pact of the disturbance. Nelson et al. used CVeS as a marker of dyssynchrony in 

patients with idiopathic dilated cardiomyopathy and demonstrated that CVeS 

strongly predicted the acute benefit of CRT 13. However, not only dyssynchrony 

but also regional ischemia or scarring can affect end-systolic strain variance 26. 

Accordingly, in a recent study involving ischemic and non-ischemic patients, 

this parameter seemed less valuable 27.

VSR represents a novel way to estimate the impact of dyssynchrony on global 

function. By “weighing” the observed end-systolic strain to the peak strain it 

may somewhat compensate for the aforementioned shortcoming of CVeS. In-

deed, the VSR-value is insensitive to timely peaking but hypokinetic contractile 

behaviour. Nevertheless, in the present study neither CVeS nor VSR significantly 

changed upon resynchronization (see next paragraph: rationale for ESR).  

ISF is a another new approach to estimate the impact of dyssynchrony by re-

flecting the part of the total deformation that is lost internally due to simul-

taneous shortening and stretching because of dyssynchrony 20. ISF is rather 

a dyssynergy (=dyscoordination) than a dyssynchrony marker since it regards 

“synchrony of contraction” as “simultaneous shortening or lengthening in all 

parts of the ventricle”. When different wall segments are deforming in phase 

with each other, there’s synergy and ISF will be zero regardless of differences 

in velocity and extent of deformation. However, when some wall segments are 

deforming out of phase, the velocity and extent of their abnormal deforma-

tion do determine ISF. Hence, ISF becomes independent of the choice of peaks 

while remaining sensitive to strain amplitude differences of dyssynchronous 

segments. Preliminary results with ISF of circumferential shortening obtained 

by MR-T suggest this index of segmental interaction to be better related with 

long term remodelling than timing parameters only 20. Of interest, the pres-

ent study indicates that CRT improves global ventricular function (GejS, ejec-
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tion fraction) by a reduction of ISF, i.e. by a conversion of internal into external 

shortening. The fact that spatial distribution patterns cannot be deducted from 

ISF and that its value can be affected by random noise may represent limita-

tions; with a small adaptation of the algorithm however, 3-D vectors of out-of-

phase or paradoxical strain behaviour can be calculated throughout the cardiac 

cycle (See Additional file 2: Algorithm for ISF and vector of paradoxical strain-

rate behavior (PSrV) and Additional file 3: Additional figure showing PSrV plot 

in NL and WPW). This fell beyond the scope of the present work. 

The advantages of the proposed method in comparison with other techniques 

are summarized in the table attached in the appendix of this document (Ad-

ditional file 4: Table 4: Comparison of commonly used echocardiographic tech-

niques / indices to evaluate mechanical dyssynchrony with STOUT- indices)

  

Dyssynchrony analysis by myocardial deformation: unmet challenges

A key issue in the treatment of mechanical dyssynchrony is that electrical ther-

apies -like CRT- can only amend electrical dyssynchrony 28. Unfortunately, het-

erogeneity of deformation and mechanical dyssynchrony are not always caused 

by electrical dyssynchrony 29. An imbalance in active and passive forces, causing 

deformation heterogeneity, can also occur in the absence of electrical activa-

tion delays 26. One of the true challenges for deformation imaging therefore lies 

in the distinction between mechanical dyssynchrony based on electrical dys-

synchrony or based on other local conditions 26, 30, 31. In (local) pathologies such 

as ischemia for example, delayed and post-systolic shortening is rather a pas-

sive phenomenon of recoil than an expression of amendable dyssynchrony and 

premature shortening may represent a more specific marker. In addition, the 

relative amplitude changes in premature and delayed segments seen in animal 

experiments of acutely induced left bundle branch block suggest that postsys-

tolic shortening in general may not represent shortening that can be recruited 

towards the end of the ejection period (see figure 5). Excluding post-systolic 

shortening from the analysis by confining measurements to the ejection period 

(e.g. by ISF) or by disregarding postsystolic peaks as in the calculation of ESR 

may therefore improve the estimation of truly recoverable dyssynchrony. In ac-

cordance with the latter hypothesis, VSR was not significantly changed by CRT 

in the present study, while ESR was significantly reduced.
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Modelling of deformation: comparison with previous work:

Myocardial deformation or strain can reliably be measured in vivo by magnet-

ic resonance tagging (MR-T) imaging 24, 32. This technique has been applied in 

animal models also during CRT, instigating the development of highly effective 

therapies like cardiac resynchronization therapy (CRT) 3, 7, 10, 14, 15. However, in 

humans MR-T has practical constraints and not all human’s pathology can ac-

curately be represented in animal models. Strain echocardiography by speckle 

tracking is a valuable alternative 16, 33. However, particularly in spherically di-

lated, thin walled and hypokinetic ventricles, the temporal and spatial resolu-

tion of echocardiography and the signal to noise ratio of speckle tracking are 

challenged. Frame rate, focus position and sector width can be adapted to op-

timize the ultrasound beam density and image quality in order to improve the 

reliability of speckle tracking 16. We therefore designed the current software in 

such a way that segmental data from single wall recordings can be imported 

separately if needed. 

It has been recognized previously that the assumptions and algorithms used 

for data interpolation and incorporation into a 3-D model can alleviate but also 

introduce sources of error 18. However, all current deformation imaging modali-

ties depend on reconstruction techniques and all are particularly vulnerable 

to grossly irregular heart rates. Because exact spatial location, orientation and 

geometry are known when MR-T is used, true 3-dimensional MR-T data sets 

can be reconstructed. Nor with the current, nor with a previously proposed 

echocardiographic methodology this is possible 18. With 3-D based speckle 

tracking software soon becoming available, the latter problem might be solved 

in the near future. Nevertheless, and in spite of using longitudinal instead of 

circumferential deformation, our ISF, dispersion, and vector data on mechani-

cal activation and dyssynchrony closely resemble the published MR-T data in 

normal individuals and in patients with LBBB 13, 19, 20, 34.

Echocardiographic strain analysis can be applied also in humans with contrain-

dication to MR-T, such as following CRT. This has offered unique data on the 

effects of CRT in humans in the current and in previous studies 35. Finally, 2-DSE 

can measure deformation throughout the entire cardiac cycle and is thus in-

dependent of QRS triggering or fading of the taglines in diastole. This offers 

new opportunities. In the current work this is illustrated by providing the first 
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preliminary data on mechanical activation vectors and dyssynchrony in WPW-

patients. 

Limitations: 

The presented echocardiographic approach remains time consuming and la-

borious, in particular related to the care taken to obtain high quality single 

wall recordings, the need for a meticulous registration of the timing events 

and the subsequent off-line calculation of deformation by the EchoPac-soft-

ware at each of the wall segments individually. Once all files are transferred to 

STOUT however, little extra time is spent at the actual analysis of the traces and 

at making the dyssynchrony results available for statistical analysis. Another 

drawback of the methodology is that many of the presented indices will offer 

valuable information only when image quality is sufficient to provide robust 

deformation results covering most of the ventricle. In clinical practice, this can 

be problematic even when attempting to optimize quality by a single wall ap-

proach. The presented image acquisition and post-processing approach might 

therefore better serve research purposes than clinical practice but we expect 

newly gained insight to generate simpler methods for routine practice. One of 

such clinically more feasible methods to predict response to CRT for example, 

might be the calculation of ESR deducted from the septum only, as previous 

and the present work indicates that in LBBB the septal segments generally are 

the earliest (vector of peak time), display most stretching towards end-systole 
3, 7, 10, 14, 15 and thereby likely contribute most to the ESR-value.   

Myocardial deformation is a complex three-dimensional event and differences 

in synchrony and synergy between the main axes of deformation have been 

suggested 36. In the present study we only reported on longitudinal deforma-

tion parameters. Transverse data from the same long-axis images and at the 

same location can be processed in STOUT, as well as circumferential, and ra-

dial data. Although this allows a direct comparison, such study fell beyond the 

scope of the present work. 

In the present study we primarily intended to highlight the differences (in 

strength) between the individual dyssynchrony indices and to point out some 

physiological aspects that have to be taken into consideration when express-

ing dyssynchrony and dyscoordination. Only a limited number of patients were 
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therefore included in the present study. It is important to recognize that in 

recent literature many new technologies and dyssynchrony indices have been 

put forward, in some cases without providing either the pathophysiological ra-

tionale for their use nor a standardized methodology. In particular in the field 

of cardiac resynchronization therapy, many of them have entered the clinical 

arena long before being properly evaluated in multi-centre trials against sim-

pler and user-friendly methods. Each new method should therefore be scruti-

nized regarding its rationale and tested for its feasibility and reliability in the 

real world. This is no different for the currently proposed indices; whether the 

higher sensitivity of a vector-, ISF- and/or ESR-based approach found in this 

study translates into a superior clinical yield remains to be established in larger, 

prospective studies. 

 

Conclusions:

Ample experimental data and sound physiologic principles support the use of 

deformation imaging in the study of the nature and the impact of mechanical 

dyssynchrony. A dedicated software toolbox was designed to reconstruct myo-

cardial deformation data obtained by 2-D speckle tracking echocardiography 

into a simple 3-D model of global ventricular deformation. This allowed the 

calculation of 3-D vectors of mechanical activation and of global left ventricular 

deformation. The software was also designed to allow the implementation of 

newer indices better reflecting important pathophysiological aspects of myo-

cardial dyscoordination and impaired ventricular contractile efficiency. A com-

prehensive description of the spatio-temporal characteristics and of the impact 

of dyssynchrony of myocardial deformation by echocardiography might prove 

helpful in particular in pathologies in which magnetic resonance imaging has 

practical constraints, such as WPW and following CRT.  
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Supplementary material

Additional file 1
Algorithm 1: RR-normalization
Description: The file describes the algorithm implemented in Matlab to time-normalize different 
deformation curves to a single, common reference RR-interval. 

 
Additional file 2
Algorithm 2: Internal Strain Fraction and vector of paradoxical strain-rate behavior (PSrV)
Description: The file describes the basic principle and practical implementation of two novel 
indices of dyscoordination, ISF and PSrV, into STOUT.
 
Additional file 3
Example of a PSrV plot in a normal individual and a patient with WPW
Description: The plot displays the vector magnitude of paradoxical strain-rate in the horizontal 
plane at 20 ms time-steps. Paradoxical deformation behaviour will increase the magnitude (and 
R2 of the estimation) of the vector when it is more vigorous, when it encompasses a more exten-
sive area or both, unless it is due to random noise. Unreliable vectors (R2 < 0.40) have been omit-
ted. The presence of a highly reliable and large PSrV before mitral valve closure (MVO) is seen 
only in the WPW-ventricle (arrow), indicating vigorous shortening during late atrial filling with a 
well organized spatial pattern. This corresponds to premature shortening in the pre-excited area 
while in other area’s stretching from the atrial contraction is ongoing.

Additional file 4
Comparison of commonly used echocardiographic techniques / indices to evaluate mechanical 
dyssynchrony with STOUT- indices
Description: A table outlining the main theoretical and technical advantages of a STOUT-based 
approach over more conventional echocardiographic techniques to study dyssynchrony.
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Algorithm 1: RR-normalization. 

Definitions: 1/ Time span onset first QRS (t=0) to onset next QRS = 
RR 

 2/ “systole” = time span t=0 to mitral valve opening 
(MVO) 

Assumptions: A/ Time between onset of A-wave (AWO) and RR var-
ies insignificantly (RR-AWO is fixed)
B/ empirically: if RR*2, then “systole”*1.33 

Implementation:

Each curve (i) can be divided in 3 time-intervals: 
                 from t=0 to MVO (i)  ->  d1(i)

from MVO (i) to AWO (i)               ->  d2(i)  
              from AWO (i) to RR (i)  ->  d3(i)  
 
After curve-normalization to the reference RR, these time-intervals are 
known: RR, MVO and AWO are the reference timing markers obtained 
by Doppler at the reference RR- interval at which Doppler was per-
formed. 
All curves(i) are normalized in such a way that they will match these 
reference timing markers.

For each curve (i) MVO(i), AWO(i) and R-R(i)are determined and con-
secutively all other time-values of the curve are fitted to the following 
equation:

f·RR(i) = RR 
f·RR(i) = f1·d1(i) + f2·d2(i) + f3·d3(i)

R-R(i) is known (encoded in the imported file information), hence

f = R-R / R-R(i) 
   
For each time interval, a scaling factor is determined that fulfils the 
following requirements:

 
   f1·d1(i) = d1 
   f2·d2(i) = d2 
   f3·d3(i) = d3 
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Because RR - AWO is fixed, f3 = 1, so d3(i) = d3 and AWO(i) = RR(i) - d3
 

The analytical relation between f1 and f reads (assumption B):
 

   f1 = 5/3 log(8f)/log(32)  (e.g.for f=1, f1=1; for f=2,f1=1.33) 

and MVO(i) = MVO / f1 
 
With MVO(i) and AWO(i)known, 

 
   f2 = d2 / d2(i) => d2 / (AWO(i) - MVO(i)) 
 
The time vector (i) is now divided in the 3 known intervals d1(i), d2(i) 
en d3(i) multiplied with respectively f1, f2 en f3. 
Finally, spline interpolation of the curves to 1 ms is performed over 
this new time vector.
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Algorithm 2: Internal Strain Fraction and vector of paradoxical strain-rate behavior 
(PSrV). 

Definitions: Deformation or strain = ε
  Slope of the strain curve = strain-rate = ∆ε

Principle:  ISF: Calculations based on the slope of the strain-curves, i.e. 
∆ε, which are ranked in a group of shortening / thinning (-) 
and lengthening / thickening (+) strain slopes at each time 
span and thereafter summed within the group over the de-
sired time period.

 PSrV: Calculation based on ∆ε of local curves y, which are 
compared to the ∆ε of the global ventricular deformation 
curve for each time span of 20 ms. All curves in which ∆ε has 
similar polarity as the global ∆ε have “0” assigned as value, 
all others get    ∆ε  assigned. On these values 3-D vectors are 
calculated (per 20 ms) pointing towards the largest / most 
vigorous out of phase deformation-rate and plotted over the 
R-R. 

Implementation:  A: Internal strain fraction per period M

Step 1: Ranking the ∆ε of each curve at timespan i into either the + 
(P∆ε) group or the – (N∆ε) group.

 

in which i = timespan unity, 
k = curve and N number 
of curves present in the 
analyses

Step 2: Integration of the groups over time 
 
(if M = QRS-onset to AVC: “systolic”)

 (if M = AVO to AVC: “ejection”)

P!"i = 1/ (2N) *  

N!"i = 1/ (2N) *  
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Total P∆εi  over predefined time span    

Total N∆εi  over predefined time span   

Step 3: ISF-calculation 

 100*(Total P∆εi / Total N∆εi ) if Total N∆εi > Total P∆εi  or
 100*(Total N∆εi / Total P∆εi ) if Total N∆εi < Total P∆εi

 B. Calculation of PSr-value at each segment, per time span i = 
20 ms

Step 1:  Assigning either  ∆ε i,y or 0 as paradoxical strain-rate value 
(PSr-value) for each curve at location y over time period i.

PSr-value i,y = 1/2 

In which ∆ε i,m is the slope of the global strain curve

 Step 2: Introducing of all PSr-values i,y to i,n in vector algorithm, plot
                            of magnitude per 20 ms

M =   

M =  

!
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Additional file 3

Example of a PSrV plot in a normal individual and a patient with WPW

The plot displays the vector magnitude of paradoxical strain-rate in the horizontal plane at 20 

ms time-steps. Paradoxical deformation behaviour will increase the magnitude (and R2 of the 

estimation) of the vector when it is more vigorous, when it encompasses a more extensive area 

or both, unless it is due to random noise. Unreliable vectors (R2 < 0.40) have been omitted. The 

presence of a highly reliable and large PSrV before mitral valve closure (MVO) is seen only in the 

WPW-ventricle (arrow), indicating vigorous shortening during late atrial filling with a well organ-

ized spatial pattern. This corresponds to premature shortening in the pre-excited area while in 

other area’s stretching from the atrial contraction is ongoing.
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Additional file 4
Comparison of commonly used echocardiographic techniques / indices to evaluate 
mechanical dyssynchrony with STOUT- indices.

STOUT-reconstructionCurrent technologies
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Techniques: TDI: Tissue Doppler (velocity) imaging; TSI: Tissue Synchronization imaging, auto-
mated measurement of peak velocities in 6 basal and 6 mid-ventricular segments; TDI-strain: 
TDI-derived strain imaging; (*) = if single wall acquisition. 2-DSE: Speckle-derived 2-D strain im-
aging as routinely applied on 2-, 3- and 4-chamber sector scans; 3-D: Full volume 3-D echocar-
diography with automated detection of time to minimal volumes; STOUT-reconstruction: incor-
poration of segmental strains obtained from single wall acquisitions into STOUT; ISF: Internal 
Strain Fraction; PSrV: Paradoxical strain-rate vector; ESR: early shortening reserve, 2-D M-mode 
/ bulls-eyes :graphical representations of amplitudes over time, interpolated to 1 ms (M-mode) 
or divided into RR/25 (ms) see text for details. 
Values: (1→2D) indicates the use of an intrinsically (angle-dependent) 1-D technique enabling 
comparison in 2D (or 3D by TSI); (2→3D) indicates the use of an intrinsically (in plane angle-
independent) 2-D technique reconstructed into a 3-D model. Scoring by – denotes poor; by +/- 
moderate or only partially related to; by + good; by +(+) better / specifically designed for. N.A. = 
Not applicable, the index has no / is little dependent on temporal characteristics. For operator 
independency, independency to insonation angle and limited manual interventions by automa-
tion / computerization of technique and measurement are considered beneficiary. See text for 
details.
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Case

A 51-year-old, otherwise healthy man with drug refractory Wolff-Parkinson-

White syndrome was referred for radiofrequency catheter ablation (RFCA). His 

ECG exhibited a typical pattern of preexcitation, suggestive of an inferior or 

inferoseptal bypass (Figure 1A). Before and after RFCA, we acquired B-mode 

images on a Vivid 7 echocardiography machine (Vingmed Ultrasound, Horten, 

Norway) from a parasternal short-axis view and 5 apical views (AP2C, AP4C, 

APLAX, and 2 intermediate planes) at 77 to 91 frames/s, offering an effective 

temporal resolution of 22 to 26 ms. Off-line, B-mode–based, 2-dimensional (2-D) 

strain curves were extracted using commercially available software (Echopac 

version 4.0.2, GE Vingmed Ultrasound, Horten, Norway). The software program 

performs a frame-by-frame autocorrelation analysis to track the typical speckled 

myocardial patterns generated by irregularities in acoustic backscatter. In this 

manner, we were able to obtain angle-independent information on strain (or 

contraction), which we applied to assess the site of first contraction and the 

extent of premature ventricular contraction associated with the accessory 

bypass. Circumferential strain curves localized the site of first ventricular 

contraction in the inferior wall, just beneath the right ventricular insertion point 

(Figure 2A). Analysis of longitudinal strains from the apical views confirmed that 

the earliest contraction occurred immediately after the onset of the delta-wave 

at the base of the inferior wall, from where it spread toward the mid-ventricle 

before merging with the normal activated segments (Figure 2C and 2E). The 

inferior portion of the right ventricular free wall was activated slightly later 

(Figure 3). Invasive electrophysiological mapping confirmed a left-sided bypass 

with an inferoseptal ventricular insertion. Successful RFCA was achieved at the 

atrial insertion point of the bypass, 1 cm within the coronary sinus at the ostium 

of the mid-cardiac vein. After RFCA, disappearance of the preexcitation pattern 

on the ECG (Figure 1B) was accompanied by a homogenization of the timing of 

contraction throughout the ventricle (Figure 2B, 2D, and 2F). In myocardium with 

intact excitation-contraction coupling, these electrical and mechanical events 

are tightly linked. Therefore, previous M-mode and tissue Doppler studies 

have reported on accessory bypass localization by determining the site of first 

systolic motion.1 This is the first report on the use of strain imaging to assess 
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the origin of an accessory bypass and to document the extent of ventricular 

preexcitation. Although the usefulness of tissue Doppler-derived strain imaging 

has been validated,2 its inherent angle dependency and 1-dimensional character 

limits the number of ventricular segments that can be analyzed. In this patient, 

we used a novel, angle-independent, and 2-D strain imaging technique that 

recently has been validated.3 In addition to the acoustic pattern–derived strain 

estimation method used in this case report, another method for calculating 2-D 

strain data from patterns in myocardial backscatter has been developed and 

has recently been validated.4,5 Although current B-mode–derived methods may 

not be fully interchangeable and should be carefully validated, taken together 

they indicate the potential of multidimensional echocardiographic strain 

analysis.3–6 The accuracy of such strain analysis is likely enhanced when one 

can simultaneously assess circumferential, radial, and longitudinal contraction 

from multiple windows. This case highlights the potential application of 2-D 

strain imaging in the study of contractile asynchrony. 
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Figure 2

Figure 1. A, Standard 12-lead 
ECG exhibiting a typical pat-
tern of preexcitation, sugges-
tive of an inferoseptal bypass. 
Also note ventricular ectopy in 
bigeminus. B, After RFCA, the 
preexcitation pattern has disap-
peared.

Figure 2
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Figure 2. Left ventricular strain curves and corresponding M-modes before (A, C, and E) and 
after (B, D, and F) RFCA. A, Circumferential strain curve at the mitral valve level. Arrow indi-
cates the site of first ventricular contraction in the inferior wall, from where it spreads towards 
the adjacent segments. B, After RFCA, a homogenization of the timing of contraction is seen. C 
and E, Longitudinal strain curves from apical views confirm that the earliest contraction occurs 
immediately after the onset of the delta-wave at the inferior wall, whereas pronounced early 
systolic prestretching is seen in the anterior wall (C). The premature contraction at the inferior 
wall spreads toward the mid-ventricle before meeting the normal-timed contraction (E, *). After 
RFCA, premature contraction at the inferior wall and abnormal prestretch at the anterior wall are 
abolished, and a normal activation sequence from apex towards the base is seen (D and F).

Figure 3. Longitudinal strain of the inferior portion of the right ventricular free wall: contraction 

starts approximately at the end of the delta-wave (*).
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Abstract

Background: A larger detrimental effect of septal compared to free wall 

preexcitation is suggested in animal experiments (pacing). The intrinsic relation 

between (site of) electrical preexcitation, mechanical dyssynchrony and 

dysfunction can be investigated by speckle tracking deformation imaging (ST-

MDI) in human patients with accessory atrioventricular pathways (AccP’s).

Methods and Results: In 33 Wolff-Parkinson-White patients and 18 matched 

controls, local timing of shortening, and its extent during ejection (LejS) 

were obtained by ST-MDI and reconstructed into 3-D maps to investigate 

spatiotemporal dyssynchrony, shortening sequences (3-D vectors), and extent 

of global ventricular shortening (GejS). ST-MDI localization of AccP’s (earliest 

basal segment from which a centrifugal shortening sequence started), matched 

with invasive electrophysiological localization in 23/33 and was one segment 

different in 5/33. The impact of AccP localization was studied by comparing 

ST-MDI data in patients with correctly diagnosed AccP’s in the interventricular 

septum (WPW-IVS, n=11) and free wall (WPW-LFW, n=12) to corresponding 

control values. A LejS<2SD of the control values identified hypokinetic segments. 

LejS was impaired at the preexcitation site both in WPW-IVS and WPW-LFW 

(p<0.01). However, at similar electrical preexcitation (QRS and delta-wave 

duration) and spatiotemporal dyssynchrony, WPW-IVS had more extensive 

hypokinesia (3.6±0.9 segments) than WPW-LFW (1.8±1.3 segments, p≤0.01). 

Compared to controls, LV function was significantly reduced in WPW-IVS (GejS: 

16.7±1.8% versus 18.7±1.8%, p=0.01; biplane ejection fraction: 54.6±4.8% 

versus 58.7±3.1%, p=0.02) but not in WPW-LFW. 

Conclusions: ST-MDI is able to non-invasively localize AccP’s. At comparable 

degrees of dyssynchrony, WPW-IVS has a stronger adverse effect on LV 

function than WPW-LFW, due to a more pronounced and more extensive local 

hypokinesia.
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Introduction:

At present, recurrent reentry tachyarrhythmias represent an established 

indication for radiofrequency catheter ablation (RFCA) in patients with Wolff-

Parkinson-White (WPW) syndrome.1 These arrhythmias rely on the congenital 

persistence of one or multiple accessory atrio-ventricular pathways (AccP) 

which connect atria and ventricles. During sinus rhythm, the ventricles of 

these patients are electrically and mechanically pre-excited through antegrade 

conduction over these AccP. The eccentric electrical activation is, qualitatively, 

in many ways similar to preexcitation by pacing and as such increasingly being 

recognized as a potential source of mechanical dyssynchrony and ventricular 

dysfunction.2, 3 Hence, objective evidence of dyssynchrony with associated 

ventricular dysfunction in WPW patients may evolve to a future indication for 

RFCA.4 Animal experiments indicate that septal/RV rather than free wall pre-

excitation is detrimental for left ventricular (LV) function. This suggests that the 

localization of the AccP may be a decisive factor.3, 5 

By directly assessing timing and extent of myocardial shortening throughout the 

ventricle, myocardial deformation imaging by speckle tracking echocardiography 

(ST-MDI) not only shows potential as method to noninvasively localize the 

AccP, but also to estimate its impact on local and global ventricular function.6 

The purpose of the current study was therefore 1/ to examine the diagnostic 

accuracy of ST-MDI regarding AccP localization, 2/ to study the characteristics 

of mechanical dyssynchrony associated with preexcitation, and 3/ to evaluate 

the effects of pre-excitation associated with an AccP in the interventricular 

septum (WPW-IVS) and LV free wall (WPW-LFW) on local and global LV 

function. We reasoned that to obtain reliable results, the primary abnormality, 

i.e. presence of preexcitation, should have been within the diagnostic capacity 

of the technique prior to further analysis. Therefore, we first determined the 

diagnostic accuracy of ST-MDI, determined normal values in a matched healthy 

reference group and subsequently compared shortening characteristics 

in correctly diagnosed WPW-IVS and WPW-LFW with each other and with 

corresponding values in healthy controls. To enhance the interpretation of 

the findings, methodological approach and parameters were tuned as well as 

possible to previous (experimental) studies on preexcitation.2, 5, 7
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Methods:

Patients and volunteers:

Between December 2006 and June 2008, 36 adult WPW patients scheduled 

for RFCA because of recurrent supraventricular tachycardia were prospectively 

enrolled (single centre study). All patients underwent an electrophysiological 

study (EPS) with endocardial mapping and ablation of the AccP guided by 

fluoroscopy and a non-fluoroscopic catheter localization system (Localisa, 

Medtronic Inc, Minn, USA). The site of successful ablation was documented by 

the Localisa system and by biplane fluoroscopy in 30o right anterior oblique and 

60o left anterior oblique position and used as the reference method for AccP 

localization. A standard 12-lead surface electrocardiogram was made within 

one day prior to and after RFCA. The degree of preexcitation was estimated by 

Delta-dur = (preexcited QRS duration - post ablation QRS duration). Patients 

with intermittent pre-excitation (n=1) and patients with evidence of multiple 

AccP’s during electrophysiological study (n=2) were excluded from the final 

analysis. One patient had suffered from a posterolateral infarct confined to the 

mid- and apical segments. Data of this patient was only used for localizing the 

AccP. Eighteen healthy volunteers without cardiovascular history or medication, 

and with a normal resting electrocardiogram, made up the control group. The 

execution of the study conformed to the principles outlined in the Declaration 

of Helsinki on research in human subjects. The local institutional review board 

approved the study. Written informed consent was obtained from all subjects 

prior to inclusion.

Standardized scoring and nomenclature for echocardiography and EPS:

Standard nomenclature and anatomic landmarks for LV and RV segmentation 

differ between electrophysiologists and echocardiographists. To allow 

comparison between the different modalities, a system matching the Cosio and 

echocardiographic nomenclature and segmentation was agreed on prior to the 

analysis (Figure 1).8 Matching between modalities was scored in ranked order: 

1=correct, 2=adjacent segment, 3=wrong. The echocardiographic nomenclature 

is used throughout the document.
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Standard echocardiography and myocardial deformation imaging:

Echocardiography was performed within 24 hours prior to EPS in all but 

5 patients, in which it was performed 118±70 days before the EPS. Patients 

and controls were examined in their resting, unprovoked state on a Vivid 7 

system (Vingmed Ultrasound, Wisc) according to a protocol described in detail 

elsewhere.6, 9 A minimum of 3 beats were acquired at end-expiratory breath 

hold and exported to a computer workstation for off-line analysis. Doppler 

flow over the left sided valves was recorded from which the myocardial 

performance index (Tei) and cardiac event timing were derived. All information 

was temporally aligned through ECG traces. LV ejection fraction (LVEF) was 

calculated by biplane Simpson’s method. For ST-MDI, additional single wall 

images were acquired from the standard apical views (AP2C, AP4C, APLAX) 

and one additional intermediate plane (modified 2-chamber view) crossing 

the inferoseptal and right inferior wall near the junction of the right and left 

ventricle (Figure 1). Focus settings were optimized and sector width chosen as 

narrow as possible to ensure optimal image resolution at frame rates of 78-

110 Hz.6, 9 All ST-MDI analyses were performed by a single examiner, blinded to 

medical history, ECG’s and EPS results.

ST-MDI post processing: 

Longitudinal deformation curves by ST-MDI were extracted offline using 

commercially available software (Echopac 6.0.2, GE, Horten, Norway) as 

previously described in detail.9 Spatial smoothing was set at half of the default 

value to increase spatial resolution. Six evenly distributed samples were placed 

from base to apex in each wall. Timing of onset of shortening was measured in 

all sampled LV and RV segments. The basal segment with earliest shortening, 

and in which onset of shortening was seen to propagate towards the apex 

was regarded as the AccP insertion site. In this localization process, the entire 

pattern of onset times throughout the ventricular base was taken into account 

for fine-tuning and to avoid the effect of accidental outliers (Figure 2).

A detailed mapping of LV spatiotemporal dyssynchrony and local shortening 

features was performed in controls, and in patients with a (near-) correct (score 

1 and 2) diagnosis of WPW-IVS and WPW-LFW (Table 1). For this purpose ST-

MDI data from the septal, anteroseptal, anterior, lateral, posterior and inferior 
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walls (36-region model) were post-processed by dedicated software, enabling 

3-D reconstruction (Speckle-tracking Toolbox Utrecht).6 Intra-LV dyssynchrony 

was quantified by the standard deviation of regional onset (SDot) and peak 

times (SDpt), as well as by quantifying their respective 3-D vector (3-DVot, 

3-DVpt respectively), expressing the overall spatial organization pattern of 

dyssynchrony. To obtain directional information (i.e. information on shortening 

sequences), the vector components in the horizontal plane (VHP) and between 

apex and base (VAB) were examined.6, 10, 11 The magnitude of these vectors 

indicates the net time difference between one side of the LV and the other, their 

direction points from the earliest to the latest side. To estimate the effective 

local contribution of segmental shortening to ventricular ejection we measured 

the local ejecting shortening (LejS) as the difference between the shortening 

value at aortic valve opening and closure. Averaging all 36 regional LejS yielded 

the global LV ejection shortening (GejS), expressing the effective LV shortening 

fraction during ejection (Figure 2).5 

To comply with the recommendations of the American Society of 

Echocardiography (ASE), segmental shortening values are reported according to 

the standard 16 segment LV model.12 For this purpose, the two regional values 

corresponding to the standard segments were averaged, with an additional 

averaging of data in the apico-septal and -anteroseptal as well as apico-lateral 

and -posterior segments. Segments with a LejS below the 2SD lower limit of the 

corresponding segment in healthy controls were scored as “hypokinetic”, and 

the absolute difference with this lower LejS limit in each of these hypokinetic 

segment was summed to estimate the “total burden of hypokinesia” in analogy 

to the 16-segment wall motion score.12 

Statistical analysis and reporting:

Statistical analysis was performed using SPSS version 15.0 (SPSS Inc., Chicago, 

Illinois). A p-value <0.05 was considered statistically significant. Within-group 

results are presented as mean±SD and percentages. Categorical data were 

compared by Fisher’s exact test. Differences in continuous data between 

patient groups were compared by one-way ANOVA with Hochberg’s GT2 

post-hoc correction for multiple comparisons, after ascertaining that the 

assumption of homogeneity of variances was met. If this assumption was not 
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Figure 1: Matching nomenclature EPS-echocardiography
Left upper: Standardized electrophysiologic nomenclature of AccP localizations around the mi-
tral (MV) and tricuspid valve (TV) ring 8. Left lower: Echocardiographic segmentation used for 
the AccP localization study. Right: matched nomenclature. Note: position 4 was not scanned, 
AccP-localization in this segment was based on interpolation when inter-segment delays an-
teroseptum-anterior>>anterior-lateral<<lateral-posterior (see figure 2)

Figure 2: Methods: LejS, GejS and AccP localization 
A. Example of deformation curves within 1 LV wall. Base-to-apex segmentation runs from yellow 
(basal level) to red (apical level), Onset and peak shortening are indicated by hollow and filled 
dots, respectively. LejS is measured between aortic valve opening/closure (AVO/AVC, shown for 
3 curves). B. GejS = average of all LejS. C. Detail of onsets of local shortening shown for 6 walls 
and 6 levels, compatible with anterolateral preexcitation (position 4 figure 1). D. Color-coded 
bulls-eyes representing all 36 onset times; earliest=dark brown, latest=bright yellow; outer 
ring=basal; inner ring=apical; thick blue line=transition (mid)septum-inferior wall; segmentation 
runs clockwise from septum to inferior. VHPot is plotted in the centre. 
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met, ANOVA results were checked by Brown-Forsythe testing, and Dunnett’s T3 

post-hoc analysis was performed. Bivariate correlation for ranked variables was 

performed by Spearman’s rank correlation analysis. 

Table 1 Baseline characteristics of the study subgroups

SBP/DBP: systolic/diastolic blood pressure. NA: not applicable. * P<0.05 versus both WPW-
IVS and WPW-LFW. NS: not significantly different from WPW-IVS, all P³0.10 by ANOVA and by 
independent student t-test.

Results:

Study population:

The study population included a total of 33 WPW patients (10 female, age 

34±12 years) and 18 matched healthy volunteers (8 female, age 39±12 years). 

All subjects were in sinus rhythm; none of the patients suffered from incessant 

tachycardia. RFCA was performed without complications and was successful 

in all but one patient, in which rate dependent preexcitation reappeared 

within 12 hours, however without recurrent tachyarrhythmia during follow-

up. Baseline characteristics of the subgroups WPW-IVS (n=11) and WPW-LFW 

(n=12) are provided in Table 1. Data for the entire population are available in 

the supplemental table. By study design, both WPW groups had significantly 

shorter PQ- and longer QRS-durations than controls (p<0.001). However, 

between both WPW subgroups there were no significant differences in either 

PQ, QRS or Delta-dur.
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Localization of accessory pathways by ST-MDI:

In 23/33 patients (70%), segmental localization matched between EPS and ST-

MDI. In 5/33 (15%) ST-MDI located the AccP in the adjacent segment (Table 

2). If AccP’s were located within the interventricular septum by EPS, they 

were always categorized as such by ST-MDI (100% sensitivity and specificity). 

One patient (nr 17) had insufficient image quality for localization, except at 

the septum where a preexcitation pattern was absent. The accuracy of ST-

MDI depended on QRS-duration (r=0.438, p=0.011) and Delta-dur (r=0.373, 

p=0.033), but not on the PQ-duration.

Mapping of LV dyssynchrony and shortening in controls, WPW-IVS and WPW-

LFW:

From a total of 1476 LV segments, tracking quality was deemed sufficient to 

be included in the analyses in 1425 (96.5%). Acquisition success was similar in 

all groups; the anterior wall had the lowest feasibility (91%), the septum the 

highest (99%).

Mechanical activation pattern and shortening dyssynchrony: 

In the normal LV, the sequence in onset of shortening was characterized by a 

relatively large, positive VABot (apex-to-base sequence) and a smaller VHPot 

(Table 3, visible as a gradient from dark to light from inside to outside and, to 

some extent, from left to right in the bulls-eye plot in figure 3). No differences 

were found between the three groups regarding either SD or 3-D vector of 

shortening onset, but differences were found for the apex-base (VABot) and 

horizontal vector (VHPot). Both patient groups displayed a negative VABot 

(base-to-apex sequence) and a larger VHPot, pointing away from the pre-

excited basal region (figure 3). The VHPot was only significantly larger than 

controls in the WPW-IVS group. 

Also when using peak shortening, SDpt was not statistically different between 

groups but the 3-D vector was significantly larger in both patient groups 

compared to the control group. Like for onset of shortening, also for peak 

shortening the base-to-apex vector component in both WPW groups was 

significantly increased as compared to the control group and the horizontal 

vector component was larger only in the WPW-IVS group. Noticeably, between 
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WPW-LFW and WPW-IVS patients none of the mechanical dyssynchrony 

parameters differed significantly.

Local LV shortening characteristics and distribution pattern: 

Table 4 lists the segmental LejS values for all of the 16 standard segments in 

both WPW groups and in the control group, whereas the bulls-eyes plots in 

figure 4 display in more detail where and how much LejS in the WPW-IVS and 

WPW-LFW group deviated from the reference values in the control group. In 

both groups, reduced LejS was found in the proximity of the suspected AccP’s, 

with a spatial pattern corresponding well to the pattern of earliest onset, and 

particularly peak shortening (in figure 3). Importantly, in neither of both groups 

the impaired LejS in preexcited regions was sufficiently compensated for by 

augmented LejS in remote regions, resulting in a netto shortening deficit on 

the LV level, in particular in WPW-IVS. As can be further deducted from the 

bulls-eye plots, WPW-IVS patients had more severely reduced LejS than WPW-

LFW patients, both in terms of spatial extent, as well as severity (represented 

by the increased number and intensity of blue colored regions, respectively). 

In accordance, the amount of hypokinetic segments was higher (3.6±0.9 versus 

1.8±1.3, p<0.01) and the total burden of hypokinesia larger (18.5±10.1% versus 

4.5±4.4%, p<0.01) in WPW-IVS compared to WPW-LFW. Figure 5 depicts that at 

every level of Delta-dur the amount of hypokinesis was larger in WPW-IVS than 

in WPW-LFW patients. Moreover, in WPW-LFW a correlation was observed 

between Delta-dur and hypokinesia, whereas such a relation was absent in 

WPW-IVS patients.

Global left ventricular function and shortening: 

Compared to the control group, patients with WPW-IVS had a significantly 

higher tei-index (0.46±0.11 versus 0.38±0.07; p=0.04), and a significantly 

lower LVEF (54.6±4.8% vs 58.7±3.1%; p=0.02) and GejS (16.7±1.8% versus 

18.7±1.7%; p=0.01). Patients with WPW-LFW had intermediate values for tei-

index (0.41±0.06), LVEF (57.3±3.1%), and GejS (17.8±1.2%), that did not differ 

significantly from either other group. 
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Figure 3: Colour-coded bulls-eyes patterns and VHP of averaged regional mechanical activation 
time (A) and peak shortening time (B). 
Within each panel plots are scaled similarly (right). In controls, onset of shortening (A) was nearly 
simultaneous in all mid-apical levels and throughout the septum, propagating towards the pos-
terolateral base. Peak shortening (B) was highly synchronous. Both in WPW-IVS and WPW-LFW, 
mechanical activation (A) displayed a base-to-apex and circumferential sequence away from the 
earliest segment (dotted arrows). The remote walls displayed a (normal) apex-to-base sequence. 
A similar pattern was seen for peak shortening (B). Note that spatial differences had become 
more pronounced (larger VHPpt) in WPW-IVS while inversely somewhat smaller in WPW-LFW. 

 

Figure 3

Figure 4
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Figure 4: Distribution and extent of shortening abnormalities in WPW-IVS and WPW-LFW. 
Colour-coded plots display for both WPW subgroups the local differences in regional LejS com-
pared to the corresponding regional mean value in controls for each of the 36 regions. Negative 
values (blue) indicate hypokinesia, green=normal and yellow=increased LejS. The vector was cal-
culated in analogy to VHP, pointing away from most hypokinetic region. *: significantly impaired, 
“ significantly increased vs control. Note how closely the pattern and vector characteristics re-
semble the pattern in peak shortening in Figure 3B.

Figure 5: Relation between electrical preexcitation and total hypokinesia score.
The total LV hypokinesia score (y-axis) is calculated as the sum in all segments of the difference 
between local LejS in WPW and the 2SD lower limit of LejS in corresponding segments of control 
subjects. In WPW-LFW (diamonds), the total hypokinetic score was linearly related (r=0.73) to 
electrical preexcitation (Delta-dur). In WPW-IVS (open circles), such relation was absent and the 
score was on average higher than in WPW-LFW.
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*p<0.01vs control; †p<0.05 vs control. 3-DV: 3-D vector magnitude; VAB: Apex-base vector, 
a negative VAB indicates a vector directed from base to apex; VHP : horizontal plane vector 
component. Of note: only in WPW-IVS VHP increased between onset and peak shortening 
(p=0.042 paired t-test)

Table 3. Overall and spatiotemporal dyssynchrony

Segment numbers as in figure 1. Diagnosis correct indicated by =, correct within 1 segment er-
ror margin by *. Bold numbers: patients enrolled in WPW-IVS/WPW-LFW sub-study; segments 
4-6 were considered as free wall, segments 1,2 and 8 as interventricular segments. NB. Pt 7 had 
previous infarct, ST-MDI data only used for AccP localization.

Table 2. Accessory pathways localization and preexcitation
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Discussion

The present study represents the first extensive investigation into shortening 

patterns and contractile dyssynchrony in a human model of “pure” ventricular 

preexcitation. Our study demonstrates that 1) ST-MDI can noninvasively detect 

AccP localization in most patients. 2/ Local preexcitation results in decreased 

local effective shortening, insufficiently compensated for by increased effective 

shortening in remote segments. 3/ At similar amounts of preexcitation, accessory 

pathways in the septum are associated with more extensive hypokinesia than 

pathways in the free wall, leading to an impaired LV function compared to 

healthy controls.

Localization of accessory pathways by ST-MDI mapping:

To the best of our knowledge, the present study is the first to demonstrate 

the ability of myocardial deformation imaging to noninvasively localize AccP’s.13 

Previous investigators have employed a number of motion-based techniques, 

with accuracy continuously improving by moving from 1- to 2-dimensional 

imaging and by increasing sampling rate using tissue Doppler velocity imaging.14-

18 Although a formal comparison fell beyond the scope of the present study, 

the accuracy of our methodology compared favorably to earlier reports. A 

major difference with previous techniques is that ST-MDI directly measures 

local shortening independent of the confounding influence of overall heart 

motion and tethering effects.19 Because patterns and sequences of electrical 

and mechanical activation are closely matched,2 we used 3-D reconstructions 

to map mechanical activation patterns in detail, facilitating interpolation 

and/or interpretation in case of missing values or outliers.6 Moreover, 

some abnormalities in the shape of deformation curves, such as premature 

interruptions of systolic shortening, are typical for preexcitation (supplemental 

figure).6 Typical multiphasic shortening patterns therefore also pointed towards 

preexcitation and were particularly frequent in WPW patients with reduced 

LVEF (< 55%) and/or septal AccP’s. Therefore, the difficulties in localization 

which persisted in patients with QRS<120 ms, most likely reflected a limited 

electrical preexcitation resulting in a mechanical impact below the detection 

limit of the technique.
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Preexcitation as a primary cause of local hypokinesia:

The use of ST-DMI allows comparison of LV mechanics in WPW hearts with 

that in hearts with more pronounced (and better investigated) dyssynchrony, 

such as ventricular pacing and LBBB. The loss of systolic shortening in early 

activated regions is a known cause of the loss in pump function in LBBB and 

paced hearts.5, 6 The present study shows that a similar situation exists in 

WPW hearts, albeit that derangements are usually less pronounced than in 

the former conditions. The loss in local shortening in prematurely activated 

segments is most likely caused by low local afterload, which allows a rapid 

shortening prior to ejection followed by reduced systolic shortening or even 

stretching due to lower sarcomere length and shortening deactivation.3 

Experimental studies have shown that the local loss in function is insufficiently 

compensated for by increased shortening in remote regions, in particular when 

involving a large region.5 This is primarily due to the fact that an important part 

of this compensatory increase in shortening occurs after aortic valve closure 

and thereby does not contribute to ejection.6 A similar situation exists in WPW-

hearts. Therefore, in LBBB, paced hearts as well as WPW-hearts, the decline in 

LV pump function can be largely attributed to decline in shortening in the early 

activated segments.

The association of septal AccP’s with LV dysfunction (and subsequent functional 

improvements after RFCA) has recently been shown in pediatric populations.4, 

20 Our data clarifies the intrinsic relation of preexcitation and LV dysfunction 

and extends these findings to adult patients and free wall bypasses. In fact, 

a LVEF<55% was more common in WPW-IVS (6/11; 55%) than in WPW-LFW 

(3/12; 25%).

The adverse effect of septal preexcitation:

Various factors could play a role in the disproportionately large disadvantageous 

effect of septal AccPs on LV function: extent of electrical preexcitation, sequence 

of electrical activation, and ventricular interaction. The relative proximity of the 

sinus node to the septum could increase the extent of electrical preexcitation. 

However, in our study neither a difference in electrical preexcitation (QRS, 

Delta-dur) was present, nor clear evidence for an increased mechanical 

preexcitation based on either overall or spatiotemporal characteristics of 
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mechanical activation (known to be closely related to electrical activation2). This 

suggests that the sequence of activation may be as important as its synchrony 

in preserving ventricular function.10

Regarding the septal-free wall sequence, experimental preexcitation studies 

(pacing) in canine hearts have demonstrated similar electrical as well 

as mechanical activation delays (~VHPot) during RV/septal and free wall 

preexcitation2 but a larger number of hypocontractile regions with reduced 

local work5 (~LejS), and decreased LV function during septal pacing.21, 22 

Qualitatively, the distribution patterns and abnormalities of shortening in 

WPW patients were very similar to the ones found in these experimental 

settings. Indeed, septal preexcitation was found to be associated with more 

extensive and pronounced reductions in LejS and overall LV function, which 

were poorly reflected by conventional markers of electrical dyssynchrony 

(figure 5). A likely candidate for the disproportionate functional consequence of 

septal preexcitation is abnormal interventricular coupling, affecting transseptal 

pressure gradients and inducing paradoxical septal flattening and motion.4, 23 

Alternatively, septal preexcitation may elicit a larger, confluent region of early 

activated myocardium.2, 5 Clearly, the mechanisms behind these observations 

need further studies to be fully resolved.

Finally, also disruption of the physiological apex-to-base electrical activation 

sequence has been suggested to affect ventricular pumping and filling 

efficiency by interfering with vortex formation and blood flow redirection in 

the preejection and isovolumic relaxation period.7, 24 These potential sources of 

LV dysfunction were not assessed by our study. However, we provide the first 

direct evidence for such abnormal base-to-apex mechanics in WPW patients. 

This apex-to-base vector was comparable in both WPW subgroups. Therefore, 

the change in this gradient does not seem to explain the differences in systolic 

function between these two patient groups.

Potential clinical relevance:

In asymptomatic WPW patients the indications to proceed to an invasive 

procedure are still debated. The present study indicates that septal AccP’s may 

be regarded as dyssynchronous substrates much akin to classical left bundle 

branch block for which treatment can be considered when evidence is found 
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for dyssynchrony-associated LV dysfunction, even in asymptomatic patients.4, 

20 When a LV free wall AccP is suspected, LV dysfunction is less likely and can 

be inferred from signs of extensive preexcitation on the electrocardiogram. 

Therefore, while echocardiography cannot detect AccP’s with malignant 

electrophysiological properties, it does recognize those associated with an 

unfavourable mechanical impact. Whether noninvasive AccP localization per 

se has additional advantages in guiding the RFCA procedure, remains to be 

determined.

More than anything else, the excellent diagnostic properties of longitudinal ST-

MDI in patients with a QRS≥120 ms reconfirms its technical ability to quantify 

even subtle dyssynchrony and dysfunction, providing good grounds to justify 

its clinical application in the evaluation of patients with a potential indication 

for resynchronization. Finally, our findings reemphasize that contractility 

disturbances in premature segments have a prominent role in dyssynchrony-

associated LV dysfunction 5,6. 

Study limitations:

The paucity of AccP’s encountered in the RV free wall prevents reliable 

statement on the accuracy of ST-MDI and consequences of preexcitation in 

these patients.

Matching between fluoroscopic and echocardiographic localization is 

intrinsically limited by the multi-plane approaches and furthermore challenged 

by interindividual variations in cardiothoracic anatomy. For the purpose of the 

study, a one segment precision was therefore considered acceptable (“proof of 

concept”). Whether localization by ST-MDI outperforms existing noninvasive 

methods remains to be established.25 

The effect of RFCA on the studied dyssynchrony and functional parameters was 

not evaluated. Recent studies in children have shown resolution of abnormal 

wall motion and improved function after RFCA of septal AAP’s, suggesting a 

causal relationship.4, 20 Further studies should clarify whether LV function 

also improves after ablation of free wall AccP’s and in which time span 

electromechanical abnormalities are restored to normal.18, 25 
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Conclusion:

Our findings emphasize the prominent role of premature shortening in the 

genesis of LV dysfunction in dyssynchronous patients. In patients with WPW, 

preexcitation provokes regional hypokinesia in the proximity of the accessory 

pathway and can impair ventricular function. Patients with pathways in 

the interventricular septum seem particularly vulnerable. Septal accessory 

pathways and those at the free wall associated with LV dysfunction are reliably 

detected by ST-MDI. Echocardiography-guided ablation of such pathways may 

be considered in the future.
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Supplement 1: Preexcitation patterns in septal segments of WPW-IVS (left) and posterior seg-
ments of WPW-LFW (right). 
Preexcited basal segments (yellow and cyan curves) demonstrate multiphasic shortening/stretch-
ing patterns with a mirrored symmetry: interruption of premature shortening during isovolumic 
contraction (upward arrows) and interruption of premature lenghtening during isovolumic re-
laxation (downward arrows) precede variable degrees of systolic rebound stretch (asterisk) and 
postsystolic/diastolic rebound shortening (hyphens), respectively. 

* P<0/05. SBP/DBP: systolic/diastolic blood pressure

Supplement 2. Baseline characteristics of Wolf-Parkinson-White 

patients and normal controls.
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Abstract:

Aims: To develop a novel myocardial deformation index that is highly sensitive 

to the effect of cardiac resynchronization therapy (CRT) and which can be used 

to predict response to CRT.

Methods and Results: Before and 6.5±2.3 months after implantation of a CRT 

device, longitudinal shortening and stretch was timed and quantified by speck-

le tracking echocardiography in a cohort of 62 patients. Distinction was made 

between systolic total stretch (STS; all systolic stretch) and systolic rebound 

stretch (SRS; only systolic stretch following initial shortening). STS and SRS 

could be measured in all wall segments in 41 patients. Septal SRS quantification 

was possible in all 62 patients, and was performed by a blinded observer. CRT 

reduced STS (-55±30%) but reduced SRS (-77±21%) significantly more (p<0.01). 

The largest amount of baseline SRS and the largest reductions in SRS (-90±22%) 

were found in the septum. Reductions in local SRS were paralleled by increases 

in local systolic shortening that were twice as large (r=0.79), thereby strongly 

improving septal function. Baseline values of septal SRS correlated with reduc-

tions in LV end-systolic volume index (∆LVESVi; r=0.62) and BNP (∆log10BNP; 

r=0.57). Septal SRS was an independent predictor of CRT response in linear 

regression analysis and predicted ∆LVESVi of ≥15% with a sensitivity and speci-

ficity of 81% at ROC analysis (AUC 0.89±0.04). 

Conclusion: Septal rebound stretch appears to be a sensitive and practical di-

agnostic criterion to quantify the functional substrate amenable to CRT and to 

predict response.
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Introduction:

Cardiac resynchronization therapy (CRT) has become an established therapy 

in patients with advanced systolic heart failure and electrical conduction de-

lays. Modification of the underlying electrical substrate by biventricular pacing 

has been shown to improve symptoms, exercise tolerance, ventricular func-

tion, and prognosis.1-3 Accordingly, electrical conduction delay (QRS duration) 

has been, and still is, used as an important selection criterion for CRT. Several 

studies subsequently identified a (supplementary) role for mechanical dys-

synchrony, as determined using various echocardiographic indices. However, 

results from more recent trials have indicated a limited additional value for 

measurements of mechanical dyssynchrony.4, 5 Although technical limitations 

may be blamed to a certain extent, an important issue may be our incomplete 

understanding of the fundamental mechanism of CRT.6, 7 “Mechanical dyssyn-

chrony” may have various causes, but not all of these disturbances represent a 

substrate amenable to pacing.6 Moreover, the extent of mechanical disturbanc-

es that can be amended by CRT, may not be sufficiently large to ensure signifi-

cant beneficial effects of CRT on ventricular function and structure. Hence, an 

important problem is how to specifically identify and selectively quantify the 

mechanical substrate amenable to CRT within the myriad of other mechani-

cal disturbances in the failing ventricle. We have previously provided the first, 

preliminary evidence for the superiority of systolic stretch measurements over 

mechanical dyssynchrony measurements in the prediction of acute and chron-

ic CRT response, and have theorized that the amount of stretching following 

prematurely terminated shortening might specifically identify and quantify the 

mechanical substrate to CRT.7, 8

The aim of the present study was to develop a specific, robust and easy to 

use predictor of CRT response derived from echocardiographic speckle tracking 

measurements. In order to find this novel index, we reasoned that a predictor 

for CRT response should also reflect the substrate amenable to CRT. Accord-

ingly, we analyzed the effects of CRT on several candidate deformation param-

eters, and the predictive power of the pre-CRT value of these indices on the 

response to CRT. In a detailed deformation analysis in 41 patients we distin-

guished stretching following premature shortening (systolic rebound stretch: 
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SRS) from the total amount of systolic stretch (STS). From this first analysis, SRS 

in the septal wall (SRSsept) emerged as a strong determinant of the therapeutic 

benefits of CRT, we therefore subsequently compared in a blinded manner the 

predictive potential of SRSsept with a conventional timing-based dyssynchrony 

approach in a group of 62 patients.

Methods:

Study population and study protocol:

The study was performed on a consecutive cohort of 68 patients displaying a 

LBBB-like morphology on the electrocardiogram (ECG) and undergoing CRT ac-

cording to the current guidelines (NYHA classification ≥3 despite optimal medi-

cal treatment, ejection fraction (LVEF) <35 %, and QRS-duration ≥120 ms). Five 

patients with poor echocardiographic window and one with pacing capture fail-

ure were excluded. A subgroup of patients with adequate speckle tracking at 

all wall segments prior to and after CRT (derivation subgroup; n=41) was used 

for hypothesis testing and for the derivation of a simplified method, which was 

subsequently tested in a blinded fashion by an independent observer in the en-

tire study population (n=62).  Echocardiographic characteristics, clinical status 

(NYHA class) and brain-type natriuretic peptide levels were prospectively as-

sessed before CRT and at follow-up (6.5±2.3 months). Patients with a decrease 

in left ventricular (LV) end-systolic volume of ≥15% at follow-up were classified 

as responders. Patients dying or undergoing cardiac transplantation prior to 

follow-up were considered non-responders. The execution of the study con-

formed to the principles outlined in the Declaration of Helsinki on research in 

human subjects and to the procedures of the local Medical Ethics Committee.

Echocardiographic protocol:

Our echocardiographic protocol has been described in detail elsewhere.9 In 

brief, all echocardiographic data were obtained on a Vivid 7 ultrasound ma-

chine (General Electric, Milwaukee, USA) using a broad band M3S transducer 

for Doppler and 2D imaging. A minimum of 3 loops were acquired at breath-

hold and analyzed off-line (Echopac version 6.0.1, General Electric). Mitral re-

gurgitation effective regurgitant orifice (MRero) was quantified by the proximal 
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isovelocity surface area method. LV ejection fraction (LVEF), and LV end-systolic 

and end-diastolic volumes indexed for body surface area (LVESVi, respectively 

LVEDVi) were measured by biplane Simpson’s method. Segments which dis-

played akinesia or dyskinesia in combination with a disproportionate local 

wall thinning and hyperreflectivity in comparison to adjacent contractile seg-

ments were scored as “scarred”.10 The number of segments with such “visible 

scar” was determined in each ventricle according to the standard 16-segment 

echocardiographic model. For off-line deformation imaging, additional high 

resolution images of single walls were prospectively acquired from the stan-

dard apical views at 51-109 frames per second, as previously described in de-

tail.7, 9 Mitral valve opening (MVO) and closure (MVC), and aortic valve opening 

(AVO) and closure (AVC) derived from Doppler flow patterns over the left sided 

valves served as cardiac event timing markers. Timing and deformation events 

were aligned through the ECG-traces with the onset of the QRS taken as zero 

reference. 

Deformation analysis:

In the derivation subgroup (n=41), the different components of systolic defor-

mation and their spatial distribution within the ventricle were evaluated. Longi-

tudinal shortening was measured independently at all six LV walls using speckle 

tracking software (Echopac®; 2DS version 61) by setting the region of interest 

along the endocardial border from base to apex (excluding the apical cap itself) 

and adapting the width to match the wall thickness, thereby covering > 85% of 

the LV. To account for different RR-intervals and frame rates, all obtained de-

formation data was processed along with Doppler-derived cardiac event timing 

markers, spatially encoded and time-normalized.7 Within the systolic period 

(between MVC and AVC), the total deformation at each wall segment was auto-

matically ranked into shortening and stretching at each time point, integrated 

over time, and averaged over the LV (subscript LV) to yield the systolic, total 

stretch (STSLV, in %) and shortening (“contraction”, STCLV, in %).7, 8 In addition, 

at each wall and for the entire LV we calculated the amount of systolic stretch 

following prematurely terminated shortening and denominated this index 

“systolic rebound stretch” (SRS, in %). SRSLV differs from STSLV by restricting the 

quantification of stretch to prematurely shortening segments only, i.e. ignoring 
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the fraction caused by systolic prestretch (SPSLV) in delayed segments (Figure 1). 

Peak shortening was timed and designated as premature if, within the systolic 

period, any shortening amplitude exceeded the end-systolic value; inversely, 

peak shortening was considered delayed if the end-systolic value was the high-

est systolic value and shortening continued beyond AVC. 

In the entire study population (n=62), timing of peak septal and lateral wall 

shortening was measured to derive the septal to lateral shortening delay (SL-

delay).8 In addition, SRS was determined at the premature septum (SRSsept). All 

these measurements were directly performed on the computer workstation by 

an independent, blinded observer to whom only septal, lateral wall, and aor-

tic flow recordings were available (supplement 1). To determine the inter- and 

intra-observer variability of this clinical approach, measurements of SL-delay 

and SRSsept were repeated on a random sample of 42 patients a minimum 6 

weeks after the initial evaluation.

CRT device implantation:

Devices were implanted by a single left pectoral incision with transvenous in-

sertion of the LV lead into a coronary sinus tributary vein (n=60) or on the 

ventricular free wall by video assisted thoracoscopy (n=2). The biventricular 

devices were of the Atlas-HF (St.Jude Medical, St Paul, Minn, USA; n=11), or 

Contak Renewal 4 series (Boston Scientific St Paul, USA; n=51), equipped with 

IEGM-based optimization algorithms (QuickOpt™, or Expert Ease™, respective-

ly). The LV-lead was placed laterally or posterolaterally in 53 patients (85.5%), 

anterolaterally in 1 patient (1.5%), and posterior placement was used in 8 pa-

tients (13%). Right ventricular leads were positioned conventionally, in the RV 

apex. AV and VV delays were either optimized by invasive determination of 

the highest change in rate of LV pressure change (∆dP/dtmax, n=44), or based 

on the IEGM (n=18),11 yielding average sensed AV-intervals of 110±29ms and 

paced VV-intervals of -37±24ms (i.e. LV first). Neither baseline characteristics, 

nor any of the response parameters differed between patients optimized ac-

cording to these different strategies. 
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Statistical analysis:

Statistical analysis was performed using SPSS version 15.0 (SPSS Inc., Chicago, 

Illinois). A p-value <0.05 was considered statistically significant. Results are 

presented as mean±SD and percentages. Brain-type natriuretic peptide values 

become normally distributed after logarithmic transformation;11 all analyses 

were performed on the log10-transformed values (log10BNP). Inter- and intra-

observer variability was assessed by the coefficient of variation. Two-tailed T-

test for unpaired and paired continuous variables was used to assess baseline 

differences between responders and non-responders, and changes induced 

by CRT, respectively. Categorical data were compared by Fisher’s exact test. 

Optimal cut-off points with regard to the prediction of volumetric response 

(categorical scale) were determined by constructing receiver operating char-

acteristics curves; with comparison of areas under the curves (AUC) accord-

ing to Hanley.12 Relations between baseline shortening variables with ∆LVESV, 

∆LVEF, and ∆log10BNP as continuous variables were examined by Pearson’s or 

Spearman’s partial correlation testing, as appropriate according to the nor-

mality of the distribution of parameters. Stepwise linear regression analysis 

was performed to test the independent predictive value of baseline patient 

and echocardiographic characteristics with regard to relative changes (in %) in 

LVESVi and log10BNP at follow-up. The model included SL-delay and SRSsept as 

predefined dyssynchrony parameters. NYHA class, type of the underlying dis-

ease, amount of visible scar on echocardiography, age, log10BNP, QRS-duration, 

MRero, LVEF, LVESVi, and IVMD were included based on the results of previous 

studies, randomized trials and differences found at baseline (Table 1).13-16 None 

of the included parameters had more than 5% of missing values; results from 

the multivariate analysis obtained in the original dataset were checked after 

imputation of missing values by regression analysis, which yielded similar re-

sults. Multicollinearity was excluded. The assumption of normally distributed 

residuals was tested by checking histogram and normal probability plots of the 

regression standardized residuals and assumptions were met. Results were 

expressed by unstandardized coefficients (B) and standard error, standardized 

coefficient beta, R2-change and p-value at each step.
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Results:

Study population;

The baseline characteristics and differences between responders and non-

responders in the final population are listed in table 1. Characteristics of the 

derivation subgroup were not different from the entire study population and 

are listed in supplement 2. Three patients died from heart failure before the 

echocardiographic follow-up. In addition, three patients died and two under-

went heart transplantation within 1 year after completing follow-up. None of 

the latter patients had been classified as a responder at 6-months. Reverse re-

modelling (≥ 15% decrease in LVESVi) was documented in 31 out of 62 patients 

(50%). At baseline, non-responders displayed less electrical (QRS-width) and 

mechanical (IVMD, SL-delay) dyssynchrony, more advanced ventricular remod-

elling and scarring, and higher levels of log10BNP (Table 1).

Overall effects of CRT (entire study group):

After a mean follow-up of 6.5±2.3 months a significant clinical improve-

ment was observed in the entire study population (NYHA 3.1±0.4 to 2.4±1.0, 

p<0.001) with 42/62 (68%) of the patients improving at least one NYHA class. 

Table 1: Clinical, biochemical and echocardiographic differences between respond-
ers and non-responders at baseline and at follow-up.

# at baseline, paired data on 58 survivors to FU. *p<0.05 and †p<0.001 versus nonresponders 
at baseline
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LVEF improved from 18.4±6.6% to 27.6±12.0%, LVEDVi decreased from 128±40 

ml to 112±46 ml, LVESVi decreased from 105±38 ml to 85±45 ml, and MRero 

decreased from 9.5±8.0 mm2 to 6.6±7.2 mm2 (all p≤0.001). In addition, CRT 

significantly reduced log10BNP (from 2.11±0.46 to 1.89±0.60 pmol/l, p<0.001). 

Although CRT reduced dyssynchrony (IVMD, SL-delay) in responders as well as 

non-responders, none of the above beneficial effects occurred in the non-re-

sponder group, except for a minor improvement in LVEF (Table 1).

CRT-effects on LV systolic stretch components and LV function (derivation 

group):

On the LV level CRT markedly reduced STSLV while increasing STCLV to a similar 

extent, congruent with conversion of stretch into shortening (Figure 2A). The 

absolute reduction in STSLV (1.79±1.47% points, p<0.001) was primarily deter-

mined by a pronounced, and consistent, reduction in its rebound component 

SRSLV (1.52±1.13% point, p<0.001), which in turn strongly correlated with an 

improved LVEF, the slope of 5.98 of the regression line indicating that any 1 

percent point of conversion of LV rebound stretch into shortening resulted in ~ 

6 percent point increase in LVEF (Figure 2B). Inversely, the decrease in the SPSLV 

component was not only of a minor extent, but was also not consistent across 

all patients (Figure 2A and 2B). Consequently, the relative effect size of CRT on 

SRSLV (-77±21%) was found to be significantly larger than the effect on STSLV 

(-55±30%; p<0.01 for comparison). 

Redistribution of local rebound stretch and shortening by CRT (derivation 

group):

The effects of CRT on the local distribution pattern of SRS and its relation to the 

re-timing and improvement of local systolic function upon resynchronization 

are summarized in figure 3. Prior to CRT a markedly inhomogeneous pattern 

in rebound stretch, timing and extent of systolic shortening was observed. The 

largest amounts of SRS and conversely the smallest amounts of systolic short-

ening were seen at the interventricular septum, while an inverse pattern was 

seen at the LV free wall (posterior and lateral). Thereby, baseline SRSsept was 

found to well represent baseline SRSLV (r=0.91, p<0.001). Resynchronization de-

layed shortening in the premature segments and increased local shortening in 
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Figure 1: 
Measurement of STCLV, STSLV and its components SRSLV and SPSLV prior (A) and after (B) CRT. 
For the sake of clarity, only a representative septal (thick) and a lateral wall (thin) curve are dis-
played. Based on the slope of the deformation curve (negative= shortening; positive=stretching), 
regional systolic deformation at each wall is ranked into shortening (systolic total shortening 
STC; red), stretching preceded by shortening (systolic rebound shortening SRS; blue), or early 
stretching not preceded by shortening (systolic pre-stretch SPS; green). Systolic total stretch STS 
consists of the components SRS and SPS: (STS=SPS+SRS). Subsequently values are averaged over 
the entire LV to yield STCLV, STSLV and its components SRSLV and SPSLV. Note that peak systolic 
shortening in the curves where SRS is measured exceeds end-systolic values, designating them 
as premature. 

Figure 2: 
Shortening and stretch components in relation to LVEF changes in the derivation group. A: To-
tal LV deformation [(SPSLV+SRSLV)+STCLV] is unchanged after CRT despite reductions in SPSLV 
and SRSLV, indicating conversion of ventricular stretch into shortening. SRSLV is markedly more 
reduced than SPSLV B: CRT reduced SRSLV (closed circled) but not SPSLV (open diamonds) in all 

patients. Decreases in SRSLV correlated better to the gain in LVEF than reductions in SPSLV.

Figure 1

Figure 2
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proportion (r=0.79, p<0.001) to the absolute reduction in local SRS, thereby 

greatly improving septal shortening. All major changes were confined to seg-

ments with significant baseline rebound stretch, the interventricular septum 

in particular (figure 3). SRSsept reductions were strongly related to reductions in 

SRSLV (r=0.89, p<0.001) and increases in LVEF (r=0.75, p<0.001).  

Prediction of responders (derivation group):

In the derivation group, all stretch components were reduced to a residual 

amount that did not differ between responders and non-responders (Figure 4 

A-C, all p>0.2) Therefore, their absolute reduction following CRT implantation 

was determined by their respective baseline value. The baseline amount of 

SPS did not differ between responders and non-responders (p=0.12) despite a 

significantly, ~ 2-fold higher amount of STSLV in responders compared to non-re-

sponders (Figure 4A). The distinction between both groups tended to improve 

by excluding SPS, i.e. using SRSLV (~ 2.5-fold difference), or its main component 

SRSsept (~ 2.8-fold difference; Figure 4B and C). By receiver operating charac-

teristics analysis, the predictive value of SRSsept and SRSLV in this subgroup was 

significantly (p≤0.01) better than the conventional mechanical dyssynchrony 

indices SL-delay and standard deviation of peak shortening times (Figure 5A).

Predictors of reverse remodelling, neurohormonal and functional response (en-

tire group):

In the entire study population, baseline SRSsept was over 2.5 times higher in re-

sponders than in non-responders (2.8±1.7% vs. 7.1±3.1%, p<0.001). Volumetric 

response was moderately well predicted by the temporal index SL-delay but 

significantly better when SRSsept was assessed (Figure 5B). A cut-off for SRSsept 

of 4.7% yielded both a sensitivity and specificity of 81%. On a continuous scale, 

baseline SRSsept was directly related to ∆LVESVi, ∆log10BNP and ∆LVEF (r = -0.62, 

r = -0.57, and r = 0.63, respectively p<0.001). The independent predictive value 

of SRSsept was confirmed by multivariate linear regression analysis (Table 2). 

More extensive interventricular dyssynchrony (IVMD) and less advanced re-

modelling (LVESVi or log10BNP) independently predicted a favourable response 

as well.
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 Figure 4: 
A-C: Values of the various stretch indices in responders and non-responders of the derivation 
group, at baseline (grey bars) and after CRT (black bars). Baseline SPSLV (=STSLV-SRSLV) was simi-

lar between responders and non-responders (p>0.1). See text for details

Figure 3:
Baseline spatial distribution pattern and CRT-induced redistribution of local SRS (A), peak short-
ening times (B) and local systolic shortening amplitudes (C) in relation to local and global im-
provements in systolic function (D). Prior to CRT (grey bars), the distribution patterns (A-C) was 
highly polarized between the interventricular septum and the LV free wall. Panels A-C show how 
CRT homogenized all these patterns (“recoordination”) by yielding (>3.5-fold) larger changes in 
the premature septum compared to the free wall (note: all p for paired comparisons <0.05, ex-
cept for anterior wall). See text for details.
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Figure 5: 
Receiver operator characteristic curves for timing- and stretch-based indices in the derivation 
(A) and entire study group (B). Compared to timing indices the area under the curve (AUC) was 
significantly (p≤0.01) larger for stretch-based indices.

Table 2: Independent predictors of response by linear regression analysis.

For model 1:R2-change step 1: 0.253; step 2: 0.099; step 3: 0.072
For model 2: R2-change step 1: 0.289; step 2: 0.070; step 3: 0.058

For model 3: R2-change step 1: 0.269; step 2: 0.159
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Feasibility of the clinical deformation protocol:

Adequate speckle tracking was obtained in all septal segments. In one patient 

with poor image quality at the lateral wall, we had to resort to the posterior 

wall as an alternative while in another patient this alternative approach also 

failed. Inter- and intra-observer coefficients of variation were 14.2% and 15.6% 

respectively for SL-delay, and 16.3% and 19.5% respectively for SRSsept. Differ-

ences in temporal alignment of aortic valve closure with the septal shorten-

ing curve accounted for a significant proportion of the observed variability in 

SRSsept, since stretching was usually ongoing during this period (online supple-

ment 1)

Discussion:

Data from the present study provide quantitative evidence that (septal) re-

bound stretch reflects the substrate to be recruited by CRT and predicts the 

response to CRT in a highly sensitive and specific manner. Quantification of 

SRSsept is clinically feasible in all patients and provides a better prediction of 

CRT response than more conventional timing indices of shortening (“mechani-

cal dyssynchrony”). The data provide further evidence for the notion that me-

chanical “dyscoordination” rather than “dyssynchrony” should be assessed for 

proper evaluation of CRT. 

Conversion of stretch into shortening determines functional improvements by 

CRT

Canine studies have suggested that the adverse effect of dyssynchronous elec-

trical activation on LV pump function is related to opposing shortening and 

stretching within the LV.17 The present study substantiates this idea by showing 

that CRT improved myocardial shortening and ventricular function in propor-

tion to the reduction in systolic stretch, leaving the total amount of systolic 

deformation unaltered (Figure 2). Such an internal redistribution of the avail-

able deformation fits with the concept that CRT improves contractility of the 

LV at the chamber level predominantly by improving mechanical coordination 

and thus, efficiency.17, 18. Furthermore, the data in the present study indicate 

that correction of premature rather than delayed shortening is involved in this 
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process, with SRSLV and SRSsept serving as the most sensitive markers of this 

mechanical substrate. 

Septal rebound stretch for substrate-identification and response prediction.

While in a previous study the ratio of total systolic stretch and systolic short-

ening (“internal stretch fraction, ISF”) proved to be a good indicator for CRT 

response,8 the present study shows that prediction tends to improve by dis-

carding the early systolic prestretch component, i.e. by using SRSLV instead of 

STSLV. Importantly, the major portion of SRSLV prior to CRT occurs in the septum. 

Accordingly, selective quantification of SRSsept provides an equivalent predictive 

power, whereas its assessment is easier than SRS in the entire LV. The predic-

tive power of SRSsept as a sentinel index can be understood from the fact that 

blunting of systolic shortening and rebound stretch in the septum are induced 

by the contraction in viable, but late activated regions, while the early septal 

shortening preceding this rebound stretch and the presence of significant sub-

sequent stretching indicate viability and compliance in the septum.7, 17 With the 

loss of contractile force associated with scarring in remote segments, the force 

opposing septal shortening decreases and the relative contribution of septal 

shortening to ejection increases. Accordingly SRSsept values are lower under 

such circumstances. Inversely, for the septum to shorten prior to its stretch, at 

least sufficient viability is required to shorten against the loading conditions 

that are imposed on it during this phase. Therefore, we would postulate that 

SRSsept not only comprises the effects of underlying dyssynchrony (increasing 

SRSsept), but is also influenced by myocardial stiffness and extensive scarring 

(reducing SRSsept), factors proposed to compromise the response to CRT.15, 19 In 

fact, the predictive value of SRSsept appeared preserved in patients with visible 

scar on echocardiography (n=23; AUC 0.85, p=0.001) and the amount of scar 

did not emerge as an independent predictor. In addition, a SRS-pattern is highly 

specific for prematurely activated regions, appearing for example also at the 

posterolateral walls after CRT. In contrast, early systolic stretch (“prestretch”) 

and delayed shortening occur not only in segments with delayed electrical ac-

tivation, but also in timely activated myocardium affected by ischaemia, scar-

ring or other myocardial dearrangements.6, 20 Therefore, SRSsept appears highly 

sensitive and specific both for the presence of an underlying electrical as well 
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as mechanical substrate amenable to CRT.

Clinical perspective:

So far, nearly all echocardiographic deformation studies in human subjects 

have used a timing-only based dyssynchrony analysis to predict response to 

CRT.9, 21-23 The present study provides further evidence that “dyscoordination” 

in terms of abnormal phase (i.e. stretch) and amplitude of shortening yields a 

better predictive value. In several regards, the concepts of SRSLV and SRSsept are 

a continuation and precision of the concepts of “internal stretch fraction, ISF”8 

and “shortening reserve” (difference between averaged peak and end-systolic 

values).7, 24 

An important aspect is that SRSLV and SRSsept are the first predictors of CRT re-

sponse whose physiological background has been evaluated in human patients; 

in conjunction with demonstration of their normalization by CRT. Another dys-

coordination index is the “CURE index”, which reflects regional variance in sys-

tolic deformation amplitudes and phase in the entire LV wall. In animal experi-

ments, changes in this index have been shown to reflect acute haemodynamic 

benefits of CRT.25, 26  As compared to CURE and ISF, SRS specifically assesses the 

rebound component of ventricular stretch and quantifies it in absolute terms. 

As compared to previous methods estimating shortening reserve,7, 24  SRS sums 

up all systolic stretch preceded by shortening in case of multiphasic patterns 

(Figure 1; supplement 1). Why some patients exhibit such multiphasic patterns 

remains to be elucidated. Both active contraction in early activated septal 

muscle fibers interacting with quiescent, compliant remote wall segments (and 

vice versa)17 as well as interactions across the septal wall related to abnormal 

transseptal electrical conduction27 and pressure14, 28 (earlier RV than LV pres-

sure rise) have been implicated. From this conceptual viewpoint all rebound 

septal stretch was regarded as functionally disadvantageous reflection of one 

or more dyssynchronous mechanisms, and measured accordingly.

Another important aspect is that we provide quantitative evidence that re-

stricting measurements to the septum can be considered as a valid, sentinel 

approach.14 Thereby, SRSsept has an important advantage over previous indices. 

SRSsept could be assessed in all patients. Indices derived from the entire LV typi-

cally yield a 30% technical failure rate,24 this was also seen in the present study 
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where SRSLV could only be assessed in 41/62 patients. Physiological soundness, 

technical robustness and methodological simplicity are important aspects 

when considering clinical implementation. After all, many indices have failed 

in multicenter studies, yielding a poor predictive value and technical feasibility 

despite their apparent success in single centre studies by experts.4, 5 Measure-

ment variability of SRSsept remains an issue; nonetheless it compares favour-

ably to recently reported data on various echocardiographic measurements of 

dyssynchrony and deformation amplitude in dyssynchronous ventricles.5, 24 In 

the blinded part of the present study, the SRSsept analysis was performed by a 

cardiologist not involved in the development of the SRSsept concept, suggesting 

that SRSsept can be applied by other investigators. 

Limitations of the study

Non-uniform device programming as a result of our AV- and VV-optimization 

policy constituted a source of variability. It would have been preferable to use 

uniform AV-delay settings and to abstain from VV-optimization in order to avoid 

interference with the study variables by individual device programming, par-

ticularly as the clinical evidence for this remains weak 11. 

“Response to CRT” remains ill-defined; it may differ according to the chosen 

endpoint and may not even be a prerequisite for an improved prognosis.14, 16 In 

our non-randomized study, we had to resort to three (surrogate) endpoints of 

which the lack of a placebo effect and the prognostic implications in patients 

treated with resynchronization therapy have been demonstrated: LVEF, ven-

tricular remodelling, and log10BNP as an integrative marker.13, 16, 29, 30 Although 

SRSsept emerged as an independent predictor of all three surrogate endpoints, 

its predictive value with regard to clinical outcome and prognosis requires 

further study. Also IVMD was identified as an independent outcome param-

eter, underscoring the previously suggested clinical and prognostic impact of 

inter-ventricular dyssynchrony.14, 16 Importantly, the multivariate analysis also 

suggested that not only does the presence of substrates to therapy (IVMD 

and SRSsept) determine response chances, but also that (indicators of) more 

advanced disease may interfere with the actual success of resynchronization 

therapy. This specific observation warrants further research.

We only assessed intraventricular longitudinal deformation while myocardial
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deformation occurs in three dimensions. Longitudinal deformation was chosen 

because it allows coverage of the entire ventricle, benefits from the superior 

axial image resolution, and proved technically most feasible (tracking of radial 

thickening was inadequate in 11/62 patients). Moreover, the functional impor-

tance of longitudinal deformation in the failing heart is supported by the pres-

ent (Figure 2; supplement 3) and previous studies.22, 24

Finally, as for any single parameter, the predictive value of SRSsept remains sub 

optimal and could be improved by combining multiple parameters. Parsai et 

al. elegantly demonstrated that response to CRT requires correction of base-

line inter-, intra-, and atrioventricular dyssynchrony.14 Therefore, a good single 

parameter predicting the response to CRT is an important, but not final step 

towards optimal prediction of CRT response.5, 14

Conclusion:

We found quantitative evidence that CRT improves systolic function by convert-

ing systolic rebound stretch into shortening. Systolic rebound stretch emerged 

as the best indicator of the specific substrate to be recruited by CRT and best 

predicted response to CRT. The measurement of septal rebound stretch was 

technically feasible and provided a better prediction of CRT response than me-

chanical dyssynchrony in terms of timing. The data provide further evidence 

for the notion that mechanical “dyscoordination” rather than “dyssynchrony” 

should be assessed for proper evaluation of CRT.
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Panels A-D display the measurement methodology of SRSsept as performed by the blinded ob-
server in different types of septal deformation traces 
1/ Timing of the closure of the aortic valve (AVC) is derived from flow in the LV outflow tract, 
carefully measured with respect to the onset of the ECG and transposed to the shortening curve 
of the septum, assuring a position of the transposed AVC-timing on identical points of the ECG 
in both recordings. 2/ At least one shortening value (yellow star) is seen to exceed the value of 
end-systole (green star) in all curves, indicating shortening as premature. 3/ In these curves, all 
stretching occurring after shortening (green “}” and “{“) is summed to obtain SRSsept. A. Biphasic 
systolic shortening and SRS-pattern in a responder (idiopathic DCM); SRSsept = (1.3% + 4.4%) = 
5.7%. B. Biphasic pattern with early peak in a nonresponder (idiopathic DCM); SRSsept = 1.1% + 
2% = 3.1%. C. Monophasic SRS pattern with early peak and stretching during the entire ejection 
period in a responder (idiopathic DCM); SRSsept = 11.5%. D. Monophasic septal shortening pat-
tern with near normal characteristics and minimal SRSsept in a nonresponder with an extensive 
scar in the posterior and most of the lateral wall; SRSsept = 1.9%.
Of note: Different panels have different scales! By convention, negative values indicate shorten-

ing.

Supplement 1
Methodology of SRSsept in different septal deformation types.
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Supplement 2: 
Baseline and follow-up clinical, biochemical and echocardiographic differences be-
tween responders and nonresponders of the derivation group.

*p<0.05 and †p<0.01 versus nonresponders at baseline

!

Supplement 3: 
Relation between global ventricular systolic shortening and LV-function (LVEF)

Panel displays the pooled data (baseline + follow-up) in the 41 patients of the derivation group 
in which shortening in all ventricular wall segments could be assessed. Global systolic shortening 
of the LV (GsysS) is the average of all local systolic shortening amplitudes, with systolic shorten-
ing amplitude = the difference between the value at mitral and aortic valve closure. In this study, 
global systolic shortening was. automatically calculated as STCLV-STSLV by the used software 
system. LVEF can be approximated by 3.15*GsysS. As for every 1% point (absolute) reduction in 
local SRS (in % points) local shortening is expected to gain 2 percent points (absolute) (Figure 3 
main document), LVEF is expected to increase with 6% for every 1% reduction in SRSLV (Figure 
2). Of note: this observation would furthermore support the use of absolute measurements of 
intraventricular stretch rather than relative (fractions) when estimating the expected functional 

gain in ventricles with different baseline function / LVEF.
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Abstract

Background: Septal Systolic Rebound Stretch (SRSsept), a hallmark of 

dysscoordination-related mechanical inefficiency, is an important substrate for 

cardiac resynchronization therapy (CRT). We assessed how intermediate and 

long-term outcome after CRT related to baseline SRSsept.

Methods and Results: One-hundred-and-one patients (age 65±11 yrs, 69 men, 

18 NYHA IV, QRS 173±23ms) scheduled for CRT underwent clinical assessment, 

echocardiography and plasma BNP measurements before and 6.4±2.3 months 

after CRT. Baseline SRSsept (all systolic stretch after initial shortening in the 

septum) was quantified by speckle tracking echocardiography. Intermediate-

term response was quantified in terms of decreases in BNP (log-transformed; 

∆log10BNP) and LV end-systolic volume (∆LVESV) at follow-up. A combined 

clinical endpoint of death or cardiac transplantation upon closure of the 

study served as primary endpoint. After a mean clinical follow-up of 16±9 

months; 23 patients reached the combined endpoint. Baseline SRSsept and 

interventricular mechanical delay (IVMD) were independently associated 

with a better outcome, and NYHA class with a worse outcome [HR 6.67 (2.12-

20.36)]. Of both intermediate term response markers, ∆log10BNP appeared 

most strongly associated with a favorable outcome. Contrary to baseline NYHA, 

baseline SRSsept and IVMD were independent predictors of both ∆LVESV and 

∆log10BNP.

Conclusions: Patients with extensive septal rebound stretch at baseline have a 

better outcome after CRT. Intermediate term reverse remodeling and decreased 

log10BNP in particular also marks a more favorable subsequent prognosis. The 

interrelation between baseline SRSsept, intermediate term response, and 

outcome suggests reversal of structural and neurohormonal remodeling as a 

potential mechanism. 
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Introduction

In patients with advanced systolic heart failure and electrical conduction delay, 

modification of the underlying electrical substrate by cardiac resynchronization 

therapy (CRT) has been shown to reduce clinical symptoms, cardiovascular 

events, and mortality.1-3 These prognostic benefits are believed to rely, at least to 

a certain extent, on the reversal (or halting) of progressive structural remodeling 

and neurohormonal activation, detrimental processes strongly associated 

with adverse events in heart failure patients. We have recently demonstrated 

that one of the primary working mechanisms through which CRT improves 

ventricular function and reduces neurohormonal activation consists of the 

conversion of abnormal systolic stretching into additional systolic shortening. 

In particular, systolic rebound stretch in the septum (SRSsept; defined as septal 

stretch during systole after initial shortening) was found to represent a direct 

and specific mechanical substrate targeted by CRT.4 In addition to its detrimental 

effects on ventricular function and (ultra-)structure, abnormal systolic stretch 

has also been implicated in the disruption of the molecular, metabolic and 

electric integrity of the dyssynchronous heart, hazardous processes that 

seem largely reversible by restoration of a coordinated shortening throughout 

systole.5, 6 Based on these considerations, we hypothesized that SRSsept before 

CRT could also determine outcome after CRT. We therefore first evaluated the 

independent impact of septal rebound stretch (SRSsept) and several traditional 

clinical heart failure markers on long-term outcome after CRT. Secondly, we 

tested which of the baseline long-term predictors also related to markers of 

initial response to therapy.

Methods:

Study population and study protocol

The study was performed on a consecutive cohort of 109 patients (prospectively 

enrolled between August 2005 and August 2008, single centre study) displaying 

a left bundle branch block like morphology on the electrocardiogram and 

undergoing CRT according to current guidelines (New York Heart Association 

(NYHA) classification ≥3 despite maximally tolerated medical treatment, 
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ejection fraction (LVEF) <35% and QRS duration ≥120ms). Six patients with poor 

echocardiographic window, one with pacing capture failure and one patient 

undergoing coronary artery and mitral valve surgery within 6 months prior to 

CRT were excluded from the analysis. 

Echocardiographic characteristics, clinical status (NYHA-class), brain-type 

natriuretic peptide (BNP, in pmol/l) and glomerular filtration rate (GFR; calculated 

by the “modification of diet in renal disease”-formula) were prospectively 

assessed before CRT and after 6 months follow-up in all patients. Patients were 

additionally seen at the outpatient clinic 2, 6 months and 12 months after 

CRT for the first year and every 6 months thereafter. Device interrogation was 

performed every 3 months. The main study endpoint was a combined clinical 

end-point of death, urgent cardiac transplantation, or implantation of a left 

ventricular assist device (LVAD) as a bridge to transplant. Adjudication to this 

endpoint was based on medical records, and additionally by an interview with 

the patients’ caregivers and family at the conclusion of the study. To investigate 

therapy-effects of CRT, 6-months’ changes in LV end-systolic volume index 

(∆LVESVi) and BNP (∆log10BNP) were used. These intermediate term volumetric 

and neurohormonal response markers were chosen because of their previously 

demonstrated prognostic value7, 8 and relative insensitivity to placebo-effects.1, 

9 The execution of the study conformed to the principles outlined in the 

Declaration of Helsinki on research in human subjects and to the procedures of 

the local Medical Ethics Committee.

Echocardiographic protocol

Our echocardiographic protocol has been described previously.4 In brief, 

all echocardiographic data were obtained on a Vivid 7 ultrasound machine 

(General Electric, Milwaukee, USA) using a broad band M3S transducer for 

Doppler and 2D imaging. A minimum of 3 loops were acquired at breath hold 

and analyzed offline (Echopac version 6.0.1, General Electric). Interventricular 

mechanical delay (IVMD) was calculated as the difference between the 

Doppler-derived left and right ventricular pre-ejection periods. Transmitral 

flow velocities were obtained using pulsed-wave Doppler at the tip of the 

valve leaflets. Mitral Regurgitation effective regurgitant orifice (MRero) was 

quantified by the proximal isovelocity surface area method. LVEF and LV end-
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systolic (LVESVi) and end-diastolic volumes indexed for body surface area were 

measured by biplane Simpson’s method. To obtain high resolution images for 

offline deformation imaging, additional single wall images of the septum and 

lateral wall were prospectively acquired from the standard apical views at 51-

109 frames per second. Timing of mitral and aortic valve opening and closure 

was derived from Doppler flow patterns over the left sided valves. Deformation 

events were temporally aligned with these cardiac intervals through the ECG-

traces, with the onset of the QRS taken as zero reference. 

Deformation analysis

Longitudinal deformation at the septum and lateral wall was obtained by speckle 

tracking with a region of interest set along the endocardial border from base to 

apex, excluding the apical cap, setting the width to match the wall thickness. The 

automatic speckle tracking performed by the software was visually checked and 

adjusted if necessary. Global wall deformation, i.e. calculated over the entire 

wall length, was used for the analysis. In both walls, peak shortening as well 

as the amount of shortening at end-systole were quantified and the septal to 

lateral shortening delay (SL-delay) calculated as the difference in timing of peak 

septal and lateral wall shortening. Septal systolic rebound stretch (SRSsept) was 

defined as the cumulative amount of systolic stretch following prematurely 

terminated shortening in the septum (Figure 1).4 SRSsept measurements were 

performed by an independent, blinded observer to whom only septal and 

lateral wall, and aortic flow recordings were available.

CRT device implantation

Transvenous positioning of the LV leads into a coronary sinus tributary vein, 

guided by the coronary sinus venogram was successful in all but two patients, 

in which the lead was fixated on the ventricular free wall by video assisted 

thoracoscopy. The final LV-lead position was lateral or posterolateral in 85 

patients, anterolateral in 3, and posterior in 13. Right ventricular and atrial 

leads were placed conventionally. Leads were connected to a dual-chamber 

biventricular cardioverter-defibrillator (Contak Renewal 4-RF & Livian, Guidant 

Corporation; or Atlas II & Promote RF, St Jude Medical) in all but two patients, 

in which a biventricular pacing system without defibrillator was implanted 
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(Contak Renewal TR2, Guidant Corporation & Frontier, St Jude Medical).

Statistical analysis

Continuous variables are expressed as mean±SD; categorical data are summarized 

as frequencies and percentages. A p-value <0.05 was considered statistically 

significant for all analyses. BNP values were logaritmically transformed to secure 

a normal distribution. Pre- and post-CRT continuous data were compared by 

two-tailed dependent T-test, categorical data by Wilcoxon’s signed rank test. 

Univariate and multivariate Cox regression analysis was performed to identify 

predictors of the main study endpoint. The following baseline factors were 

included in the regression model based on their known or potential prognostic 

impact: age, NYHA-class, ischemic etiology, systolic blood pressure, use of beta-

blockers (BB), use of ACE- or angiotensine II-blocker (ACEi/ARB), QRS duration, 

GFR, log10BNP, LVESVi, LVEF, MRero, presence of restrictive filling pattern, IVMD, 

Strain-SL and SRSsept. 8, 10, 11 To identify potential, independent determinants of 

intermediate term treatment effects (∆LVESVi, ∆log10BNP) amongst predictors 

of outcome, all univariate predictors (with p<0.10) in the Cox regression model 

were carried forward for into a multivariate linear regression. The assumption 

of normally distributed residuals was tested by checking histogram and normal 

probability plots of the regression standardized residuals; assumptions were 

met. Kaplan-Meier survival curves were constructed and compared using Log-

rank analysis, using previously suggested cut-offs for IVMD (<49 ms)12 and 

SRSsept (<4.7%)4 and treatment effects (≥10% reduction).7

Results:

Study population

The final study population constituted of 101 patients (68 male, mean age 65±11 

years) suffering from advanced, therapy refractory heart failure symptoms 

with 18% classifying as NYHA-class IV. Underlying etiology of cardiomyopathy 

was ischemic in 46%. A history of atrial fibrillation was present in 21% of the 

patients. Medication included diuretics in 96%, angiotensin-converting enzyme 

inhibitors or angiotensin receptor blockers in 90% and beta-blockers in 76%. 

Baseline continuous clinical, biochemical and echocardiographic characteristics 
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are listed in Table 1. Device and lead implantation was successful in all without 

major procedure-related complications in any.

Prognosis and survival analysis

After a mean follow-up of 16±9 months, 23 endpoints were recorded: 17 patients 

had died and 6 underwent urgent cardiac transplantation or LVAD implantation 

because of worsening heart failure. The cause of death was progressive heart 

failure in 12 patients and electrical storm irresponsive to defibrillator therapy in 

1 patient. In 4 patients the immediate cause of death was primarily considered 

non-cardiac (thrombotic complications after aortic surgery, gastro-enteritis and 

2 pneumonias). The 6-month’s evaluation point was missing in 4 patients who 

underwent urgent cardiac transplant (+/- bridged by LVAD) and 5 who died (4 of 

heart failure, 1 pneumonia) 2.5 to 5.5 months after resynchronization, prior to 

the scheduled follow-up date. Univariate and multivariate predictors emerging 

from the Cox-regression analysis are displayed in Table 2.

Independent predictors of the combined endpoint were SRSsept, IVMD and 

NYHA class. Eighteen out of the 23 patients reaching the endpoint during the 

study period had a baseline SRS<4.7%, seventeen a baseline IVMD<49 ms, and 

twelve were in NYHA class IV (Figure 2). 

Overall effects of CRT at follow-up and its predictors:

In the total study population significant clinical, neurohormonal, and volumetric 

improvement was observed at the 6 months follow-up visit after CRT. A response 

of ≥10% in both log10BNP as well as LVESVi occurred in 44%, in LVESVi only in 

13%, in log10BNP only in 11%; and 32% of the patients displayed neither of 

both intermediate response markers. In addition, CRT significantly improved 

renal function, systolic blood pressure and LVEF, reduced MRero and reversed 

restrictive filling (Table 1). 

SRSsept and IVMD predicted both ∆LVESVi and ∆log10BNP, and were independent 

predictors of both at multivariate analysis. To the contrary, baseline NYHA-class 

displayed a relation only with ∆LVESVi but did not influence the effect of CRT 

on log10BNP (Table 3).
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Association of treatment effect with long term prognosis

Considered on a dichotomous response-scale, survival was significantly better 

for patients demonstrating a ≥10% decrease in ∆LVESVi, and/or ∆log10BNP 

compared to those failing to respond (Figure 3). To estimate the relative 

importance of both components while avoiding the choice of dichotomous cut-

off values to distort results, ∆log10BNP and ∆LVESVi were also evaluated on a 

continuous scale (univariate Cox regression). 

Table 1: 
Baseline and follow-up clinical, biochemical and echocardiographic characteristics:

A: Data for entire population (n=101); B: by the time of scheduled follow-up 9 patients had 
reached the endpoint, values and paired p-values for survivors. SysBP: systolic blood pressure, 
other abbreviations explained in “methods”. Of note: Log10BNP of 2.16 pmol/l equals BNP 145 
pmol/l or ≈500 pg/ml

Table 2:
Uni- and multivariate predictors of the combined endpoint by Cox regression 
analysis.
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In this analysis, ∆log10BNP emerged as a stronger predictor of the combined 

endpoint [χ2 11.21, p=0.001; HR 0.938 (95%CI 0.901-0.975)] than ∆LVESVi [χ2 

7.60, p=0.005; HR 0.968 (95%CI 0.947-0.989)], suggesting changes in log10BNP 

to be more important than decreases in LVESV.

Discussion

This study shows that SRSsept, IVMD and NYHA class assessed before CRT 

are independent predictors of hard clinical endpoints after CRT. Intermediate 

term decreases in log10BNP and LVESVi also herald an improved outcome, 

implying that upon neurohormonal and structural improvements following 

effective CRT a patient’s outcome is more favorable. Both SRSsept and IVMD 

independently determine this intermediate term response, suggesting that part 

of the prognostic effect of these dyssynchrony markers is mediated through a 

treatment effect of CRT, whereas e.g. NYHA class influences prognosis relatively 

independently from treatment. 

Our study is the first myocardial deformation study associating baseline 

contractile dyscoordination with outcome after CRT. Previous studies, evaluating 

the relation between baseline dyssynchrony (temporal delays) and outcome, 

have used a motion-based approach and have yielded contradictory results. 

Two previous tissue Doppler studies and one M-mode study demonstrated a 

Table 3: 
Uni- and multivariate relations of prognostic predictors with treatment effects.
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Figure 1: Septal rebound stretch measurement in the septum.
A longitudinal deformation curve of the septum is displayed. The dashed white line represents 
global longitudinal deformation. Yellow, blue and green curves represent segmental deforma-
tion from base to apex respectively. The green vertical line represents aortic valve closure 
(AVC). All stretching after initial shortening during systole is determined systolic rebound 
stretch (SRSsept, red parts of the curve). The peak occurring after AVC is caused by (passive) 
rebound after lateral wall contraction ceases and is ignored for rebound stretch measurement. 
Notice the differences in septal deformation pattern from base to apex. 

Figure 2

Figure 3
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significantly lower cardiovascular mortality and morbidity after CRT in patients 

with extensive intraventricular dyssynchrony, in conjunction with reverse 

remodeling in those patients.13-15 Contrarily, using a magnetic resonance index 

of temporal wall motion dispersion, Chalil and colleagues paradoxically found 

extensive dyssynchrony to decrease the chances of favorable remodeling and, 

accordingly, to be an independent predictor of a worse outcome.16 A potential 

explanation for these contradictory findings is that, besides using motion as 

a surrogate for contraction, these studies have also used timing-only based 

methods to estimate the underlying mechanical dyssynchrony. Temporal 

dyssynchrony, whether assessed by tissue Doppler,17, 18 3-D echocardiography,19 

radial speckle tracking,20 or even by magnetic resonance (tagging),16, 21 has been 

shown to increase with increasing severity of ventricular dysfunction, dilatation, 

ischemia and scarring even without an underlying electrical substrate (small 

QRS). Depending on their prevalence, such forms of “apparent dyssynchrony” 

may more or less mask the true proportion of dyssynchrony that can be 

repaired.18, 22 A more appropriate way to estimate the mechanical benefit 

of resynchronization may be the use of dyscoordination measures, which 

incorporate phase as well as amplitude of myocardial shortening.23, 24 Both 

using magnetic resonance tagging as well as speckle tracking echocardiograpy, 

selective dyscoordination measures have been shown to outperform purely 

temporal indices.4, 24, 25 The rationale to use dyscoordination measures stems 

from the experimental observation that out-of-phase deformation (e.g. 

stretching during systole) reduces mechanical efficiency because part of the 

contractile energy is wasted into internal (stretching) work, instead of being 

Figure 2: 
Kaplan-Meier survival plots for baseline predictors.
The primary endpoint, survival without transplantation or assist device was better in patients 
with a septal systolic rebound stretch (SRSsept) above the median value, in patients with an 
interventricular mechanical delay (IVMD) above the median value, and in patients with NYHA 
class 3 in stead of 4.

Figure 3:
Kaplan-Meier survival plots for treatment response markers.
The panels display the prognosis stratified according to treatment response. Patients demon-
strating at intermediate term follow-up a ∆LVESV≥10% (left), ∆logBNP≥10% (middle), or both 
(right) had a lower subsequent mortality rate.



Chapter 8

170

externalized to the circulation as stroke work.26 In human patients, Nelson and 

colleagues have indeed demonstrated that CRT improved cardiac function and 

mechanical efficiency,27 and our group has recently for the first time confirmed 

that resynchronization improved ventricular function by conversion of systolic 

stretching into systolic shortening.4 More in particular, the rebound component 

of systolic stretch (stretch preceded by initial shortening), which prevails in the 

septum (SRSsept), was found to represent the fraction of total stretch most 

specifically targeted by CRT.4 Restriction of stretch quantification to rebound 

stretch in premature segments renders SRSsept less sensitive to pollution 

by postsystolic shortening due to ischemia and scarring.4, 22 Thus, SRSsept 

fundamentally differs from the previous temporal and motion based indices in 

that it is a more selective and quantitative measure of the reparable amount 

of contractile inefficiency.4 This largely explains the predictive value of baseline 

SRSsept on ∆LVESVi and ∆log10BNP as objective markers1, 9 of the functional 

response to CRT.

A large body of evidence from randomized trials2, 28 and observational 

studies like ours,7, 29 indicate that reverse remodeling after CRT is associated 

with improved survival, implying that in patients with structural remodeling 

following effective CRT outcome is more favorable. The prognostic relevance of 

decreased neurohormonal activation after CRT appears even more important, 

although BNP has been studied previously only in the CARE-HF trial.8, 9 The 

mechanistic relation to the functional substrate of CRT and confirmation that 

baseline SRSsept predicts both ∆log10BNP and ∆LVESVi is relevant for its relation 

to prognosis after CRT. It implies that the more favorable outcome in patients 

with high baseline SRSsept may rely, at least partially, on a treatment effect. 

Not surprisingly, baseline markers of end-stage heart failure such as NYHA-

class IV, elevated log10BNP and impaired renal function emerged as predictors 

of prognosis. These markers obviously determine prognosis, even independent 

of treatment. An independent relation to intermediate term response could 

not be established in our study, except for NYHA class IV, which related to the 

extent of reverse remodeling. However, no interaction was found between 

NYHA-class and changes in log10BNP, the strongest prognostic factor of both. 

This is in line with data from CARE-HF, where NYHA-class IV and elevated 

log10BNP independently predicted outcome after CRT but did not interact 
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with the treatment effect, i.e. none reduced the prognostic benefit rendered 

by CRT.8, 12, 30 To the contrary, the only dyssynchrony marker tested in CARE-

HF, the interventricular mechanical delay, did modify the prognostic benefit 

of CRT (patients with less IVMD having less benefit). This is a well established 

and robust marker of inter-ventricular dyscoordination,31 which has repeatedly 

been shown to relate to reverse structural and neurohormonal remodeling also 

in multicentre trials.32-34 It emerged as an independent prognostic predictor also 

in our patient cohort, alongside its independent effect on both intermediate 

term treatment markers.

The survival benefit of CRT is however not restricted to patients displaying 

objective evidence of response.8 In patients with rapidly deteriorating heart 

failure, halting or slowing disease progression may just as well indicate a 

successful intervention as reversal of maladaptive remodeling in the stable 

patient. Mullens et al. elegantly showed that even in patients regarded 

as clinical and echocardiographic non-responders, interruption of CRT 

abruptly worsened cardiac function and hemodynamic status along with the 

reappearance of dyssynchrony.35 In addition, it is increasingly being recognized 

that dyscoordinate contractions which involve abnormal stretch, pose more 

than a purely mechanical risk. Temporal disparity in regional stretch and loading 

entails spatial heterogeneity in gene expression of proteins involved in cellular 

ion currents and repolarization (electrical remodeling), calcium handling 

(contractile remodeling), extracellular matrix turnover (tissue remodeling), and 

myocardial stress responses.6, 36 It is likely that these multiple local disturbances 

conspire to worsen contractile function, arrhythmia susceptibility, and further 

challenge the failing heart. Thereby, the beneficial effects of stretch and loading 

homogenization by CRT, may reach beyond the mere improvement in ejection 

fraction, LVESV and even log10BNP. Advances in this field will require the use of 

more sophisticated methodologies that incorporate information on muscular 

mechanics, electrophysiology and proteomics. 

Study Limitations

Study design (non-randomized, observational) and relatively small sample size 

precludes a formal analysis of the interaction between baseline predictors and 

the prognostic benefit rendered by CRT. The interrelation between SRSsept, 



Chapter 8

172

ventricular volumetric and neurohormonal response, and prognosis does not 

necessarily imply causality.37 We cannot exclude that in some patients which are 

expected to be dyssynchronous, a low SRSsept is a consequence of advanced 

heart failure and thus identifies an elevated risk regardless of any therapy. 

Inversely, simultaneous stretching and shortening within the ventricle reduces 

the effective ventricular contraction. It can therefore be argued that ventricles 

with a high SRSsept have more functioning myocardium for a similar ejection 

fraction, and thus are actually healthier than they appear. However, as discussed 

upon earlier, this reciprocal shortening/stretching in the first place represents 

a direct substrate to therapy and one of the best documented mechanism 

underlying the functional, structural as well as molecular derangements 

associated with dyssynchronous activation.4-6, 24 

Nine patients reached the endpoint before the first scheduled visit, reducing 

the sample size regarding the predictive value of intermediate term response 

and subsequent outcome. In the Kaplan-Meier analysis a cut-point of 

∆log10BNP≥10% was chosen for consistency with the ∆LVESVi cut-off and as 

it well represented the mean observed value (11.8±18.0%). The optimal time 

point to assess ∆log10BNP and the best distinctive value regarding prediction of 

survival remain unknown. 

We focused primarily on mortality and heart transplantation (“aborted” 

death). Compared to other endpoints, allocation of events to this endpoint is 

straightforward, though morbidity and hospitalizations may be as important as 

mortality and have a major impact on patients’ wellbeing and on health care 

costs. Most of the patients reaching the endpoint had been hospitalized for 

heart failure before, or immediately prior to lengthy and costly interventions 

related to cardiac transplantation. Besides these patients, only a few additional 

patients were hospitalized for decompensated heart failure (n=11). Including 

these patients in a combined endpoint analysis yielded similar results.

NYHA-scoring was performed by a single and un-blinded cardiologist. The 

enhanced consistency of scoring and potential bias introduced by this strategy 

may explain why in the present study NYHA-class appeared as a stronger factor 

than e.g. log10BNP.
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Conclusion:

In patients with a standard indication for resynchronization therapy, a high 

baseline systolic rebound stretch in the septum is independently associated with 

a favorable outcome following CRT. This marker is therefore likely to be valuable 

in risk-stratifying patients scheduled for cardiac resynchronization therapy. 

SRSsept also independently predicts intermediate term reversal of structural 

remodeling and neurohormonal activation, which in turn are harbingers of a 

better subsequent prognosis. Further studies are needed to clarify whether the 

prognostic impact of a high SRSsept is mediated through its beneficial effect on 

ventricular structural and neurohormonal remodeling, through an association 

with stretch-induced molecular derangements, or whether it identifies a 

relatively low risk patient group independently of treatment.
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General Discussion:

In the normal heart, electrical and mechanical anatomy and function are closely 

tuned to each other in a way that ensures a carefully sequenced concatenation 

of mechanical events, eventually leading to an efficient contraction and pump 

function. The awareness that electrical disturbances per se may disturb the 

carefully orchestrated contraction sequence and provoke or worsen mechanical 

dysfunction, an entity known as dyssynchrony, has triggered the development of 

new strategies to correct the mechanical problem, i.e. Cardiac Resynchronization 

Therapy (CRT). Most of our knowledge on the pathophysiology of dyssynchrony 

and CRT is based on animal experiments, which may not always represent or 

be applicable to the complex processes in naturally occurring human disease. 

This is for example illustrated by the fact that not all patients with apparent 

dyssynchrony respond to therapy and by the difficulties of dyssynchrony 

measures to predict who will respond and who will not. In an attempt to come 

to a better understanding, both the concept of dyssynchrony, as well as the 

echocardiographic techniques to detect dyssynchrony have been revisited within 

this thesis. A major focus of the presented work has been the identification of 

specific features of dyscoordination and recoordination in human hearts, and 

on how updated echo-physiologic imaging approaches may better predict the 

eventual effects of resynchronization in a clinical setting. Herein, the results 

of this work are summarized, discussed in the light of the existing evidence or 

controversy, and put in a wider scientific and clinical perspective. 

A/ SHORTCOMINGS OF CURRENT DYSSYNCHRONY MEASUREMENTS  

Clinical observations:

The experimental evidence that left bundle branch block (LBBB) impairs 

normal myocardial mechanical function through the induction of mechanical 

dyssynchrony is strong, and has eventually led to the development of 

pacemakers with an additional (third) lead, placed epicardially on the left 

ventricle. This treatment has proven its clinical and mechanical effectiveness in 

randomized trials in NYHA III and IV patients with wide QRS complex (of which 

the vast majority had LBBB), and has recently proven to be equally effective in 
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early disease stages, providing strong evidence for the general applicability of 

the mechanical resynchronization concept in patients with LBBB. 

Major randomized trials suggest that a widened QRS complex (at least >120-

130 ms) is a prerequisite but not a guarantee for successful CRT, and the 

predictive value of the QRS duration in general is low.1-3 Later (observational) 

studies suggested an additional role for “mechanical dyssynchrony” in 

predicting response to CRT. One of the techniques suggested to accurately 

assess dyssynchrony and improve response prediction was tissue Doppler 

imaging (TDI). Initial studies found that response prediction was better with this 

technique than by the QRS-width in traditional CRT-candidates (QRS>130ms), 

suggesting a role in the identification of responders.4 In addition, tissue Doppler 

studies also found significant dyssynchrony in a large proportion of heart 

failure patients with a QRS<120ms, suggesting that CRT would be effective in 

such patients.5 Results from recent multicentre trials have cast serious doubts 

over the validity and potential value of TDI derived mechanical dyssynchrony. 

First of all, in patients with a QRS>120 ms, TDI techniques hardly improved 

the prediction of response to CRT.6 Furthermore, in patients with a QRS<120 

ms, but designated as dyssynchronous by TDI, CRT had no beneficial effects.1 A 

number of potential reasons for this poor performance are identified in Chapter 

3. In the dilated ventricle, TDI is a highly operator dependent technique.6 

Observer variability originates from the angle dependency of the technique 

and the complex, often multiphasic velocity patterns which makes uniform 

interpretation and definitions difficult. Furthermore, the physiologic correlate 

of a time to peak velocity, and timing of motion in general, is uncertain. The 

synchronicity of velocities and motion in the normal heart does not necessarily 

imply that dyssynchronous motion is due to dyssynchronous shortening, let 

alone to an asynchronous electrical activation. Passive tethering of a segment, 

overall heart motion and alignment issues make that local motion and velocity 

are dependent on many other factors besides the local shortening (Figure 1).7 

These factors may explain the lack of relation between timing of motion and 

that of myocardial shortening in our study, and may be a reason why, even 

when assessed by angle independent methods (3-D and magnetic resonance 

imaging), motion-based techniques have consistently suggested significant 

dyssynchrony in a high proportion of heart failure patients with a QRS<120 
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ms.8, 9 

Dyssynchrony of deformation:

Measuring dyssynchrony of deformation by angle independent deformation 

techniques like speckle-tracking echocardiography (Chapter 2) obviates 

the problem of angle dependency as well as of passive motion as potential 

confounders. Myocardial deformation describes the shortening and lengthening, 

and thereby the mechanical performance of a specific myocardial region, 

irrespective of passive motion related to overall heart motion or tethering 

by adjacent segments. These advantages may explain why, when comparing 

the predictive value of TDI and speckle tracking dyssynchrony head to head 

(Chapter 3), we found the latter to be superior.10

Finally, the spatial organization of dyssynchrony –random versus organized- 

determines the eventual mechanical impact of the disturbance, whether it can 

be successfully restored by pacing (from only two opposite sites), and which 

is the most appropriate pacing site.11, 12 Most investigators introduce spatial 

information in the dyssynchrony assessment by restricting the information to 

a comparison between opposite sites (e.g. anteroseptal-posterior delay).13 A 

vector analysis approach combines the advantage of incorporating all available 

information, while simultaneously mitigating the effect of random noise and 

incidental outliers to which dyssynchrony measurements (single chosen points 

Figure 1: Confounders in the relation be-
tween (tissue Doppler) motion and short-
ening. 
Tissue Doppler Imaging (TDI) measures 
velocities of the tissue with respect to the 
ultrasound (U.S.) probe (along blue lines). 
Local velocity depends on the displacement 
induced by shortening in neighboring seg-
ments, by rigid body motion and rotation 
of the entire ventricle (grey arrows), and by 
local shortening (red arrows). Only the lat-
ter reflects local mechanical behavior of
 the tissue.

Velocity ~ 
rigid body motion, 

rotation and strain and 
allignment of US beam
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in multiphasic signals) are vulnerable.14 In Chapter 4 and 6 we demonstrate 

that the spatio-temporal information provided by such vector-analysis gives 

additional insight into shortening sequences and organizational degree of 

dyssynchrony, on top of the information on random variability given by a 

standard deviation.

Principles and development of dyscoordination measures: 

Mechanical dyssynchrony inherently relates to time differences in onset or peak 

shortening of cardiac muscle in various regions. However, such differences may 

only partially reflect the loss of ventricular pump function, which is ultimately 

dependent on the how much the dyssynchrony affects the net amount of 

myocardial shortening. As extensively argued in Chapter 4, the latter is better 

expressed by dyscoordination measures. 

The concept of dyscoordination measures is based on carefully set up animal 

experiments showing that asynchronous electrical activation provokes 

mechanical interactions within the LV between regions that are contracting 

early and those still quiescent, with opposite interactions later in systole. This 

reciprocal interaction is well visible in the ventricularly paced hearts as back-

and-forth shortening and stretching between different regions.15-18. By this 

mechanism, part of total deformation work is dissipated into abnormal systolic 

stretching instead of being externalized into stroke work. Therefore, rather 

than the exact timing of shortening, the total burden of paradoxical stretching 

determines the loss in net shortening function. 

Examples of indices expressing such paradoxically behaving deformation are 

the CURE index (phase analysis)11, 12 and the Internal Strain Fraction (ISF; the 

relative amount of stretch compared to shortening within the LV wall), both 

introduced for (3-D) magnetic resonance tagging application.19 In order to test 

the dyscoordination and recoordination concept in human subjects by speckle 

tracking echocardiography, and even before considering the development of 

dyscoordination based measurement for clinical use, we developed the STOUT 

postprocessing method described in Chapter 4. This approach made it possible 

to calculate net ventricular shortening and paradoxical stretch, as absolute 

burden or as ISF, for the first time by speckle tracking echocardiography.



Chapter 9

182

B/ DYSCOORDINATION AND PARADOXICAL STRETCH IN HUMANS: CONCEPT 

VALIDATION AND PRECISION

Our observations reported in Chapter 4 and 7 confirm the presence of 

simultaneously occurring and reciprocal shortening-stretching also in the 

human LBBB heart, including the typical early systolic stretch in the lateral 

and the late systolic stretch in septal LV walls. However, as discussed in these 

chapters, in the complex situation of human dyssynchronous heart failure, not 

all regional mechanical interactions are necessarily caused by an underlying 

electrical substrate. The first challenge is to detect the presence of such 

electrical substrate, because that is most likely the only derangement that is 

amenable to CRT. The second challenge is to estimate the proportion of such 

substrate-related mechanical dysfunction in the total ventricular contractile 

dysfunction, as that is the fraction by which the LV function can be expected to 

improve after CRT.

To improve the detection of the electrical substrate, we have postulated 

that the reciprocity of the interaction between relatively premature and 

relatively delayed regions and the active nature of the interaction are essential 

features (Chapter 4). This reciprocity first of all suggests that information on 

the interaction can be inferred from one of the two players, premature and 

delayed regions, and/or from one of both components i.e. stretch or shortening 

features. In addition, the need for an active interplay between both regions in 

the heart would imply that complete absence of intrinsic contractility in one 

of both would largely turn the reciprocal interaction into a primarily one-way 

action of muscle contracting against a passive resistance; from the viewpoint of 

the contracting muscle much similar to normal ejection. 

Specificity and functional role of premature shortening and rebound stretch:

Whereas most clinical studies have focused on delayed contraction,20, 21 the 

data presented in this thesis provides evidence for an important and specific 

role of stretch in prematurely activated/contracting segments. 

In Chapter 6 we describe the features and impact of “pure” preexcitation on 

local and global function in patients with Wolff-Parkinson-White syndrome. 

Formally speaking, there is no conduction delay (no delayed activated regions) 
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in these patients. Except for the pre-excited region, the left ventricle of these 

patients is activated both timely after atrial contraction as well through the 

normal His-Purkinje system. The first interesting observation in this study 

was that preexcitation induced the characteristic changes in the shape of the 

deformation curves that had, until now, only been described in hearts with 

underlying electrical dyssynchrony (i.e. during pacing and LBBB). One of the 

features was systolic rebound stretching (premature interruption of systolic 

shortening followed by stretch), another was the accompanying diastolic 

rebound shortening (interrupting initial lengthening). Therefore, these data 

suggest that this type of mechanical interaction pattern is highly specific for an 

electrical substrate. 

Another important finding of the study was that most of the left ventricular 

functional impairment was explained by a reduced shortening and a reduced 

contribution to ejection in the premature rather than remote segments. 

The latter were pre-stretched and had increased shortening. However, this 

compensation occurred mostly outside the ejection period. This observation 

reproduces the conclusions of previous pacing studies in canine hearts, showing 

that increased work in remote regions incompletely compensated for the severe 

loss in the prematurely activated regions. In other words, premature segments 

play an important role in the functional consequences of dyssynchrony. 

Further evidence for the functional impact and specificity of premature 

shortening and systolic rebound stretch is given by the data on the effect of 

resynchronization provided in Chapter 7. Here we provided (the first) evidence 

in patients that resynchronization indeed improves ventricular function by 

conversion of systolic stretching into systolic shortening, and thus recruits some 

of the “wasted work” for ejection. (Figure 2) While these data confirmed the 

general concept that CRT can reduce both stretch related to delayed contraction 

(“prestretch”) as well as rebound stretch in premature segments, the effect on 

rebound stretch proved far more consistent and predictive for the functional 

gain than prestretch in delayed segments. In fact, segments exhibiting systolic 

rebound stretch increased their systolic contribution to systolic shortening by 

twice the achieved reduction in local stretch. 

This indicates that rebound stretch in the premature segments is 1/ specific 

for premature activation, 2/ a mechanism where shortening energy, and thus 
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ventricular pump function, is lost and, 3/ represents a recruitable shortening 

reserve. 

Specificity and functional role of delayed shortening and pre-stretch:

The shortening pattern opposite to the rebound stretch, namely early systolic 

pre-stretch followed by systolic (and postsystolic) shortening also occurs in 

ventricles with conduction abnormalities. However, whereas CRT consistently 

reduced LV rebound stretch, the effect of CRT on LV pre-stretch was inconsistent 

and poorly related to the functional improvements (Figure 2 and Chapter 7). 

As a consequence, LV pre-stretch (and postsystolic shortening) was a poor 

predictor of CRT response. 

A potential explanation for the limited specificity and predictive value of pre-

stretch and postsystolic deformation in the delayed segments is that these 

phenomena are not confined to late activated myocardium, but also occur as 

a consequence of ischemia, scarring, or increased afterload.22-24 It is unlikely 

that pacing can correct these disturbances.25, 26 Furthermore, the absence of 

contractility in a large proportion of the ventricle would, at least theoretically, 

diminish the stretching forces on remote segments in late systole and thereby 

the amount of rebound stretch. A retrospective analysis of the relation between 

echocardiographic scar burden and rebound stretch in the patients included 

in Chapter 8 provides some evidence for this idea; as the amount of viable 

tissue in the ventricle declined, so did systolic rebound stretch in the septum 

(SRSsept; Figure 3). It seems to the advantage of SRSsept, that it is sensitive to 

the contractile force in the posterolateral free wall (needed to cause rebound 

stretch) and to viability in the septum (contractility being required for initial 

shortening, and tissue compliance for subsequent stretch). Moreover, the 

combination of initial shortening followed by systolic stretching is (as far as we 

know) unique for early activated myocardium. 

The specific role of the interventricular septum:

Two observations in the present thesis suggest a specific role of the 

interventricular septum in the eventual functional impact of dyssynchrony, and 

likewise in the benefits rendered by resynchronization therapy. 

First, in Wolf-Parkinson-White patients (Chapter 6) we found preexcitation of 
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the interventricular septum to result in significantly more local hypokinesia than 

lateral preexcitation. Importantly, this disproportionately large disadvantageous 

effect of premature septal shortening could not be explained by a higher 

degree of electrical (QRS, Delta-dur) and/or mechanical (shortening onset 

times) preexcitation. This indicates that after onset of shortening, other factors 

influenced the further course and behavior of septal deformation. Also, QRS 

Figure 3: Effect of scar tissue on the amount of septal rebound stretch.  
The left panel displays the amount of SRSsept (in %+SEM) and the right panel the QRS dura-
tion (in ms+SEM) found in patients with no scar (n=62), with 1-3 segments (n=18), with 4-6 
segments (n=14) and patients with more than 6 segments (n=9) of scar visible on echocardiog-
raphy. At similar QRS duration, the amount of recruitable shortening reserve, as estimated by 
SRSsept, decreased as the amount of scar visible on echocardiography (wall thinning, increased 
reflectivity, akinesia) increased (unpublished data from Chapter 8)  

Figure 2: Shortening and stretch components in relation to LVEF changes after CRT. 
SRSLV = LV rebound stretch, SPSLV = LV pre-stretch, STCLV = LV shortening A: Total LV deforma-
tion [(SPSLV + SRSLV)+ STCLV] is unchanged after CRT despite reductions in both stretch com-
ponents, indicating conversion of ventricular stretch into shortening. SRSLV is markedly more 
reduced than SPSLV. B: CRT reduced SRSLV (closed circles) but not SPSLV (open diamonds) in all 
patients. Decreases in SRSLV correlated better to the gain in LVEF than reductions in SPSLV Data 
from Chapter 7
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duration became a poor predictor of the mechanical impact of the electrical 

disturbance, once the septum was involved. These findings confirmed previous 

pacing studies in dog hearts showing similar electrical as well as mechanical 

activation delays during RV/septal and free wall preexcitation,27 but a larger 

number of hypocontractile regions17 and a reduced LV function during septal 

pacing.28, 29 It also fits with the clinical observation that QRS duration poorly 

predicts CRT response in patients with LBBB.2, 3 

Furthermore, in heart failure patients with LBBB undergoing CRT (Chapter 7), 

the major proportion of total ventricular rebound stretching, and thereby the 

largest functional substrate to CRT, was found in the interventricular septum. 

Accordingly, the improvements in left ventricular function after CRT were to 

a large extent driven by the improved septal function following the repair of 

septal rebound stretch. The role of the septum proved so dominant in the 

effects of CRT, that it was able to serve as a sentinel segment for the entire 

ventricle.30

A likely explanation why the septum has such a central role in the 

pathophysiology, is its central position between the left and right ventricle. By 

affecting the transseptal pressure gradient, abnormal interventricular coupling 

can modulate septal loading, and thereby its shortening pattern.31 Hence to 

a certain extent, septal rebound stretch comprises both effects of inter- and 

intraventricular dyssynchrony. It is conceivable that this relation to both intra- 

and interventricular dyscoordination underlies its powerful independent 

relation to both volumetric and neurohormonal response as well as prognosis. 

C/ IMPLICATIONS FOR IMAGING

In the design of potentially better methods to predict response to therapy, 

it is useful to consider that a poor predictive performance may have several 

causes: the ability of the biomarker to depict the underlying pathophysiological 

substrate may be poor and/or the measurement may be user dependent. 

Feasibility is another issue; measurements which can be obtained only in a 

subset of patients or are very time and resource consuming may be of use 

for scientific purposes, but of a limited value for daily clinical practice. With 

the current echocardiographic machines allowing on-line measurements, the 
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tissue Doppler technique has certainly the advantage of feasibility. However, 

as demonstrated in Chapter 3, this is offset by measurement variability and an 

uncertain patho-physiologic correlate. A few observations in the mechanistic 

work reported in this thesis, have implications for up-dating and, hopefully, 

improving our clinical echocardiographic approaches. 

The prominent impact on LV function and the specificity of derangements in 

premature segments (Chapters 4, 6 and 7) implies a shift in attention from 

“delayed” to “premature” activation. Although somewhat of a semantic issue, 

it does emphasize the necessity to distinguish both entities by incorporating 

cardiac event timing (aortic valve) also when using dyssynchrony measurements. 

Temporal delays in shortening mostly caused by postsystolic shortening, 

should raise the suspicion of other causes than an underlying (and by pacing 

amendable) dyssynchronous activation, and it may be wise to avoid referring to 

dyssynchrony in such cases.26 This distinction may become particularly relevant 

in the ischemic ventricle. 

Furthermore, the strong link between the total amplitude of (rebound) stretch 

and the improvement in function found in Chapter 7, represent a shift from 

timing-only dyssynchrony measurements to dyscoordination measurements. 

Such measurements, if they can be performed by robust techniques, even closer 

approach the key patho-physiologic mechanisms involved in dyssynchrony and 

resynchronization, and further improve response prediction. 

As mentioned before, feasibility is another issue; with incomplete data in +/- 

30% of the examined patients, and the need for additional postprocessing, 

calculating ISF or total ventricular rebound stretch by speckle tracking 

echocardiography in its current (2-D) form, serves research rather than clinical 

purposes. Therefore, the observation that septal rebound stretch (SRSsept) well 

corresponded to total LV rebound stretch is a relevant finding and enhances 

the applicability of dyscoordination measures in clinical practice. Acquisition 

success of SRSsept is very high in our experience (>95%), even when image 

quality precludes assessing ventricular volumes, as it benefits from the superior 

long axis image resolution. Even so, observer variability was considerable (15-

20%) and is an issue to be addressed in the future.



Chapter 9

188

D/ EVOLVING CONCEPTS: CRT RESPONSE AND RESPONSE MECHANISMS

Defining CRT response.

Despite the uniform success of clinical trials, a significant proportion of 

apparently suitable patients do not respond to CRT. Traditionally, improvement 

in functional (NYHA class, exercise performance on standardized tests) and in 

echocardiographically determined cardiac status (reversal of LV remodeling 

and ejection fraction) have been incorporated to define CRT response. Most 

(randomized) studies examining the effects of CRT have found that nearly one 

third to half of patients can be classified as “nonresponders”. Studies, which 

used functional status have reported non-response rates of 20-30%, whereas 

using echocardiographic endpoints, the rate of non-response was 40-50%. In 

Chapter 8, we demonstrate that also in terms of neurohormonal response, up 

to 40 or 50% of the patients have little or no demonstrable response to therapy. 

Until recently, this attenuation of neurohormonal activation (brain natriuretic 

peptides, BNP) as a laudatory effect of CRT has gained little attention, 32, 33 despite 

the fact that it may well be a better response marker than reverse remodeling. 

Indeed, it incorporates the effects of CRT both on reverse remodeling as well 

as on many other factors determining circulatory and cardiac stress.33, 34 This 

integration of multiple factors may also explain why in CARE-HF and our study 

presented in Chapter 8, changes in BNP better predicted the prognostic fate of 

a patient. 

The rationale to define response in terms of “surrogate” endpoints like reverse 

ventricular and/or neurohormonal remodeling, is provided by findings in 

randomized trials like MIRACLE35 and CARE-HF,33 which demonstrate that reverse 

remodeling (i.e. decrease ventricular volumes and increase in ejection fraction) 

and attenuation of neurohormonal activation are far more objective markers of 

therapy response than patient experienced improvement, which is fraught by a 

considerable placebo effect (+/-30%). Both reversal of long-term neurohormonal 

and LV remodeling by CRT have also been shown to independently predict 

reduced morbidity as well as mortality from HF.36, 37 Notwithstanding the 

importance of a patients subjective wellbeing, non-response in the above 

terms, better reflects the lack of a clear (patho)physiological benefit, and 

provides care-givers and researchers with a tool to monitor effects of (new) 
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therapies. The 40-50% of patients not demonstrating a clear echocardiographic 

or neurohormonal response indicates that considerable efforts are needed to 

increase the efficiency of CRT in health care. 

Mechanical dyscoordination and response mechanisms; a wider scope 

It is increasingly being recognized that the effects of dyscoordinate contraction, 

and inversely recoordination by CRT, reach beyond their respective acute 

hemodynamic impact. Long-term ventricular resynchronization results 

in further improvement of LV function and induces reverse remodeling. 

Interestingly, reverse remodeling in turn appears to be associated with an 

ongoing improvement in recoordination as well (Figure 4). This suggests that 

the long term benefits are mediated through other mechanisms than acute 

hemodynamic effects alone. Reversal of adverse neurohormonal activation 

in response to hemodynamic improvements may in part explain ongoing 

improvement of overall ventricular structure and function. Circulating 

neurohormones however cannot account for the regional differences provoked 

by long standing dyssynchrony or resynchronization. An increasing number 

of mechanistic and molecular studies point to a prominent role of abnormal 

loading and stretch also in these longer term regional and global adaptation 

processes (Figure 5).

Fairly little is known about the molecular changes induced by chronic 

dyssynchrony or on what can be reversed by CRT. Evidence is accumulating 

though that, in addition to regional differences in remodeling and blood flow,38, 

39 dyssynchronous heart failure may have a dual effect: the regional differences 

in mechanical loading/stretch trigger a polarization in gene expression and 

protein activity between the early and late activated wall, resulting in a 

distinct pattern of the molecular portrait.40, 41 These regional differences occur 

on top of an overall decrease in expression of other genes and proteins (e.g. 

potassium channels) and an overall reduction in beta-adrenergic sensitivity. 

Importantly, these studies also indicate that CRT attenuates dyssynchrony-

induced regional heterogeneity of action potential duration42, and partially 

restores dyssynchrony-induced ion channel remodeling, abnormal calcium 

homeostasis, and remodeling.39, 42 CRT has also been shown to restore 

sensitivity to beta-adrenergic stimulation both in animal models as well as in 
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humans, although in the latter this effect was restricted to responders.43 In the 

CARE-HF trial, CRT without defibrillator back-up not only improved ventricular 

function, but also significantly reduced sudden cardiac death (SCD).44  Though 

the mechanisms behind the reduction in SCD remain elusive, suppression of 

ventricular arrhythmias and heart failure by electrophysiological, structural 

and contractile changes induced by CRT may have contributed to the survival 

benefit of this therapy. This new area of growth may bring important new 

insights in the near future. 

F/ UNSOLVED ISSUES, FUTURE PERSPECTIVES:

While our knowledge on the physiology and consequences of dyssynchrony 

and resynchronization has tremendously increased, there are still a number 

of unsolved questions concerning CRT. In the context of the methods and data 

reported in this thesis a few major unsolved issues emerge. 

Animal studies have suggested that, compared to circumferential myocardial 

deformation, longitudinal myocardial deformation is less sensitive at identifying 

ventricular dyscoordination and recoordination.45. In human patients, the 

Figure 4: Temporal evolution of the effects of CRT on LV function (left) and on recoordination of 
longitudinal shortening (right) 
Data from 31 patients (17 responders, 14 nonresponders) undergoing measurements of total 
ventricular systolic ISF prior to (“pre-CRT”), within 1-3 days (“acute”) and 6 months (“6 months 
FU”) after initiation of CRT. Note how CRT induces acute improvements in LV-function (GsysS: 
global systolic LV shortening), with further improvements over time. This is paralleled by an acute 
recoordination effect, with further recoordination over time. This favorable long term improve-
ment is however restricted to responders (decrease in LV endsystoliv volume >15% at follow-up). 
For ISF methodology see chapter 4.
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data are controversial. In a comparison of radial, circumferential (assessed 

at the mid-ventricle), and longitudinal (at the ventricular base) dyssynchrony 

measurements, the degree of dyssynchrony at baseline and the predictive 

value was found to be larger for the radial deformation.46 It remains to be 

investigated whether the reported difference is due to the different sampling 

locations (basal versus mid ventricle), differences in reliability of the deformation 

assessment, or reflects a true difference. In our patients, we found longitudinal 

deformation to be sensitive at identifying both baseline dyscoordination as 

well as recoordination by CRT (Figure 4). Furthermore, global longitudinal 

deformation strongly relates to ejection fraction (Chapter 2 and 7).47 

The role of myocardial deformation analysis in the optimization of CRT has not 

been established well. In this respect, it is important to mention that there is 

currently also no consensus what would be the best way of optimizing AV- and 

VV-delays or whether this is useful at all.48 Several techniques, like transmitral 

Doppler flow,49 tissue tracking,20 LVdP/dtmax,50, 51, intracardiac electrogram 

intervals,52 and others have been described for AV- and VV-optimization. Some 

studies show very little effect, whereas other studies find considerable benefit 

of optimization. The randomized trials assessing clinical / echocardiographic 

outcome until now have failed to demonstrate benefit of optimization,53, 54 but 

new, larger trials are underway. The same open questions apply to the choice of 

the best lead position. Preliminary evidence suggests that positioning the lead 

at the site of latest mechanical activation, as determined by speckle tracking, 

may maximize the extent of LV remodeling.55 The feasibility and potential 

advantages of adding a second epicardial LV lead or applying endocardial pacing 

as more physiological pacing approaches are currently being investigated.56-58 

The effects of CRT on right ventricular (RV) function and remodeling, and the 

consequences thereof, have not been established. Reductions in chamber size 

and tricuspid regurgitation associated with a decreased afterload have been 

reported.59 It is unknown whether CRT also recoordinates the RV, and which 

role of the (RV-) septum plays in the eventual effects. Speckle tracking studies 

focusing on the interaction between RV free wall and septum are underway. 

Whether CRT improves cardiac function in patients with very advanced heart 

failure remains controversial. Several reports indicate that in patients with 

extensive ventricular dilatation, advanced diastolic dysfunction (restrictive 
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filling) and right ventricular dysfunction, the chances of reverse remodeling and 

functional improvements are impaired.60, 61 62-64 The reasons behind the poor 

response remain unclear; a few possible scenario’s are being explored. Ventricles 

in end-stage failure may have consumed all their metabolic and/or contractile 

reserve and be “beyond repair”.65 Alternatively, it has been suggested that 

elevated right sided pressures may reduce abnormal interventricular coupling 

and dyssynchrony.60 A noteworthy phenomenon observed in our patients was 

that improvements in septal function after CRT in very dilated hearts were 

often offset by pre-excitation induced hypokinesia of the paced LV free wall 

(unpublished data). This suggests that, for example by increasing conduction 

pathlengths, extensive dilatation may preclude achieving sufficient electrical 

resynchronization by the current approaches. Finally, persistent hemodynamic 

benefits of cardiac resynchronization therapy have been demonstrated even 

during disease progression in advanced heart failure.66 In hearts which are on 

a steep decline when CRT is administered, halting or mitigating progressive 

remodeling may be very well regarded “response”, but will usually not be 

appreciated as such. In this respect it is important to realize that regarding 

mortality, the benefits of CRT reported in major, randomized trials are equal 

(odds ratio’s of +/- 0.65) over the entire tested range of heart failure severity 

(NYHA I/II - IV),37, 67 and that it improves prognosis as much in ischemic patients 

as well as in nonischemic patients, despite the poor remodeling observed in 

the former.68 This implies that the definition of “prognostic responder” at least 

partially escapes that of “echocardiographic responder”.69 Whether advances in 

our knowledge on the abovementioned molecular and electrophsiologic effects, 

or new response markers will make identification of “prognostic responders” 

possible, remains to be seen. This should not prevent us from improving our 

understanding in the mechanisms determining “echocardiographic and/or 

neurohormonal response”, as they offer the patients the prospect of a better 

functional status, less morbidity, and at least to a certain extent, a better 

prognosis. For now, it does imply that therapy should not be restricted on the 

basis of a predicted “nonresponse”. 
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Conclusions:

The work presented in this thesis has improved our insight in the key features 

by which dyssynchrony impacts on left ventricular function, and has revealed 

important aspects of the working mechanism of cardiac resynchronization 

therapy:

 

Characteristic shortening patterns such as systolic rebound stretch are - 
highly specific to detect an underlying abnormal electrical activation.

In the consequences of dyssynchrony on overall left ventricular function, - 
the loss of systolic shortening in premature segments plays a dominant 

Figure 5: The role of dyscoordination in a wider context.

A potential scenario of how the ultimate consequences of dyscoordination are determined 

and/or modified by mechanical, as well as molecular and metabolic mechanisms. 
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role, with systolic rebound stretch representing a mechanism by which 

systolic shortening is wasted.

Premature activation of the septum impacts more on LV function than - 
premature activation of the lateral wall.

Systolic rebound stretch in the premature segments best represents the - 
substrate that can be recruited and converted into shortening by CRT.

Septal rebound stretch is a technically feasible alternative to measuring - 
rebound stretch in the entire ventricle.

In the prediction of mechanical response to CRT, dyscoordination - 
measures like SRSsept  outperform dyssynchrony measures. 

The limited predictive value of previous echocardiographic imaging approaches 

like tissue Doppler dyssynchrony measures relates to technical shortcomings, but 

most likely also to their inherent inability to detect and quantify the functional 

substrate to CRT with sufficient sensitivity and specificity. Implementation 

of the updated dyscoordination principles into a clinical feasible marker like 

SRSsept improved the response predicting significantly.

Effects beyond the immediate mechanical improvements may play an 

additional role and deserve our future attention. Also in this area, tuning 

echocardiography and physiology on each other may prove invaluable to ensure 

further progress. 
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Summary:

Heart failure is an increasing worldwide health problem. In Europe, it is 

estimated that nearly 10 million people are living with heart failure. Heart 

failure is a costly disease in terms of morbidity, mortality, and resources. In 

developed countries, an estimated 1–2% of total health-care expenditure is 

spent on the management of this disease. In about 25% of the heart failure 

patients, the disease is complicated by an electrical conduction delay in the 

ventricles, mostly manifested as a left bundle branch block (LBBB). Many 

epidemiologic studies have indicated that the appearance of a LBBB in these 

patients portends a further risk of an adverse outcome. This can be understood 

from the observation that a LBBB per se impairs ventricular pump function, and 

thus further compromises the already challenged failing heart.

In the healthy heart, ventricular contraction occurs in a highly coordinated 

manner. Mechanical activation of the ventricles depends on the rapid spread 

of electric signals via specialized fibers (His-Purkinje system) that arborize 

throughout the right and left ventricle. This ensures a near-simultaneous 

electrical activation of the entire ventricular myocardium, followed by a 

synchronous (=simultaneous) and coordinated (collaborative) contraction. In 

a typical LBBB, conduction is interrupted in the left bundle of the His-Purkinje 

system. The right ventricle and the (right sided) septum are activated early via 

the remaining right bundle of the His Purkinje system, but subsequently the 

electrical impulse has to propagate to the remainder of the heart through the 

slower conducting working myocardium. This causes the early activated septum 

to contract relatively early, while the remote lateral wall starts its contraction 

with a relative delay. This non-simultaneous contraction is generally referred to 

as “dyssynchrony”. The consequences of a LBBB and dyssynchrony have been 

well studied in animal models and have eventually led to the development of 

special pacemaker systems with an additional (third) lead, placed at the lateral 

wall of the left ventricle. By stimulating the lateral wall (nearly) simultaneously 

with the activation of the septum, synchronous shortening is restored as well, 

hence the name Cardiac Resynchronization Therapy (CRT).

This therapy is being applied in heart failure patients with LBBB for about 

15 years now, and has proven very effective in reducing ventricular dilation 
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(“reverse remodeling”), improving ventricular function and exercise tolerance, 

and in reducing morbidity and mortality. Nevertheless, a few issues remain 

unsolved or unexplained. Despite the uniform results in the animal experiments, 

in about 40-50% of the heart failure patients with an apparent LBBB on the 

electrocardiogram, reverse remodeling and improved ventricular function 

cannot be achieved. This indicates that the specific features and physiology 

of dyssynchrony and resynchronization in the human heart are yet not fully 

elucidated. At the start of this thesis, the first data was emerging that directly 

assessing the motion pattern of the heart by commonly used echocardiographic 

techniques like tissue Doppler, could also not distinguish well who would 

respond to therapy, and who would not.

In an attempt to come to a better understanding and potentially a better 

management of the current limitations in the future, both the principle factors 

determining the impact of dyssynchrony and resynchronization on the human 

heart, as well as the echocardiographic techniques to detect dyssynchrony 

have been revisited during this thesis. 

In Chapter 1, the physiology of LBBB and CRT as known from the animal 

experiments is reviewed in detail. This analysis reveals that the functional 

consequences of a LBBB are potentially not only, or not primarily, determined 

by the exact delay between the septal and lateral wall shortening. A striking 

feature in these animal experiments is that during shortening of the septum, 

the opposing, lateral wall is pre-stretched. Later in systole, the sequence is 

reversed with stretching in the septum during ongoing shortening in the lateral 

wall. In this back-and-forth shortening-stretching, a lot of the contractile energy 

and pumping efficiency is wasted. Because the key feature of this phenomenon 

is not the delay in shortening, but rather the amount of reciprocal mechanical 

counteractions, the term “dyscoordination” is introduced. 

To investigate the relevance of this mechanism in the human heart, it was 

necessary to employ an advanced echocardiographic technique called speckle 

tracking. This technique permits measuring when, but in particular also 

how much, the heart muscle shortens (contracts) and lengthens (stretches). 

The principle, and the technical particulars of this technique are extensively 
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discussed upon in Chapter 2. Compared to the tissue Doppler technique, 

speckle tracking has the advantage that it is independent of the insonation 

angle, and that it quantifies shortening and stretching directly, in stead of (via) 

motion.

By comparing the two techniques in Chapter 3, more insight is gained in a 

few drawbacks of the tissue Doppler technique that may explain its poor 

performance. Misalignment with the ultrasound beam leads to erroneous 

information and pattern variability. Variability is enhanced by the complex, 

multiphasic patterns that make uniform scoring between observers 

cumbersome. Peak motion determined with tissue Doppler does not to reflect 

peak shortening either. The delay in peak shortening between septum and 

lateral wall measured by speckle tracking, called the SL-delay is found to better 

predict reverse remodeling than the tissue Doppler delay. Looking at timing 

only, this SL-delay is still a dyssynchrony, not a dyscoordination measure. 

In order to measure dyscoordination, a custom made postprocessing toolbox is 

first developed (STOUT, speckle tracking toolbox Utrecht), described in Chapter 

4. By time normalization and spatial encoding of the separately acquired 2-D 

deformation patterns (i.e. myocardial shortening/stretching patterns), the 

information can be reconstructed in a 3-D model of the left ventricle. The 

approach permits mapping and quantification of shortening sequences and of 

reciprocal shortening-stretching, the key feature of dyscoordination. By testing 

the new approach in mild and severe forms of dyssynchrony, its potential is 

explored and demonstrated.  The STOUT approach is applied to examine the 

role of dyscoordination in the human heart, as described in chapter 6 and 7.

Chapters 5 and 6 report on the findings in patients with Wolff-Parkinson-White 

syndrome. In these patients, there is no conduction delay in one of the bundle 

branches; instead, an accessory bundle with a variable location anywhere in 

the heart’s base, can prematurely excite a small part of the myocardium, while 

the remainder of the myocardium is activated via the His-Purkinje system. 

De combined speckle-tracking-STOUT approach yields a satisfactory accuracy 

to detect even this subtle form of dyssynchrony. The Wolff-Parkinson-White 

pathology may also be regarded as a model to specifically examine the effects 

of premature, as opposed to delayed activation, as formally none of the 

myocardial regions is activated late. An important finding is that premature 
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activation disturbs the local shortening in a characteristic way, provoking an 

impaired local, and according to the severity of the latter, also an impaired 

global function. In addition, comparing the effects of accessory bundles with a 

septal insertion site to those with a lateral insertion site, premature activation 

of the septum proves more detrimental than a similar premature activation of 

the lateral wall. 

These data raise the suggestion that in LBBB, the septum may play a key role, as 

activation differences are much larger in LBBB than in Wolff-Parkinson-White. 

In Chapter 7 the specific role of paradoxical stretching due to dyscoordination 

is further explored in heart failure patients undergoing CRT. The specific focus is 

on the mechanism by which CRT improves ventricular shortening and function, 

and which of the baseline shortening or stretch components are most predictive 

for the long term effects of CRT. First of all, the presence of the dyscoordination 

features described in the animal experiments mentioned in Chapter 1, is 

confirmed in the human LBBB heart as well. The septum shortens early and 

early stretch (prestretch) is seen in the lateral wall; during the later phases 

of the left ventricular shortening, the lateral wall shortens and interruption 

of septal shortening is noted, followed by late systolic stretch: called “septal 

rebound stretch, or SRSsept”. Considering the effects of CRT, the conversion of 

this SRSsept into additional shortening emerges as the principle mechanism by 

which the total ventricular function improves. The amount of SRSsept varies 

considerably between the patients; the patients with the highest values are the 

ones having the best chances to respond to CRT. In a head to head comparison, 

the predictive value of the novel dyscoordination marker SRSsept outperforms 

that of the previously mentioned dyssynchrony marker SL-delay.  

Dyscoordination, as testified by a large SRSsept, therefore seems an important 

predictor of the beneficiary effects of CRT on the heart. Consequently, in 

Chapter 8 we test in 101 consecutve patients whether the former predictive 

value of SRSsept also translates into a predictive effect on mortality after CRT. 

This last study confirms the previously found relation to improved cardiac 

function in an extended patient group, and SRSsept additionally emerges as a 

predictor of outcome: compared to patients with only limited dyscoordination 

(a low SRSsept), the patients with a high value have better survival chances 

following the start of resynchronization therapy.
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In conclusion, the research described in this thesis has improved our insight in 

the key features by which dyssynchrony impacts on left ventricular function, 

and has revealed important aspects of the working mechanism of Cardiac 

Resynchronization Therapy. Dyscoordination in the heart, and rebound stretch 

in the septum (SRSsept) in particular, have a major impact on the eventual 

consequences of dyssynchrony for the cardiac function, but simultaneously 

also represent the substrate for the therapy effects. Compared to dyssynchrony, 

measuring dyscoordination with speckle tracking echocardiography improves 

our capacity to predict who will likely respond to therapy, and who will not.
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Samenvatting: 

Van hartfalen is sprake wanneer de pompfunktie van het hart dusdanig gestoord 

is dat er vermoeidheids- en/of kortademigheidsklachten optreden. Hartfalen 

wordt wereldwijd een steeds groter gezondheidsprobleem. In Europa alleen 

al, vermoedt men dat er ongeveer 10 miljoen mensen leven met hartfalen. 

Hartfalen legt een groot beslag op de levenskwaliteit en levensverwachting 

van degene die erdoor getroffen wordt en de behandeling ervan legt ook een 

groot beslag op het jaarlijks gezondheidszorgbudget. In ongeveer een vierde 

van de hartfalenpatiënten wordt deze hartkwaal verergerd door een bijkomend 

probleem in het prikkelgeleidingsysteem van het hart. In het gezonde hart 

zorgt een speciaal netwerk van geleidende vezels, het zogenaamde His-

Purkinje systeem, ervoor dat alle hartspiercellen nagenoeg gelijktijdig door de 

elektrische prikkel bereikt worden. Via een aantal zich vertakkende bundels van 

dit systeem wordt het hart op een geordende manier geactiveerd en dit zorgt 

op zijn beurt voor een goede samenwerking tussen alle delen van het hart. 

In geval van een storing in de linker bundel, bekend als linker bundeltak blok 

(LBTB), is de normale elektrische activatie van de linker kamer ernstig gestoord. 

De prikkel kan de linker kamer dan nog wel bereiken, maar dit vindt dan plaats 

vanuit de rechter hartshelft via trage cel-tot-cel geleiding. Hierbij reist de 

prikkel relatief traag vanuit de rechter hartshelft over het septum (de hartwand 

tussen de rechter en linker hartshelft) naar de tegenoverliggende linker laterale 

hartwand. Hierdoor trekt het septum eerst samen, en pas later de laterale 

wand. Het niet gelijktijdig (=”dyssynchroon”) samentrekken is algemeen 

bekend als “dyssynchronie”  De gevolgen van een LBTB dyssynchronie voor 

de pompwerking van het hart, zijn relatief goed bestudeerd in dierproeven en 

hebben geleid tot de ontwikkeling van speciale pacemaker systemen waarbij 

een extra stimulatie elektrode ter plaatse van de laterale wand gebracht wordt. 

Door de laterale wand (nagenoeg) gelijktijdig te stimuleren met het moment 

waarop het septum samentrekt, wordt de normale situatie zoveel mogelijk 

hersteld en trekt het hart meer synchroon samen. Deze pacemaker behandeling 

wordt derhalve Cardiale Resynchronisatie Therapie (CRT) genoemd.

Deze therapie wordt sinds een vijftiental jaren ook hartfalen patiënten met 

een LBTB toegepast en is zeer effectief gebleken. Grote studies tonen aan dat 
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CRT bij dit soort patiënten de hartfunktie verbetert, de uitzetting van het hart 

(“remodeleren”) vermindert, de inspanningscapaciteit doet toenemen, de 

hartfalenklachten doet afnemen, en tot een betere overleving leidt. Er bestaan 

echter nog een groot aantal vragen rond deze therapie. Zo blijkt dat, ondanks 

de consistente resultaten bereikt in diermodellen, bij 40-50% van de hartfalen 

patiënten met een LBTB op het electrocardiogram, de pompfunktie van het hart 

na CRT niet duidelijk verbetert. Die gegevens geven aan dat in het menselijk 

hart de specifieke kenmerken van “dyssynchronie” en de werking van CRT nog 

onvoldoende bekend zijn. Bij aanvang van dit proefschrift bleken de gangbare 

echografische (=ultrageluid) technieken, zoals bijvoorbeeld de tissue Doppler 

techniek die rechtstreeks het bewegingspatroon van het hart kan registreren, 

bovendien onvoldoende in staat te voorspellen welke patiënten het meest baat 

zouden hebben van CRT, en welke niet.

 

Om meer helderheid te scheppen gaat het onderzoek beschreven in dit 

proefschrift zowel op zoek naar de essentiële kenmerken die in het mensenhart 

de weerslag van het dyssynchroon samentrekken, en omgekeerd de verbetering 

door CRT, bepalen. Verder is onderzocht wat de reden is voor de matige 

voorspellende waarde van de huidige technieken als tissue Doppler. Dit wordt 

gedaan met het oogpunt zowel het inzicht in de fysiologie van het LBTB te 

verfijnen alsook onze echocardiografische technieken te verbeteren.

In hoofdstuk 1 wordt de fysiologie van het LBTB zoals die bekend is uit de 

dierproeven nogmaals onder de loep genomen. Deze nadere beschouwing 

leidt tot de conclusie dat de weerslag van een LBTB op de funktie van het 

hart niet alleen of niet zozeer wordt bepaald door de vertraging waarmee  de 

laterale wand samentrekt t.o.v. het septum. Een opvallend verschijnsel in die 

dierproeven is dat het vroegtijdig samentrekken van het septum de andere zijde, 

de laterale wand, kan oprekken en dat omgekeerd het laattijdig samentrekken 

van de laterale wand op zijn beurt het septum kan oprekken. In dit heen-en-

weer getrek gaat veel van de samentrekkingskracht en pompwerking verloren. 

Omdat de nadruk niet zozeer ligt op het tijdstip waarop de verschillende 

wanden samentrekken, maar wel op de mate waarin ze elkaar tegenwerken, 

wordt dit fenomeen met de term discoördinatie aangeduid. 
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Om het belang van dit mechanisme in mensen te kunnen onderzoeken was het 

nodig een nieuwe en geavanceerde echocardiografische techniek te gebruiken, 

speckle tracking genaamd. Hiermee kan gemeten worden wanneer maar vooral 

ook hoeveel een hartwand samentrekt en oprekt. Het principe, de voordelen 

en beperkingen van die techniek worden uitgebreid besproken in hoofdstuk 2. 

Ten opzichte van de vorige tissue Doppler techniek heeft de speckle tracking 

methode het voordeel dat niet de beweging, maar het samentrekken en rekken 

zelf gemeten kan worden. Bovendien zijn metingen die met deze methode 

gedaan worden onafhankelijk van de invalshoek van de geluidsbundel t.o.v. de 

hartwand.

Door het vergelijken van de nieuwe en oude techniek, wordt in hoofdstuk 

3 gekeken welke redenen geïdentificeerd kunnen worden die de matige 

predictieve waarde van de tissue Doppler techniek verklaren. Dit leert dat door 

het uitzetten van het hart, de invalshoekafhankelijkheid van de tissue Doppler 

techniek tot fouten en tot variatie in de meting kan leiden. Het moment waarop 

de hartwand beweegt blijkt ook niet goed overeen te komen met het moment 

waarop de wand daadwerkelijk samentrekt. Bovendien blijken de gegenereerde 

tissue Doppler signalen complex, waardoor verschillende onderzoekers tot 

verschillende resultaten komen. De met speckle tracking gemeten vertraging 

in het samentrekken van de verschillende wanden, SL-delay genaamd, blijkt 

beter het gunstig effect van CRT op de grootte en funktie van de hartkamer te 

voorspellen dan de tissue Doppler techniek. De gebruikte maat SL-delay kijkt 

nog steeds enkel naar tijdsverschillen, en dus naar dyssynchronie, nog niet naar 

discoördinatie. 

Bij het ontbreken van een (commercieel) beschikbaar analysepakket dat toelaat 

discoördinatie te kunnen meten, wordt er eerst een nieuw analysepakket 

ontworpen, zoals beschreven in hoofdstuk 4. Door de informatie vanuit 

de verschillende wanden samen te voegen in een 3-dimensionaal model 

van de linker kamer, ontstaan nieuwe meetmogelijkheden die toelaten de 

samentrekkingssequentie en het gelijktijdig optreden van verkorting en 

rek, dus discoördinatie, te meten. Door deze nieuwe meetmogelijkheden te 

testen in milde en ernstigere vormen van dyssynchronie, wordt de potentiële 

meerwaarde geïllustreerd. Dit analysepakket wordt ook aangewend voor 

het bepalen van de rol van discoördinatie in het mensenhart beschreven in 
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hoofdstukken 6 en 7.

Hoofdstukken 5 en 6 beschrijven de bevindingen in een speciaal ziektebeeld, 

het Wolff-Parkinson-White syndroom. In dit ziektebeeld is er geen sprake van 

een onderbreking van de geleiding in één van de bundeltakken, maar wel van 

een extra geleidingsbundel. Deze bundel kan op verschillende plaatsen in het 

hart voorkomen. Deze abnormale bundel zorgt ervoor dat een klein deeltje 

van het hart te vroeg geactiveerd wordt, terwijl de rest van het hart volledig 

normaal geactiveerd wordt. De speckle tracking techniek in combinatie met het 

nieuw ontworpen analysepakket blijkt voldoende gevoelig om zelfs deze kleine 

stoornis aan te tonen. Bovendien laat het Wolff-Parkinson-White syndroom toe 

specifiek de rol van het vroegtijdig samentrekken te onderzoeken, gezien er 

formeel nergens in het hart een te late activatie optreedt. Er wordt gevonden 

dat vroegtijdige activatie op zich de locale samentrekking ernstig kan verstoren 

en kan leiden tot een verminderde pompwerking van het hele hart. Tenslotte, 

gezien de bundel zich zowel in het septum als in de laterale wand kan bevinden, 

kan onderzocht worden of het uitmaakt of het septum of de laterale wand 

te vroeg geactiveerd worden. Uit deze vergelijking blijkt dat een vroegtijdige 

activatie van het septum, een veel groter gevolg heeft voor de plaatselijke 

funktie en voor de hele hartfunktie dan dezelfde vroegtijdige activatie in de 

laterale wand. 

Bovenstaande bevindingen laten vermoeden dat de vroegtijdige activatie van 

het septum een hoofdrol kan spelen in de effecten van een LBTB, gezien de 

tijdsverschillen veel groter zijn dan in Wolff-Parkinson-White. In hoofdstuk 

7 wordt de specifieke rol van het abnormale oprekken ten gevolge van 

discoördinatie onderzocht in hartfalenpatiënten die CRT krijgen. Meer specifiek 

wordt het mechanisme onderzocht waardoor CRT de funktie van het hart 

verbetert en welke van de verkortings- en rekpatronen het meest nauwkeurig 

de lange termijn effecten van de therapie kunnen voorspellen. Vooreerst wordt 

het duidelijk dat de in hoofdstuk 1 beschreven discoördinatie ook optreedt in het 

menselijk hart met LBTB. Zoals in de diermodellen, trekt het septum vroegtijdig 

samen en wordt er in de laterale wand vroegtijdig oprekken (prestretch) gezien. 

Er wordt eveneens gezien dat later in de samentrekkingsfase van het hart, de 

verkorting van het septum vroegtijdig onderbroken wordt en plaats maakt voor 

laattijdig oprekken (septale rebound stretch of SRSsept). Wanneer gekeken 
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wordt naar de effecten van CRT, blijkt het dat de therapie de hartfunktie vooral 

verbeterd door de abnormale SRSsept om te zetten in bijkomende verkorting 

in het septum. De funktie van het gehele hart verbetert dus vooral door het 

effect van CRT op SRSsept. De hoeveelheid van deze SRSsept verschilt sterk 

tussen de patiënten onderling. Patiënten met de grootste hoeveelheid SRSsept 

reageren dan ook het best op CRT. De voorspellende waarde van deze nieuwe 

discoordinatiemaat (SRSsept) is in een rechtstreekse vergelijking ook beter dan 

die van de dyssynchroniemaat SL-delay van hoofdstuk 3.

Discoördinatie gemeten met SRSsept blijkt dus een belangrijke voorspeller van 

de gunstige effecten van CRT op de hartwerking. Daarom wordt ten slotte in 

hoofdstuk 8 gekeken in 101 patiënten of deze maat ook de levensverwachting 

na CRT kan voorspellen. Immers, het mag verwacht worden dat als de therapie 

aanslaat en de hartwerking verbetert, de prognose van de patiënt ook beter 

is dan als de therapie helemaal geen effect heeft. In deze laatste studie wordt 

bevestigd dat SRSsept een goede voorspeller is van zowel het meetbare therapie 

effect op het hart, alsook van de overlevingskansen van de patiënt na CRT.

Tot conclusie, het onderzoek dat beschreven wordt in het proefschrift heeft 

tot betere inzichten geleid in de impact van dyssynchronie op de hartfunktie 

en in de mechanismen waardoor Cardiale Resynchronizatie Therapie werkt. 

Discoördinatie in het hart, en rebound stretch in het septum in het bijzonder, 

hebben een grote impact op de funktie van het hart, maar zijn ook het substraat 

waardoor CRT tot de verbeterde hartfunktie leidt. Ten opzichte van het meten 

van dyssynchronie, verbetert het meten van discoördinatie (SRSsept) met 

speckle tracking echocardiografie onze capaciteit te voorspellen wie het meest 

baat zal hebben van CRT. 
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Dankwoorden
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Dit proefschrift is tot stand gekomen met steun en hulp van een groot aantal 
personen. Daarnaast zijn er die vele anderen die ervoor gezorgd hebben dat 
ik in de voorbije jaren niet helemaal (of: niet nog meer?) vervreemd ben van 
mezelf en de wereld om me heen. Zonder iemand te kort te willen doen, wil ik 
daarom een aantal van hen persoonlijk bedanken.

Dr. Cramer, allerbeste Maarten-Jan. Niemand heb ik meer te danken dan jou; 
dit proefschrift heb je gedragen en doorleefd. Klinische en wetenschappelijke 
duizendpoot, heb je overal en steeds een belangrijke bijdrage geleverd. Niet 
alleen je positieve energie, je betrokkenheid, de honderden kleine en grote 
momenten van overleg, de goede adviezen, heb je als promotor op je genomen. 
Je was ook levens- en loopbaans-adviseur, vriend aan huis en die grote broer 
die er ook op die vele andere momenten heeft gestaan. Voor velen zullen je 
inzet en werk onzichtbaar gebleven zijn, maar niet voor mij. Bedankt, Maarten-
Jan, heel erg bedankt. Marta en ik zien je graag spoedig in Bern, of samen in de 
Golfo dei Poeti.

Professor Doevendans, beste Pieter. Met jouw komst naar Utrecht was 
ook mijn beslissing gevallen om na mijn opleiding terug te keren naar het 
vertrouwde huis om mee te helpen aan dat grote ambitieuze project van jou; 
de afdeling Cardiologie in Utrecht wetenschappelijk weer op de kaart zetten. 
Het verzekerde me van het enige wat ik toen benodigde, de steun en ruimte 
om er zelf wat mee te doen. Dat je me die vrijheid en dat vertrouwen ook 
hebt gegeven, heb ik steeds als een stimulerende gift en teken van erkenning 
ervaren. Dankzij je dynamisme, ondernemingszin en beslissingsvermogen, 
gekoppeld aan die goede dosis mensenkennis, heb je jezelf intussen niet 
alleen voor deze promotie, maar ook voor vele anderen binnen de cardiologie 
als “pater familias” getoond. Je wist steeds zakelijke efficiëntie (“ Bart, OK. 
PD” was zowat het kortste commentaar, “Bart, sluit me aan bij Frits. PD” de 
gemiddelde lengte van E-mails ;-) te koppelen aan vriendelijke beschikbaarheid 
en gastvrijheid. Graag kom ik nog eens bij je langs ter gelegenheid van een van 
je erg gewaardeerde house parties. 

Professor Prinzen, beste Frits, als fysioloog was je degene die mijn intrinsieke 
interesse in het “hoe en waarom” ondersteund en begeleid heeft. Ik ben dan ook 
erg blij in jou de wetenschappelijke autoriteit en sparing partner gevonden te 
hebben die dit werk de benodigde diepgang en accuraatheid hebben gegeven, 
een wetenschappelijk proefschrift waardig. Het discussiëren, herdiscussiëren 
en her-her-bediscussiëren deed je steeds met evenveel interesse, inzet en 
een lovenswaardig streven naar perfectie. Het echo-fysiologisch onderzoek 
beschreven in dit proefschrift draagt dan ook terecht jouw stempel. Bovendien 
heb ik je hulp bij het leggen van internationale wetenschappelijke en 
professionele contacten erg geapprecieerd. Ik hoop ook vanuit Zwitserland 
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onze samenwerking verder te kunnen zetten. 

Dr. Teske, Arco, brother-in-arms, wie anders dan jij hoort als paranimf me bij 
de verdediging bij te staan? Daar waar ik je initieel nog als student mocht 
begroeten, bewonder ik zeer hoe je jezelf al heel snel wist te ontpoppen tot een 
gedreven, zelfstandige onderzoeker. Je bent niet alleen onmisbaar geweest bij 
het opstarten mijn onderzoeksproject; met je secure aanpak, heldere ideeën en 
zin voor initiatief, heb je de verdere groei en het succes van een geheel nieuwe 
onderzoekslijn gegarandeerd. Zien dat je het intussen tot een internationaal 
niveau hebt geschopt, heeft me erg verheugd. Ik wil je bedanken voor de 
intense en prettige samenwerking. Niet in het minst ook voor de vriendschap 
van alledag en andere feestelijke momenten. Dat er meer van mogen volgen, 
zeg maar met een goede Westvleteren in de Blauwe Kater. Veel succes met 
het afronden van je werk in Leuven. Ik wens jou en Marilette veel geluk met je 
terugkeer naar Utrecht en met jullie nieuwe huis.

Mathias, dankzij je systematische en wetenschappelijke werkwijze bij 
de selectie, klinische behandeling en follow-up van patiënten, heb je me 
verzekerd van overvloedige en waardevolle data voor dit onderzoek. Door je 
onovertroffen kennis en je kritisch analytisch vermogen op dit gebied, was je 
steeds het referentiepunt wanneer het ging om de klinische en technische CRT- 
en ICD-aspekten, alsook een enthousiaste inspiratiebron bij het opzetten van 
verder onderzoek. Dat vleugje onnavolgbare humor van je, dat ten gepaste 
tijde de dagdagelijkse drukte verlichte, maakte je ook tot een fijne collega op 
de werkvloer. 

Een speciaal dankwoordje ook voor Geert Leenders. Je hulp bij de statistiek en 
bij het opzoeken, registreren en verwerken van de zoveelste extra analyse is 
erg behulpzaam geweest en doorslaggevend bij het afwerken van een aantal 
artikelen in dit proefschrift. Intussen heb je een mooie dataset opgebouwd en 
een eigen prospectieve studie gestart. Ik geef met plezier en vertrouwen de 
fakkel aan je door, en kijk alvast uit naar jouw promotie. 
Frebus, whizzkid, ik heb echt veel plezier gehad aan het begeleiden van je 
ingenieurs-masters. Naast je vrolijke en vriendelijke natuur, gaven ook je kennis 
en Matlab-vaardigheden extra energie tijdens mijn proefschrift. Keep up the 
work and spirit bij je nieuwe baan in het UMC. Mijn studenten Chalil, Marlon, 
Firdaus, Bob en Stefan; dank aan ieder voor het bijdragende steentje, veel geluk 
bij jullie verdere opleiding.

First Ladies van de echocardiografie, Ineke, Ellie, Jeanette en Yolanda, van 
harte bedankt voor de jarenlange aangename en nauwe samenwerking op het 
echolab. Naast de vele duizenden echocardiografieën die de revue passeerden, 
wisten jullie steeds wat tijd vrij te maken voor een kopje koffie in de echoput 
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(die met de rode lipstick was zeker niet het mijne!), een paar grappen (tja, ook 
vele foute…), en wat lief en leed. Jullie hebben me veel bijgebracht en zijn echt 
unieke professionals. My topgirls! 
Gert-Jan, als derde van de drie echo-musketiers kon ik steeds op je rekenen, 
ook buiten de werkvloer, dat heeft me blij verrast. Steven en Yves, succes het 
verder uitbouwen en accrediteren van de afdeling beeldvorming en met het 
interdisciplinaire onderzoek. 
Paul Melman, spijtig dat je niet langer kon blijven en meer hebt kunnen 
publiceren. Je impuls bij het opstarten van de nieuwe researchlijn is van 
doorslaggevend belang geweest en heb ik zeer geapprecieerd. Ook je culinaire 
expertise en moed zijn onvergetelijk; in Jamie Oliver’s Fifteen een fles 12-jaar 
oude Port laten afvoeren, waw! 

De vele collega’s cardiologen met wie ik jaren heb mogen samenwerken, wil 
ik er hartelijk voor bedanken me in hun midden verwelkomd te hebben. De 
ontspannen en persoonlijke sfeer waarin ik me ook na de opleiding verder als 
cardioloog heb kunnen ontplooien, heb ik als zeer bijzonder ervaren en ik kijk 
er met veel warmte op terug. Ook de samenwerking met het verpleegkundig 
team was een verrijkende en boeiende ervaring. Dankzij ieders extra inzet bleef 
er ook voldoende tijd gevrijwaard voor onderzoek. Hans, éminence grise, ik 
heb veel van je geleerd, en (later) ook e.e.a. weer afgeleerd, maar verder is 
het heel simpel, aan begin en eind van mijn wording als cardioloog stond jij. 
Zonder jouw wijze oordeel en verdict (die psycholoog was een kleine dwaling, 
há, maar het gaspedaal was raak) had ik in Utrecht nooit bestaan. Richard, met 
je eeuwige enthousiasme, je expertise en talent als mentor, had je me bijna 
voor de electrofysiologie gewonnen; uiteindelijk heeft jouw begeestering toch 
nog een weg gevonden naar dit werk over de echo-fysiologie van de electro-
fysiologie. Dank ook aan de andere leden van het EFO-team, Peter en Vincent 
voor hun aandeel in de WPW-study, Margot voor de opbouw van de dP/dt en 
pacing-setting database, Barbara voor het delen van je ervaring en interesse, 
Fred voor de vele kleine en grote adviezen. 
Eric, huis en familie hebben we vele avonden achtergelaten om in de echoput 
de data van onze allereerste prospectieve studie uit te werken. Met je grappen 
en lachbuien wist je er steeds de sfeer in te houden. Maar, Walekopke, wordt 
het niet eens écht tijd die data te publiceren?

Sylvia, dat je als secretaresse Pieter zolang hebt overleefd (en nog steeds 
overleeft) zegt heel veel over hoe je kwaliteiten gewaardeerd worden. Ook 
voor mij ben van grote waarde geweest en meer dan eens heb je mij uit de 
administratieve chaos moeten redden.

Een proefschrift van tegenwoordig is natuurlijk ondenkbaar zonder laptop, en 
zeker wanneer de promovendus met ongewone wensen en methoden komt 
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aanzetten. Ronald, ik ben je er zeer erkentelijk voor dat je ondanks je overvolle 
agenda steeds weer tijd vrijmaakte om een oplossing te zoeken voor mijn nieuwe 
computer problemen en software wensen. Dank ook aan Ralph Hummeling van 
Protys voor de professionaliteit bij het ontwerp en implementeren van STOUT, 
en voor de vriendelijke en persoonlijke aanpak in het bijzonder.

Prof. Buser, Peter, thank you for your giving me an opportunity to start working 
in Switzerland. After granting me some extra time while finishing my thesis 
booklet in the past months, our research efforts in Basel will now prove fruitful 
soon.
Prof Angelo Auricchio, Dr Francesco Faletra, just as the questions aren’t, a 
thesis project like this one is never really finished. Thank you for inviting me to 
Lugano, I look forward to the results of our mutual work and I’m sure we will 
keep collaborating in the future too. 

Liefste Maaike en Ewoud, lieve vrienden, wat zijn jullie zonnige, mooie mensen! 
Ik prijs me erg gelukkig jullie tot mijn beste vrienden te mogen rekenen. Dat 
extra beetje meer, dat beetje dieper, dat beetje vanzelfsprekender keer op 
keer; Hotel Billy is absoluut mijn favoriete stek in Nederland.
Marco, finally we’re even again. Maybe with some years (6…) delay, but it is 
finished. Hai visto che bravo? Sei un po’ orgoglioso? 
Brendan en Marjon, vrienden van het eerste uur. De afgelopen jaren hebben 
we elkaar niet zo heel vaak gezien maar de tijd die we samen mochten 
doorbrengen was telkens weer zo natuurlijk en gezellig als vroeger; een beetje 
België in Nederland. 
Begonia en Eric, the chance that I would come and finally get the motorbike 
has always been the same as you getting a new house, as Marta said. Luckily, 
all good things happened in the end, a new house for you and a PhD (and new 
motorbike) for me. Thanks for lending me so often a listening ear and the many, 
-yeeaaah, beeeers- to ease the sorrows.  
Monique en Anouk en Luuk, met jullie heb ik veel leuke momenten beleefd (is 
die foto toen in Barcelona al vernietigd?), feestjes met jullie gingen steevast 
door tot diep in de nacht (en het glas…). Medewerkers van het Bos-lab, Judith 
en Jan-Willem, Ester en Marc, Lars en Anna, dank jullie voor de leuke etentjes 
en de dans- en andere feestjes. Ik heb gehoord dat er ook eentje is op 12 
november, zien we elkaar daar? Anna en Lars, you guys surely spice up life in 
many ways, at the table (chili: 1 tl is not a tafel lepel, Anna…) as well as around. 
Thanks for all joys together and for the emergency lodgings during the thesis 
writing. Don’t forget to come over to Bern this winter.
  
Mille grazie anche a tutta la famiglia italiana. Ritrovarci insieme a Cerano, Crodo 
o Lerici e’ sempre stato un po’ di vacanza; amicizia, gioia, buon vino, e cibo in 
abbondanza, in somma: un tempo di rilassarci dallo stress del lavoro e ritrovare 
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se stesso e quello vicino a te. Mi sento davvero bene con voi, grazie.

Veerle en Koen, Nele en Janklaas, lieve zussen en schoonbroers, ik bewonder 
en benijd jullie voor de manier waarop jullie erin slagen gezin en werk te 
combineren; de vreugde van jullie kinderen spreekt boeck-delen. Met jullie en 
de kinderen tijd doorbrengen brengt steeds weer nieuwe energie en vreugd. 
Pieter, kleinere broer of niet, ik kijk erg naar u op, ge zijt gedreven en slaagt 
daarbij uw vele talenten en energie harmonieus aan te wenden. Ergens leeft 
ge eigenlijk mijn Vlaamse droom, een verwezenlijking die me vervult met een 
goed gevoel. Wendy, welkom in onze familie. 

Lieve mama en papa, dank jullie voor alle belangeloze liefde en inzet, een heel 
leven lang. Meer en meer besef ik welke enorme taak jullie hebben volbracht 
en hoe gelukkig ik me mag prijzen door jullie gevormd, gestuwd, gesteund en 
onvoorwaardelijk geliefd te zijn. Daar waar de boeken zwijgen, mama, heb 
jij me alles bijgebracht en gegeven wat niet geschreven kan. Dat er dan toch 
geschreven werd, is zeker ook uw verdienste, papa; in studie en wetenschap 
en zoveel anders heb ik me steeds aan u gespiegeld. Passie, rechtlijnigheid en 
desillusies incluis, ik lijk steeds meer op u. 

Marta, mijn liefhebbende echtgenote, dit proefschrift heeft ook veel van jouw 
tijd en geduld gevergd. Je artistieke hand in het ontwerp, je liefdevolle sturing 
en aanvullen van mijn makken, het dagelijks kunnen delen van lusten en lasten; 
het heeft me scherp gehouden en maakte alles zoveel lichter en helderder. 
Lieve Marta, ik ben erg gelukkig met jou en kijk erg uit naar ons verder leven 
als gezin.
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