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CHAPTER 1

Epidemiology
Heart failure is a syndrome caused by abnormalities in myocardial structure and function. 
It is present in about 2-4% of the adult population and it’s prevalence increases with age, 
affecting 6-10% of the population above the age of 65 years.1, 2 The prognosis of patients 
with heart failure is generally poor, with one-year mortality of 20% in those admitted to 
hospital.3 In approximately one third of the patients conduction disturbances can be found.4 
Left bundle branch block (LBBB) more in particular, is found in one fourth of the patients, 
and can by itself lead to further deterioration of heart failure.4, 5 The presence of LBBB has 
also been demonstrated to be an independent marker of unfavorable prognosis in heart 
failure.4 Several findings have suggested that LBBB can even result in new onset heart 
failure. In the Framingham study, 28% of patients that were free from clinical heart failure 
and developed LBBB after the initial examination, developed heart failure along with or 
soon after the onset of LBBB.6  More recently it was demonstrated that new onset LBBB 
has immediate harmful effects both on cardiac function and prognosis.7, 8 LBBB should 
therefore be considered an important therapeutic target in heart failure patients. Based on 
data from two Euro Heart Failure surveys and extrapolating from hospital discharge 
statistics, it is estimated that about 400 patients per million population per year might be 
suitable for cardiac resynchronization therapy (CRT).9

Cardiac resynchronization therapy
CRT is an advanced device-based therapy that uses synchronized atrio-biventricular 
pacing to correct the electrical substrate of LBBB. In LBBB, electrical activation of the 
right ventricle (RV) occurs normally through the rapid conduction system of the right 
bundle branch. The activation of the left ventricle (LV) subsequently occurs through the 
slower conducting myocardium and is therefore delayed. The delay in electrical activation 
is most pronounced in the free wall of the LV, being farthest away from the initial 
ventricular activation in the RV.10 Since electrical activation and myocardial contraction 
are tightly coupled, the dyssynchrony in electrical activation leads to dyssynchrony of 
contraction.11 Dyssynchrony is present both between the atria and the left ventricle 
(atrioventricular dyssynchrony), between the RV and the LV (interventricular 
dyssynchrony) and between the interventricular septum and the LV free wall (LV 
intraventricular dyssynchrony) and leads to inefficient cardiac pump function and 
remodeling.12 By resynchronizing electrical activation, CRT has been demonstrated to 
resynchronize myocardial contraction, improve mechanical and myocardial efficiency 
and induce reverse remodeling.13, 14 The concept of CRT was first introduced in the 
clinical setting in 1994 in the University Medical Center Utrecht and shortly thereafter 
in France.15, 16 A number of large prospective multicenter trials have subsequently 
demonstrated that CRT induces reverse remodeling, reduces heart failure symptoms 
and hospitalizations, and improves exercise capacity, LV function, and survival.17-22 
Whereas at first, only patients with severe heart failure symptoms were considered 
candidates for CRT, the indication has later been extended to patients with mild heart 
failure symptoms. The current European Society of Cardiology guidelines recommend 
CRT in patients with New York Heart Association (NYHA) class II-IV heart failure despite 
optimal pharmacological therapy, with an LV ejection fraction ≤35%, and a QRS width 
≥120ms, preferably >150ms or LBBB. In addition, CRT is indicated in patients with heart 
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failure NYHA-class III-IV despite optimal pharmacological therapy, with an LV ejection 
fraction ≤35%, who receive or are expected to receive a high percentage of RV pacing 
(thereby mimicking LBBB) by a conventional pacemaker.9

Echocardiographic quantification of deformation
The electrical substrate for CRT can be identified on the surface electrocardiogram by a 
LBBB pattern and/or a QRS width >150ms. As such it has always been an essential part 
of patient selection for CRT and has a prominent place in the current guidelines. Although 
electrical dyssynchrony can be easily identified and may be the initiator of the unfavorable 
mechanics, the magnitude of the mechanical consequences depends on more than 
electrical dyssynchrony alone (e.g. influence of local loading, scar, contractility, etc.). 
Accordingly, studies suggest that the magnitude of the mechanical rather than the 
electrical substrate predicts the magnitude of CRT response.23, 24 Echocardiographic 
assessment of myocardial deformation and mechanical dyssynchrony has been 
developing alongside the clinical implementation of CRT. Nevertheless, how to define, 
assess, and quantify the mechanical substrate for CRT is still under debate and as of to 
date the role of echocardiographic deformation imaging in the clinical setting is still under 
investigation.25

Parameters used to estimate and quantify deformation
Several parameters have been used to estimate myocardial deformation.25, 26 Initially, 
displacement and velocity were used. Displacement expresses the distance that a certain 
object travels, the unit of measurement usually is centimeters (cm). Velocity expresses 
the speed by which a certain object travels, i.e. the distance traveled per unit of time, its 
unit of measurement being centimeters per second (cm/s). Displacement and velocity 
parameters do not assess myocardial deformation in a narrow sense but can be used to 
assess the motion that is the result of myocardial deformation. Passive tethering of 
segments and overall heart motion can however lead to not all measured velocity or motion 
being the direct result of local myocardial deformation.26 True myocardial deformation 
parameters are strain and strain rate. Strain describes the fractional change in length or 
thickness of a certain segment of myocardium, it is a dimensionless unit that is usually 
expressed as a percentage of the original length (%). Negative values of strain indicate 
shortening or thinning of a segment whereas positive values indicate lengthening or 
thickening. Strain correlates well with (local) ejection fraction.27 Strain rate defines the 
speed of change at which deformation occurs and the unit of measurement is 1/s or s-1. 
Thus, when the myocardium shortens or gets thinner there is a negative strain rate. With 
steeper slopes of the deformation curve the strain rate value will be more extreme. Strain 
rate correlates well with myocardial contractility.27 All four parameters (strain, strain rate, 
displacement, and velocity) can be derived from each other by simple temporal and spatial 
integration and derivation steps. 

Speckle tracking echocardiography
In this thesis, two-dimensional speckle tracking echocardiography is used to measure 
myocardial deformation. This technique is based on the speckled gray-scale pattern of 
the myocardium present in standard B-mode echo images. This speckle pattern is caused 
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by interference between local acoustic backscatter signals and is unique for each 
myocardial region and relatively stable throughout the cardiac cycle.28 By tracking this 
speckle pattern (which is largely automatized by a software algorithm) myocardial 
displacement can be quantified and relative displacement between blocks of speckles 
accounts for myocardial deformation or strain. Temporal derivation steps can subsequently 
be used to derive strain rate and velocity. Speckle tracking parameters are relatively 
independent from the insonation angle and speckle patterns can be followed in all 
dimensions of the imaging plane (hence two-dimensional). Thus, by using the different 
echocardiographic imaging planes, three different directions of deformation can be 
quantified: longitudinal strain (i.e. deformation from base to apex), circumferential strain 
(i.e. deformation along the short axis circumference), and radial strain (i.e. wall thickening 
or thinning). 

Dyssynchrony and discoordination
Dyssynchrony measurements quantify timing differences (most commonly peak events) 
between segments (e.g. septum and LV free wall) or compartments (e.g. RV and LV). As 
mentioned before, the magnitude of the mechanical consequences of dyssynchrony 
depends on more than timing differences alone and is also heavily dependent on the 
amplitude and distribution of local deformation. To infer integrated information on timing, 
amplitude, and distribution of deformation, discoordination measurements have been 
proposed.24, 29-31 Conceptually, discoordination indices express and quantify mechanical 
inefficiency and are particularly sensitive to spatially clustered reciprocal shortening and 
stretching. Theoretically they should thereby more adequately detect the amenable 
mechanical substrate for CRT. 

Thesis outline
This thesis aims to extend the physiologic insights into the mechanical and clinical 
consequences of LBBB in heart failure patients. It explores the interaction of mechanical 
dyssynchrony and discoordination parameters with regional heterogeneity of contractility, 
RV function, and diastolic function. The relation of mechanical discoordination with acute 
hemodynamic, mid-term echocardiographic, and longer-term clinical response to CRT is 
assessed. In some of the studies patient data are combined with computer simulations 
of cardiovascular mechanics and hemodynamics to further unravel the individual 
interactions within a wide range of (patho)physiological circumstances. The combined 
results aim to improve the diagnostic approaches and optimize therapy delivery in clinical 
practice.

Alongside the introduction of CRT several echocardiography-based measurements of 
mechanical dyssynchrony have been investigated. Chapter 2 reviews the concepts of 
mechanical dyssynchrony and presents an overview of the available echocardiographic 
methods to qualify and quantify each aspect of it. It discusses the rationale and limitations 
of each method and highlights the possibilities of parameters of mechanical 
discoordination. In addition it discusses some of the unsolved issues that need to be 
addressed in order to facilitate implementation of these echocardiographic methods into 
the clinical field. 
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In chapter 3 we investigate the relation between acute mechanical recoordination, acute 
hemodynamic improvement and long-term reverse remodeling. To do this, echocardiography 
before, directly after and 6-months after CRT is performed and the acute augmentation of 
the invasively determined maximal rate of LV pressure rise (dP/dtmax) is assessed. The 
results highlight the importance of mechanical recoordination after CRT as a mechanism 
for long-term reverse remodeling.

The interventricular septum has been demonstrated to be particularly susceptible to motion 
and deformation abnormalities caused by LBBB because it is centered amidst the 
discoordinated RV and LV walls and is additionally subject to altered loading by the abnormal 
right-to-left transseptal pressure gradient. Abnormalities of septal deformation have 
therefore been successfully used to identify mechanical dyssynchrony and predict CRT 
response. Heterogeneity in myocardial tissue properties may however additionally influence 
myocardial deformation. In chapter 4 we investigate whether septal deformation patterns 
can be used to infer integrated information on dyssynchrony and regional contractility and 
thereby predict CRT response. In order to do so we evaluate a patient population with 
LBBB and systolic heart failure by echocardiography and additionally utilize the multiscale 
CircAdapt model of the human heart32, 33 to further elucidate the influence of each factor 
individually on septal deformation. 

Poor prediction of CRT outcome by measurements of mechanical dyssynchrony has 
generally been attributed to poor measurement reproducibility and feasibility, technical 
limitations, and shortcomings in study design. In chapter 5 we evaluate the hypothesis 
that some of the poor results can be explained by the inability of different indices to 
reflect all amenable dyssynchrony resulting from imperfections in their operational 
definitions. To evaluate this hypothesis we test previously published parameters of 
mechanical dyssynchrony and discoordination in a patient population. In addition, the 
CircAdapt model is used to assess the relationships between dyssynchrony indices and 
CRT response within wide ranges of dyssynchrony of LV activation and reduced 
contractility.

RV function is an important marker of prognosis in heart failure and RV dysfunction is 
believed to be associated with more advanced heart failure. However, changes in RV 
function and loading can induce ventricular interaction and lead to mechanical dyssynchrony 
even without underlying electrical dyssynchrony and it is unclear to what extent CRT 
interacts with this kind of ventricular interaction. In chapter 6 we investigate whether RV 
dysfunction affects CRT response through the worse baseline condition or through altered 
mechanical dyssynchrony. 

Whereas the effects of CRT on systolic recoordination have been extensively investigated, 
its effects on diastolic recoordination remain poorly explored. In chapter 7 we assess 
diastolic recoordination after CRT both by traditional parameters of diastolic function and 
by assessment of diastolic discoordination by deformation parameters. 
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Chapter 8 provides further ground for the use of echocardiographic parameters of 
mechanical discoordination, particularly of the interventricular septum, by demonstrating 
a strong independent prediction of intermediate-term reverse remodelling and 
neurohormonal response as well as long-term clinical outcome after CRT. 

Chapter 9 discusses the findings of the thesis and puts them in a broader perspective. 
Potential clinical implications are discussed and suggestions for future research are 
proposed. 
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CHAPTER 2

Abstract
Echocardiography plays an important role in patient assessment before cardiac 
resynchronization therapy (CRT) and can monitor many of its mechanical effects in heart 
failure patients. Encouraged by the highly variable individual response observed in the major 
CRT-trials, echocardiography-based measurements of mechanical dyssynchrony have been 
extensively investigated with the aim of improving response prediction and CRT delivery. 
Despite recent setbacks, these techniques have continued to develop in order to overcome 
some of their initial flaws and limitations. This review discusses the concepts and rationale 
of the available echocardiographic techniques, highlighting newer quantification methods 
and discussing some of the unsolved issues that need to be addressed.
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ECHOCARDIOGRAPHIC PREDICTION OF CRT-OUTCOME

Introduction
Cardiac resynchronization therapy (CRT) has been developed along with experimental data 
indicating a direct effect of conduction disturbances on mechanical coordination, with 
subsequent deleterious effects on cardiac function, efficiency, structure and regional gene 
expression.1-5 In the clinical setting, large prospective multicenter trials have established 
CRT to induce reverse remodeling and improve exercise capacity, left ventricular (LV) 
function and survival in patients with advanced (NYHA III-IV), medication resistant heart 
failure and ventricular conduction disturbances (the vast majority having left bundle branch 
block [LBBB]).6-8 More recently, CRT has also proven its mechanical and clinical effectiveness 
in earlier disease stages.9, 10 Encouraged by the highly variable response in individual 
patients observed in major trials,6, 10 echocardiography-based measurements of 
dyssynchrony have been extensively investigated with the aim of improving response 
prediction and CRT delivery.11-16 After initial results in single center studies were met by 
enthusiasm, disillusion and criticism followed because in multicenter trials echocardiography 
hardly improved the prediction of response to CRT.17, 18 While for many a reason to abandon 
the idea of echocardiography-guided prediction and application of CRT,19 it has compelled 
many others to reconsider the physiologic rationale and technical limitations of 
echocardiographic approaches and improve them accordingly. In this paper, we critically 
review the available echocardiographic techniques, their rationale, methods of quantification 
(time intervals, regional delays and discoordination) and some of the unsolved issues that 
need to be addressed before echocardiography can be considered as a reliable tool to 
predict outcome after CRT.

Echo-physiological principles and rationale
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 biventricular filling, contraction and pump function. 
A “classic” conduction disturbance with a LBBB-sequence induces an abnormal and delayed 
right-to-left transseptal activation and pressure gradient (“interventricular dyssynchrony”) 
and provokes an additional delay in the onset of force development in the posterolateral LV 
wall compared to the relatively early activated septum (“intraventricular dyssynchrony”).  
The relative delay in overall LV activation may also cause a prolonged left-sided atrioventricular 
(AV) delay (“atrioventricular dyssynchrony”). As discussed by Prinzen et al., the ensuing 
imbalances in mechanical forces give rise to inefficient back-and-forth mechanical interactions 
between and within the ventricles, from now on referred to as “discoordination”.20  
This discoordination impairs the pressure and stroke work ability of the heart,2 causes or 
worsens mitral insufficiency,21 delays and prolongs LV isovolumic events,22 and impairs 
diastolic filling,22 (Figure 1). In addition, features of mechanical discoordination such as 
abnormal wall stretch also entail secondary energetic and molecular effects that play a role 
in the further disease manifestations.23 Notwithstanding that electrical dyssynchrony may 
be the initiator of the unfavorable mechanics, the magnitude of such mechanical interaction 
ultimately depends on more than electrical dyssynchrony alone (e.g. influence of local loading, 
contractility, etc). Accordingly, both experimental as well as clinical studies suggest that 
mechanical rather than electrical dis- and re-coordination predict and ensure effective CRT, 
respectively.11, 24-27 As illustrated in Figure 1 and discussed throughout this paper, many of 
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the abovementioned mechanical events and consequences can be evaluated by 
echocardiography. Being non-invasive and applicable after CRT, echocardiography can also 
help us to understand the actual mechanism of CRT. The basic rationale for echocardiographic 
quantification and monitoring of mechanical dyssynchrony remains therefore valid. In fact, 
by defining echocardiographically determined LV ejection fraction (LVEF) and dimensions as 
inclusion and outcome criteria in the major CRT trials, echocardiography has always been an 
essential and inseparable part of adequate selection and monitoring of this therapy. 

Left ventricular time intervals and atrioventricular dyssynchrony
Conventional Doppler based quantification of the LV pre-ejection period (LVPEP), total 
isovolumic time, and total filling time belong to the most straightforward and established 
techniques to screen for dyssynchrony. As a consequence of intra- (and inter)ventricular 
discoordination, isovolumic contraction and relaxation are delayed and prolonged at the 

Figure 1. Mechanical dyssynchrony in left bundle branch block. Schematic representation of 
the mechanism by which electrical dyssynchrony can cause inefficient (bi-)ventricular filling, contrac-
tion and pump function. Parameters assessable by echocardiography are highlighted in red italics. 
Of note: intrinsic (local) contractility, elasticity and loading make that not all delays (=dyssynchrony) 
necessarily lead to similar mechanical interactions and discoordination. The effects of so-called atrio-, 
inter- and intraventricular dyssynchrony partially overlap and closely interact, with discoordination 
induced by intraventricular delays playing a central and determining role at all levels. RV: right ven-
tricle, LV: left ventricle, MR: mitral regurgitation, IVMD: interventricular mechanical delay, SPWMD: 
septal-to-posterior wall motion delay, SL-delay: septal-to-lateral delay, Ts-SD: tissue-Doppler velocity 
standard deviation, SDI: three-dimensional dyssynchrony index, TUS: temporal uniformity of strain, 
ISF: internal stretch fraction, SRS: systolic rebound stretch, LVPEP: left ventricle pre-ejection period.
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expense of both ejection and filling.22 Additionally, the relatively delayed activation and 
contraction of the LV may induce a functional first degree AV-block and diastolic mitral 
regurgitation, further aggravating disturbances in LV filling and effective preload (Figure 1, 
Figure 2). Inversely, CRT has been shown to immediately optimize preload and filling, to 
reduce isovolumic periods, and increase stroke volume.8, 28-31 Besides relating to 
dyssynchrony at multiple levels, cardiac time intervals are confounded by their sensitivity 
to altered loading, contractility, and most importantly changes in heart rate. Indexed for 
RR-interval, filling-time and total isovolumic time have been shown to predict response to 
CRT with roughly the same accuracy as local temporal dyssynchrony measurements, while 
profiting from an excellent feasibility (>95%) and reproducibility (variability≈5%) unmatched 
by any of the latter.17, 30, 32 Of note, in a typical CRT population the frequency and relevance 
of a compromised filling explained by isolated AV dyssynchrony only, remains debated. 
Parsai et al. found compromised filling without evident intraventricular dyssynchrony in 
23% of their population but also found less reverse remodeling in these patients33 whereas 
Lafitte et al. demonstrated compromised filling in about 30% of their total population.34 
In addition, although routinely performed in the major trials and advised by the American 
society of echocardiography,35 also the benefits of AV-optimization have not conclusively 
been shown,36 let alone to be independent of concomitant inter- and intraventricular 
recoordination as well.28, 37 

Interventricular dyssynchrony
The interventricular mechanical delay (IVMD) estimates the mechanical dyssynchrony 
between the right ventricle (RV) and the LV. Since right ventricular mechanical events in 
LBBB occur rather timely, in practice IVMD will to a large extent be driven by the delay in 
effective LV contraction (e.g. measured by LVPEP), ensuing the right-to-left transseptal 
pressure gradient in early systole.38, 39 The former can however also be influenced by 
circumstances where the associated pressure gradient is modified by significant alterations 
in right and/or left ventricular loading.40, 41 The resulting systolic and diastolic phase 
differences between RV and LV pressure can be effectively corrected by CRT and are 
paralleled by acute hemodynamic improvement.39, 40, 42 The conventional echocardiographic 
method to quantify IVMD evaluates the systolic phase shift by measuring the delay 
between the onset of RV and LV ejection as derived from pulsed wave Doppler in the RV 
and LV outflow tract, respectively (Figure 2). Feasibility and reproducibility of this parameter 
are very good. Higher IVMD values have consistently been reported to be associated with 
more reverse remodeling in several large clinical studies,17, 24, 43, 44 with cutt-offs mostly 
around 40-49ms. In the CARE-HF trial, an IVMD of >40ms was one of the inclusion criteria 
for patients with QRS between 120 and 150ms.7 Within this trial, patients with IVMD 
>49ms derived statistically more survival benefit from CRT than those with lower values, 
making it the only marker to date with proven impact on the prognostic success of CRT. 
Inversely the RethinQ-trial has demonstrated very low IVMD values in patients with narrow 
QRS, and accordingly poor response.18 
Alternative methods to quantify interventricular dyssynchrony based on tissue Doppler 
delays between the RV and LV free walls have been used.12, 45 The incremental value of 
such locally derived markers over the conventional method, and of local inter- over 
intraventricular temporal delays remains disputed.17, 18, 30, 32, 45
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Figure 2. Global time intervals. The effect of dyssynchrony on global time intervals is illustrated 
by Doppler registrations over the right- and left ventricular outflow tract (RVOT resp. LVOT) and the 
mitral valve (MV). Isovolumic contraction (IVCT) and relaxation (IVRT) are delayed and prolonged at 
the expense of both ejection (ET) and filling (FT). Delayed ejection and pressure rise causes diastolic 
mitral regurgitation (MR). The impaired ventricular filling causes fusion of the early relaxation phase of 
the ventricle with the atrial contraction leading to E/A fusion. MVC: mitral valve closure, MVO: mitral 
valve opening, AVO: aortic valve opening, AVC: aortic valve closure.
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Measurements of regional intraventricular dyssynchrony
Whereas LV time intervals and IVMD are measurements of global dyssynchrony, regional 
dyssynchrony measurements inherently relate to delays in distinct events between various 
specific regions. Over the last decade, several techniques and approaches have been 
proposed that differ in three respects: 1) they are based on timing of either motion, velocity 
of motion, or myocardial deformation, 2) either peak onset or events are measured, and 
3) the amount of dyssynchrony is assessed by standard deviation of peaks, maximal delay, 
maximal opposing wall delay or by selective wall delay (e.g. septal-to-lateral wall delay) 
(Table 1). 

Quantification based on tissue motion or tissue velocity delays
Nearly all commonly proposed measurements of regional dyssynchrony are based on the 
timing of myocardial longitudinal or radial motion or its velocity. To date, motion based 
methods are also the only regional dyssynchrony markers tested and evaluated in 
multicentre trials.17, 18, 46

 
One-dimensional techniques assessing motion delay
The septal-to-posterior wall motion delay (SPWMD) selectively measures the delay between 
the peak inward motion of the septum and that of the posterior wall on parasternal M-mode 
images at the midventricular level (Figure 3, panel A). A cut-off of ≥130ms has initially been 
proposed to predict both volumetric response as well as clinical outcome after CRT.14, 47 
The method can be applied on all echocardiographic systems without the need for 
specialized software. Limitations specific to the method consist of problems in achieving 
an alignment perpendicular to the walls in patients with low parasternal windows (partially 
amenable by using anatomical M-mode), and measurement difficulties in the presence of 
severe hypo- or akinesia due to previous infarction or severely compromised radial motion 
in advanced heart failure. The frequency with which these shortcomings are encountered 
in the target population for CRT (16-28%) poses important difficulties and may explain the 
negative results in most subsequent studies.17, 46, 48

Tissue tracking measures the longitudinal displacement of the myocardium with respect 
to the ultrasound transducer by temporal integration of the tissue Doppler velocity profiles. 
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.17, 49

 
Three-dimensional motion delays
The novel three-dimensional echocardiography technology allows to measure endocardial 
wall motion with reference to a ventricular centre point. An LV volume is obtained by 
computerized reconstruction of multiple subvolumes acquired in 4 to 7 consecutive, ECG 
triggered cardiac cycles. Tracking of the LV endocardial border is computer assisted, with 
only the definition of end-diastolic and end-systolic position of the mitral annulus and apex 
being operator dependent in recent software packages. Regional time-volume curves in 
16 LV subvolumes are reconstructed with reference to the ventricular centre point, thereby 
describing ventricular dyssynchrony in terms of regional delays in peak volume displacement 
throughout the ventricle. The three-dimensional dyssynchrony index (3D-SDI) quantifies 
dyssynchrony as the standard deviation of the time to minimum systolic volume as a 

2016269 Geert Leenders.indd   25 04-02-16   21:52



26

CHAPTER 2

Ta
b

le
 1

. M
ea

su
re

m
en

ts
 o

f 
re

g
io

n
al

 d
el

ay
 t

o
 p

re
d

ic
t 

C
R

T
 r

es
p

o
n

se

A
u

th
o

r(
R

ef
)

P
ar

am
et

er
 

N
P

o
p

u
la

ti
o

n
Is

ch
em

ic
et

io
lo

g
y

Fo
llo

w
-u

p
R

es
p

o
n

se
C

u
t-

o
ff

S
en

si
ti

vi
ty

/
S

p
ec

ifi
ci

ty

P
itz

al
is

14
S

P
W

M
D

20
N

Y
H

A
 II

I, 
Q

R
S
≥1

40
m

s,
 L

V
E

F≤
35

%
, S

R
, L

B
B

B
20

%
1 

m
on

th
LV

E
S

V
≥1

5%
13

0m
s

10
0%

 / 
63

%

S
ol

im
an

52
3D

-S
D

I
90

N
Y

H
A

 ≥
III

, Q
R

S
≥1

20
m

s,
 L

V
E

F≤
35

%
, S

R
51

%
12

 m
on

th
s

LV
E

S
V
≥1

5%
10

%
96

%
 / 

88
%

B
ax

12
Ts

-4
80

N
Y

H
A

 ≥
III

, Q
R

S
≥1

20
m

s,
 L

V
E

F≤
35

%
, S

R
, L

B
B

B
55

%
6 

m
on

th
s

LV
E

S
V
≥1

5%
65

m
s

92
%

 / 
92

%

N
Y

H
A
≥1

65
m

s
80

%
 / 

80
%

Yu
58

Ts
-S

D
12

30
N

Y
H

A
 II

I, 
Q

R
S
≥1

40
m

s,
 L

V
E

F≤
40

%
40

%
3 

m
on

th
s

LV
E

S
V
≥1

5%
32

.6
m

s
10

0%
 / 

10
0%

Yu
16

 
TS

I-T
s-

S
D

12
56

N
Y

H
A
≥I

II,
 Q

R
S
≥1

20
m

s,
 L

V
E

F≤
40

%
50

%
3 

m
on

th
s

LV
E

S
V
≥1

5%
34

.4
m

s
87

%
 / 

81
%

S
uf

fo
le

tt
o15

2D
-R

S
50

N
Y

H
A

 ≥
III

, Q
R

S
≥1

20
m

s,
 L

V
E

F≤
35

%
, S

R
62

%
8±

5 
m

on
th

s
LV

E
F≥

15
%

13
0m

s
89

%
 / 

83
%

N
Y

H
A

: 
N

ew
 Y

or
k 

H
ea

rt
 A

ss
oc

ia
tio

n 
cl

as
s,

 L
V

E
F:

 le
ft

 v
en

tr
ic

le
 e

je
ct

io
n 

fr
ac

tio
n,

 S
R

: 
si

nu
s 

rh
yt

hm
, 

LB
B

B
: 

le
ft

 b
un

dl
e 

br
an

ch
 b

lo
ck

, 
LV

E
S

V:
 le

ft
 v

en
tr

ic
le

 
en

d-
sy

st
ol

ic
 v

ol
um

e,
 S

P
W

M
D

: M
-m

od
e 

se
pt

al
 t

o 
po

st
er

io
r 

w
al

l m
ot

io
n 

de
la

y,
 3

D
-S

D
I: 

st
an

da
rd

 d
ev

ia
tio

n 
of

 1
6 

tim
e-

vo
lu

m
e 

pe
ak

s,
 T

s-
4:

 m
ax

im
al

 v
el

oc
-

ity
 d

el
ay

 b
et

w
ee

n 
4 

ba
sa

l s
eg

m
en

ts
, T

s-
S

D
12

: s
ta

nd
ar

d 
de

vi
ot

io
n 

of
 v

el
oc

ity
 p

ea
ks

 in
 1

2 
ba

sa
l a

nd
 m

id
ve

nt
ric

ul
ar

 s
eg

m
en

ts
, T

S
I: 

tis
su

e 
sy

nc
hr

on
iz

at
io

n 
im

ag
in

g,
 2

D
-R

S
: s

pe
ck

le
 t

ra
ck

in
g 

ra
di

al
 s

tr
ai

n.

2016269 Geert Leenders.indd   26 04-02-16   21:52



2

27

ECHOCARDIOGRAPHIC PREDICTION OF CRT-OUTCOME

percentage of cardiac cycle length (Figure 3, panel B). Most published reports indicate that 
3D-SDI adequately predicts reverse remodeling and the acute systolic improvement after 
CRT.50-52 An additional advantage of the approach lies in the fact that it integrates 
dyssynchrony quantification of the whole ventricle within the most accurate and 
reproducible echocardiographic assessment of LV volumes and ejection fraction used to 
monitor response. Limitations are the need for a good image quality and a stable heart 
rhythm.53

Tissue velocity delays 
Tissue Doppler Imaging (TDI) determines the longitudinal velocity of the tissue with 
reference to the ultrasound probe from an apical view, either by conventional pulsed-wave 
TDI or by offline analysis of color coded TDI images. The time to onset or peak systolic 
velocity in the investigated segments is measured with reference to the QRS and the 
relative delays between these segments are employed as a measure of mechanical 
dyssynchrony. Whereas timing of onset velocities and the use of pulsed wave velocities 
have been applied by several investigators,45, 54 measuring the delay between peak velocities 
within a single high frame-rate color-coded TDI image has the advantage of being the more 
practical and more extensively investigated approach.12, 16, 55-60 Accordingly, the American 
society of echocardiography recommends using peak measurements determined by color-
coded TDI and restricting the identification of velocity peaks to the ejection period (i.e. 
between aortic valve opening and closure as determined by Doppler in the LVOT).35 Of the 
many indices that have been proposed, the delay between the (antero-)septum and the 
opposite (postero-)lateral wall (Figure 3, panel C, cut-off 60-65ms)12, 55 and the standard 
deviation of 12 basal and midventricular velocity peaks derived from the 3 standard apical 
views (Ts-SD12, cut-off 32ms)58 have been the best evaluated in single center studies as 
well as in the multicentre setting.17 A practical way to derive tissue velocities is tissue 
synchronization imaging (TSI). After manual definition of the regions of interest in two-
dimensional or triplane TDI images, this approach automatically detects peak velocities 
and displays the results in numeric data and color-coded parametric plots.16, 55, 57  
The approach has shown a good correlation with the manual TDI-approach and a similar 
predictive accuracy.16 Limitations specific to the TDI-methodology consist of an unclear 
physiologic correlate for peak velocity timing and the angle dependency of the method 
requiring optimal alignment of the tissue with the ultrasound beam. In angulated basal 
segments therefore, velocity tracings and thus the timing of their peak can change 
considerably by small changes in the position of the sample volume.61 

General limitations of motion and velocity based techniques
On the assumption that timing of systolic motion and/or velocity in the investigated 
segment reflects the mechanical activity of the underlying myocardium, TDI and other 
motion-based methods have not only been proposed to investigate the presence of 
dyssynchrony, but also to detect the site of latest activation or to screen for dyssynchrony 
in failing hearts with narrow QRS.18, 62 This core assumption itself however, is subject to 
several limitations, most important the inability to differentiate active from passive motion 
caused by tethering of adjacent segments.63 This can lead both to apparently inversed 
activation delays (free wall preceding the septum, e.g. by apical rocking) despite classical 
LBBB as well as to apparent or excessive delays even without underlying conduction delays 
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(e.g. by including postsystolic motion in ischemic or infarcted segments).61, 64, 65 In particular 
when acquisitions or measurements are delayed by referencing them to QRS-triggering 
instead of QRS-onset (as for automated measurements like 3D-SDI), the early and brief 
lived septal motion typically associated with LBBB is often missed or disregarded and the 
postsystolic, passive recoil motion is erroneously measured instead. These confounders 
at least partially explain the high incidence of dyssynchrony in failing hearts without 
conduction delays reported by these techniques, and the disappointing predictive 
performance in a number of more recent large studies.17, 18, 50, 61, 66, 67

Quantification based on tissue deformation delays 
When compared to motion and velocity based techniques, measurements of myocardial 
deformation (strain) provide a superior ability to discriminate active contraction from passive 
translational motion, and thereby theoretically overcome the most important limitation of 
the former techniques. Strain can be derived either by post-processing and temporal 
integration of color-TDI derived velocity data or by speckle tracking.68 TDI derived strain 
however suffers from the same angle dependency as the fundamental velocity data it is 
derived from and additionally requires significant expertise to obtain reliable results. In line 

Figure 3. Approaches to assess regional intraventricular dyssynchrony. Four of the most often 
applied measurements of regional dyssynchrony are displayed. Asterisks indicate peak measure-
ments. Panel A: septal-to-posterior wall motion delay by parasternal M-Mode, Panel B: three-dimen-
sional dyssynchrony index derived from three-dimensional echocardiography, Panel C: tissue Doppler 
derived septal-to-lateral peak systolic velocity delay, D: speckle-tracking derived anteroseptal-to-pos-
terior peak radial strain delay. 
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with these limitations, variable results have been obtained regarding the identification of 
mechanical dyssynchrony and prediction of CRT outcome.32, 60, 66 Speckle tracking two-
dimensional strain (2DS) relies on the automated tracking of unique speckle patterns 
generated by the acoustic backscatter interference during standard grey-scale imaging, 
rendering the technique largely angle independent. Moreover, it is applicable on 2- as well 
as 3-dimensional datasets and profits from a considerably automated analysis which speeds 
up analysis time, and improves measurement reproducibility for less experienced 
operators.68, 69 Compared to the traditional gold standard to measure myocardial deformation 
by magnetic resonance tagging, it has the advantage of providing trigger-independent 
information throughout systole as well as diastole. Myocardial deformation by 2DS can 
provide quantification of longitudinal shortening, circumferential shortening, and radial 
thickening. Suffoletto et al. used radial 2DS to quantify the delay between peak strain of 
the anteroseptal and posterior wall (Figure 3, panel D). A cut-off of 130ms (as published 
previously for SPWMD) was found to be predictive for acute increase in stroke volume 
and longer-term increase in LVEF.15 The same cut-off was applied in combination with the 
previously proposed TDI septal-to-lateral delay of ≥60ms in a subsequent study, 
demonstrating the superiority of a combined assessment over the single use of any of the 
two.56 In anology with the approaches used for TDI-derived velocities, the standard deviation 
between multiple segments and analysis of strain in the circumferential and longitudinal 
direction were attempted, but neither proved superior to the radial anteroseptal-to-posterior 
approach.70

Considerations and limitations regarding regional temporal dyssynchrony
Regardless of the technique used to derive the fundamental data, the concept and 
measurement of regional temporal dyssynchrony in itself has some important limitations. 
Firstly, as opposed to the normal heart, the dyssynchronous and failing heart is characterized 
by complex and multiphasic mechanical behavior rendering the definition of onsets and 
peaks much more complex, increasing the measurement variability inherent to 
echocardiography.17, 32, 61 As opposed to assessment of global dyssynchrony by cardiac time 
intervals, echocardiographic indices of regional temporal dyssynchrony suffer from a lower 
feasibility and a larger variability (>20% in large studies).17, 32 Secondly, as far as the peak of 
the chosen mechanical event has any intrinsic physiological or functional relevance in the 
first place, considering only its timing ignores the importance of its extent (amplitude) and 
overall mechanical impact. Therefore, equal delays in segments with different contractility 
will result in the same dyssynchrony index, while it is unlikely that they have an equally 
important mechanical impact. Finally, also the spatial organization of dyssynchrony (random 
versus clustered) determines how the disturbance translates into an inefficient LV 
performance, and whether pacing from two opposite sites can be expected to be successful.

Assessment of mechanical dyscoordination and inefficiency
Whereas dyssynchrony refers merely to delays in onset- or peak mechanical events, 
discoordination assesses the severity (amplitude) and/or distribution of counteractive 
mechanical behavior caused by imbalanced forces. 
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Qualitative appraisal of discoordination-related motion features
The easiest and most readily available method to assess mechanical discoordination is by 
visual identification of characteristic motion abnormalities associated with LBBB. Both an 
early and abruptly interrupted or multiphasic contraction of the interventricular septum as 
well as an abnormal systolic septal-to-lateral shuffling motion of the LV apex have been 
recognized as motion features associated with LBBB.71, 72 Both abnormalities can be 
ascribed to the transmission of contractile force from the early activated and contracting 
RV and interventricular septum to the still quiescent LV free wall, with reversal of the 
sequence later in systole. Jansen et al. used both motion abnormalities to predict reverse 
remodeling with high sensitivity and specificity (Table 2).73 More recently, a semi-quantitative 
assessment of abnormal septal motion as part of a multiparametric approach yielded 
moderate predictive results as a single parameter, but the combination with AV and 
interventricular dyssynchrony parameters resulted in adequate prediction of response to 
CRT.33 More quantitative approaches to indentify subtle forms of LBBB motion abnormalities 
have recently been applied.72

Quantification of mechanical discoordination and inefficiency
Quantitative measurements of discoordination introduce phase and (mostly) amplitude 
information by taking the entire time course of the mechanical process into account, 
thereby obviating some of the problems inherent to measurements of regional 
dyssynchrony. Conceptually, these indices express mechanical inefficiency and, as argued 
by Leclerq et al. and Kirn et al., are particularly sensitive to spatially clustered simultaneous 
shortening and stretching.25, 26 Several of these indices have first been implemented using 
magnetic resonance (MR) tagging.25, 26, 74, 75 The methods applicable to echocardiography 
include phase analysis of myocardial motion or deformation, assessment of stretch relative 
to shortening, and selective quantification of inefficient deformation (Figure 4, Table 2). 

Phase analysis of myocardial motion or deformation
By submitting motion or deformation throughout the ventricle to Fourier analysis, relative 
(systolic and diastolic) cyclic phase relations between myocardial segments or walls can 
be assessed. These methods therefore by excellence express the spatial organization of 
out of phase mechanical behavior without providing information on the amplitude of motion 
or deformation. Breithardt et al. thus analyzed septal and lateral inward motion, 
demonstrating a larger out of phase motion to be predictive of acute hemodynamic 
response to CRT.76 Extending these findings, Buss et al. demonstrated potential for 
prediction of reverse remodeling but could not outperform measurements of regional 
delay.77 In analogy, the circumferential uniformity ratio estimate (CURE) or temporal 
uniformity of strain (TUS) implements phase analysis based on deformation, initially 
implemented on MR-tagging images.25, 78, 79 In its first application in humans TUS was able 
to identify clinical responders with perfect sensitivity.74 Applied to echocardiographic 
speckle tracking data and using very strict response criteria (≥15% volume reduction and 
≥25% LVEF improvement), Bertola et al. obtained only moderate prediction.80 A simplified 
approach, omitting Fourier processing, was presented by Ascione et al. who measured 
the absolute time duration that basal septal and lateral wall were out of phase (one 
shortened and the other stretched).81
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Assessment of stretch relative to shortening
Also initially designed for and implemented by MR tagging studies, the internal stretch 
fraction (ISF) expresses the relative burden of paradoxical stretch during systolic 
shortening. This requires time differentiation and integration of all myocardial deformation 
(strain rate data) to obtain an averaged shortening and lengthening signal respectively. 
In contrast to the previous methods it therefore incorporates amplitude information. 
Shortening amplitude thus quantifies the impact of mechanical discoordination on the 
overall mechanical (dys)function whereas stretch amplitude (being dependent on local 
elasticity as well as remote contractile force) indirectly incorporates information on 
viability and contractility.26 The superiority of ISF over regional delay measurements was 
demonstrated by direct comparison of both methods on the same MR-tagging data.26 
Whereas both methods accurately discriminated CRT-recipients from healthy controls, 
only ISF was able to differentiate responders from nonresponders. A recent 
echocardiographic study further extended these findings by demonstrating that acute 
recoordination (defined as radial ISF decrease) after CRT predicted reverse remodeling 
after 6-months better than acute resynchronization (defined as radial standard deviation 
of peak strains). In this latter study, of the baseline variables only ISF was able to predict 
reverse remodeling.82

Figure 4. Approaches to assess mechanical discoordination. Deformation traces of the septum 
and lateral wall are displayed as derived from speckle tracking. The green vertical dashed line indicates 
the end of systole as defined by aortic valve closure (AVC). Several concepts of discoordination meas-
urements are illustrated. Notice that assessment of TUS and ISF require either Fourier analysis or time 
differentiation and integration steps respectively that are not displayed in the current Figure. SRS: 
systolic rebound stretch, ISF: internal stretch fraction, ε: strain, TUS: temporal uniformity of strain.
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Table 2. Measurements of mechanical discoordination and inefficiency

Author(Ref) Parameter N Population Ischemic
etiology

Follow-up Response Cut-off Sensitivity/
Specificity

Other Results

Visual appraisal

Jansen73 Shuffle and 
septal motion

53 NYHA ≥III, QRS≥120ms, 
LVEF≤35%, SR, LBBB

49% 3 months LVESV≥10% NA 91% / 76%

Phase analysis

Buss77 EPI 42  NYHA≥III, QRS≥130ms, 
LVEF≤35%

43% 6-8 months LVESV≥15% 59% 88% / 75% Ts-SD performed similar

LVEF≥8% 59% 95% / 67%

Bilchicka74 TUScirc 20 CRT
27 heterogeneous
9 control

CRT: NYHA III, clinical recom-
mendation for CRT

40% 6 months NYHA≥1 0.75 100% / 71% TDI septal-to-lateral indicated dys-
synchrony in 44% of controls 
whereas TUS was normal 

Bertola80 TUScirc 68 Heart failure, QRS≥120ms, 
LVEF≤35%

43% 3-6 months LVESV≥15% and 
LVEF≥25%

0.52 56% / 63% TUS improved after CRT, 2DS-SD 
did not change 

Ascione81 RGDI 62 CRT
15 control

CRT: NYHA≥III, QRS≥120ms, 
LVEF≤35%, SR

44% 6 months LVESV≥15% 47% 87% / 74% Ts-SD had more overlap between 
responders and nonresponders, 
RGDI and LGDI were lower in con-
trols

LGDI 34% 82% / 74%

Stretch relative to shortening

Kirna26 ISF 19 CRT
9 control

- 47% 3 months LVESV≥15% - - Only baseline ISF differed between 
responders and nonresponders, 
baseline onset or peak variance 
was different from controls but did 
not differentiate responders

Wang82 ISF 30 CRT
40 narrow QRS 
HF
20 control

CRT: NYHA≥III, QRS≥120ms, 
LVEF≤35%
HF: LVEF≤35%

CRT: 40%
HF: 50%

Immediate 
and 6 months

LVESV≥15% 40% 94% / 67% Acute ISF reduction provided the 
best prediction of CRT response 
compared to acute improvement in 
temporal parameters and baseline 
ISF

Selective quantification of inefficient deformation

De Boeck83 SRSsept 62 NYHA≥III, QRS≥120ms, 
LVEF≤35%

44% 6.5±2.3 
months

LVESV≥15% 4.7% 81% / 81% SRS conversion into additional 
shortening correlated with improve-
ments in LVEF

Lim88 Strain-delay 100 NYHA≥III, QRS≥120ms, 
LVEF≤35%

35% 3 months LVESV≥15% 25% 82% / 92% Temporal velocity indices did not 
differentiate responders, temporal 
2DS indices did not correlate with 
reverse remodeling in patients with 
ischemic etiology of HF

Abe89 FIC 9 CRT
31 non-CRT HF
20 control

CRT: NYHA≥III, QRS≥120ms, 
LVEF≤35%, SR
HF: LVEF≤35%, SR

CRT: 33%
HF: 48%

N.A. - - - FIC was larger in CRT compared to 
non-CRT candidates, 2DS-SD did 
not differ between those groups

a MR-tagging study. CRT: cardiac resynchronization therapy, NYHA: New York Heart Association 
class, LVEF: left ventricle ejection fraction, LVESV: left ventricle end-systolic volume, EPI: echocar-
diographic phase imaging, Ts-SD: standard deviation of tissue velocity peaks, TUScirc: temporal 
uniformity of circumferential strain, TDI: tissue Doppler imaging, 2DS-SD: standard deviation of 
speckle tracking peak strains, RGDI: radial global dyssynchrony index, LGDI: longitudinal global 
dyssynchrony index, ISF: internal stretch fraction, HF: heart failure, FIC:Fractional inefficient con-
traction, SRSsept: systolic rebound stretch in the septum
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Selective quantification of inefficient deformation
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months

LVESV≥15% 4.7% 81% / 81% SRS conversion into additional 
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31 non-CRT HF
20 control
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LVEF≤35%, SR
HF: LVEF≤35%, SR

CRT: 33%
HF: 48%

N.A. - - - FIC was larger in CRT compared to 
non-CRT candidates, 2DS-SD did 
not differ between those groups

a MR-tagging study. CRT: cardiac resynchronization therapy, NYHA: New York Heart Association 
class, LVEF: left ventricle ejection fraction, LVESV: left ventricle end-systolic volume, EPI: echocar-
diographic phase imaging, Ts-SD: standard deviation of tissue velocity peaks, TUScirc: temporal 
uniformity of circumferential strain, TDI: tissue Doppler imaging, 2DS-SD: standard deviation of 
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traction, SRSsept: systolic rebound stretch in the septum
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Selective quantification of inefficient deformation
Whereas phase analysis and ISF assess the ratio of the inefficient component (i.e. reciprocal 
stretch or out of phase motion) and the efficient component (i.e. systolic shortening or in 
phase motion), the subsequently discussed methods express and quantify the inefficient 
component in absolute terms. They thus represent the absolute gain in shortening that 
would theoretically occur if (peak) shortening was perfectly timed on aortic valve closure.  
Systolic rebound stretch (SRS) measurement is in several regards a continuation and 
specification of the concepts of ISF. It specifically measures only the absolute stretching 
that occurs after initial shortening and disregards the early stretching associated with 
delayed and postsystolic shortening. Whereas prestretch and post-systolic shortening can 
also result from ischemia or excessive loading, early systolic shortening and SRS occur in 
early activated segments, and are highly specific for underlying dyssynchronous 
activation.83-85 Thus, the aspecific components of discoordination that can also occur in the 
setting of ischemia or scarring, and that are not or only moderately related to CRT response 
(Figure 5), are left out of the analyses.83, 86, 87 SRS is consistently converted into additional 
segmental shortening by CRT. The central role of the septum in the pathophysiology of 
dyssynchrony was confirmed by revealing that the majority of SRS and functional 
improvements occurred in the septum. In the prediction of reverse remodeling septal (cut-
off 4.7%) and total ventricular SRS performed equally well.83

Rather than selectively measuring systolic stretch, Lim et al. used speckle tracking 
longitudinal deformation to calculate the sum of the differences between absolute peak 
values and end-systolic values across 16 segments. By thus incorporating information on 
prominent diastolic deformation (i.e. diastolic exceeding systolic amplitude) and additionally 
discarding the information from akinetic or markedly stretched segments, the index (cut-off 
25%) reached sensitivity and specificity of 82% and 92% respectively for the prediction 
of reverse remodeling. Especially in patients with ischemic heart failure etiology, it thereby 
compared favorably to the regional delay methods TDI Ts-SD12, TDI septal-to-lateral delay, 
and 2DS 12 segments standard deviation.88 
In an analogous approach, Abe et al. measured segmental and global time-area changes 
of the myocardium in a midventricular short-axis trace to calculate the fractional inefficient 

Figure 5. Conversion of stretch and postsystolic shortening into effective shortening by CRT
Relation of septal systolic rebound stretch (SRSsept) and lateral postsystolic shortening (PSlat) with 
gain in function are displayed. Left panel shows the effect of CRT on both components of contractile 
inefficiency: CRT nearly eliminates SRSsept whereas the effect on PSlat is less pronounced. Middle 
panel displays the relation of SRSsept reduction with local gain in function. Right panel displays the 
same relation for PSlat reduction (unpublished data).
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contraction (the fraction by which the summed regional area changes exceed the actual 
global area change). Their method also compared favorably to regional delay measurements 
in particular with regard to the blinded differentiation of patients with guideline indication 
for CRT from those with heart failure but not meeting the guideline criteria.89

Considerations and limitations regarding discoordination measurements
Although discoordination measurements are designed to represent mechanical inefficiency, 
its shortening and stretch components are load dependent. Discoordination indices are 
therefore only indirect markers of (imbalanced) contractile force development, and lack 
information on the ultimate consequences of dyssynchrony on the pressure-generating 
ability of the heart. Initial experimental results indicate that elevated wall stress in the 
setting of progressive dilatation is paralleled by increased variation in regional work and 
that measurements of dicoordination accurately reflect this increased dissipation of work.90 
Seemingly contradictory, explorative patient data indicate that dobutamine induced pre- and 
afterload reduction (and increased contractility) can unmask mechanical discoordination,91 
and the effects of changes in loading and contractility therefore need to be further 
elucidated. On the other hand, with abnormal stretch and wall stress being important 
determinants of secondary biological effects of dyssynchrony, the significance of stretch-
based indices may reach beyond the purely hemodynamic aspects of CRT. From a practical 
point of view, discoordination measures are technically challenging and have not been 
implemented in commercially available software packages.92 On top of inaccuracies 
originating from variability in strain amplitude measurement, methodologies selectively 
assessing dyscoordination in the systolic period are susceptible to errors in delineating and 
incorporating this temporal component. Feasibility is also an important issue for many of 
the indices that require sampling large parts of the LV (e.g. CURE, ISF), since 
echocardiographic approaches are frequently incapable of investigating one or more LV 
segments or walls. Finally, clinical experience with these indices is promising but still sparse 
making definite conclusions on their feasibility and value likewise premature. 

Unsolved issues
In which direction to assess dyssynchrony?
The introduction of two- and three-dimensional deformation techniques, and the 
concomitant possibility to assess dyssynchrony and discoordination in the longitudinal, 
circumferential, and radial direction, have compelled investigators to reconsider the 
optimal direction for the analyses. Whereas circumferential and longitudinal deformation 
are elicited by shortening of (midmyocardial respectively endo- and epicardial) muscle 
fibers oriented in these directions, radial thickening is the result of myocardial 
incompressibility, and thus represents a combined effect of the former two. The superior 
predictive potential of radial dyssynchrony in echocardiographic studies has mainly been 
attributed to this combined effect, although differences in sampling location and 
measurements reliability might also have affected the results.15, 70, 93, 94 From a 
mathematical point of view, and confirmed by MR-tagging studies, the large dynamic 
range of circumferential deformation renders it most sensitive to subtle changes in (dys)
synchrony.78, 95 On the other hand, when assessed by echocardiography, longitudinal 
deformation is of interest especially because of its favorable feasibility and reproducibility 
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compared to the other directions.32 Additionally, when applied to single walls instead of 
the (more common) complete apical view, its spatial and temporal resolutions are 
unmatched by any of the other approaches.83, 84 

The influence of myocardial scar and lead localization
In addition to problems in the recognition of true, amenable dyssynchrony, variability in 
therapy response introduced by the patients natural disease course, mechanical factors 
independent of dyssynchrony, and inappropriate delivery of resynchronization make that 
response prediction cannot be expected to be perfect. The presence of posterolateral scar 
as well as the total scar burden have been associated with a reduction in response to CRT.13, 

96, 97 The former most likely relates to the inability to obtain an adequate LV lead position 
whereas the latter can be related to insufficient viable myocardium to be recruited by CRT.98, 

99 If advanced scarring is predictive of nonresponse after CRT, measurements of the 
amenable substrate for CRT should preferably indicate a decreasing likelihood of response 
with increasing amounts of myocardial scar. Parameters of mechanical discoordination 
seem to display this pattern whereas measurements of QRS-width or markers of temporal 
dyssynchrony are relatively unaffected (Figure 6).
Apart from the unfavorable lead localization in the area of scar, observational studies have 
suggested LV lead placement to be optimal in the most mechanically delayed segment.62, 100 

Figure 6. Scar and dyssynchrony. Normalized baseline values for electrical and mechanical dys-
synchrony and discoordination parameters for increasing amounts of scar (population mean used for 
reference). SRSsept is the only parameter that consistently shows a decrease in dyssynchrony with 
increasing amounts of scar (unpublished data). IVMD: interventricular mechanical delay, TDI-SL: tis-
sue Doppler septal-to-lateral delay, SRSsept: septal systolic rebound stretch.
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This suggestion has recently been refuted by an experimental study that demonstrated 
optimal lead position to coincide with the site of most pronounced electrical 
resynchronization rather than with the site of most mechanical delay.99 Currently, there is 
no role for echocardiography in determining the optimal site for LV lead placement. 

Echocardiography to extend the indications for CRT
Although single center studies have suggested echocardiography as an additional screening 
to extend the application of CRT to patients with narrow-QRS heart failure, this could not 
be confirmed in a large prospective study.18, 101 To prevent more such negative results, 
validation of proposed parameters in a normal control population should reduce the chance 
of false positives, and prevent the heedless implementation of insufficiently validated 
parameters.66 More recently, several investigators have accordingly incorporated normal 
controls in their analyses, demonstrating adequate differentiation of patients and controls 
by measurements of discoordination, but not by measurements of regional delay.74 

Definition of response
One of the most important issues that requires clarification is the definition of response. The 
most relevant response within a heart failure population lies within the improvement of 
symptoms, heart failure hospitalizations and reduction of mortality. In an attempt to circumvent 
the placebo effect of CRT observed in the clinical trials, many echocardiographic studies have 
disregarded these outcomes and used surrogate endpoints like reverse remodeling and LVEF 
improvement instead. This methodology has been justified by demonstrating a relation 
between reverse remodeling and long-term mortality benefit after CRT both in observational 
studies,102 as well as in recent large multicenter randomized trials.103 Nevertheless, reverse 
remodeling may not be necessary for long-term response8, 24, 104 and in the CARE-HF trial 
decreased neurohormonal activation proved to be even more closely linked to prognosis.105 
The issue is further complicated by the poor agreement among different response criteria106 
and the inability of the observational study designs to differentiate genuine response from 
the spontaneous course of disease.24 It is likely that a spectrum of responses ranging from 
only symptom reduction to complete reverse remodeling exists and classification should 
preferably cover the broad spectrum of this response. 

Conclusion
Echocardiography may play an important role in patient assessment before CRT and is 
currently one of the most commonly used noninvasive imaging modalities to provide 
information on its mechanical effects in heart failure patients. Despite recent negative 
results, echocardiographic techniques have continued to develop with new discoordination 
approaches benefiting from an improved ability to specifically detect only the amenable 
substrate for CRT. To make these techniques a valuable addition also to the clinical field, 
further improvements in measurement feasibility and reliability, a better understanding of 
the effects of loading and wall stress, and multicenter validation are required. Although 
the complexity of the disease and its therapy make perfect prediction unlikely, there is no 
doubt that the mechanical assessment of dyssynchrony will continue to provide additional 
insight into the disease process and help to optimize therapy delivery. 
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CHAPTER 3

Abstract
Background
Cardiac resynchronization therapy (CRT) improves left ventricular (LV) function acutely, with 
further improvements and reverse remodeling during maintained CRT.
The current study investigated the relation between acute mechanical recoordination, acute 
hemodynamic improvement and long-term reverse remodeling by CRT.

Methods
In 35 patients, speckle tracking longitudinal strain was assessed at 18 LV segments before, 
directly after and 6 months after CRT. Systolic discoordination (internal stretch fraction [ISF] 
and systolic rebound stretch [SRSlv]), dyssynchrony (standard deviation of peak strain times 
[2DS-SD18]) and interventricular mechanical delay [IVMD]) were calculated. Response was 
assessed by acute augmentation of the invasively determined maximal rate of LV pressure 
rise (dP/dtmax), and by acute and long-term changes in LV ejection fraction (LVEF), volumes 
and stroke volume. 

Results
CRT induced acute and ongoing recoordination (ISF 45±18 to 27±11 and 23±12%, p<0.001; 
SRSlv 2.27±1.33 to 0.74±0.50 and 0.71±0.43%, p<0.001) and improvement of 
hemodynamics (dP/dtmax 668±185 to 817±198 mmHg/s, p<0.001; stroke volume 46±15 
to 54±20 and 52±16ml; LVEF 19±7 to 23±8 and 27±10%, p<0.001). Acute recoordination 
related to reverse remodeling (r=0.68 and r=0.74 for ISF and SRSlv respectively, both 
p<0.001) whereas acute improvement of dP/dtmax, LVEF and stroke volume did not (all 
p=NS). Acute hemodynamic improvement did not correlate to acute recoordination.

Conclusions
Long-term reverse remodeling after CRT is determined by (acute) recoordination rather 
than by hemodynamic improvements. These findings point towards an important role for 
local remodeling processes rather than improved global LV pump function as a primary 
determinant of long term benefit from CRT.
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MECHANISM OF REVERSE REMODELING IN CRT

Introduction
Previous studies have demonstrated that the clinical benefits of cardiac resynchronization 
therapy (CRT) are usually accompanied by a reduction in dyssynchrony and left ventricular 
(LV) contractile discoordination, and by improvement of LV global function, and reverse 
remodeling.1, 2

Based on the assumption that acute improvements in hemodynamics reflect the beneficial 
effects of CRT, acute increases in stroke volume and maximum rate of LV pressure rise 
(dP/dtmax) have been widely applied to assess the response to CRT.3-7 Accordingly, invasive 
hemodynamic measurements have been used to quantify the acute treatment effect in 
exploratory animal studies,8, 9 to guide the LV lead to an optimal position,10, 11 and to optimize 
atrioventricular and interventricular delay.3, 12, 13 Baseline measurements of dyssynchrony 
(i.e. time differences in myocardial shortening) and discoordination (i.e. reciprocal shortening 
and stretching) on the other hand have been applied aiming to identify the mechanical 
substrate for CRT response and thereby predict long-term therapy effects. Notwithstanding 
the wide application of both hemodynamic and mechanical dyssynchrony and discoordination 
measures, a direct comparison of these two approaches with respect to CRT response 
has not been performed yet. 
Because some data suggest that a considerable part of the remodeling processes involved 
in CRT are linked to local mechanics,14-16 we hypothesized that long-term improvement of 
LV function and reverse remodeling after CRT is determined by acute recoordination of LV 
contraction rather than by acute hemodynamic improvements. To evaluate this hypothesis, 
we assessed acute invasive hemodynamic and echocardiographic improvements in patients 
who underwent CRT and investigated the relation of these acute improvements with 
reverse remodeling and improvement of LV function after 6 months follow-up.

Methods
Study population and study protocol
A total of 39 consecutive patients with good echocardiographic image quality who 
underwent CRT implantation were included in the present study. All patients were in severe 
heart failure (New York Heart Association class III-IV, LV ejection fraction (LVEF) <35%) 
despite optimal medical therapy and had a QRS-width ≥120ms with an LBBB-like 
morphology. Transthoracic echocardiography was performed in each patient before, within 
3 days after, and 6 months after CRT implantation. Device settings were optimized by 
maximizing the invasively determined dP/dtmax during the implantation procedure. 
Echocardiographic response to CRT was defined by a reduction in LV end-systolic volume 
>15% at 6-months (long-term) follow-up. The execution of the study conformed to the 
principles outlined in the Declaration of Helsinki on research in human subjects and received 
approval from the local Medical Ethics Committee.

Echocardiographic protocol
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). For offline deformation imaging, additional single wall images of the 
six LV walls (i.e. septum, anteroseptum, anterior, lateral, posterior, and inferior wall) were 
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prospectively acquired from the standard apical views at 51-109 frames per second. The 
onset of the QRS complex was taken as zero reference for timing and strain measurements. 
Timing of valve opening and closure, as derived from Doppler flow patterns over the valves, 
served as cardiac event timing markers. Interventricular dyssynchrony was assessed by the 
delay between pulmonary and aortic valve opening; the interventricular mechanical delay 
(IVMD). Stroke volume, LVEF, LV end-systolic (LVESV) and end-diastolic (LVEDV) volumes 
by biplane Simpson’s method were analyzed by one (GL) and all deformation and 
dyssynchrony measurements independently by another (BDB) observer, both blinded to the 
other echocardiographic and to the invasive hemodynamic measurements.

Deformation analysis
Speckle tracking software (GE Echopac 2DS, version 6.1) was used to derive strain curves. 
Deformation was measured from base to apex, covering the entire wall thickness. For 
each wall three samples were evenly distributed from base to apex, providing longitudinal 
strain curves from 18-segments within the LV. The traces were transferred to a personal 
computer for further post-processing along with cardiac event timing markers in a Matlab-
based (The Math- Works Inc., Natick, USA) custom-made software toolbox (STOUT: Speckle 
tracking Toolbox Utrecht), yielding spatially encoded and time normalized deformation data 
over the entire LV.17 The standard deviation of time to peak strain in all segments defined 
LV intraventricular dyssynchrony (2DS-SD18). 
Discoordination was assessed by LV systolic rebound stretch (SRSlv) and internal stretch 
fraction (ISF). All systolic stretch following prematurely terminated shortening was summed 
in each segment and subsequently averaged over the entire LV to determine SRSlv (Figure 
1).18 To calculate ISF, each strain curve was automatically differentiated over time to obtain 
segmental strain rates, that were subsequently split into a shortening and a stretching 
component. Each component was averaged over the LV, and time integrated to obtain an 
averaged positive (stretch) and averaged negative (shortening) LV strain. The amount of 
systolic (i.e. between mitral valve closure and aortic valve closure) stretch relative to systolic 
shortening determined ISF (Figure 2).17, 19 

Figure 1. Calculation of systolic rebound stretch. For illustrational purposes only three (blue, 
green, and red) representative segmental strain curves are displayed. Negative strain values indicate 
longitudinal shortening. The amplitude of the solid parts of the curves is used for calculation of left 
ventricular systolic rebound stretch (SRSlv). In each segment the amplitude differences for each 
episode of stretch (eb-ea) that occurs after initial shortening are calculated. Summing all amplitude dif-
ferences and dividing them by the number of investigated segments (i.e. 18) yields SRSlv.
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Device implantation
Implantation was performed under local anesthesia. Right ventricular and atrial leads were 
placed transvenously at conventional positions. The LV lead was aimed at a tributary of the 
coronary sinus overlying the LV free wall. Leads were connected to a CRT-defibrillator in 
all patients. A pressure wire (PressureWireTM Certus, St. Jude Medical Inc., St. Paul, MN, 
USA) was placed in the LV via femoral arterial access to record dP/dtmax.

LV dP/dtmax measurement
Patients were excluded from invasive measurement of LV dP/dtmax if they had severe 
aortic valve disease or mechanical prosthesis, LV thrombus, vascular access problems 

Figure 2. Calculation of internal stretch fraction. Calculation of internal stretch fraction (ISF) be-
fore, acutely after and 6 months after CRT is displayed. Segmental strain curves of 18 segments are 
derived (panel A), and are differentiated over time to obtain segmental strain rate curves (panel B). 
Segmental strain rate curves are split into a shortening and stretching component and averaged over 
the LV (panel C, dark red and blue lines, respectively). Integrating these curves over time, results in 
an average negative (i.e. shortening) and an average positive (i.e. stretching) strain component (light 
red and blue areas, respectively). Systole is defined between mitral valve closure (MVC) and aortic 
valve closure (AVC). Dividing systolic shortening by systolic stretching results in systolic ISF. Overlap-
ping purple areas in panel C, between MVC and AVC, thus indicate simultaneous reciprocal systolic 
shortening and stretching, and represent systolic ISF.
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or due to logistic reasons. After baseline measurement of LV dP/dtmax, the acute effect 
of CRT on LV dP/dtmax was automatically derived from continuous invasive pressure 
measurements digitized at 100 Hz (Radi Analyzer Physio Monitor v1.0 beta4, St. Jude 
Medical, Inc., St. Paul, MN, USA). Measurements were averaged over a 10 seconds 
period for each setting. Premature ventricular beats and the first post-extrasystolic beat 
were manually excluded from analysis. Baseline LV dP/dt max was determined during sinus 
rhythm or atrial or right ventricular pacing (in patients with extreme bradycardia or third 
degree AV block, respectively). In each patient, the AV delay and VV delay were 
consecutively optimized to maximize the increase in LV dP/dt max compared to baseline. 
Paced AV-delays were shortened by 20ms steps from 240ms to 80ms. VV delay 
optimization was performed at the previously determined optimal AV-delay starting with 
LV pre-activation by 80 ms followed by lengthening of the VV delay by steps of 20 ms 
until right ventricular pre-activation by 80 ms.

Statistical analysis
Statistical analysis was performed using the SPSS statistical software package (SPSS 
Inc., Chicago, Illinois). Values are presented as mean and standard deviation for continuous 
variables, and as numbers and percentages for categorical variables. Assumptions on 
homogeneity of variances and normally distributed residuals were checked by Levene’s 
test and Q-Q plots respectively. Comparison of continuous data between responders 
and non-responders was performed by independent samples t-test. Comparison of 
continuous data over time was performed by repeated measurements analysis of 
variance. Categorical data were compared by Chi-square or Fischer’s Exact test as 
appropriate. Bonferroni post-hoc correction for multiple comparisons was applied when 
applicable. Linear regression analysis was performed to assess the relationship between 
acute improvements and long-term response. A p-value <0.05 was considered statistically 
significant for all analyses.

Results
Patient population
Four patients died before the 6-months follow-up visit and were excluded from the analyses. 
The final study population constituted 35 patients (age 66±10 years, 63% male, 49% 
ischemic etiology, 9% New York Heart Association class IV). In all patients CRT-implantation 
was successful and without complications. The LV lead was placed posterior or 
posterolateral in 15 (43%), lateral in 18 (51%) and anterolateral in 2 (6%). Acute 
echocardiographic studies were available in all and invasive measurements of LV dP/dtmax 
were performed in 25 of 35 patients.  Baseline LV dP/dt max was determined during sinus 
rhythm (n=20), atrial pacing (n=2) and right ventricular pacing (n=3). Mean baseline dP/
dtmax was 668±185 mmHg/s. In total, 20 patients (57%) were classified as echocardiographic 
responder. Non-responders were similar to responders in all baseline clinical characteristics 
(Table 1). 

Recoordination, hemodynamic improvement, and reverse remodeling after CRT
Upon initiation, CRT acutely improved LV hemodynamics, coordination and synchrony in 
the entire group (Table 2). Acute recoordination and resynchronization were maintained 
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over time. The acute improvement of LV coordination was exclusively caused by a reduction 
of paradoxical systolic stretch (both averaged systolic stretch and SRSlv), at unchanged 
averaged systolic shortening. Inversely, longer-term CRT further improved recoordination 
and ISF exclusively by an increase in averaged systolic shortening, without effect on 
paradoxical stretch. Stroke volume increased acutely upon starting CRT, but remained 
constant during six months follow-up, while LVEF continued to increase due to a balanced 
reduction in LVEDV and LVESV (Table 2).
Responders had higher baseline values of discoordination (ISF 53±17 vs. 35±13 %, 
p=0.003; SRSlv 3.01±1.26 vs. 1.28±0.56 %, p<0.001) and dyssynchrony (IVMD 62±20 vs. 
39±28 ms, p=0.012; 2DS-SD18 158±42 vs. 125±43 ms, p=0.026) compared to non-
responders. Upon initiation of CRT responders and non-responders showed an immediate 
reduction in systolic stretch and IVMD to similar levels. Therefore, the extent of reduction 

Table 1. Baseline characteristics

Parameter Responders
(n=20)

Non-responders
(n=15)

P-value

Age (yrs) 66±10 65±12 0.960

Male (%) 11 (55) 11 (73) 0.312

Ischemic etiology (%) 10 (50) 7 (47) 1.000

QRS (ms) 175±22 173±33 0.789

Sinus rhythm (%) 19 (95) 14 (93) 1.000

NYHA class 3.0±0.2 3.1±0.4 0.398

B-blocker (%) 12 (60) 8 (40) 0.489

ACEi/ARB (%) 17 (85) 14 (93) 0.619

Spironolacton (%) 11 (55) 9 (60) 1.000

Diuretics (%) 20 (100) 15 (100) 1.000

LVEDV (ml) 235±68 284±101 0.096

LVESV (ml) 193±61 233±98 0.146

SV (ml) 42±14 51±16 0.088

LVEF (%) 18±5 20±8 0.592

MRero (mm2) 6.7±6.9 10.7±7.6 0.127

Heart rate (bpm) 68±10 69±14 0.741

LV lead position (%) 1.000

Post/postlat 9 (45%) 6 (40%)

Lateral 10 (50%) 8 (53%)

Anterolateral 1 (5%) 1 (7%)

dP/dtmax (mmHg/s) 713±188 618±176 0.208

NYHA class=New York Heart Association class, ACEi/ARB= angiotensin converting enzyme inhibi-
tor or angiotensin receptor blocker use, LVEDV=left ventricle (LV) end-diastolic volume, LVESV=LV 
end-systolic volume, SV=stroke volume, LVEF=LV ejection fraction, MRero=mitral regurgitation 
effective regurgitant orifice, dP/dtmax= maximum rate of LV pressure rise
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in systolic stretch was smaller in non-responders and became insignificant when expressed 
as ISF. Similarly, the reduction of 2D-SD18 by CRT did not reach significance in non-
responders (Figure 3). Significant long-term improvement of myocardial shortening, and 
an associated further decrease in ISF, was only present in responders. Responders and 
non-responders showed a similar acute hemodynamic response, both expressed in terms 
of LV dP/dtmax and stroke volume/ejection fraction (Figure 4). However, only in the 
responder group EF continued to rise during longer lasting CRT. By definition, long-term 
reverse remodeling was confined to responders.
 
Relation of acute improvements with long-term response
Acute hemodynamic improvements, whether determined by dP/dtmax, LVEF or SV, were 
not associated with the magnitude of the reduction of discoordination or dyssynchrony 
(Table 3). Acute hemodynamic improvement did not predict reverse remodeling or increase 
of LVEF after six months (Table 4). Conversely, acute recoordination was closely related to 
reverse remodeling and increase of LVEF after six months (Table 4). The best predictor of 
reverse remodeling was the acute reduction of systolic rebound stretch within the LV 
(SRSlv), but also the reduction in ISF and 2D-SD18 were related to long-term reverse 
remodeling. Similar relations with reverse remodeling were found for baseline 
measurements of discoordination (R=0.581 and R=0.796 for ISF and SRSlv respectively, 
both p<0.001) and dyssynchrony (R=0.475, p=0.005 and R=0.518, p=0.001 for IVMD and 
2D-SD18 respectively), although, contrary to the acute decrease of IVMD, baseline IVMD 
was predictive of reverse remodeling.

Table 2. Overall evolution of discoordination, dyssynchrony, and LV function parameters

P-value

Parameter Baseline Acute 6 Months
Overall Baseline  

vs. Acute
Acute vs. 
6 Months

ISF (%) 45±18 27±11 23±12 <0.001 <0.001 0.022

Averaged systolic 
stretch (%)

3.86±1.62 2.13±0.48 2.06±0.73 <0.001 <0.001 1.000

Averaged systolic 
shortening (%)

8.89±2.35 8.63±2.34 10.24±3.18 <0.001 1.000 0.002

SRSlv (%) 2.27±1.33 0.74±0.50 0.71±0.43 <0.001 <0.001 1.000

2DS-SD18 144±45 121±33 111±44 0.004 0.066 0.468

IVMD 52±27 13±29 10±28 <0.001 <0.001 1.000

LVEDV (ml) 256±86 249±97 219±104 <0.001 0.585 <0.001

LVESV (ml) 211±80 195±87 167±96 <0.001 0.005 0.001

SV (ml) 46±15 54±20 52±16 0.003 0.025 1.000

LVEF (%) 19±7 23±8 27±10 <0.001 <0.001 0.007

Heart rate (bpm) 69±12 69±11 68±9 0.675 1.000 0.782

dP/dtmax (mmHg/s) 668±185 817±198 - - <0.001 -

ISF=internal stretch fraction, SRSlv=LV systolic rebound stretch, 2DS-SD18=standard deviation 
of time to peak strain, IVMD=interventricular mechanical delay, other abbreviations see Table 1
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Discussion
This study demonstrates that acute recoordination is highly predictive of volumetric 
response to CRT at six months follow-up, whereas acute hemodynamic improvements 
poorly predict this reverse remodeling. The results demonstrate for the first time that acute 
hemodynamic improvements poorly relate to acute improvements of LV coordination. 
These findings emphasize the importance of correction of local derangements in cardiac 
mechanics to trigger reverse remodeling after CRT. 

Figure 3. Evolution of discoordination and dyssynchrony. Mean and standard deviation values of 
discoordination and dyssynchrony parameters before, directly after and 6 months after CRT (black, 
shaded, and white bars, respectively) in responders and non-responders. Evolution of internal stretch 
fraction (ISF) and its stretch and shortening components (panel A to C), LV systolic rebound stretch 
(SRSlv, panel D), interventricular mechanical (IVMD, panel E) and standard deviation of time-to-peak 
strain in 18 segments (2DS-SD18, panel F) are displayed. 
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Monitoring and prediction of CRT effects
CRT has been shown to induce acute improvements in synchrony of activation, coordination 
of contraction, and hemodynamics.5, 7, 16, 20 During the initial development of CRT its effect 
has been predominantly assessed using the acute hemodynamic effect as determined by 
invasive pressure measurements.3-7 Longer-term effects on systolic function and reverse 
remodeling have been mainly evaluated by echocardiography. Later on, the availability of 
novel echocardiographic techniques allowed assessing mechanical dyssynchrony and 
discoordination. Nevertheless, the application of these indices has been largely confined 

Figure 4. Evolution of hemodynamics and left ventricular volumes. Mean and standard deviation 
values of systolic function and volume measurements before, directly after and 6 months after CRT 
(black, shaded, and white bars, respectively) in responders and non-responders. dP/dtmax: maximum 
rate of LV pressure rise, SV: stroke volume, LVEF: left ventricle ejection fraction, LVEDV: left ventricle 
end-diastolic volume, LVESV: left ventricle end-systolic volume.

Table 3. Relation of acute recoordination/resynchronization and acute hemodynamic im-
provement

Parameter Acute ∆dP/dtmax 
(%) 

Acute ∆SV 
(%)

Acute ∆LVEF 
(%-point)

R p-value R p-value R p-value

Acute recoordination

∆ISF (%-point) 0.246 0.236 0.012 0.946 0.145 0.412

∆SRSlv (%-point) -0.097 0.615 0.087 0.630 -0.174 0.324

Acute resynchronization

∆IVMD (ms) 0.365 0.095 0.326 0.079 0.358 0.048

∆2DS-SD18 (ms) 0.331 0.106 0.097 0.590 0.291 0.095

Abbreviations see Table 2.
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to predict the success of CRT using the baseline (pre-CRT) data,4, 21 while acute changes 
in dyssynchrony and discoordination have received relatively minor attention as a marker 
of the mechanical effects of CRT. Therefore, the relation between acute and chronic 
improvements in coordination and LV systolic function has remained largely unexplored.

Mechanisms for CRT response
The findings in the current study demonstrate that reverse remodeling and long-term 
improvements in systolic function are significantly related to acute recoordination. Baseline 
mechanical discoordination, as well as acute recoordination after CRT, have recently been 
demonstrated to predict response after CRT.18, 19, 22 More specifically, we previously 
demonstrated that CRT improves myocardial shortening in proportion to the reduction in 
systolic (rebound) stretch.18 The current study extends these findings by demonstrating 
that the conversion of stretch into shortening follows a biphasic response. Immediately 
after onset of biventricular pacing, LV coordination improved almost exclusively by a 
reduction of myocardial systolic stretch. Conversely, further improvement in myocardial 
coordination and ejection fraction during follow-up occurred due to the increase of systolic 
shortening. This biphasic response suggests that whereas the acute reduction of stretch 
can be attributed to retiming of ventricular activation and contraction, the long-term 
improvement in myocardial function involves other mechanisms that are activated in 
response to chronic application of CRT. Indeed, it is becoming increasingly clear that the 
chronic response to CRT involves complex molecular and cellular modifications that are 
specific to dyssynchronous heart failure and its cure by CRT.14, 15 These modifications range 
from reversal of asymmetric hypertrophy to improved beta-adrenergic signaling and calcium 
handling and modified gene expression and show regional differences within the heart. 
Although the exact triggers for these processes are yet incompletely understood, abnormal 
stretch is a known stimulus for genetic and cellular remodeling that is abundantly present 

Table 4. Relation of acute improvements with echocardiographic response

Parameter 6-months ∆LVESV 
(%)

6-months ∆LVEF 
(%-point)

R p-value R p-value

Acute recoordination

∆ISF (%-point) 0.679 <0.001 0.633 <0.001

∆SRSlv (%-point) 0.738 <0.001 0.626 <0.001

Acute resynchronization

∆IVMD (ms) 0.165 0.367 0.208 0.252

∆2DS-SD18 (ms) 0.575 <0.001 0.513 <0.001

Acute improvement of systolic function

∆dP/dtmax (%) 0.251 0.227 0.173 0.409

∆SV (%) 0.037 0.840 0.240 0.179

∆LVEF (%-point) 0.259 0.139 0.439 0.009

Abbreviations see Table 2.
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and heterogeneously distributed in dyssynchronous hearts.23, 24 Importantly, in the animal 
model of tachypacing induced dyssynchronous heart failure, rapid biventricular pacing 
hardly increased pump function but normalized strains and induced extensive cellular and  
molecular remodeling.14 We therefore postulate that abnormal systolic stretch is an 
important mediator for local cellular and molecular remodeling processes and that 
restoration of normal contraction patterns reverses these processes. Additionally, the fact 
that acute and long-term responses to CRT involve different mechanistic pathways might 
also explain the poor relation of acute hemodynamic improvements with long-term 
remodeling.

Relation of acute hemodynamic improvements to long-term response
The results of the study challenge the notion that the extent of acute hemodynamic 
improvement determines the subsequent long-term success of CRT. Several previous 
studies have shown that CRT induces acute hemodynamic improvements.3, 5, 6, 10, 11, 13, 25 
Hemodynamic improvements by CRT have also been demonstrated at long-term follow-up, 
and acutely deteriorate when pacing is discontinued.26, 27 Only one study has been 
successful in using LV dP/dtmax as a predictor of long-term reverse remodeling.28  
However, persistent hemodynamic augmentation by CRT has been demonstrated also in 
the absence of reverse remodeling, suggesting that the improvements are part of a 
heterogeneous and partially unrelated spectrum of CRT response.26 Moreover, Stellbrink 
et al. previously demonstrated that volume responders to CRT were found among those 
with very high and with minimal acute hemodynamic benefit.29 In analogy, recent 
echocardiographic subanalyses of the REVERSE-trial and the PROSPECT-trial demonstrated 
no relation between the acute increase in LVEF and long-term effects of CRT on reverse 
remodeling and clinical outcome.20, 30 In the present study, both acute changes in invasively 
determined LV dP/dtmax, and LVEF and stroke volume by echocardiography failed to predict 
long-term reverse remodeling.
A possible explanation for the failure of acute changes in systolic function to predict chronic 
response to CRT might be that hemodynamic improvements by CRT are conveyed by 
several mechanisms, each with a different impact on the course of disease and subsequent 
reverse remodeling. Mechanisms responsible for the acute hemodynamic response to 
CRT include (but are not limited to) enhanced enddiastolic preload by restoration of a more 
physiologic atrioventricular interval,12 reduction of mitral regurgitation,31 and recoordination 
of ventricular contraction.4, 8, 16 From these mechanisms, the improved myocardial efficiency 
brought about by recoordination of ventricular coordination is considered to be one of the 
primary, and unique, working mechanisms by which CRT confers its benefits on long-term 
prognosis of heart failure patients.7, 32 It is possible that other mechanisms responsible for 
the acute hemodynamic improvement less consistently lead to long-term reverse 
remodeling. Indeed, in the present study, acute improvements in stroke volume and dP/
dtmax were not related to acute recoordination of LV contraction, implying that the acute 
changes in  hemodynamics that we observed were at least additionally influenced by other 
alterations.

Potential clinical implications
Our results question the use of acute hemodynamic improvements as an endpoint, at least 
as a herald of long-term functional or structural benefits of CRT. Considering the relation 
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with long-term remodeling, one might hypothesize that using the extent of acute 
recoordination rather than acute  hemodynamic improvement as a means to optimize CRT 
delivery would be physiologically more sensible when it comes to guiding therapy delivery 
(e.g. pacing site selection, device setting optimization).33, 34 However, before discoordination 
measurements can be applied to this purpose, practical challenges regarding data 
acquisition, post-processing time and reproducibility will first need to be resolved.  In light 
of the current findings it is premature to infer conclusions on the effect of hemodynamic 
optimization itself on the outcome of the patient, because the absence of a good relation 
with echocardiographic response does not preclude an adequate optimization result.

Study limitations
Discoordination and dyssynchrony were assessed only in the longitudinal direction, and 
influence of circumferential and radial deformation was not assessed. The primary goal of 
the current study was however to explore the mechanisms responsible for CRT response 
rather than to find the best echocardiographic method to assess those factors. 
Echocardiography and invasive hemodynamic assessments were not performed 
simultaneously. All patients were however in a stable clinical situation and echocardiographic 
examinations were always performed within a few days from the implantation procedure. 
In the majority of cases, baseline and paced LV dP/dtmax were measured only once and in 
a non-randomized order. Repeated and randomized measurements, as incorporated in 
some optimization systems,3 improve the reliability of the measurements and might 
augment their predictive performance. The number of patients analyzed was small and our 
findings should therefore be confirmed in a larger cohort of patients. However, effects 
were clear and consistent in an unselected group of patients. Lack of prediction of CRT 
response by LV dP/dtmax increase has recently been confirmed in a large multicenter 
observational study.25

Conclusion
Long-term response after cardiac resynchronization therapy is determined by acute 
recoordination rather than by acute hemodynamic improvement. The present findings 
underscore the relevance of LV recoordination as a mechanistic pathway for long-term 
remodeling processes after biventricular pacing. 

2016269 Geert Leenders.indd   59 04-02-16   21:52



60

CHAPTER 3

References

1 Pouleur AC, Knappe D, Shah AM, Uno H, Bourgoun M, Foster E, McNitt S, Hall WJ, Zareba W, 
Goldenberg I, Moss AJ, Pfeffer MA, Solomon SD. Relationship between improvement in left ventricular 
dyssynchrony and contractile function and clinical outcome with cardiac resynchronization therapy: the 
MADIT-CRT trial. Eur Heart J 2011 May 24.

2 St John Sutton MG, Plappert T, Abraham WT, Smith AL, DeLurgio DB, Leon AR, Loh E, Kocovic DZ, 
Fisher WG, Ellestad M, Messenger J, Kruger K, Hilpisch KE, Hill MR. Effect of cardiac resynchronization 
therapy on left ventricular size and function in chronic heart failure. Circulation 2003 April 22;107(15):1985-
90.

3 Auricchio A, Stellbrink C, Block M, Sack S, Vogt J, Bakker P, Klein H, Kramer A, Ding J, Salo R, Tockman 
B, Pochet T, Spinelli J. Effect of pacing chamber and atrioventricular delay on acute systolic function of 
paced patients with congestive heart failure. The Pacing Therapies for Congestive Heart Failure Study 
Group. The Guidant Congestive Heart Failure Research Group. Circulation 1999 June 15;99(23):2993-
3001.

4 Breithardt OA, Stellbrink C, Kramer AP, Sinha AM, Franke A, Salo R, Schiffgens B, Huvelle E, Auricchio 
A. Echocardiographic quantification of left ventricular asynchrony predicts an acute hemodynamic 
benefit of cardiac resynchronization therapy. J Am Coll Cardiol 2002 August 7;40(3):536-45.

5 Kass DA, Chen CH, Curry C, Talbot M, Berger R, Fetics B, Nevo E. Improved left ventricular mechanics 
from acute VDD pacing in patients with dilated cardiomyopathy and ventricular conduction delay. 
Circulation 1999 March 30;99(12):1567-73.

6 Nelson GS, Curry CW, Wyman BT, Kramer A, Declerck J, Talbot M, Douglas MR, Berger RD, McVeigh 
ER, Kass DA. Predictors of systolic augmentation from left ventricular preexcitation in patients with 
dilated cardiomyopathy and intraventricular conduction delay. Circulation 2000 June 13;101(23):2703-9.

7 Nelson GS, Berger RD, Fetics BJ, Talbot M, Spinelli JC, Hare JM, Kass DA. Left ventricular or biventricular 
pacing improves cardiac function at diminished energy cost in patients with dilated cardiomyopathy and 
left bundle-branch block. Circulation 2000 December 19;102(25):3053-9.

8 Verbeek XA, Vernooy K, Peschar M, Cornelussen RN, Prinzen FW. Intra-ventricular resynchronization for 
optimal left ventricular function during pacing in experimental left bundle branch block. J Am Coll Cardiol 
2003 August 6;42(3):558-67.

9 Verbeek XA, Auricchio A, Yu Y, Ding J, Pochet T, Vernooy K, Kramer A, Spinelli J, Prinzen FW. Tailoring 
cardiac resynchronization therapy using interventricular asynchrony. Validation of a simple model. Am J 
Physiol Heart Circ Physiol 2006 March;290(3):H968-H977.

10 Bogaard MD, Doevendans PA, Leenders GE, Loh P, Hauer RN, van WH, Meine M. Can optimization 
of pacing settings compensate for a non-optimal left ventricular pacing site? Europace 2010 
September;12(9):1262-9.

11 Butter C, Auricchio A, Stellbrink C, Fleck E, Ding J, Yu Y, Huvelle E, Spinelli J. Effect of resynchronization 
therapy stimulation site on the systolic function of heart failure patients. Circulation 2001 December 
18;104(25):3026-9.

12 Auricchio A, Ding J, Spinelli JC, Kramer AP, Salo RW, Hoersch W, KenKnight BH, Klein HU. Cardiac 
resynchronization therapy restores optimal atrioventricular mechanical timing in heart failure patients 
with ventricular conduction delay. J Am Coll Cardiol 2002 April 3;39(7):1163-9.

13 Auricchio A, Stellbrink C, Sack S, Block M, Vogt J, Bakker P, Huth C, Schondube F, Wolfhard U, 
Bocker D, Krahnefeld O, Kirkels H. Long-term clinical effect of hemodynamically optimized cardiac 

2016269 Geert Leenders.indd   60 04-02-16   21:52



3

61

MECHANISM OF REVERSE REMODELING IN CRT

resynchronization therapy in patients with heart failure and ventricular conduction delay. J Am Coll 
Cardiol 2002 June 19;39(12):2026-33.

14 Aiba T, Hesketh GG, Barth AS, Liu T, Daya S, Chakir K, Dimaano VL, Abraham TP, O’Rourke B, Akar 
FG, Kass DA, Tomaselli GF. Electrophysiological consequences of dyssynchronous heart failure and its 
restoration by resynchronization therapy. Circulation 2009 March 10;119(9):1220-30.

15 Barth AS, Aiba T, Halperin V, DiSilvestre D, Chakir K, Colantuoni C, Tunin RS, Dimaano VL, Yu W, 
Abraham TP, Kass DA, Tomaselli GF. Cardiac resynchronization therapy corrects dyssynchrony-induced 
regional gene expression changes on a genomic level. Circ Cardiovasc Genet 2009 August;2(4):371-8.

16 Vernooy K, Cornelussen RN, Verbeek XA, Vanagt WY, van HA, Kuiper M, Arts T, Crijns HJ, Prinzen FW. 
Cardiac resynchronization therapy cures dyssynchronopathy in canine left bundle-branch block hearts. 
Eur Heart J 2007 September;28(17):2148-55.

17 De Boeck BW, Kirn B, Teske AJ, Hummeling RW, Doevendans PA, Cramer MJ, Prinzen FW. Three-
dimensional mapping of mechanical activation patterns, contractile dyssynchrony and dyscoordination 
by two-dimensional strain echocardiography: rationale and design of a novel software toolbox. 
Cardiovasc Ultrasound 2008;6:22.

18 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 September;11(9):863-71.

19 Kirn B, Jansen A, Bracke F, van GB, Arts T, Prinzen FW. Mechanical discoordination rather than 
dyssynchrony predicts reverse remodeling upon cardiac resynchronization. Am J Physiol Heart Circ 
Physiol 2008 August;295(2):H640-H646.

20 St John Sutton MG, Ghio S, Plappert T, Tavazzi L, Scelsi L, Daubert C, Abraham WT, Gold MR, 
Hassager C, Herre JM, Linde C. Cardiac resynchronization induces major structural and functional 
reverse remodeling in patients with New York Heart Association class I/II heart failure. Circulation 2009 
November 10;120(19):1858-65.

21 Leenders GE, Cramer MJ, Bogaard MD, Meine M, Doevendans PA, De Boeck BW. Echocardiographic 
prediction of outcome after cardiac resynchronization therapy: conventional methods and recent 
developments. Heart Fail Rev 2011 May;16(3):235-50.

22 Wang CL, Wu CT, Yeh YH, Wu LS, Chang CJ, Ho WJ, Hsu LA, Luqman N, Kuo CT. Recoordination rather 
than resynchronization predicts reverse remodeling after cardiac resynchronization therapy. J Am Soc 
Echocardiogr 2010 June;23(6):611-20.

23 Mullens W, Bartunek J, Wilson Tang WH, Delrue L, Herbots L, Willems R, De BB, Goethals M, 
Verstreken S, Vanderheyden M. Early and late effects of cardiac resynchronization therapy on force-
frequency relation and contractility regulating gene expression in heart failure patients. Heart Rhythm 
2008 January;5(1):52-9.

24 Sadoshima J, Xu Y, Slayter HS, Izumo S. Autocrine release of angiotensin II mediates stretch-induced 
hypertrophy of cardiac myocytes in vitro. Cell 1993 December 3;75(5):977-84.

25 Bogaard MD, Houthuizen P, Bracke FA, Doevendans PA, Prinzen FW, Meine M, van Gelder BM. Baseline 
left ventricular dP/dtmax rather than the acute improvement in dP/dtmax predicts clinical outcome in 
patients with cardiac resynchronization therapy. Eur J Heart Fail 2011 October;13(10):1126-32.

26 Mullens W, Verga T, Grimm RA, Starling RC, Wilkoff BL, Tang WH. Persistent hemodynamic benefits of 
cardiac resynchronization therapy with disease progression in advanced heart failure. J Am Coll Cardiol 
2009 February 17;53(7):600-7.

2016269 Geert Leenders.indd   61 04-02-16   21:52



62

CHAPTER 3

27 Steendijk P, Tulner SA, Bax JJ, Oemrawsingh PV, Bleeker GB, van EL, Putter H, Verwey HF, van der 
Wall EE, Schalij MJ. Hemodynamic effects of long-term cardiac resynchronization therapy: analysis by 
pressure-volume loops. Circulation 2006 March 14;113(10):1295-304.

28 Duckett SG, Ginks M, Shetty AK, Bostock J, Gill JS, Hamid S, Kapetanakis S, Cunliffe E, Razavi R, Carr-
White G, Rinaldi CA. Invasive acute hemodynamic response to guide left ventricular lead implantation 
predicts chronic remodeling in patients undergoing cardiac resynchronization therapy. J Am Coll Cardiol 
2011 September 6;58(11):1128-36.

29 Stellbrink C, Breithardt OA, Franke A, Sack S, Bakker P, Auricchio A, Pochet T, Salo R, Kramer A, 
Spinelli J. Impact of cardiac resynchronization therapy using hemodynamically optimized pacing on left 
ventricular remodeling in patients with congestive heart failure and ventricular conduction disturbances. 
J Am Coll Cardiol 2001 December;38(7):1957-65.

30 Pires LA, Ghio S, Chung ES, Tavazzi L, Abraham WT, Gerritse B. Relationship between acute 
improvement in left ventricular function to 6-month outcomes after cardiac resynchronization therapy in 
patients with chronic heart failure. Congest Heart Fail 2011 March;17(2):65-70.

31 Breithardt OA, Kuhl HP, Stellbrink C. Acute effects of resynchronisation treatment on functional mitral 
regurgitation in dilated cardiomyopathy. Heart 2002 October;88(4):440.

32 Prinzen FW, Vernooy K, De Boeck BW, Delhaas T. Mechano-energetics of the asynchronous and 
resynchronized heart. Heart Fail Rev 2011 May;16(3):215-24.

33 Ellenbogen KA, Gold MR, Meyer TE, Fernndez L, I, Mittal S, Waggoner AD, Lemke B, Singh JP, Spinale 
FG, Van Eyk JE, Whitehill J, Weiner S, Bedi M, Rapkin J, Stein KM. Primary results from the SmartDelay 
determined AV optimization: a comparison to other AV delay methods used in cardiac resynchronization 
therapy (SMART-AV) trial: a randomized trial comparing empirical, echocardiography-guided, and 
algorithmic atrioventricular delay programming in cardiac resynchronization therapy. Circulation 2010 
December 21;122(25):2660-8.

34 Prinzen FW, Auricchio A. The “missing” link between acute hemodynamic effect and clinical response. 
J Cardiovasc Transl Res 2012 April;5(2):188-95.

2016269 Geert Leenders.indd   62 04-02-16   21:52



63

 

2016269 Geert Leenders.indd   63 04-02-16   21:52



Geert E. Leenders, MD,1* J. Lumens, PhD,2* Maarten J. Cramer, MD PhD,1  
Bart W.L. De Boeck, MD PhD,3 Pieter A. Doevendans, MD PhD,1 T. Delhaas, MD PhD,2 
Frits W. Prinzen, PhD2  
*Contributed equally to the manuscript

1  University Medical Center Utrecht, Utrecht, the Netherlands
2 Maastricht University, Maastricht, the Netherlands
3 Kantonsspital Luzern, Luzern, Switzerland

2016269 Geert Leenders.indd   64 04-02-16   21:52



Circulation Heart Failure 2012; 5(1): 87-96

Septal Deformation Patterns Delineate 

Mechanical Dyssynchrony and Regional 

Differences in Contractility: Analysis of Patient 

Data Using a Computer Model

4

2016269 Geert Leenders.indd   65 04-02-16   21:52



66

CHAPTER 4

Abstract
Background
Response to cardiac resynchronization therapy (CRT) depends both on dyssynchrony and 
(regional) contractility. We hypothesized that septal deformation can be used to infer 
integrated information on dyssynchrony and regional contractility and thereby predict CRT 
response.

Methods and Results
In 132 CRT-candidates with left bundle branch block (LBBB)-like ECG morphology (left 
ventricular (LV) ejection fraction 19±6%; QRS-width 170±23ms), longitudinal septal strain 
was assessed by speckle tracking echocardiography. To investigate the effects of 
dyssynchronous activation and differences in septal and LV free wall (LVFW) contractility 
on septal deformation pattern, we utilized the CircAdapt computer model of the human 
heart and circulation. In the patients, three characteristic septal deformation patterns were 
identified: LBBB-1=double-peaked systolic shortening (n=28); LBBB-2=early systolic 
shortening followed by prominent systolic stretching (n=34); and LBBB-3=pseudonormal 
shortening with less pronounced late systolic stretch (n=70). LBBB-3 revealed more scar 
(2 [2-5] segments) compared to LBBB-1 and LBBB-2 (both 0 [0-1], p<0.05). In the model, 
imposing a time difference of activation between septum and LVFW resulted in pattern 
LBBB-1. This transformed into pattern LBBB-2 by additionally simulating septal 
hypocontractility and into pattern LBBB-3 by imposing additional LVFW or global LV 
hypocontractility. Improvement of LV ejection fraction and reduction of LV volumes after 
CRT were most pronounced in LBBB-1 and worst in LBBB-3 patients.  

Conclusions
A double-peaked systolic septal deformation pattern is characteristic for LBBB and results 
from intraventricular dyssynchrony. Abnormal contractility modifies this pattern. A computer 
model can be helpful in understanding septal deformation and predicting CRT response.
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Introduction
Left bundle branch block (LBBB) causes a disparity of electrical activation of the heart that 
results in a prominent electrical and mechanical activation delay (=dyssynchrony) between 
the right and the left ventricle (LV) and between the septum and the LV free wall (LVFW).1-

3 Such activation delays give way to reciprocal contractile interactions that present as back 
and forth shortening and stretching of the myocardium (=mechanical discoordination) 
thereby instigating inefficient myocardial contraction and relaxation, and ultimately leading 
to heart failure and myocardial remodeling.3

Because the interventricular septum is centered amidst the discoordinated right ventricular 
(RV) and LV walls and is additionally subject to altered loading by the abnormal right-to-left 
transseptal pressure gradient, it is particularly susceptible to motion and deformation 
abnormalities caused by LBBB.4, 5 Abnormalities of septal motion and deformation have 
therefore repeatedly been used to identify the mechanical consequences of LBBB.6-8 In 
line with the latter, parameters of mechanical dyssynchrony often rely on abnormal (early) 
septal motion or deformation for the identification of mechanical dyssynchrony and the 
prediction of response to cardiac resynchronization therapy (CRT).9  
Besides disparity in timing of mechanical activation and the abnormal transseptal pressure 
gradient, which are both primarily influenced by the dispersed electrical activation, regional 
heterogeneity in myocardial tissue properties (e.g., contractility and scarring) may 
additionally influence myocardial deformation.6, 10-13 Local tissue properties of the septum 
and LVFW may thereby either mask or mimic septal deformation abnormalities caused by 
mechanical dyssynchrony. 
We hypothesized that the septal deformation pattern can be used to infer integrated 
information on dyssynchrony and regional contractility and thereby predict CRT response. 
In order to assess this hypothesis, we evaluated a patient population with LBBB and systolic 
heart failure by echocardiographic deformation imaging and additionally utilized the 
multiscale CircAdapt model of the human heart and circulation14, 15 to further elucidate the 
influence of each factor individually on septal deformation.

Methods
Study population and protocol
The study population constituted a consecutive cohort of patients (enrolled in the University 
Medical Centre Utrecht between August 2005 and April 2009) undergoing CRT because 
of severe medication refractory heart failure (New York Heart Association class (NYHA) 
III-IV, LV ejection fraction (LVEF) <35%) and evidence of conduction disturbances 
(QRS≥120ms) with an LBBB-like morphology on the surface electrocardiogram. Eight 
patients with poor echocardiographic window, and one patient undergoing coronary artery 
and mitral valve surgery within 6 months prior to CRT were excluded from the analysis. 
Echocardiographic and clinical characteristics were prospectively assessed in all patients 
before and 6 months after CRT. The execution of the study complied to the principles 
outlined in the Declaration of Helsinki on research in human subjects and to the procedures 
of the local Medical Ethics Committee. 
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Echocardiographic protocol
Our echocardiographic protocol has been described in detail elsewhere.6 In brief, all 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). LVEF, 
LV end-systolic (LVESVi) and end-diastolic (LVEDVi) volumes indexed for body surface area 
were measured by biplane Simpson’s method. Mitral regurgitation effective regurgitant 
orifice (MRero) was quantified by the proximal isovelocity surface area method. 
Interventricular septal (IVSd) and LV posterior (LVPWd) wall thickness were measured on 
M-Mode in the parasternal long axis view. LV end-diastolic sphericity was calculated by the 
ratio of the minor axis to the major axis length of the LV, as derived from the apical four-
chamber view. The LV was divided into 16 segments according to the recommendations 
of the American Society of Echocardiography.16 Segments which displayed akinesis or 
dyskinesis in combination with a disproportionate local wall thinning and hyperreflectivity 
in comparison to adjacent contractile segments were scored as “scarred”.17 
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, as derived from Doppler 
flow patterns over the left sided valves, served as cardiac event timing markers.

Deformation analysis
Speckle tracking software was used to derive septal and lateral LVFW deformation 
from the single wall recordings. Deformation was measured from base to apex covering 
the entire wall thickness (Figure 1). Global longitudinal deformation (i.e., calculated 
over the entire length of the wall) was temporally aligned using onset of the QRS-
complex as zero reference. Septal deformation patterns were classified based on the 
sequence of septal shortening and stretching during LV systole (i.e., between mitral 
and aortic valve closure). Peak systolic strain was defined where systolic shortening 
converted into stretching and the absolute strain value was maximally negative. More 
than one systolic peak was adjudicated only if the amplitudes of the peaks were within 
150% relative range of each other, in all other cases the dominant peak was considered 
the only systolic peak (Figure 1).

Device implantation
Right atrial, RV and LV leads were placed conventionally and connected to a CRT device 
as described previously.6 Atrioventricular and ventriculo-ventricular intervals were optimized 
either by maximizing the invasively determined maximum rate of LV pressure rise (n=92) 
or by intracardiac electrogram based device algorithms (n=40).

CircAdapt Model
The effects of dyssynchronous activation and regional LV contractility differences on septal 
deformation were investigated utilizing the multiscale CircAdapt model of the cardiovascular 
system.14, 15 The model contains modules representing myocardial walls, cardiac valves, 
large blood vessels, and peripheral resistances. It can simulate realistic beat-to-beat 
cardiovascular mechanics and hemodynamics under a wide variety of (patho-)physiological 
circumstances.15, 18 19, 20 To incorporate mechanical ventricular interaction, three thick-walled 
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segments representing the LVFW, the interventricular septum, and the RV free wall are 
mechanically coupled.15 From the geometry of each wall, representative local myofiber 
strain is calculated. From myofiber strain, myofiber stress is determined using a three-
element muscle model describing active and passive cardiac myofiber mechanics.15 The 
latter model incorporates known sarcomere properties, such as velocity of sarcomere 
shortening as function of passive stretch, and strength and duration of activation as function 
of sarcomere length21-23. Global left and right ventricular pump mechanics are related to 
representative myofiber mechanics in the three ventricular walls, using the principle of 
conservation of energy. Since the pericardium can significantly modulate ventricular 
interaction,24-27 the effect of the pericardium on ventricular mechanics was included in the 
model (see online supplement).
 
Simulation of normal cardiovascular mechanics and hemodynamics
First, the CircAdapt model was used to obtain the NORMAL simulation, representing the 
cardiovascular system under baseline resting conditions. Onset of mechanical activation 
of the three ventricular walls was synchronous, with underlying identical electromechanical 
delays in all walls. Myocardial contractility was normal. Size and mass of cardiac walls and 
large blood vessels were tuned to obtain normal cardiac output (5.1 l/min), mean arterial 
blood pressure (92 mmHg) and heart rate (70 bpm) at tissue specific physiological levels 
of mechanical load.14, 15 Changes in local deformation in subsequent simulations represent 
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Figure 1. Measurement of septal deformation and adjudication of peaks. Longitudinal septal 
deformation is derived from single wall images (panel A,upper left corner). The dotted white line in 
panel A represents global deformation (negative slopes indicate shortening) of the interventricular 
septum and is used for septal deformation pattern classification. Aortic valve opening (AVO) and 
closure (AVC) define the ejection period. Onset of the QRS-complex (yellow circles and vertical lines) 
is used as zero strain reference. Adjudicated peaks are identified within the systolic period (i.e. be-
tween mitral valve closure (MVC) and AVC), and are indicated by red dots in panel B and C. Panel B 
shows a pattern where the amplitude of the first peak is within 150% of the second peak, and two 
systolic peaks are adjudicated. Panel C shows an example where the amplitude of the second peak 
is >150% that of the first peak, leading to the definition of a “late peak”.
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the effect of abnormal electrical activation, reduction of contractility and acute adjustments 
required to maintain normal levels of cardiac output and blood pressure.
 
Simulation of ventricular mechanical dyssynchrony and hypocontractility
To assess the effect of dyssynchronous mechanical activation on septal deformation, 
onset of septal and LVFW mechanical activation were delayed with respect to that of the 
RV free wall by 25 and 50 ms for the septum and 25, 50, 75, and 100 ms for the LVFW. 
In each simulation, septal deformation was quantified as the percent change in sarcomere 
length with respect to reference sarcomere length at onset of RV free wall mechanical 
activation (i.e., the first ventricular activation) which was similar in all simulations (about 
130 ms after right atrial activation) and was assumed to correspond best to the zero-strain 
reference in the patients. 
To assess the effect of local differences in contractile myofiber function on septal 
deformation, we reduced myofiber contractility by decreasing isometric active myofiber 
stress by 30 and 60% in the septum and in the LVFW. These assessments were performed 
in the simulation with 25 and 75 ms delayed onset of (mean) septal and LVFW activation, 
respectively. These values were chosen in order to cover the mean timing differences in 
RV, septum and LVFW, as observed in human LBBB patients.1, 2 Additionally, to assess the 
isolated effect of regional contractility changes on septal deformation, hypocontractility 
simulations were also applied to the NORMAL simulation (online supplement). 

Statistical analysis
Statistical analysis was performed using the SPSS statistical software package (SPSS Inc., 
Chicago, Illinois). Values are presented as mean and standard deviation (SD) or median and 
interquartile range for continuous variables as appropriate, and as numbers and percentages 
for categorical variables. Assumptions on homogeneity of variances and normally distributed 
residuals were checked by Levene’s test and Q-Q plots, respectively. Comparison of 
continuous data between subgroups was performed by one-way analysis of variance 
(ANOVA). Categorical data were compared by Chi-square or Fischer’s Exact test. Bonferroni 
post-hoc correction for multiple comparisons was applied when applicable. A p-value <0.05 
was considered statistically significant for all analyses.

Results
Study population
The final study population constituted 132 patients: 93 male (70%), age 65±10 years, 
LVEF 19±6%, and 19 NYHA IV (14%).  The cause of heart failure was ischemic in 69 
patients (52%). In total 27 patients (20%) were previously known with atrial fibrillation. 
All patients were on stable, maximally tolerated heart failure medication with ACE 
inhibitors or angiotensin receptor blockers in 117 (89%), ß-blockers in 103 (78%) and 
diuretics in 126 (95%). 
In the total population, three characteristic patterns of septal deformation could be discerned 
(Figure 2): LBBB-1=double-peaked systolic shortening, in 28 patients (21%); LBBB-2=early 
pre-ejection shortening peak followed by prominent systolic stretching, in 34 (26%); and 
LBBB-3=pseudonormal shortening with a late-systolic shortening peak followed by less 
pronounced end-systolic stretch, in 70 (53%).
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Baseline characteristics of the deformation pattern subgroups
Table 1 shows the baseline characteristics of the population. In general, patients with LBBB-
1 had electrical dyssynchrony (evidenced by the broad QRS-width) but relatively mild adverse 
remodeling, as expressed by the moderate dilatation (LVEDVi and LVESVi), relatively preserved 
wall thickness (IVSd and LVPWd) and only mild mitral regurgitation (MRero). LBBB-2 patients 
had similar electrical dyssynchrony, but were characterized by more pronounced structural 
adaptation and more globular LV dilatation (as expressed by LV volumes and sphericity), 
decreased LVEF, and decreased septal-to-posterior wall thickness ratio compared to the other 
two groups. LBBB-3 patients more often had ischemic heart failure etiology with a larger 
number of scarred segments throughout the LV, particularly in the LVFW, when compared 
to the other two groups, and had on average less electrical dyssynchrony.

Model simulations

Effect of ventricular dyssynchrony on septal deformation
The septal deformation pattern in the NORMAL simulation showed continuous septal 
shortening during LV ejection. With progressive delay of LVFW activation (Figure 3A: upper 
row), an increasing part of septal shortening occurred before onset of LV ejection, in conjunction 
with an increase of septal rebound stretch during ejection. Conversely, progressively delaying 
septal activation (Figure 3A: left column) increased septal stretch before LV ejection. This 
pre-stretch in turn increased systolic septal shortening by a local Starling-effect. The pattern 
of septal deformation appeared to be sensitive to changes of LV intraventricular (i.e., septal 
to LVFW) delay rather than interventricular mechanical delay (i.e., RV free wall to LVFW). For 
example, an intraventricular activation delay of 50 ms was consistently associated with a 
double-peaked septal deformation pattern. Similar to septal deformation pattern, LVESV and 
LVEF strongly depended on intraventricular dyssynchrony (Figure 3B). With increasing septal 
to LVFW delay of activation, the LV dilated and its systolic pump function decreased.  With 
100 ms intraventricular delay, LVEF decreased by 9%-points with LVESV increasing by 45%.

Figure 2. Typical septal deformation patterns. Typical examples of septal deformation patterns in 
three LBBB-patients; LBBB-1: double-peaked systolic shortening, LBBB-2: early pre-ejection shorten-
ing peak followed by prominent systolic stretch, and LBBB-3: pseudonormal shortening with a late-
systolic shortening peak and less pronounced end-systolic stretch. Green vertical lines indicate aortic 
valve opening (AVO) and closure (AVC).
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Figure 3. Effect of ventricular dyssynchrony on the septal deformation pattern and on global 
left ventricular pump function and dimension. A: Simulated septal myofiber strain (black lines) 
during a cardiac cycle with normal synchronous ventricular activation (NORMAL) and with dyssyn-
chronous activation, i.e., delayed onset of LVFW (left to right) and septal (top to bottom) activation 
with respect to RV free wall activation. The LV ejection period is highlighted in grey. Changes of 
intraventricular and interventricular mechanical delay are illustrated by red dashed and solid black 
boxes, respectively. LVFW strain is indicated by grey lines. B: Maps showing the relative change of 
LV end-systolic volume (ESV) and the absolute change of LV ejection fraction (EF) due to dyssynchro-
nous ventricular activation.
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Effect of regional contractility changes on septal deformation pattern
Figure 4A shows the effect of regional LV myocardial contractility changes on the septal 
deformation pattern in case of 25 and 75 ms delay of septal and LV free wall activation, 
respectively. By decreasing septal contractility up to 60%, the septal deformation pattern 
gradually transformed into an early-peak pattern (Figure 4A: left column). On the other 
hand, a 60% decrease of LV free wall contractility lead to a late-peak pattern, irrespective 
of the presence of decreased septal contractility (Figure 4A: upper row and right column). 
Furthermore, the amount of septal systolic shortening decreased with decrease of septal 
contractility, but increased with decrease of LV free wall contractility. Changes in systolic 
septal deformation were markedly less pronounced in the absence of dyssynchrony (online 
supplement). With decreasing septal or LV free wall contractility, LVEF decreased and 
LVESV progressively increased, both parameters being more sensitive to LVFW than to 
septal hypocontractility (Figure 4B). 

Measured vs simulated septal deformation patterns 
The three characteristic septal deformation patterns as measured in the patients could also 
be identified in the simulations (Figure 5). The double-peaked LBBB-1 pattern was obtained 
by simulating typical LBBB dyssynchrony of ventricular activation. The early-peaked LBBB-
2 pattern was obtained by additionally imposing septal hypocontractility. The late-peaked 
LBBB-3 pattern was obtained by simulation of dyssynchronous ventricular activation with 
decreased LVFW contractility whether or not in combination with decreased septal 
contractility. 

Response to CRT
After 6 months CRT, a significant reduction of LV volumes (LVESVi 107±37 to 90±45 ml/
m², p<0.001) and mitral regurgitation (MRero 9.2±7.4 to 6.0±6.1 mm², p<0.001) in 
combination with an improved LVEF (to 26±10%, p<0.001) was observed in the patients. 
There was a significant difference in response between the three subgroups (Table 2). 
Reverse remodeling and improvement of LVEF were most pronounced in patients with 
LBBB-1. Patients with LBBB-2 also showed significant, but less, remodeling and 
improvement of systolic function. Patients with LBBB-3 did not show a significant 
echocardiographic response to CRT, that was also significantly less compared to the other 
two groups.
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Figure 4. Effect of decreased myocardial contractility on the septal deformation pattern and on 
global left ventricular pump function and dimension. A: Simulated septal myofiber strain (black 
lines) in a heart with typical LBBB dyssynchrony (25 and 75 ms delay of septal and LVFW activation, 
respectively) in combination with normal and regionally reduced LV myocardial contractility. The LV 
ejection period is highlighted in grey. Note that septal (from top to bottom) and LVFW (from left to 
right) hypocontractility affect the septal deformation pattern. LVFW strain is indicated by grey lines. 
B: Maps showing the relative change of LV end-systolic volume (ESV) and the absolute change of LV 
ejection fraction (EF) due to reduction of myocardial contractility.
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Discussion
In this study, we demonstrated within a typical CRT patient population the presence of 
three characteristic septal deformation patterns that showed a different response to CRT. 
Using the CircAdapt model, we were able to demonstrate that these patterns can be 
explained by various combinations of intraventricular dyssynchrony and regional contractility. 
Therefore, septal deformation provides integrated information on two key determinants 
of CRT response: dyssynchrony, and reduced regional LV myocardial contractility.

Impact of dyssynchrony on septal deformation
The findings in both the model and the patients indicate that the double-peaked LBBB-1 
pattern is the uncomplicated septal deformation pattern in the presence of LBBB. The 
premature interruption of early systolic shortening with systolic rebound stretch that 
determines the first part of this pattern is a characteristic feature of regional electrical pre-
excitation and has been described in ventricular pacing,28-30 accessory atrioventricular 
pathways,31, 32 and LBBB.3, 5, 6, 32 In the case of LBBB, the early vigorous septal shortening 
has been ascribed to low local afterload during early activation. The model indicates that 
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Figure 5. Comparison of measured and simulated septal deformation patterns. For a normal 
healthy subject (NORMAL) and three typical patients each representing one of the LBBB-subgroups 
(LBBB-1, LBBB-2, and LBBB-3), septal deformation patterns in the upper panels are compared to 
the model simulations in the lower panels (septal and LVFW strain indicated by solid and dashed 
lines, respectively). Vertical dashed lines indicate aortic valve opening and closure. Starting from the 
normal simulation (lower left corner), similar characteristic septal deformation patterns are obtained 
as measured in the study population by simple model simulations, i.e., classical LBBB (25 and 75 
ms delay of septal and LVFW activation, respectively) with normal myocardial contractility (LBBB-1), 
LBBB with additional septal hypocontractility (LBBB-2), and LBBB with additional septal and LVFW 
hypocontractility (LBBB-3).
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also the remaining part of the complicated septal deformation pattern in LBBB can be 
attributed to dyssynchronous activation, without additional alterations in myocardial tissue 
properties or loading conditions. The subsequent local rebound stretch in the septum most 
probably results from an imbalance in tensional forces between the early activated septum 
and the later activated LVFW whereas the second shortening peak, observed in LBBB-1, 
indicates re-equilibration of these forces later in systole.
The simulations also indicate that LV intraventricular rather than interventricular 
dyssynchrony is the main determinant of septal deformation. This finding may seem in 
contrast with previous echocardiographic M-mode studies attributing the observed motion 
abnormalities mainly to abnormal interventricular coupling and the resulting transseptal 
pressure gradient.4, 33 Interventricular interaction and intraventricular dyssynchrony do 
however closely intertwine and intraventricular dyssynchrony almost inevitably leads to an 
abnormal transseptal pressure gradient.4, 5, 9 Our findings do not preclude an effect of 
interventricular coupling on septal deformation. They rather indicate that the interactions 
are initiated by LV intraventricular dyssynchrony and that the timing of activation of the RV 
free wall is of minor importance.

Modification of septal deformation by regional contractility changes
The model study furthermore indicates that, on top of dyssynchrony, regional contractility 
influences septal deformation. Pattern LBBB-2 and LBBB-3 were derived from the LBBB-
1 pattern by reduction of septal and LVFW contractility, respectively. It thus appears that 
reduction of septal contractility precludes the equilibration of contractile forces during late 
systole while the relatively unopposed early shortening remains unaffected. On the other 
hand, reduction of LVFW contractility reduces the stretching forces imposed on the septum, 
thus allowing the septal contraction to be extended further into systole. The fact that 
contractility changes alone could not induce an early systolic shortening peak further 
confirms the specificity of this pattern as a marker of electrical dyssynchrony (online 
supplement).
The computer simulation does not distinguish between various causes of hypocontractility. 
In patients the cause could be either scar of an old infarct, hibernation or localized disease-
specific processes. In the patients we found an increased amount of (LVFW) scar in 
conjunction with the LBBB-3 pattern, fitting with the reduced LVFW contractility required 
to obtain this pattern in the model (Table 1).  In LBBB-2 patients however, we did not find 
an increased amount of septal scar, whereas the LBBB-2 simulation required the reduction 
of septal contractility. Alternatively, hibernation, echocardiographically undetectable 
midseptal scarring,34 or advanced LBBB-specific remodeling processes3, 29, 35 might explain 
the relatively reduced septal contractility, the latter being partly supported by the more 
pronounced remodeling in those patients (Table 1).  

Relation of septal deformation with CRT response
In previous studies it has been demonstrated that the extent of dyssynchrony-induced 
deformation abnormalities (expressed as systolic rebound stretch in the entire LV or in the 
septum alone) relates to the functional impact of dyssynchrony and the benefit of 
resynchronization.6 This observation is in agreement with the demonstration in this study 
that septal deformation is directly linked to dyssynchronous activation within the LV, a 
recognized electro-mechanical substrate for CRT. In our simulations, application of 
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dyssynchrony induced changes in global LV function and dimensions comparable to those 
observed in canine LBBB hearts. 3, 36 It is worth noting that in the model cardiac output and 
mean arterial blood pressure were kept constant. In vivo, pump function is reduced 
immediately after inducing dyssynchrony, but (partly) recovers after some time, due to 
autonomic and renal compensation mechanisms. Therefore, the extent of increase in 
LVESV, and decrease in LVEF in the model, are more in line with changes after longer lasting 
LBBB than acutely after LBBB. 
Previous studies have indicated that LV scarring reduces CRT response, especially when 
located in the posterolateral region.12, 13 This has been attributed mainly to pacing delivery 
failure and lack of recruitable myocardium. Additionally, the results in the current study 
indicate that extensive LV hypocontractility might mitigate the translation of electrical 
dyssynchrony into mechanical discoordination. Accordingly, the presence of LVFW 
hypocontractility resulted in less discoordinate septal deformation with little systolic 
rebound stretch (i.e. LBBB-3), and likewise, with a smaller benefit of CRT. The moderate 
response in the LBBB-2 patients on the other hand, can be explained by the reduced 
amount of septal contractility that can be recruited upon CRT, either because of scarring 
or because of extensive and partly irreversible remodeling.37

Potential clinical implications
The finding that uncomplicated LBBB results in double peaked septal deformation 
demonstrates that assessment of dyssynchrony by time-to-peak measurements is not 
straightforward.6, 38 Our data further demonstrate that, at the same intraventricular 
dyssynchrony the peak shortening time depends on contractility of the septum and LVFW. 
These factors may explain why several studies showed a poor relation between time-to-
peak measurements and CRT response. Conversely, our data suggest that the septal 
deformation pattern provides integrated information on intraventricular dssynchrony and 
regional LV scarring, two important determinants of CRT response. Assessment of septal 
deformation, potentially assisted by a patient computer model, might therefore provide an 
alternative to multimodality assessment (i.e. echocardiography and magnetic resonance 
imaging or myocardial scintigraphy) before CRT.

Limitations
In our model, each of the three ventricular walls was lumped into a spherical wall segment 
containing a single contractile fiber describing representative passive and active sarcomere 
properties of the entire wall.2 This simplified setup allows inhomogeneity of material 
properties between ventricular walls, but does not allow local inhomogeneities within a 
wall. Despite the inherent limitations, this provides a clearer mechanistic view, because of 
less alternating parameters. The qualitative and sometimes quantitative agreement 
between the model simulations and the clinical measurements of septal deformation 
indicate that the simplifications made in the simulations do not obscure first-order effects 
of ventricular mechanical dyssynchrony and hypocontractility on the septal deformation 
pattern.
We used the echocardiographic aspect of the myocardium to diagnose the presence of 
scar. Although this is an accepted approach,17 the use of late gadolinium enhanced magnetic 
resonance imaging might have revealed additional areas of (more subtle) scarring.
Because the current study is the first study investigating the interrelation between 

2016269 Geert Leenders.indd   79 04-02-16   21:52



80

CHAPTER 4

dyssynchrony, contractility, and septal deformation, its design was mainly exploratory 
without predefined specific cut-offs for a clinically relevant magnitude of the differences. 
Also only patient data from a single institution were analyzed. The results therefore need 
to be confirmed in a prospective multicenter study. In addition, future studies should 
establish whether the current findings can be generalized to patients with less severe heart 
failure. 

Conclusion
The pattern of septal deformation is highly sensitive to ventricular dyssynchrony and 
regional differences in myocardial contractility and thereby predicts CRT response. Model 
simulations can extract otherwise concealed diagnostic information from the septal 
deformation patterns as measured in the patients.
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Supplemental Material
Supplemental methods
Pericardium
In several studies, it has been shown that the pericardium significantly modulates ventricular 
interaction.1-4 Since ventricular interaction has been suggested to play an important role 
during left ventricular (LV) pacing,5, 6 we included the pericardium in the CircAdapt model. 
The passive mechanical behavior of the pericardium was modeled by a pericardial pressure 
acting on the epicardium of the LV and RV free walls as well as of the atria (Figure S1). 
Consequently, transmural pressure across the LV free wall equals LV cavity pressure minus 
pericardial pressure and transmural pressure across the RV free wall equals RV cavity 
pressure minus pericardial pressure. Similarly, transmural pressure across the atrial walls 
equals atrial cavity pressure minus pericardial pressure. Moreover, the external pressure 
surrounding the pericardium is assumed to be zero. Instantaneous pericardial pressure p peri 
depends on pericardial volume Vperi by

where the constants pref and Vref represent reference pericardial pressure and volume, 
respectively. In experimental animals7 as well as in patients,8 the pericardium has been 
shown to be capable of adapting over time to changes in cardiac size. In our NORMAL 
model simulation, the pericardium is assumed to be adapted to a moderate level of exercise 
(3x resting cardiac output and 2x resting heart rate), i.e., Vref is adapted so that mean 
pericardial pressure amounts to the preset value pref of 4 mmHg. In all other simulations, 
the pericardium was not further adapted, i.e., passive pericardial material properties were 
identical in all simulations.

Supplemental Results
Effect of regional LV contractility changes on septal deformation pattern in the  
absence of ventricular dyssychrony 
Figure S2A shows the isolated effect of regional LV myocardial contractility changes on the 
septal deformation pattern in a heart with normal (synchronous) activation of the ventricular 
walls. As in the dyssynchronous simulations, the amount of septal systolic shortening 
decreased with decrease of septal contractility, whereas it increased with decrease of LV free 
wall contractility. The majority of the dyssynchronous simulations however, were characterized 
by an early systolic peak. This peak only disappeared in case of severely decreased LV free 
wall contractility, transforming the septal deformation pattern into a pattern with a late systolic 
peak (Figure 4A). Conversely, isolated regional decrease of contractility in the absence of 
dyssynchrony did not result in an early systolic shortening peak. Decrease of septal contractility 
rather resulted in pronounced septal stretch before ejection and an extremely late postsystolic 
septal shortening peak. Decrease of LV free wall contractility on the other hand, resulted in a 
similar late-systolic peak as observed in dyssynchronous hearts with reduced LV free wall 
contractility (Figure S2A), but with less pronounced systolic rebound stretch after the peak. 
Figure S2B shows the changes of LV systolic pump function as a result of septal and LV free 
wall hypocontractility in the normal heart. Similar to the dyssynchronous simulations, decreases 
of septal or LV free wall contractility lead to a deterioration of global LV pump function as 
evidenced by the increase of LV end-systolic volume and the decrease of LV ejection fraction.
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Figure S1. Schematic representation of the CircAdapt model. The CircAdapt model is designed 
as a network of modules representing myocardial walls, valves, large blood vessels, and peripheral 
resistances. The ventricular cavities are surrounded by three thick-walled segments representing the 
left ventricular (LV) free wall, the right ventricular (RV) free wall, and the septum. The pericardium is 
modeled as a passive sheet surrounding the ventricles and atria. The pulmonary (Pulm) and systemic 
(Syst) circulations enable hemodynamic interaction between the left and right side of the heart. Ab-
breviations: AoV = aortic valve; LA = left atrium; MiV = mitral valve; PuV = pulmonary valve; RA = 
right atrium; and TrV = tricuspid valve.
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Figure S2. Effect of decreased myocardial contractility on the septal deformation pattern and 
on global left ventricular pump function and dimension in the absence of ventricular dyssyn-
chrony. A: Simulated septal myofiber strain in a heart with normal synchronous ventricular activation 
in combination with normal and regionally reduced LV myocardial contractility. The LV ejection period 
is highlighted in grey. Note that an early systolic peak cannot occur as a result of isolated contractility 
differences in the absence of dyssynchrony. B: Maps showing the relative change of LV end-systolic 
volume (ESV) and the absolute change of LV ejection fraction (EF) due to reduction of myocardial 
contractility.
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Abstract
Background
The power of echocardiographic dyssynchrony indices to predict response to cardiac 
resynchronization therapy (CRT) appears to vary between indices and between studies. 
We investigated whether the variability of predictive power between the dyssynchrony 
indices can be explained by differences in their operational definitions. 

Methods and Results
In 132 CRT-candidates (LVEF 19±6%; QRS-width 170±22ms), four mechanical dyssynchrony 
indices (septal systolic rebound stretch [SRSsept], interventricular mechanical dyssynchrony 
[IVMD], septal-to-lateral peak shortening delay [Strain-SL], and septal-to-posterior wall 
motion delay [SPWMD]) were quantified at baseline. CRT-response was quantified as 
6-months %-change of left ventricular (LV) end-systolic volume. Multiscale computer 
simulations of cardiac mechanics and hemodynamics were used to assess the relationships 
between dyssynchrony indices and CRT-response within wide ranges of dyssynchrony of 
LV activation and reduced contractility. In patients, SRSsept showed best correlation with 
CRT-response followed by IVMD, Strain-SL, and SPWMD (R=-0.56, -0.50, -0.48, and -0.39, 
respectively, all p<0.01). In patients and simulations, SRSsept and IVMD showed a 
continuous linear relationship with CRT-response, whereas Strain-SL and SPWMD showed 
discontinuous relationships characterized by data clusters. Model simulations revealed that 
this data clustering originated from the complex multi-peak pattern of septal strain and 
motion. In patients and simulations with (simulated) LV scar, SRSsept and IVMD retained 
their linear relationship with CRT-response, whereas Strain-SL and SPWMD did not. 

Conclusions
The power to predict CRT-response differs between indices of mechanical dyssynchrony. 
SRSsept and IVMD better represent LV dyssynchrony amenable to CRT and better predict 
CRT-response than the indices assessing time to septal peak shortening or motion.

2016269 Geert Leenders.indd   90 04-02-16   21:52



91

MECHANISTIC EVALUATION OF DYSSYNCHRONY INDICES

5

Introduction
Cardiac resynchronization therapy (CRT) has become an established treatment for patients 
with chronic heart failure, wide QRS complex, and decreased left ventricular (LV) ejection 
fraction (LVEF <35%).1, 2 Despite the demonstrated beneficial effects of CRT on symptoms, 
myocardial function, hospitalizations, and survival, a significant response cannot be 
established in up to 50% of patients depending on the definition of response used.1, 3, 4 
In attempts to better select patients for CRT and, hence, to improve outcome, indices of 
mechanical dyssynchrony (DYS) have been extensively explored. Although initial single-center 
studies were promising,5-8 subsequent multicenter studies failed to reproduce the results.3, 

4 These negative results have been attributed to poor measurement reproducibility and 
feasibility, technical limitations, lack of a central core lab, and shortcomings in study design.4, 

9 While all of these reasons may contribute to the failure of DYS indices to predict CRT-
response, it is still unknown to what extent DYS indices comply with the elementary condition 
that they should reflect the substrate of dyssynchrony that is actually amenable to CRT.
In this study, we hypothesized that differences between echocardiographic DYS indices 
to predict CRT-response originate from the different characteristics they extract from 
myocardial deformation and motion signals during various degrees of dyssynchrony. To 
test this hypothesis we assessed the prediction of CRT-response by four previously 
published echocardiographic DYS indices in a cohort of CRT-candidates. These patient data 
were combined with multiscale computer simulations of cardiovascular mechanics and 
hemodynamics within a wide range of (patho)physiological circumstances. The goal of the 
simulations was to quantify each parameter’s dependence on dyssynchrony of ventricular 
activation in absence of measurement variability and other sources of noise. Furthermore, 
simulations assessed each parameter’s sensitivity to global and regional differences in LV 
myocardial contractility. 

Methods
Patient study
Patient population and study protocol 
The study population constituted a consecutive cohort of patients scheduled for CRT and 
prospectively enrolled between August 2005 and April 2009. Indications for CRT were 
severe medication refractory heart failure (New York Heart Association class (NYHA) III-IV 
and LVEF <35%) and evidence of conduction disturbances (QRS-width ≥120ms) with an 
LBBB-like morphology on the surface electrocardiogram. Echocardiographic and clinical 
characteristics were prospectively assessed in all patients at baseline and after a 6-months 
follow-up period. The execution of the study conformed to the principles outlined in the 
Declaration of Helsinki on research in human subjects. The study protocol was approved 
by the Medical Ethics Committee of the University Medical Center Utrecht.

Echocardiographic protocol
Our echocardiographic protocol has been described in detail elsewhere.10 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.  
LV end-systolic volume (LVESV), LV end-diastolic volume (LVEDV), and LVEF were measured 
using the biplane Simpson’s method. Response was quantified as %-change of LV end-
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systolic volume (ΔLVESV) from baseline to 6-months follow-up. The LV was divided into 16 
segments according to the recommendations of the American Society of Echocardiography.11 
Segments were scored scarred when they displayed akinesis or dyskinesis in combination 
with a disproportionate local wall thinning and hyperreflectivity in comparison to adjacent 
contractile segments. The patient population was subdivided in two groups, i.e., one group 
with <2 scarred segments (NOSCAR) and another group with ≥2 scarred segments (SCAR). 
For deformation imaging, additional single wall images of the septum and lateral wall were 
prospectively acquired from the apical 4-chamber view at 51-109 frames per second. Timing 
of mitral, aortic, and pulmonary valve opening and closure were derived from Doppler flow 
patterns and defined cardiac event timing. LV systole was defined as the period from mitral 
valve closure to aortic valve closure. 

Deformation analysis
Speckle tracking software (Echopac version 6.0.1, General Electric) was used to quantify 
septal and LV lateral wall deformation from the single wall recordings as described 
previously.10, 12, 13 Deformation events were temporally aligned through the ECG-traces, 
using the onset of the QRS-complex as zero strain reference. Global longitudinal strain was 
used for further analyses. Peak systolic shortening was defined as maximum negative 
amplitude of longitudinal strain during systole. 

Assessment of echocardiographic dyssynchrony indices in patients
As depicted in the left column of Figure 1, four mechanical dyssynchrony indices were 
assessed using their previously published operational definitions: mechanical discoordination 
was evaluated by quantifying the amount of systolic rebound stretch (i.e., all systolic stretch 
occurring after initial shortening) in the septum (SRSsept);10 interventricular mechanical 
delay (IVMD) determined from the time difference between pulmonary and aortic valve 
opening;14 septal-to-lateral delay (Strain-SL) calculated as the time difference between 
moments of peak septal and lateral wall shortening;12, 15 and the delay between maximal 
inward motion of the septal and LV posterior wall (septal-to-posterior wall motion delay, 
SPWMD) obtained from standard M-mode recordings.16 

CRT device implantation
Devices were implanted by a single left pectoral incision with transvenous LV lead insertion 
into a coronary sinus tributary vein (n=130) or epicardially positioned on the ventricular free 
wall by video assisted thoracoscopy (n=2). The LV-lead was placed lateral or posterolateral 
in 110 patients (83%), anterolateral in 8 (6%) and posterior in 14 (11%). Right ventricular 
and atrial leads were placed conventionally.

Computer simulations
A multiscale computer model of the cardiovascular system (CircAdapt model)17, 18 was used 
to quantify the dependencies of all four DYS indices on dyssynchrony of ventricular 
activation and regional variations of LV contractility.

Model Design
The CircAdapt model has been described in detail elsewhere.17, 18 In brief, it consists of 
modules representing myocardial walls, cardiac valves, large blood vessels, and peripheral 
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Figure 1. Definitions of DYS indices. Time courses of LV strain, blood flow velocities, and wall mo-
tion measured in a heart failure patient with LBBB (left column) and derived from a DYSSYNCHRONY 
simulation with 50 ms delay of LV free wall with respect to septal activation (right column). Septal 
systolic rebound stretch (SRSsept) was defined as the total amount of rebound stretch (i.e., stretch 
occurring after initial shortening) of the interventricular septum during LV systole, defined as the 
period between mitral and aortic valve closure. In this example, SRSsept is the sum of a mid-systolic 
(A) and an end-systolic (B) amount of septal stretch. Septal-to-lateral peak shortening delay (Strain-SL) 
was defined as the time difference between maximal systolic septal and LV free wall shortening, in-
terventricular mechanical dyssynchrony (IVMD) as the time difference between pulmonary and aortic 
valve opening, and septal-to-posterior wall motion delay (SPWMD) as the time difference between 
maximal inward displacement of the septum and of the LV free wall. Grey bars indicate isovolumic 
contraction (IC) and isovolumic relaxation (IR) phases.
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resistances. It enables realistic beat-to-beat simulation of cardiovascular mechanics and 
hemodynamics under a wide variety of (patho-)physiological circumstances, including 
ventricular mechanical dyssynchrony.13, 18-20 Three thick-walled segments representing the 
LV free wall (LVFW), the interventricular septum (SEPT), and the RV free wall are mechanically 
coupled in a junction and ventricular mechanical interaction is incorporated by the equilibrium 
of tensile forces in the junction. In each cardiac wall, the myofiber stress-strain relation is 
determined by a three-element muscle model describing active and passive cardiac myofiber 
mechanics.18 Global left and right ventricular pump mechanics are related to myofiber 
mechanics in the three ventricular walls, using the principle of conservation of energy. 

Simulations
Normal cardiovascular mechanics and hemodynamics were simulated as published 
previously.18 This NORMAL simulation represented a healthy cardiovascular system under 
baseline resting conditions (cardiac output=5.1 l/min, heart rate=70 bpm, and mean arterial 
pressure=92 mmHg) with synchronous onset of mechanical activation of the three 
ventricular walls. The NORMAL simulation has been used as point of departure for all other 
simulations with abnormal LV activation and contractility. During all simulations, systemic 
peripheral resistance and total blood volume are adjusted so that mean arterial pressure 
and cardiac output are maintained at their resting values.
To assess the isolated effect of dyssynchronous mechanical activation of the ventricular 
walls on DYS indices, onset times of septal and LVFW mechanical activation were delayed 
with respect to that of the RV free wall (0-50 ms for septum and 0-100 ms for LVFW in 
steps of 10 ms). The LVFW was either activated simultaneously with or later than the 
septum (resulting in 50 DYSSYNCHRONY simulations, Supplemental Table S1). Each acute 
change of LV activation was followed by simulation of maximally 50 cardiac cycles to reach 
a new steady-state mechanical equilibrium with changed LVESV. 
CRT was simulated by restoring synchronous mechanical activation of the three ventricular 
walls, followed by the 50-cycle stabilization sequence. CRT-response was quantified as 
∆LVESV between the steady-state dyssynchronous and synchronous simulations.

Variations of myocardial contractility
In the NORMAL and DYSSYNCHRONY simulations, regional variations of LV myocardial 
contractility were applied to assess their isolated effect on DYS indices and on CRT-
response. Changes of myocardial contractility (-30% and -60%) were accomplished by 
decreasing the ability of active myofiber components (cross-bridges and actin) to generate 
stress.18 These changes of contractility were applied regionally (SEPT or LVFW separately) 
as well as globally (SEPT and LVFW together). 

Assessment of dyssynchrony indices
In the simulations, DYS indices were calculated in the same way as in the patients (right 
column of Figure 1). Zero strain reference was set at onset of RV activation, which was 
130ms after right atrial activation, and was assumed to correspond best to the zero-strain 
reference used in the patients (onset QRS-complex).
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Statistical analysis
Statistical analysis was performed using the SPSS statistical software package version 
17.0 (SPSS Inc., Chicago, Illinois). A p-value <0.05 was considered statistically significant 
for all analyses. Values are presented as mean and standard deviation (SD) for continuous 
variables and as numbers and percentages for categorical variables. A paired two-tailed 
t-test was used to test whether volumetric response parameters after 6 months CRT were 
significantly different from their baseline values, while an unpaired two-tailed t-test was 
used to compare the NOSCAR patient group with the SCAR group. The ability of DYS 
indices to predict CRT-response was evaluated using scatter plots and linear regression 
analysis. 

Results
Patients
Overall, 132 patients were enrolled. Baseline characteristics are outlined in Table 1.  
All patients were on stable, maximally tolerated heart failure medication with ACE inhibitors 
or angiotensin receptor blockers in 89%, ß-blockers in 78%, and diuretics in 95%.  
In total, 8 patients died and 3 received a left ventricular assist device implantation or  
heart transplantation before the 6-month follow-up visit, 5 patients were lost to follow-up, 
and in 9 patients LV volumes could not be quantified. Consequently, the group of patients 
available for testing predictive capacity of the different dyssynchrony measures constituted 
107 patients. SRSsept, IVMD, and Strain-SL could be assessed in 100, 96, and 96% of the 
patients, respectively, whereas SPWMD assessment was possible in 86%.

CRT-response vs. baseline mechanical dyssynchrony
Overall, LVEDV (252±78 to 225±94 ml) and LVESV (205±73 to 172±88 ml) were reduced 
and LVEF was increased (19±6 to 26±10%) after 6 months CRT (all p<0.001). Furthermore, 
NYHA class was improved ≥1 class in 68% of the patients, whereas it did not change in 
the remaining 32%. All four DYS indices correlated significantly with ∆LVESV (Figure 2A 
and Table 2), while none of them correlated significantly with baseline LVESV. SRSsept and 
IVMD showed a continuous linear relation with volumetric response, whereas Strain-SL 
and SPWMD showed two clusters of data points (Figure 2A).

Table 1. Baseline patient characteristics

n 132

Age (y) 65±10

Male gender 93 (70%)

NYHA functional class IV 19 (14%)

Ischemic etiology 69 (52%)

Atrial fibrillation 27 (20%)

Heart rate (bpm) 69±14

LV ejection fraction (%) 19±6
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Figure 2. CRT-Response and Intraventricular Dyssynchrony of LV Activation vs. DYS indices: 
Patient Data (A) and Simulations (B and C). The upper panel row (A) shows correlations between 
baseline echocardiographic DYS indices and relative change of LV end-systolic volume after 6 months 
CRT (ΔLVESV) as measured in the patients (NOSCAR: open circles; SCAR: filled circles). All correla-
tions were significant (p<0.001). Panel B shows similar correlation plots obtained from the DYS-
SYNCHRONY simulations. Panel C shows correlations between intraventricular dyssynchrony of LV 
activation (IntraVDA), defined as SEPT-to-LVFW delay of mechanical activation, and DYS indices. Red 
circles indicate six simulations with constant IntraVAD of 50 ms and increasing interventricular delay.

Table 2. CRT-response vs. baseline DYS indices in patients

DYS vs. ΔLVESV

All patients
R-value

NOSCAR
R-value

SCAR
R-value

SRSsept -0.56† -0.54† -0.44†

IVMD -0.50† -0.51† -0.34*

Strain-SL -0.48† -0.49† -0.35*

SPWMD -0.39† -0.35† -0.33

R, Pearson correlation coefficient. * p<0.05 significant Pearson correlation. † p<0.01 significant 
Pearson correlation
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Volumetric response and all four dyssynchrony indices were significantly lower in the SCAR 
group than in the NOSCAR group, whereas QRS-width was not significantly different (Table 
3). In NOSCAR patients, all four dyssynchrony indices showed a statistically significant 
correlation with ΔLVESV. In the SCAR group, however, only SRSsept, IVMD, and Strain-SL 
showed statistically significant correlations with ΔLVESV.

Simulations
CRT-response vs. baseline mechanical dyssynchrony
Figures 2B and 2C show relations of DYS indices to ΔLVESV and to intraventricular 
dyssynchrony of LV activation (delay of LVFW activation with respect to SEPT activation; 
IntraVDA), respectively, as obtained from the DYSSYNCHRONY simulations. These 
simulation data showed similar relations between DYS indices and CRT-response as 
observed in the patients. SRSsept and IVMD gradually increased with decrease of ΔLVESV, 
whereas Strain-SL and SPWMD exhibited data clustering and discontinuous relations with 
ΔLVESV (Figure 2B). The relations between DYS indices and IntraVDA featured similar 
characteristics (Figure 2C). In addition, the simulations showed that IVMD strongly 
depended on interventricular activation delay (i.e., delay of SEPT and LVFW activation with 
respect to RV free wall activation), whereas all other DYS indices and also ΔLVESV were 
relatively independent of interventricular delay. 

Effect of dyssynchronous ventricular activation on DYS indices
As depicted in Figure 3, uniformity of SEPT and LVFW mechanics during synchronous 
ventricular activation in the NORMAL simulation disappeared with increase of IntraVDA. 
In the LVFW, a progressive amount of pre-ejection stretch occurred, while timing of peak 
shortening was relatively unaffected and remained within the isovolumic relaxation phase. 
In contrast, the septum showed a progressive amount of shortening before onset of LV 
ejection. This resulted in the gradual development of an early-systolic shortening peak and 
a progressive amount of septal systolic rebound stretch followed by a late-systolic 
shortening peak. This second shortening peak decreased in amplitude and even disappeared 
at larger IntraVDA (80-100 ms). Consequently, the value of Strain-SL abruptly increased 

Table 3. CRT-response and baseline DYS indices in patients

All patients (n=132) NOSCAR (n=81) SCAR (n=51)

CRT-response

  Δ LV end-systolic volume (%) -18±25 -24±24 -8±23*

  Δ LV ejection fraction (%-point) 7±8 9±9 3±6†

DYS indices

  SRSsept (%) 4.1±3.5 5.0±3.8 2.8±2.5†

  IVMD (ms) 45±25 51±25 34±23†

  Strain-SL (ms) 249±136 277±126 203±140*

  SPWMD (ms) 191±131 218±132 146±118*

  QRS-width (ms) 170±22 172±21 167±24

* p<0.005 versus NOSCAR. † p<0.0005 versus NOSCAR
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from 96 ms at 40 ms IntraVDA to 310 ms at 60 ms delay. Patterns of inward wall motion 
and, hence, SPWMD behaved in a similar way as wall strain and Strain-SL, respectively. 
In contrast, SRSsept increased gradually with IntraVDA. Increase of IntraVDA prolonged 
the LV isovolumic contraction phase, resulting in delayed LV ejection, whereas it hardly 
affected timing of RV isovolumic contraction and ejection. As a result, IVMD also increased 
linearly with IntraVDA. Potential volumetric CRT-response in these simulations increased 
linearly to a maximum of 31% reduction of LVESV at 100 ms IntraVDA.

Effect of myocardial contractility variations on DYS indices
Figure 4 shows the effects of global (Figure 4A) and regional (Figures 4B and 4C) reduction 
in LV myocardial contractility on volumetric CRT-response and its relationship with DYS 
indices and IntraVDA. Reduction of either global or regional LV contractility resulted in lower 
values of ΔLVESV, SRSsept, and IVMD, but did not disturb linearity of the relationship 
between SRSsept and IVMD, and ΔLVESV, except for 60% reduction in septal contractility. 
In contrast, Strain-SL and SPWMD either retained a clustered relationship with ΔLVESV or 
became relatively constant (around 160 ms with 60% decrease of LVFW contractility) and, 
hence, independent of ΔLVESV and IntraVDA. In all simulations (with normal and reduced 

Figure 3. Effect of Asynchronous Ventricular Activation on DYS Indices. Starting from the NOR-
MAL simulation with synchronous ventricular activation, five simulations with increasing delays of LV 
free wall (LVFW) activation illustrate the effect of dyssynchronous activation on 1) septal (SEPT) and 
LVFW strain curves; 2) timing of LV and RV isovolumic contraction (IC), ejection (EJ), and isovolumic 
relaxation (IR); 3) lateral LVFW and SEPT displacement; and 4) corresponding CRT-response and DYS 
indices. Systolic LVFW and SEPT shortening and inward motion peaks are indicated by open circles. 
IntraVDA=intraventricular dyssynchrony of LV activation.
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LV contractility), SRSsept and IVMD followed IntraVDA in its relationship with CRT-response, 
whereas Strain-SL and SPWMD did show different relationships with CRT-response.  

Discussion
In this study, we demonstrate that the ability of echocardiographic dyssynchrony indices 
to predict CRT-response is largely determined by the information that the indices extract 
from the patterns of wall motion, deformation, and ventricular ejection. Both in patients 
and simulations, SRSsept and IVMD showed a continuous linear relationship with 
volumetric response to CRT, while SPWMD and Strain-SL showed an unfavorable 
discontinuous relationship characterized by data clusters. Patient and simulation data 
also agree on the fact that the linear relationships of SRSsept and IVMD with CRT-
response were largely preserved in the presence of scar, although correlations slightly 
deteriorated. 

Figure 4. Effect of Global (A), LVFW (B), and SEPT (C) Decrease of Contractility on DYS Indices 
and CRT-Response. The NORMAL simulation (IntraVDA=0 ms) and 10 DYSSYNCHRONY simula-
tions (IntraVDA=10-100 ms: upper row of Supplemental Table S1) are used to illustrate the isolated 
effects of global decrease of LV contractility (upper panel row) and regional decreases of LVFW 
(middle panel row) and SEPT (bottom panel row) contractility on volumetric CRT-response and its 
relationship with the four DYS indices and IntraVDA. Open black circles and dashed regression lines 
correspond to the simulations with normal LV contractility, while red crosses and blue triangles rep-
resent simulations with similar levels of dyssynchrony but with 30% and 60% reduction of myofiber 
contractility, respectively. IntraVDA=intraventricular dyssynchrony of LV activation. 
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Do echocardiographic mechanical dyssynchrony indices assess dyssynchrony of 
ventricular activation?
The working mechanism of CRT is complex and still not completely understood. Part of 
this complexity comes from the fact that CRT is primarily designed for correction of an 
electrical substrate (originating from conduction disorders) but exerts its effects mainly 
through correction of mechanical inefficiency.21 In order to specifically target patients with 
a substantial electrical substrate amenable to CRT, QRS-width has been incorporated as a 
selection criterion in the guidelines. Because of the heterogeneous overall response in 
accordingly selected patients, mechanical dyssynchrony has been proposed as an 
alternative or additive selection criterion.13, 16, 18-21 In turn, the problem with mechanical 
dyssynchrony indices derived from wall motion, deformation, or ventricular ejection signals 
is that they can also be evoked or influenced by local tissue abnormalities such as myocardial 
infarction, scar, or ischemia.22, 23 As pointed out by Kass,24 it is most likely that only 
mechanical dyssynchrony originating from an electrical substrate is amenable to CRT. To 
improve prediction of a patient’s response to CRT, indices of mechanical dyssynchrony 
should therefore selectively identify and quantify the mechanical dyssynchrony that is 
evoked by an underlying electrical substrate.
While a few experimental studies investigated the relation between “true” electrical 
activation, derived from mapping studies, and onset of shortening,25, 26 no experimental 
studies are known investigating to what extent the more frequently used time-to-peak 
indices relate to “true” dyssynchrony of activation. Obviously, studying this in patients is 
virtually impossible. Therefore, we combined patient data evaluating the ability of four 
echocardiographic indices of mechanical dyssynchrony to predict CRT-response with 
computer simulations assessing the isolated effects of dyssynchrony of LV activation and 
decreased contractility on each index of dyssynchrony. The simulations demonstrate that 
SRSsept and IVMD closely reflect the imposed dyssynchrony of LV activation, even in the 
presence of scar. Strikingly, time-to-peak indices poorly reflect imposed dyssynchrony, 
because septal motion and strain patterns consist of two systolic peaks, which change in 
amplitude rather than in timing. Since Strain-SL and SPWMD measure the septal-to-lateral 
time delay of systolic peak shortening and motion, both indices increase abruptly from a 
low value (when the late-systolic septal shortening peak is larger than the early-systolic 
peak) to a large value (when the early-systolic shortening peak is larger than the late-systolic 
peak), while the imposed septal-to-lateral activation delay is gradually increased. 
  
Predictive performance of echocardiographic dyssynchrony indices
An important aspect of our analysis is that we used volumetric response as a continuous, 
rather than as a dichotomous variable. This approach allowed demonstrating that the 
relation of each of the four echocardiographic dyssynchrony indices with volumetric 
response was qualitatively identical in the patients and the simulations. The fact that the 
linear relations and characteristic discontinuous distributions in the patient cohort were 
overall weaker is not unexpected, since, in patients, intrinsic relations are obscured by a 
number of (poorly controllable) factors such as heterogeneity in natural disease course, 
differences in application of treatment, measurement variability, and the fact that each data 
point originates from a different patient rather than that several data points are obtained 
after modulating dyssynchrony within an individual, as is done in the simulations. 
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Both analyses also showed superior prediction of CRT-response by SRSsept and IVMD, 
which is in agreement with their linear relationship with dyssynchrony of LV activation. In 
contrast, the discontinuous clustered relation between dyssynchrony of LV activation and 
time-to-peak indices (Strain-SL and SPWMD) transferred into a similarly clustered dataset 
for prediction of CRT-response by these parameters. Because mechanical dyssynchrony 
evoked by primary electrical dyssynchrony constitutes the amenable substrate for CRT, 
this typical behavior of time-to-peak indices explains their limited ability to predict CRT-
response. These results are supported by previous studies demonstrating septal-to-lateral 
delays of time-to-peak motion, deformation, or velocity to be relatively poor predictors of 
CRT-response.3, 4, 12, 27 Studies treating dyssynchrony and CRT-response as dichotomous 
variables did show predictive value of time-to-peak strain,15, 28 with dyssynchrony defined 
as ≥130 ms septal-to-lateral wall delay of peak wall deformation (radial, circumferential, or 
longitudinal). This finding is not in conflict with our data, because from Figure 2 (B and C) 
it can be appreciated that, even with clustered behavior of Strain-SL, values above 130 ms 
would predict significant delay between septal and LVFW activation and CRT-response, 
albeit in a more qualitative manner.
Left ventricular scarring is a common feature in heart failure patients scheduled for CRT 
and can lead to mechanical dyssynchrony in the absence of an electrical substrate. Because 
of its independent effects on the successful delivery of CRT, LV scarring has been 
incorporated into prediction models of CRT-response.29, 30 The results of the current study 
demonstrate that LV scarring can reduce response to CRT and can affect the relationship 
between dyssynchrony indices and dyssynchrony of LV activation. Therefore, LV scarring 
can disturb the prediction of CRT-response. This effect originates mainly from the fact that 
LV scarring directly influences the pattern of septal deformation13 and thereby also affects 
the value of time-to-peak indices in a stepwise manner. In contrast, SRSsept is the only 
index that is linearly related to CRT-response under all conditions tested.
Our study also confirmed the good predictive performance of the relatively simple index 
of IVMD. In the patients, IVMD predicted CRT-response nearly as good as SRSsept. From 
the model simulations (Figure 3), it can be deduced that the LV pre-ejection period lengthens 
linearly with intraventricular activation delay, while the RV pre-ejection period remains 
unchanged. Most probably, this prolongation of the LV pre-ejection period reflects the 
increasing degree of systolic mechanical discoordination, i.e., myocardial pre-ejection 
shortening and systolic rebound stretching, which leads to delayed LV pressure development 
and consequently delayed opening of the aortic valve. IVMD may therefore be considered 
a more global measure of LV mechanical inefficiency that is sensitive to both interventricular 
and intraventricular activation delay. Moreover, IVMD is the only parameter that has 
consistently been demonstrated to predict CRT-response, also in large multicenter trials.3, 

4, 31 In a recent study with a patient population comparable to ours, Miyazaki et al. showed 
that conventional Doppler-derived indices assessing timing of valve opening and closure 
outclassed more complicated dyssynchrony indices, partly due to their low measurement 
variability.4 In another study by the same institute, Wang et al. found mechanical 
discoordination rather than dyssynchrony to be predictive for CRT-response at 6-month 
follow-up and for long-term survival.32 The latter two studies are in close agreement with 
our finding that SRSsept and IVMD, being direct and indirect indices of mechanical 
discoordination, respectively, better predict CRT-response than time-to-peak indices of 
mechanical dyssynchrony such as Strain-SL and SPWMD.
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Clinical implications
The current study reveals that SRSsept and IVMD most adequately represent the 
dyssynchrony of LV activation and predict CRT-response. Based on their intrinsic behavior 
these indices should therefore be preferred over indices measuring time-to-peak strain and 
motion. The presence of disturbing factors such as regional scarring should be considered 
when interpreting the results of the different dyssynchrony indices. In this respect, SRSsept 
and IVMD might prove more feasible measurements than Strain-SL and SPWMD, 
considering the preservation of their linear relation with ∆LVESV in the presence of LV scar. 
In a previous study by our lab, we showed that intra- and interobserver coefficients of 
variation of SRSsept were 16.3% and 19.5%,10 respectively. Despite its relatively 
complicated and variability-prone derivation from the septal strain signal and timing of aortic 
valve closure,12 these values on reproducibility of SRSsept are within the same range of 
previously published data on other DYS indices.3, 4, 10 It is likely that the potential for large-
scale clinical use of SRSsept as a predictor of CRT-response can be further increased by 
the development of a simpler methodology of measurement. In this regard, computer 
simulation methods as used in the present study may prove helpful.

Study limitations
In the computer model, CRT was simulated as complete resynchronization of ventricular 
activation. In patients, however, CRT does not lead to complete resynchronization of 
ventricular activation. The position of the pacing electrodes and, thus, the degree of 
resynchronization may vary between patients. Although this may have led to overestimation 
of CRT-response by our simulations, qualitative effects on indices of mechanical 
dyssynchrony were in good agreement with our observations in patients. 
LBBB was simulated as an acute delay of LVFW and SEPT mechanical activation. 
Analogously, simulated CRT-response was defined as the “acute” change of LVESV after 
restoration of synchronous ventricular activation and subsequent simulation of 50 cardiac 
cycles, allowing hemodynamic stabilization. In this approach, dyssynchrony-induced 
structural and contractile remodeling as well as resynchronization-induced reverse 
remodeling,33-35 have not been taken into account.
Many DYS indices have been described in the literature. In the present study, we compared 
only four, each representing either indices of time-to-peak deformation and motion (Strain-
SL and SPWMD), timing indices of valve opening (IVMD), or indices of mechanical 
discoordination (SRSsept). Further studies may reveal whether other indices or combinations 
of indices may provide better predictions than the ones assessed in the present study.

Conclusion
The power to predict CRT-response differs between echocardiographic indices of 
mechanical dyssynchrony. SRSsept and IVMD are better representatives of dyssynchrony 
of LV activation and, hence, better predictors of CRT-response than indices derived from 
time to septal peak shortening or motion.
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Supplemental Material

Table S1. Delays of LV free wall (LVFW) and septal (SEPT) onset time of activation in the 
NORMAL and DYSSYNCHRONY simulations

LVFW →
0 ms

10 
ms

20 
ms

30 
ms

40 
ms

50 
ms

60 
ms

70 
ms

80 
ms

90 
ms

100 
ms

↓ SEPT

0 ms X* X X X X X X X X X X

10 ms x x x x x x x x x x

20 ms x x x x x x x x x

30 ms x x x x x x x x

40 ms x x x x x x x

50 ms x x x x x x

* NORMAL simulation. X Simulations used for additional variation of LV contractility
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Abstract
Background
Right ventricular (RV) function is an important marker of prognosis in heart failure. In 
addition, RV failure can cause interventricular interaction and dyssynchrony. We investi-
gated whether RV dysfunction affects cardiac resynchronization therapy (CRT) response 
through the worse baseline condition or through altered mechanical dyssynchrony. 

Methods and Results
In 122 CRT-candidates (left ventricular (LV) ejection fraction 19±6%; QRS-width 168±21ms), 
echocardiography was performed before and 6-months after CRT. RV and LV volumes and 
dimensions were measured.  RV dysfunction was defined as RV fractional area change 
(RVFAC) <35%. Speckle tracking longitudinal deformation of LV and RV free wall and the 
septum was assessed. Dyssynchrony (time-to-peak strain between septum and LV lateral 
and RV free wall [Strain-SL] and [Strain-SRV], interventricular mechanical delay [IVMD], 
mechanical discoordination (internal stretch fraction [ISF] of LV and RV, and septal systolic 
rebound stretch [SRSsept]) were calculated. Mechanical dyssynchrony and discoordination, 
and RV function all predicted LV reverse remodeling (i.e. reduction in LV end-systolic 
volume) in univariable analysis (R=0.599, 0.421, 0.410, 0.351 and 0.430, all p<0.01 for 
SRSsept, Strain-SL, IVMD, ISF-LV, and RV-FAC respectively). RV function had independent 
and incremental predictive value on top of traditional mechanical dyssynchrony. Baseline 
LV condition did not have additional predictive value on top of RV function. In the 39 patients 
with RV dysfunction no mechanical dyssynchrony or discoordination parameter could 
predict reverse remodeling (all p=NS).  

Conclusions
The impact of RV function on reverse remodeling is independent from mechanical 
dyssynchrony but is related to the worse baseline LV condition. RV failure complicates 
prediction of reverse remodeling by parameters of mechanical dyssynchrony. 
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IMPACT OF RV FUNCTION ON PREDICTION OF CRT RESPONSE

Introduction
Cardiac resynchronization therapy (CRT) is a successful treatment for patients with systolic 
heart failure and evidence of electrical conduction delay.1, 2 Response to CRT however is 
complicated, not always evident, and the mechanisms by which it is achieved are only 
partially elucidated. An important working mechanism of CRT is believed to reside in the 
correction of electrical and mechanical dyssynchrony and the resulting improvement in 
myocardial efficiency.3 Attempts to predict outcome after CRT by identifying this electrical 
or mechanical substrate have however yielded variable results.4  
Another important predictor of echocardiographic and clinical outcome after CRT is right 
ventricular (RV) function. The impact of RV function on prognosis has been demonstrated 
in both observational studies and in the landmark CRT-trials and is  believed to be related 
to its association with more advanced heart failure.5-7 However, changes in RV function 
and loading can induce ventricular interaction and lead to mechanical dyssynchrony even 
without underlying electrical dyssynchrony.8 It is unclear to what extent CRT interacts with 
ventricular interaction and how this affects prognosis.5, 9 We therefore investigated whether 
RV dysfunction affects echocardiographic CRT response through the worse baseline LV 
condition or through altered mechanical dyssynchrony and ventricular interaction. 

Methods
Study population and protocol
The study population constituted a consecutive cohort of patients undergoing CRT because 
of medication refractory heart failure (New York Heart Association class (NYHA) II-IV, LV 
ejection fraction (LVEF) <35%) and evidence of conduction disturbances (QRS≥120ms) 
with an LBBB-like morphology on the surface electrocardiogram. Definition of complete 
LBBB was based on current AHA/ACCF/HRS criteria.10 Patients were excluded if they had 
poor echocardiographic image quality (n=20). Echocardiographic and clinical characteristics 
were prospectively assessed in all patients before and 6 months after CRT. The execution 
of the study complied 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
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). 

Two-dimensional echocardiography and Doppler imaging
LVEF, LV end-systolic (LVESV) and end-diastolic (LVEDV) volumes were measured by biplane 
Simpson’s method. Mitral regurgitation effective regurgitant orifice (MRero) was quantified 
by the proximal isovelocity surface area method.  RV measurements were performed in 
the apical 4-chamber view. Tricuspid annular plane systolic excursion (TAPSE) and trans-
tricuspid pressure gradient were measured.  RV end-systolic (RVESA) and end-diastolic 
(RVEDA) areas were traced and RV fractional area change (RVFAC) was calculated. RV 
dysfunction was defined as RVFAC <35%.
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For offline deformation imaging, additional narrow sector single wall images of the septum 
and lateral wall of the LV and free wall of the RV were prospectively acquired from the 
standard apical views at 51-109 frames per second. The onset of the QRS complex was 
taken as zero reference for timing and strain measurements. Timing of valve opening and 
closure, as derived from Doppler flow patterns over the valves, served as cardiac event 
timing markers. Interventricular dyssynchrony was assessed by the delay between 
pulmonary and aortic valve opening; the interventricular mechanical delay (IVMD).

Deformation analysis
Commercially available speckle tracking software (GE Echopac 2DS, version 6.1) was used 
to derive longitudinal strain curves. The region of interest was set along the endocardial 
border from base to apex and adapted to match wall thickness. Tracking was visually 
checked and adjusted if necessary. Global longitudinal deformation (i.e., calculated over 
the entire length of the wall) was derived. The obtained traces were transferred to a 
personal computer for further post-processing along with cardiac event timing markers in 
a Matlab-based (The MathWorks Inc., Natick, USA) custom-made software toolbox (STOUT: 
Speckle tracking Toolbox Utrecht), yielding spatially encoded and time normalized 
deformation data.11 To assess LV and RV dyssynchrony and discoordination, peak strain 
difference and internal stretch fraction (ISF) between each of the three walls (LV and RV 
free wall and the septum) was calculated. In addition septal systolic rebound stretch 
(SRSsept) was determined by summing all stretch following prematurely terminated 
shortening in the septum, as previously described.12, 13 

Device implantation
Implantation was performed under local anesthesia. Right ventricular (RV) and atrial leads 
were placed transvenously at conventional positions. The LV lead was aimed at a tributary 
of the coronary sinus overlying the LV free wall. Leads were connected to a CRT-defibrillator 
in all patients.

Statistical analysis
Statistical analysis was performed using the SPSS statistical software package (SPSS Inc., 
Chicago, Illinois). Values are presented as mean and standard deviation (SD) for continuous 
variables and as numbers and percentages for categorical variables. Assumptions on 
homogeneity of variances and normally distributed residuals were checked by Levene’s 
test and Q-Q plots respectively. Continuous data were compared by paired and unpaired 
t-test as appropriate. Categorical data were compared by Chi-square or Fischer’s Exact 
test. Correlation between parameters was expressed by Pearson’s or Spearman’s 
correlation coefficients as appropriate. To test whether baseline RV function was a predictor 
of reverse remodeling independent from the baseline LV condition (i.e. LVEDV, LVESV, 
LVEF)  and mechanical dyssynchrony, the best performing parameters of LV condition, RV 
function and dyssynchrony in the univariate analyses were put into three stepwise 
multivariable linear regression models: one model incorporating LV and RV function 
parameters, one incorporating dyssynchrony and RV function parameters and one 
incorporating all three. A p-value <0.05 was considered statistically significant for all 
analyses.
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Results
Study population
The final study population constituted 122 patients: age 64±11 years, 70% male, LVEF 19± 
6%, 45% ischemic etiology, and 7% and 11%  NYHA II and IV respectively.  In total 16 
patients (13%) were previously known with atrial fibrillation. All patients were on stable, 
maximally tolerated heart failure medication with ACE inhibitors or angiotensin receptor 
blockers in 113 (93%), ß-blockers in 96 (79%) and diuretics in 113 (93%). RV dysfunction 
was present in 39 (32%). In all patients CRT-implantation was successful without major 
procedure related complications. The LV lead was placed posterior or posterolateral in 100 
(82%), anterolateral in 12 (10%) and posterior in 10 (8%). Table 1 shows baseline 
characteristics of patients with and without RV dysfunction. Patients with RV dysfunction 
had more advanced heart failure with more pronounced RV and LV dilatation, lower LV 
ejection fraction, more severe mitral regurgitation and lower functional class. They were 
also more often male, had more atrial fibrillation, had higher trans-tricuspid pressure gradients 
and less often had an ischemic etiology. Figure 1 shows dyssynchrony parameters in patients 
with and without RV dysfunction. Only SRSsept was significantly different between groups, 
with RV dysfunction patients displaying lower amounts of rebound stretch. 

CRT response
In the total population, CRT reduced LVEDV (256±84 to 227±96 ml) and LVESV (208±80 
to 174±92 ml) and improved LVEF (20±7% to 26±11%) at 6 months (all p<0.001). RV free 
wall peak strain (-18.2% to -21.1%, p<0.001), RV end-systolic area (10±6 to 9±4 cm², 
p<0.05) and trans-tricuspid pressure gradient (33±9 to 29±9 mmHg, p<0.05) showed a 
significant improvement after CRT whereas RVFAC and TAPSE did not. Table 2 shows 
response in patients with and without RV dysfunction. Patients with RV dysfunction showed 
less LV reverse remodeling and less improvement of LVEF, but improvements in RV 
parameters were greater in patient with baseline RV dysfunction. 
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Figure 1. Dyssynchrony in patients with and without RV dysfunction. RVFAC: RV fractional area 
change, IVMD: interventricular mechanical delay, Strain-SL: septal-to-lateral peak shortening delay, 
Strain-SRV: septal-to-RV free wall shortening delay, Strain-RVL: RV free-wall to lateral shortening 
delay, SRSsept: septal systolic rebound stretch, ISF: internal stretch fraction (LV: septum and lateral 
wall, RV: septum and RV free wall, global: septum-lateral and RV free wall, RVL: RV free wall and 
lateral wall). * p<0.05. For presentation purposes, bars represent relative values and patients without 
RV dysfunction were taken as a reference. 
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Prediction of CRT response
In the overall study population, of all dyssynchrony parameters, SRSsept was the best 
predictor of LVESV-reduction at 6-months (R=0.599, p<0.001, Figure 2). Traditional 
dyssynchrony parameters and ISF-LV showed a fair correlation with LV-remodeling (R=0.410, 
R=0.421, and R=0.351 for IVMD, septal-to-lateral peak shortening delay, and ISF-LV 
respectively, all p<0.001). Parameters of RV dyssynchrony performed similar to their LV 
counterparts (R=0.442, and R=0.340 for septal-to-RV free wall shortening delay, and ISF-RV 
respectively, both p<0.001). Deformation parameters that did not incorporate septal 

Table 1. Baseline characteristics 

Parameter RVFAC ≥35% 
(n=83)

RVFAC <35%
(n=39)

P-value

Age (yrs) 65±11 64±12 0.716

Male (nr, %) 52 (63) 33 (85) 0.019

SR (nr, %) 76 (92) 30 (77) 0.041

NYHA-class (nr, %) 0.005

II 8 (7) 0 (0)

III 70 (84) 30 (77)

IV 5 (6) 9 (23)

Lead position (nr, %) 0.606

(postero)lateral 68 (82) 32 (82)

anterolateral 7 (8) 5 (13)

posterior 8 (10) 2 (5)

QRS width (ms) 170±25 167±20 0.517

LBBB (nr, %) 57 (69) 23 (59) 0.313

Ischemic etiology (nr, %) 44 (53) 11 (28) 0.012

LVEDV (ml) 237±65 290±107 0.006

LVESV (ml) 188±59 247±101 0.001

LVEF (%) 21±6 16±5 <0.001

RVEDA (cm2) 14±5 20±5 <0.001

RVESA (cm2) 7±4 15±4 <0.001

RVFAC (%) 49±10 25±6 <0.001

TAPSE (mm) 19±5 14±4 <0.001

2DS-RV (%) -20.4±5.6 -14.3±4.4 <0.001

MRERO (mm2) 8±7 14±8 0.001

TRPG (mmHg) 30±8 35±9 0.009

SR: Sinus Rhythm, NYHA: New York Heart Association, LBBB: left bundle branch block, LVEDV: 
left ventricle end diastolic volume, LVESV: left ventricle end systolic volume, LVEF: left ventricle 
ejection fraction, RVEDA: right ventricle end diastolic area, RVESA: right ventricle end systolic area, 
RVFAC: right ventricle fractional area change, TAPSE: tricuspid annular plane systolic excursion, 
2DS-RV: right ventricle free wall peak strain, MRERO: mitral regurgitation effective regurgitant 
orifice, TRPG: Tricuspid regurgitation peak gradient.
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deformation did not correlate with LV remodeling (R=0.026, and R=0.058 for RV free wall 
to lateral shortening delay, and ISF of RV free wall and lateral wall respectively, both p=NS). 
In patients with RV dysfunction, neither SRSsept (R=0.282, p=0.118) nor any of the other 
dyssynchrony parameters correlated with LV response (Figure 2). In the overall study 
population, there was a fair correlation of baseline RV function with LV remodeling (Table 
3), with RVFAC showing the best correlation. Of parameters of LV condition, LVEDV showed 
the best correlation with reverse remodeling. Multivariable regression revealed that the 
addition of RVFAC could improve prediction of LV reverse remodeling as obtained by 
SRSsept, whereas LVEDV no longer had significant independent predictive value when 
RVFAC was added to the model (Table 4). 

Table 2. CRT response in patients with and without RV dysfunction

Parameter RVFAC ≥35% RVFAC <35% P-value

ΔLVEDV (%) -17±19* -3±16 <0.001

ΔLVESV (%) -24±23* -7±18* <0.001

ΔLVEF (%-point) 8±8* 4±7* 0.006

Δ2DS-RV (%-point) -2.3±6.0* -4.4±4.7* 0.082

ΔRVEDA (%) 8±31 -15±34* 0.001

ΔRVESA (%) 18±44 -25±30* <0.001

ΔRVFAC (%-point) -4±11* 9±11* <0.001

ΔTRPG (mmHg) 2±9 5±7* 0.343

ΔTAPSE (mm) -1±4* 2±4* <0.001

For abbreviations see Table 1. * significant change compared to baseline.

Table 3. Univariate Relation of baseline LV and RV parameters with LV remodeling

Parameter ΔLVESV (%)

R p-value

LVEDV -0.291 0.002

LVESV -0.274 0.004

LVEF 0.120 0.220

TAPSE 0.342 <0.001

RVEDA -0.242 0.012

RVESA -0.354 <0.001

RVFAC 0.430 <0.001

2DS-RV -0.218 0.024

For abbreviations see Table 1.
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Table 4. Predictive value of RV function on top of dyssynchrony and/or LV condition

Parameter ΔLVESV (%)

Model R2 B SE Beta p-value

Model 1

RVFAC* 0.18 68.43 14.01 0.43 <0.001

LVEDV† -0.17 0.067

Model 2

SRSsept* 0.36 3.32 0.53 0.51 <0.001

RVFAC* 0.41 38.75 12.87 0.24 0.003

Model 3

SRSsept* 0.36 3.32 0.53 0.51 <0.001

RVFAC* 0.41 38.75 12.87 0.24 0.003

LVEDV† -0.15 0.062

SRSsept: septal systolic rebound stretch, for other abbreviations see Table 1. *parameter in the 
model, † parameter not in the model

SRSsept (%)
151050

LV
ES

V 
re

du
ct

io
n 

(%
)

80

60

40

20

0

-20

-40

RVFAC <35%
RVFAC ≥35% 

R=0.282
p=0.118

R=0.599
p<0.001

Figure 2. Relation of SRSsept with reverse remodeling in patients with and without RV  
dysfunction. LVESV: Left ventricle end-systolic volume, other abbreviations see Figure 1.
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Discussion
This study demonstrates that the presence of RV dysfunction is associated with less LV 
reverse remodeling after CRT. This effect is partially independent of the amount of LV 
mechanical dyssynchrony and seems to be related to a worse baseline LV condition. 
Moreover, in patients with RV dysfunction a loss of relation between mechanical 
dyssynchrony parameters and echocardiographic response to CRT was observed. These 
findings  emphasize the complexity of CRT response and have important implications for 
attempts to improve allocation of CRT.

Influence of RV failure on response prediction
In the overall population, parameters of mechanical dyssynchrony showed a good relation 
with LV remodeling, with SRSsept performing better than any of the parameters of LV or 
RV dyssynchrony. Parameters of RV dyssynchrony performed similar to their LV 
counterparts. When the septum was not included in the dyssynchrony parameter, the 
relation with CRT response was severely weakened. Considering the superior prediction 
by SRSsept, the information contained in the septal mechanics is essential for  prediction 
of CRT response. The combined findings again stress the importance of the septum as a 
marker of LBBB mechanical dyssynchrony as previously demonstrated.12-15 
The presence of RV failure did not affect most of the tested parameters of mechanical 
dyssynchrony, although the best performing parameter of mechanical dyssynchrony (i.e. 
SRSsept) showed lower values in patients with RV failure. Still, even on top of SRSsept, 
RV function as measured by RVFAC had independent and incremental predictive value for 
reverse remodeling. These findings indicate that RV dysfunction affects CRT response 
independent of  mechanical dyssynchrony. A possible reason for RV function to predict 
CRT response is that it is a sensitive marker of severely reduced LV function and dilatation, 
a condition that is known to be related to a worse outcome after CRT.6 The fact that LVEDV 
did not have incremental predictive value on top of RVFAC in the multivariable analysis 
points in this direction. Alternatively, RV function in itself could be responsible for the 
reduced LV condition through interventricular interaction.9 
Although the effects of RV failure on remodeling were not directly mediated through altered 
mechanical dyssynchrony, the observation that, in patients with RV dysfunction, mechanical 
dyssynchrony was a poor predictor of LV reverse remodeling does suggest that there is 
an interaction between mechanical dyssynchrony and RV function. It could be that the 
prognostic impact of RV failure outweighs any influence of mechanical dyssynchrony but 
the diversity of response among patients with RV failure makes this unlikely. It is more 
likely that either RV failure interacts with dyssynchrony parameters and thereby conceals 
their relation with response or CRT has intertwining therapeutic effects on both RV failure 
and mechanical dyssynchrony that cannot be distinguished by the measurements. In this 
line of reasoning, Lumens et al. found evidence that CRT can improve LV function by 
improving RV function (i.e. by improving ventricular interaction).9  In the latter scenario, RV 
failure would lead to reduced aid from the RV after CRT and thus less improvement of LV 
function. The latter would also explain the independent predictive value of both RVFAC 
and SRSsept in our analyses. 
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Dyssynchrony and RV function
Little is known about the effect of RV dysfunction on the presence of (measurable) 
mechanical dyssynchrony. Previous studies in non-CRT populations without established 
evidence of electrical dyssynchrony have demonstrated inconsistent relations of RV 
function and LV mechanical dyssynchrony among different parameters that were 
investigated, the majority not showing a significant relation.16, 17  Mechanistic studies have 
demonstrated that significant changes in RV function and loading conditions (pulmonary 
hypertension) can cause interventricular mechanical dyssynchrony by delayed RV free wall 
contraction while leaving LV systolic synchrony unaffected.8 In the current population 
however neither LV dyssynchrony nor RV or interventricular dyssynchrony differed between 
patients with and without RV dysfunction. This could either mean that the magnitude of 
RV failure in this population was insufficient to cause measurable dyssynchrony or that 
interactions between the different types of dyssynchrony conceal each other. To our 
knowledge no data exist on the effect of RV dysfunction on pre-existent electrical and 
mechanical dyssynchrony. If interactions are present it is likely that the effect will differ 
between the various dyssynchrony measurements (e.g. IVMD will likely be more affected 
compared to pure intraventricular dyssynchrony parameters because it relates directly to 
the RV). In the current population however, only SRSsept was significantly lower in patients 
with RV dysfunction. Whether this is a direct effect of the reduced RV function or is related 
to other factors (e.g. reduced LV contractility) cannot be deduced from the current data 
and requires an experimental study design or a computer model. 

Effects of RV function on CRT outcome
Right ventricular dysfunction is an important marker of adverse prognosis in patients 
with both moderate and advanced heart failure.18, 19 In the CRT population the same 
adverse prognostic effect has been demonstrated for patients in advanced (i.e. NYHA 
III-IV) heart failure.5 In CRT patients with mild heart failure the evidence is less conclusive. 
While the REVERSE-trial demonstrated that TAPSE <14mm was associated with less 
reverse remodeling and a less favorable clinical composite score after CRT, the MADIT-
CRT-trial demonstrated no effect of baseline RV function (as determined by RVFAC) on 
subsequent event rates.6, 20 In the current study RV function and dimensions predict 
reverse remodeling. These findings are in line with several previous observational 
studies.7, 21, 22 Although patients with RV dysfunction thus seem to have an inherently 
worse prognosis, the benefits of CRT in those patients have been demonstrated to be 
similar to those with good RV function.5 
  
Potential clinical implications
Our results indicate that RV function should be routinely quantified in all patients before 
CRT. If RV function is impaired before CRT, less LV remodeling should be expected after 
CRT. CRT should however not be withheld based on an impaired RV function because 
response can still be considerable. Moreover, the current findings question the use of 
currently available mechanical dyssynchrony parameters to predict response in patients 
with RV dysfunction. Because RV dysfunction is present in a considerable share of CRT 
candidates the current findings may clarify some of the difficulties in incorporation of 
mechanical dyssynchrony measurements in daily clinical practice. These findings should 
lead to more accurate implementation of dyssynchrony parameters. Further research on 
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the underlying mechanisms might improve existing parameters or lead to development of 
alternative methods of analysis.  

Limitations
Mechanical dyssynchrony was only assessed in the longitudinal direction and radial and 
circumferential strain were not assessed. RV function however is mainly derived from 
longitudinal mechanics and quantitative assessment of RV function is therefore best 
performed in this direction. To facilitate integration of RV, LV, and interventricular 
dyssynchrony we therefore also chose to confine assessment of the LV to the longitudinal 
direction. We used only global strain of the separate walls for the analyses. Although a 
segment based approach might incorporate additional information the current approach 
was chosen because it provides a more robust measurement and introduces less noise in 
the analyses. However, limiting the number of analyzed segments and using global instead 
of segmental strain might have resulted in the disappointing performance of the ISF 
parameters, compared to previous reports.23, 24 The current study is a first explorative study, 
and numbers were too small to perform subanalyses to identify factors that determine 
response in patients with RV dysfunction. The findings should therefore be confirmed and 
the analyses should be expanded in larger prospective studies . 

Conclusion
RV function has an independent negative impact on reverse remodeling after CRT that 
seems to be related to the worse baseline LV condition. Although RV dysfunction does not 
influence outcome through altered mechanical dyssnchrony, parameters of mechanical 
dyssynchrony do lose their predictive value in patients with RV failure. 
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CHAPTER 7

Abstract
Background
Cardiac resynchronization therapy (CRT) improves left ventricular (LV) systolic function by 
reversal of systolic discoordination. Its effects on diastolic discoordination and dysfunction 
remain poorly explored.

Methods
In 41 patients, echocardiography was performed before and 6 months after CRT. Event 
timing, early (E) and late (A) filling velocities and E/A were determined from pulsed Doppler. 
Longitudinal deformation at 18 LV segments and tissue Doppler velocities at 6 annular 
segments were time-averaged to yield single instantaneous averages of LV early diastolic 
strain rate (SrELV) and LV annular early diastolic velocity (E’LV). E/E’LV and E/SrELV were 
considered surrogates of filling pressure. Systolic and diastolic discoordination were 
calculated by internal strain fraction (ISFsys and ISFdias). Systolic discoordination was 
additionally expressed by systolic rebound stretch (SRSLV). Response to CRT was defined 
as a reduction in LV end systolic volume >15% after 6 months.

Results
At follow-up, both responders (SRSLV 2.98±1.20 to 0.70±0.47; ISFsys 52±18 to 17±9, both 
p<0.001) and non-responders (SRSLV 1.22±0.60 to 0.57±0.34, p<0.001; ISFsys 33±15 to 
27±13, p 0.030) showed systolic recoordination. Only responders displayed significant 
improvements in diastolic coordination (ISFdias 58±14 to 33±11%, p<0.001), filling time 
(40±7 to 45±8%, p=0.008), relaxation (E’LV 2.21±0.78 to 3.23±1.57, p=0.012; SrELV 
0.32±0.16 to 0.45±0.20, p=0.021) and filling pressures (E/ E’LV 32.0±17.0 to 21.9±13.7, 
p=0.024; E/ SrELV 259±156 to 144±77, p=0.003). Diastolic coordination was closely 
correlated with systolic coordination (R=0.936 for ISFdias vs ISFsys and R=0.626 for ISFdias 
vs SRSLV, both p<0.001). Multivariate analysis showed that systolic discoordination rather 
than diastolic discoordination determined systolic and diastolic response. 

Conclusions
CRT improves diastolic coordination and function only in those patients also demonstrating 
evidence of systolic recoordination and reverse LV remodeling.
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Introduction
Cardiac resynchronization therapy (CRT) is an effective treatment for patients with advanced 
systolic heart failure and electrical conduction delay. The beneficial effects of CRT include 
improvement in functional status and exercise tolerance, morbidity and mortality but also 
left ventricular (LV) reverse remodeling and improvement of systolic function.1, 2 The effects 
of CRT have been largely attributed to the correction of the electrical substrate and reversal 
of systolic mechanical inefficiency and discoordination.3

Besides systolic dysfunction, impaired diastolic function has important detrimental 
effects on clinical condition and prognosis in the general heart population as well as in 
CRT recipients.4-6 Improvements of diastolic function by CRT have also been 
demonstrated. The most definite evidence is for CRT to acutely and chronically improve 
atrioventricular synchrony and diastolic filling time.7, 8 In addition, CRT has been 
demonstrated to induce acute and long-term improvements in diastolic function 
parameters, mainly in load dependent parameters and confined to volumetric 
responders.2, 9-12 Only few studies have evaluated diastolic dyssynchrony in CRT 
recipients, and all used tissue Doppler derived parameters of temporal dyssynchrony.12-14 
Using these parameters, diastolic dyssynchrony was found to be more prevalent and 
less reduced by CRT compared to systolic dyssynchrony. In one study both diastolic 
and systolic dyssynchrony predicted response whereas in the other only systolic 
dyssynchrony was an independent predictor.12, 14

Recently, measurements expressing mechanical inefficiency as out of phase deformation 
(“discoordination” parameters), in particular paradoxical systolic stretch, have been implied 
in molecular remodeling processes specific for dyssynchronous heart failure.15, 16 In the 
clinical setting, these measurements have proven superior to timing based measurements 
(“classical” temporal dyssynchrony parameters) for the identification of the mechanical 
substrate for CRT in systole.17-20 Diastolic equivalents of these parameters have not yet 
been evaluated and therefore the interaction of diastolic function and diastolic and systolic 
discoordination remains unknown. We therefore used speckle tracking echocardiography 
to assess systolic and diastolic discoordination before and after CRT and investigated the 
relation with diastolic and systolic function improvements. Because of the demonstrated 
effects of CRT on atrioventricular synchrony and diastolic filling time, we hypothesized that 
CRT exerts its beneficial effects mainly through systolic recoordination and that diastolic 
function improvements are secondary. 

Methods
Study population and study protocol
A total of 44 consecutive patients with good echocardiographic image quality who were 
in sinus rhythm and underwent CRT implantation were included in the present study. All 
patients were in New York Heart Association class (NYHA) II-IV heart failure, with LV ejection 
fraction (LVEF) <35%, and had a QRS-width ≥120ms with a left bundle branch block (LBBB)-
like morphology. All patients were on maximally tolerated heart failure medication and care 
was taken to continue stable medication throughout the study period. Transthoracic 
echocardiography was performed in each patient before and 6 months after CRT 
implantation. Echocardiographic response to CRT was defined by a reduction in LV end-
systolic volume >15% at 6-months follow-up. The execution of the study complied to the 
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principles outlined in the Declaration of Helsinki on research in human subjects and to the 
procedures of the local Medical Ethics Committee.

Echocardiographic protocol
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). For offline deformation imaging, additional narrow sector single 
wall images of the six LV walls (i.e. septum, anteroseptum, anterior, lateral, posterior, and 
inferior wall) were prospectively acquired from the standard apical views at 51-109 frames 
per second. The onset of the QRS was taken as zero reference for timing and strain 
measurements. Mitral inflow velocities and LV outflow tract (LVOT) velocities were recorded 
by pulsed-wave Doppler, placing the sample volume at the tip of the mitral leaflets and just 
below the aortic valve in the LVOT, respectively. Peak early filling velocity (E), E-wave 
deceleration time (DT), and peak atrial filling velocity (A) were derived and E/A ratio was 
calculated. Doppler recordings of mitral inflow and left ventricular outflow tract were used 
to derive RR-interval, timing of mitral and aortic valve opening and closure, and onset of 
atrial flow wave. Timings were used to calculate LV filling time (between mitral valve 
opening and closure), LV ejection time (between aortic valve opening and closure), 
isovolumetric relaxation time (IVRT; from aortic valve closure to mitral valve opening), 
isovolumetric contraction time (IVCT; from mitral valve closure to aortic valve opening), and 
Tei-index. Color-coded tissue Doppler imaging (TDI) in the 2-, 3-, and 4-chamber view 
(framerate >100Hz) was used to derive annular velocities of all six LV walls, which were 
further post-processed offline (see below). Mitral regurgitation effective regurgitant orifice 
(MRero) was quantified by the proximal isovelocity surface area method. LVEF, LV end-
systolic (LVESV) and end-diastolic (LVEDV) volumes were quantified by biplane Simpson’s 
method. All volume and ejection fraction measurements were analyzed by one (GL), all 
Doppler data by another (AR), and all deformation measurements by a third (BB) observer, 
each blinded to the other echocardiographic measurements.

Deformation analysis
Commercially available speckle tracking software (GE Echopac 2DS, version 6.1) was used 
to derive longitudinal strain curves. The region of interest was set along the endocardial 
border from base to apex and adapted to match wall thickness. Tracking was visually 
checked and adjusted if necessary. For each wall three samples were evenly distributed 
from base to apex, providing longitudinal strain curves from 18-segments within the LV. 
The obtained traces were transferred to a personal computer for further post-processing 
along with cardiac event timing markers in a Matlab-based (The MathWorks Inc., Natick, 
USA) custom-made software toolbox (STOUT: Speckle tracking Toolbox Utrecht), yielding 
spatially encoded and time normalized deformation data over the entire LV. Absolute 
amounts of stretch and shortening were quantified during systole (i.e. from mitral valve 
closure (MVC) to aortic valve closure (AVC)) and during diastole (from AVC to MVC). For 
each phase internal strain fraction (ISF) was calculated to express the amount of paradoxical 
deformation (i.e. lengthening during systole and shortening during diastole) as explained 
in detail previously (Figure 1).18, 21 In addition during systole, systolic rebound stretch (SRSLV) 
was calculated as the sum of all stretch following prematurely terminated shortening in 
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each segment and averaging this over the entire LV.17, 21, 22 To account for the regional 
heterogeneity in timing of wall motion in the presence of dyssynchrony, single instantaneous 
averages of LV early (SrELV) and late (SrALV) diastolic strain rate (18 segments , Figure 1) 
and tissue Doppler derived early (E’LV) and late (A’LV) diastolic annular velocities (6 annular 
segments) were derived from time-normalized LV global strain-rate and velocity curves 
(Figure 2). E/SrELV and E/E’LV were considered surrogates of LV filling pressure.23 

Device implantation
Implantation was performed under local anesthesia. Right ventricular (RV) and atrial leads 
were placed transvenously at conventional positions. The LV lead was aimed at a tributary 
of the coronary sinus overlying the LV free wall. Leads were connected to a CRT-defibrillator 
in all patients. Atrioventricular delays were optimized by either maximizing the rate of LV 
pressure rise by invasive pressure measurements or by intracardiac electrogram in all patients.
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Figure 1. Calculation of LV global strain rates and internal stretch fraction. Segmental strain 
curves of 18 segments are derived and normalized over time (panel A). Strain curves are differenti-
ated over time to obtain segmental strain rate curves (panel B). Segmental strain rate curves are sub-
sequently averaged over the LV to obtain a single instantaneous average strain rate curve, from which 
SrELV and SrALV are derived (panel D). For ISF calculation, segmental strain rate curves are split into 
a shortening and stretching component and averaged over the LV (panel C, dark red and blue lines, 
respectively). Integrating these curves over time, results in an average negative (i.e. shortening) and 
an average positive (i.e. stretching) strain component (light red and blue areas, respectively). Dividing 
the two components by each other gives ISF. Overlapping purple areas in panel C indicate simultane-
ous reciprocal systolic shortening and stretching and thus represent ISF. Systolic ISF (green area in 
panel E) is measured between mitral valve closure (MVC) and aortic valve closure (AVC). Diastolic ISF 
is measured from AVC to MVC (yellow areas in panel E). .
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Statistical analysis
Statistical analysis was performed using the SPSS statistical software package (SPSS Inc., 
Chicago, Illinois). Values are presented as mean and standard deviation (SD) for continuous 
variables, and as numbers and percentages for categorical variables. Assumptions on 
homogeneity of variances and normally distributed residuals were checked by Levene’s 
test and Q-Q plots respectively. Comparison of continuous data between responders and 
non-responders was performed by independent samples t-test. Comparison of continuous 
data over time was performed by paired t-test. Categorical data were compared by Chi-
square or Fischer’s Exact test as appropriate. Linear regression analysis was performed to 
assess the relationship between parameters. Multivariate linear regression analysis was 
performed to identify independent predictors of reverse remodeling among parameters of 
discoordination and diastolic function. A p-value <0.05 was considered statistically 
significant for all analyses.

Results
Patient population
Three patients died before the 6-months follow-up visit and were excluded from the 
analyses. The final study population constituted 41 patients (age 63±10 years, 63% male, 
49% ischemic etiology). In all patients CRT-implantation was successful without major 
procedure related complications. The LV lead was placed posterior or posterolateral in 17 
(41%), lateral in 22 (54%) and anterolateral in 2 (5%). Device settings were optimized by 
invasive pressure measurements in 27 (66%) and by intracardiac electrogram in all others. 
Clinical baseline characteristics of the population are displayed in Table 1. In total, 23 
patients (56%) were classified as echocardiographic responder. Responders and non-
responders had similar baseline clinical characteristics, except for more severe mitral 
regurgitation and non-significantly larger volumes in non-responders. 
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Figure 2. Derivation of global LV tissue-Doppler parameters. Color coded tissue Doppler derived 
velocity curves from 6 annular segments were time normalized (panel A). An averaged and normal-
ized global LV velocity curve was reconstructed (panel B) to derive E’LV and A’LV.
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Recoordination, improvement of diastolic function, and reverse remodeling after CRT
Overall, CRT improved systolic (SRSLV 2.21±1.31 to 0.65±0.42% and ISFsys 44±19 to 
21±12%) and diastolic (ISFdias 52±16 to 37±13%) coordination, increased LV systolic 
function (LVEF 19±6 to 27±10%), and induced reverse remodeling (LVEDV 257±84 to 
219±103 and LVESV 211±78 to 167±97 ml), all p<0.001. Mitral regurgitation severity  
(MRero 8.7±7.4 to 6.6±6.7 mm2, p=0.007) and right-sided pressures (TRPG 36±13 to 
31±11 mmHg, p=0.033) were attenuated after CRT.

Table 1. Baseline characteristics of the study population

Parameter Total
(n=41)

Responders
(n=23)

Non-responders
(n=18)

P-value

Age (yrs) 63±10 64±11 61±10 0.407

Male (%) 26 (63) 15 (65) 11 (61) 1.000

Ischemic etiology (%) 20 (49) 12 (52) 8 (44) 0.756

QRS (ms) 171±26 173±19 169±34 0.648

NYHA class (%) 0.242

II 5 (12) 2 (9) 3 (17)

III 34 (83) 21 (91) 13 (72)

IV 2 (5) 0 (0) 2 (11)

B-blocker (%) 28 (68) 15 (65) 13 (72) 0.742

ACEi/ARB (%) 38 (93) 20 (87) 18 (100) 0.243

Spironolacton (%) 24 (59) 11 (48) 13 (72) 0.201

Diuretics (%) 40 (98) 22 (96) 18 (100) 1.000

LVEDV (ml) 257±84 237±66 283±97 0.077

LVESV (ml) 211±78 193±59 233±94 0.103

LVEF (%) 19±6 19±5 19±8 0.825

MRero (mm2) 8.8±7.5 6.4±6.1 11.5±8.2 0.044

TRPG (mmHg) 35±12 33±10 37±14 0.378

LV lead position (%) 1.000

Post/postlat 17 (41) 10 (44%) 7 (39%)

Lateral 22 (54) 12 (52%) 10 (56%)

Anterolateral 2 (5) 1 (4%) 1 (5%)

Device optimization 0.520

Invasive 27 (66) 14 (61) 13 (72)

IEGM 14 (34) 9 (39) 14 (61)

NYHA class=New York Heart Association class, ACEi/ARB= angiotensin converting enzyme inhibi-
tor or angiotensin receptor blocker use, LVEDV=left ventricle (LV) end-diastolic volume, LVESV=LV 
end-systolic volume, LVEF=LV ejection fraction, MRero=mitral regurgitation effective regur-
gitant orifice, TRPG=tricuspid regurgitation peak gradient, SRSLV = LV systolic rebound stretch, 
IEGM=intracardiac electrogram
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In addition, CRT reduced isovolumetric contraction time (14±4 to 9±4%, p<0.001), resulting 
in increased filling time (42±8 to 45±9%, p=0.007) and a non-significantly improved Tei-
index (0.92±0.22 to 0.84±0.84, p=0.073). Load dependent parameters of diastolic function 
improved (E 75±33 to 65±28 cm/s, p=0.009; E/A 1.56±1.06 to 1.21±0.98, p=0.027; DT 
171±62 to 209±76 ms, p=0.005). A trend was found for improved active myocardial 
relaxation (E’ 2.40 to 2.93 cm/s, p=0.029; SrE 0.36±0.17 to 0.42±0.19 s-1, p=0.100) whereas 
passive relaxation due to atrial filling improved significantly (A’LV 3.64±1.80 to 4.25±1.91; 
SrALV 0.46±0.24 to 0.57±0.27, p=0.011). Filling pressures in the overall population were 
high at baseline, and were reduced after CRT (E/SrELV 265±162 to 182±121 cm, p=0.004 
and E/E’LV 35.2±17.4 to 28.8±19.2, p=0.039).
In Table 2, the baseline and 6-months values of discoordination and diastolic function in 
responders and non-responders are shown. Responders had higher baseline values of both 
systolic (ISFsys and SRSLV) and diastolic (ISFdias) discoordination compared to non-
responders. Baseline diastolic function was significantly more compromised in non-
responders. At follow-up systolic recoordination was present in both responders and non-
responders, although the magnitude of improvement was greater in responders. Only 
responders displayed significant improvements in diastolic coordination and diastolic 
function. In both responders and non-responders isovolumetric contraction time was 
decreased, but in non-responders the magnitude of improvement was less and there was 
a non-significant increase in isovolumetric relaxation time, and therefore Tei-index improved 
significantly in responders only. There was no difference in the amount of recoordination 
between ischemic and non-ischemic etiology of heart failure (∆SRSLV -1.60 vs. -1.53%, p 
=0.863; ∆ISFsys -23 vs. -22%, p=0.825, and ∆ISFdias -16.1 to -13.5%, p=0.628). Changes 
in systolic and diastolic function at 6-months did not differ between ischemic and non-
ischemic etiology.

Relation of diastolic function, systolic function, and LV coordination
Systolic discoordination and diastolic discoordination were strongly related (R=0.936 for 
ISFdias vs. ISFsys and R=0.626 for ISFdias vs. SRSLV, both p<0.001). The relation with 
6-months reverse remodeling was stronger for baseline systolic discoordination (R= 0.799 
and R=0.527 for SRSLV and ISFsys respectively, both p<0.001) than for diastolic discoordination 
(R=0.457, p=0.003). In addition, improvements of diastolic function and filling pressures 
seemed stronger related to baseline systolic than diastolic discoordination (Table 3).  
Although diastolic function differed between responders and non-responders, higher 
baseline E was the only diastolic function parameter that significantly predicted 6-months 
reverse remodeling (R=0.510, p=0.002). When all discoordination parameters and diastolic 
function parameters were put into a multivariate analysis only SRSLV was an independent 
predictor of reverse remodeling (Table 4). 

Discussion
The findings in the current study demonstrate that CRT has clear effects on diastolic 
recoordination and function that are confined to responders. In addition, diastolic 
coordination is strongly related to systolic coordination. Moreover, both reverse remodeling 
and improvement of diastolic function seem more tightly related to systolic recoordination 
than to diastolic recoordination.
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Table 2. Discoordination and diastolic function 

Parameter Responders (n=23) Non-responders (n=18)

baseline 6-months baseline 6-months

SRSLV (%) 2.98±1.20 0.70±0.47† 1.22±0.60* 0.57±0.34†

ISFsys (%) 52±18 17±9† 33±15* 27±13†

ISFdias (%) 58±14 33±11† 43±13* 42±13

E (cm/s) 64±26 56±21 90±36* 79±30

E/A 1.25±0.84 0.92±0.90 2.03±1.20* 1.63±0.98

DT (ms) 180±57 244±76† 159±68 165±50

E’LV (cm/s) 2.21±0.78 3.23±1.57† 2.60±1.05 2.61±1.17

A’LV (cm/s) 4.33±2.07 5.26±1.79† 2.86±1.03* 3.10±1.32

SrELV (s
-1) 0.32±0.16 0.45±0.20† 0.40±0.17 0.38±0.17

SrALV (s
-1) 0.54±0.26 0.72±0.23† 0.36±0.17 0.36±0.15

E/ E’LV 32.0±17.0 21.9±13.7† 39.0±17.8 37.3±22.0

E/SrELV (cm) 259±156 144±77† 273±176 236±152

FT (%) 40±7 45±8† 45±8* 45±10

IVRT (%) 15±4 16±5 12±3* 15±7

IVCT (%) 15±4 8±4† 13±5 11±4†

Tei-index 0.97±0.23 0.81±0.21† 0.86±0.19 0.88±0.29

Heart rate 70±14 68±9 69±14 66±9

SRSLV =LV systolic rebound stretch, ISFsys/dias= systolic and diastolic internal stretch fraction, 
E=peak E-wave velocity, E/A= E/A ratio, DT= deceleration time, E’LV=LV early diastolic annular ve-
locity,  SrELV=LV early diastolic strain rate, SrALV=LV late diastolic strain rate, FT= filling time, IVRT= 
isovolumetric relaxation time, IVCT=isovolumetric contraction time, *p<0.05 with responders,  
† p<0.05 with baseline

Table 3. Relation of baseline discoordination with improvement of diastolic function

Parameter SRSLV (%) ISFsys (%) ISFdias (%)

R p-value R p-value R p-value

∆E (%) -0.094 0.602 -0.208 0.247 -0.060 0.741

∆E/A (%) 0.069 0.707 -0.187 0.305 -0.183 0.317

∆DT (%) 0.393 0.026 0.400 0.023 0.294 0.102

∆E’LV (%) 0.287 0.105 0.120 0.505 0.065 0.718

∆A’LV (%) 0.079 0.667 0.251 0.165 0.216 0.235

∆SrELV (%) 0.291 0.081 0.226 0.178 0.245 0.144

∆SrALV (%) 0.313 0.077 0.479 0.005 0.421 0.015

∆E/ E’LV (%) -0.389 0.037 -0.175 0.363 -0.047 0.809

∆E/SrELV (%) -0.417 0.020 -0.388 0.031 -0.206 0.265

∆FT (%-point) 0.475 0.002 0.417 0.007 0.356 0.023

∆IVRT (%-point) -0.156 0.329 -0.151 0.345 -0.214 0.180

∆IVCT (%-point) -0.419 0.006 -0.472 0.002 -0.421 0.006

∆Tei-index (%) -0.196 0.219 -0.237 0.135 -0.320 0.041

Abbreviations see Table 2.
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Diastolic discoordination and recoordination
A considerable amount of diastolic discoordination was found in the current population and 
diastolic recoordination was confined to responders. Based on the values of ISF, there was 
more paradoxical shortening during diastole than that there was paradoxical stretching 
during systole. This is in line with previous findings on tissue Doppler derived temporal 
dyssynchrony demonstrating that diastolic dyssynchrony was more prevalent than systolic 
dyssynchrony in the general heart failure population and in the CRT population.13, 14 Because 
diastolic dyssynchrony measured by classical temporal dyssynchrony indices has however 
also been demonstrated to increase with increasing age in a normal healthy population,24 
as well as with coronary artery disease,25, 26 it is uncertain to what extent or which type of 
diastolic dyssynchrony is amenable to improvement by CRT. All studies on diastolic 
dyssynchrony to date used classical temporal dyssynchrony indices. The discoordination 
measurements employed in the current study focus on identification and measurement 
of out-of-phase deformation. During systole, discoordination measurements have been 
found to be less susceptible to forms of dyssynchrony (e.g. caused by ischemia) that are 
not amenable to electrical correction by CRT.18, 20, 27 Nevertheless, the post-systolic (=early 
diastolic) shortening described in isolated ischemia, will also translate into paradoxical out-
of-phase deformation during early diastole. Although, in the current study the magnitude 
of diastolic recoordination, diastolic function improvement, and systolic function 
improvement was similar between ischemic and non-ischemic aetiologies of heart failure 

Table 4. Independent predictors of reverse remodeling

Parameter ΔLVESV (%)

Model R2 B SE Beta p-value

SRSLV 0.671 15.81 2.06 0.819 <0.001

ISFsys -0.115 0.450

ISFdias -0.019 0.884

E -0.163 0.161

A -0.082 0.506

E/A -0.040 0.738

DT 0.140 0.217

E’LV 0.070 0.549

A’LV -0.013 0.917

SrELV 0.084 0.477

SrALV 0.048 0.679

E/ E’LV -0.180 0.093

E/SrELV -0.196 0.066

FT 0.015 0.124

IVRT 0.110 0.327

IVCT 0.022 0.844

Abbreviations see Table 2.
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it cannot be excluded that non-responders had a greater burden of diastolic discoordination 
caused by post-systolic shortening that was not amenable to CRT. Of note however, 
changes in diastolic discoordination occurred throughout diastole, and diastolic function 
improvements were most evident in late diastole (e.g. improvement in A’LV and SrALV rather 
than E’LV and SrELV). In addition, repeating the analyses using ISF during the filing phase 
(thereby excluding the early postsystolic phase between AVC and MVO) did not change 
the results. 
Although diastolic discoordination is thus likely to be susceptible to treatment by CRT, it 
remains unclear to what extent diastolic discoordination represents a treatment target on 
its own. In some previous studies, diastolic and systolic dyssynchrony, as measured by 
tissue Doppler derived timing indices, did not always co-exist.13, 14 In a considerable subset 
of patients, isolated diastolic dyssynchrony was demonstrated, and this was suggested 
as a separate treatment target.28, 29 For discoordination, we however found a very strong 
relation between the amount of systolic and diastolic discoordination, suggesting that the 
two are tightly coupled rather than that they are caused by separate pathophysiologic 
mechanisms. The current findings therefore make it unlikely that CRT has independent 
effects on diastolic discoordination. They rather suggest that improvements of diastolic 
function are the consequence of improvements in systolic coordination and efficiency.30

Diastolic function in LBBB and CRT
In the current study improvements of diastolic function, including myocardial relaxation 
and estimates of filling pressures, only reached significance in responders even when 
baseline diastolic function was more disturbed in the non-responder group. This is the first 
study using time-normalized velocity and strain rate curves to provide single instantaneous 
averages of LV early and late diastolic parameters from a single global LV curve. This method 
accounts for the timing differences that are characteristic for discoordinated ventricles and 
disturb the definition of true averages of peak-events. Thereby, in a relatively small study 
population, we were able to demonstrate clear effects on parameters of myocardial 
relaxation and filling pressures. 
Diastolic dysfunction can be a consequence of LV dyssynchrony, atrioventricular 
dyssynchrony, or be an expression of more advanced left ventricular disease.  By virtue 
of its action mechanism, CRT can only act upon the underlying dyssynchrony to improve 
diastolic function. Responders had significantly more baseline dyssynchrony and less 
signs of advanced disease than non-responders. It therefore seems reasonable to 
postulate that diastolic improvements in the responder population are primarily related 
to its beneficial effect on mechanical coordination.  To the contrary, with regard to 
response failure in the sicker non-responder group, it remains elusive whether the primary 
mechanism of failure was an intrinsically reduced amount of amenable discoordination, 
or whether the advanced disease state rendered the ventricle ‘beyond repair’. Acute 
improvements in atrioventricular synchrony by CRT have been demonstrated using both 
invasive hemodynamic measurements and timing intervals derived by echocardiography, 
the latter mainly demonstrating improvements in filling time.7, 31 It has to be acknowledged 
that atrio-ventricular and intraventricular synchrony are not independent from each other.7, 

30 The present  study with focus on intraventricular rather than atrioventricular 
resynchronisation markers demonstrated that CRT shortened left ventricular isovolumetric 
contraction time, and thus lengthened diastolic filling time. In addition, we observed 
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marked changes in the late diastolic components of myocardial relaxation (A’LV and SrALV), 
suggesting that atrial filling was improved by CRT.

Relation of diastolic function and dyssynchrony with CRT response
Previous studies have demonstrated that advanced diastolic dysfunction is an independent 
predictor of response to various therapies, including CRT.4-6 This supports the general notion 
that  more advanced diastolic function reflects more advanced myocardial disease that 
reduces the  likeliness to respond. Shanks et al. demonstrated independent prognostic 
impact of diastolic dyssynchrony on top of systolic dyssynchrony. Most likely, this is caused 
by insufficient diagnostic accuracy of systolic dyssynchrony alone. Besides diastolic 
function, advanced myocardial disease also affects myocardial contractile state. Previous 
work from our group has demonstrated that contractile dysfunction also impacts on 
discoordination markers, which may explain why in the current study we did not find 
additive prognostic value for either diastolic function or diastolic recoordination.32 It might 
be argued that SRSLV more specifically quantifies the amenable substrate than ISF and that 
selectively quantifying diastolic rebound shortening could improve the performance of 
diastolic discoordination parameters. However, relations for ISFsys were stronger than for 
ISFdias. When excluding SRSLV from the multivariate analysis it was replaced by ISFsys 
and diastolic discoordination did still not improve prediction. Systolic discoordination was 
the only parameter associated with reverse remodelling. 

Study limitations
Patients were only assessed before and 6 months after CRT. Changes in diastolic function 
that were not maintained up to 6 months after CRT might therefore have been missed. 
TDI parameters were derived from color-coded TDI images, whereas reference values and 
most experience, including estimation of LV filling pressures, are based on conventional 
pulsed wave tissue Doppler measurements. The use of color-coded TDI however allowed 
for temporal normalization and integrated analysis of six annular curves, which thereby 
more accurately reflects the average values of the parameters on the ventricular level, 
especially in the setting of dyssynchrony. Device settings were optimized using two 
different methods. However, there were no differences in optimization method between 
responders and nonresponders and previous studies have indicated that both optimization 
methods are equally effective.33 Medication can have effects on loading and diastolic 
function parameters. Although we did not assess medication changes among responders 
and non-responders, baseline medication was similar and care was taken to keep dosages 
stable during the study period. We did not routinely assess pulmonary vein inflow 
parameters of diastolic dysfunction, although this would have added to the completeness 
of the data, our assessment was already very extensive. The current study is a small 
explorative study and the results should be confirmed in larger populations, however the 
effects of diastolic discoordination have not been assessed previously.

Conclusion
CRT improves diastolic coordination and function only in those patients also demonstrating 
evidence of systolic recoordination and reverse LV remodeling. CRT response is strongly 
related to systolic recoordination.

2016269 Geert Leenders.indd   134 04-02-16   21:53



7

135

DIASTOLIC RESYNCHRONIZATION BY CRT

References

1 Cleland JG, Daubert JC, Erdmann E, Freemantle N, Gras D, Kappenberger L, Tavazzi L. The effect 
of cardiac resynchronization on morbidity and mortality in heart failure. N Engl J Med 2005 April 
14;352(15):1539-49.

2 St John Sutton MG, Plappert T, Abraham WT, Smith AL, DeLurgio DB, Leon AR, Loh E, Kocovic DZ, 
Fisher WG, Ellestad M, Messenger J, Kruger K, Hilpisch KE, Hill MR. Effect of cardiac resynchronization 
therapy on left ventricular size and function in chronic heart failure. Circulation 2003 April 22;107(15):1985-
90.

3 Prinzen FW, Vernooy K, De Boeck BW, Delhaas T. Mechano-energetics of the asynchronous and 
resynchronized heart. Heart Fail Rev 2011 May;16(3):215-24.

4 Ciampi Q, Pratali L, Citro R, Villari B, Picano E, Sicari R. Additive value of severe diastolic dysfunction 
and contractile reserve in the identification of responders to cardiac resynchronization therapy. Eur J 
Heart Fail 2011 December;13(12):1323-30.

5 Gradaus R, Stuckenborg V, Loher A, Kobe J, Reinke F, Gunia S, Vahlhaus C, Breithardt G, Bruch C. 
Diastolic filling pattern and left ventricular diameter predict response and prognosis after cardiac 
resynchronisation therapy. Heart 2008 August;94(8):1026-31.

6 Hansen A, Haass M, Zugck C, Krueger C, Unnebrink K, Zimmermann R, Kuebler W, Kuecherer H. 
Prognostic value of Doppler echocardiographic mitral inflow patterns: implications for risk stratification 
in patients with chronic congestive heart failure. J Am Coll Cardiol 2001 March 15;37(4):1049-55.

7 Auricchio A, Ding J, Spinelli JC, Kramer AP, Salo RW, Hoersch W, KenKnight BH, Klein HU. Cardiac 
resynchronization therapy restores optimal atrioventricular mechanical timing in heart failure patients 
with ventricular conduction delay. J Am Coll Cardiol 2002 April 3;39(7):1163-9.

8 Jansen AH, Bracke FA, van Dantzig JM, Meijer A, van d, V, Aarnoudse W, van Gelder BM, Peels KH. 
Correlation of echo-Doppler optimization of atrioventricular delay in cardiac resynchronization therapy 
with invasive hemodynamics in patients with heart failure secondary to ischemic or idiopathic dilated 
cardiomyopathy. Am J Cardiol 2006 February 15;97(4):552-7.

9 Jansen AH, van DJ, Bracke F, Peels KH, Koolen JJ, Meijer A, de VJ, Korsten H, van Hemel NM. 
Improvement in diastolic function and left ventricular filling pressure induced by cardiac resynchronization 
therapy. Am Heart J 2007 May;153(5):843-9.

10 Porciani MC, Valsecchi S, Demarchi G, Colella A, Michelucci A, Pieragnoli P, Musilli N, Gensini GF, 
Padeletti L. Evolution and prognostic significance of diastolic filling pattern in cardiac resynchronization 
therapy. Int J Cardiol 2006 October 10;112(3):322-8.

11 Waggoner AD, Faddis MN, Gleva MJ, de Las FL, Davila-Roman VG. Improvements in left ventricular 
diastolic function after cardiac resynchronization therapy are coupled to response in systolic 
performance. J Am Coll Cardiol 2005 December 20;46(12):2244-9.

12 Yu CM, Zhang Q, Yip GW, Chan YS, Lee PW, Wu LW, Lam YY, Kum LC, Chan HC, Chan S, Fung JW. 
Are left ventricular diastolic function and diastolic asynchrony important determinants of response to 
cardiac resynchronization therapy? Am J Cardiol 2006 October 15;98(8):1083-7.

13 Schuster I, Habib G, Jego C, Thuny F, Avierinos JF, Derumeaux G, Beck L, Medail C, Franceschi F, 
Renard S, Ferracci A, Lefevre J, Luccioni R, Deharo JC, Djiane P. Diastolic asynchrony is more frequent 
than systolic asynchrony in dilated cardiomyopathy and is less improved by cardiac resynchronization 
therapy. J Am Coll Cardiol 2005 December 20;46(12):2250-7.

2016269 Geert Leenders.indd   135 04-02-16   21:53



136

CHAPTER 7

14 Shanks M, Bertini M, Delgado V, Ng AC, Nucifora G, Van Bommel RJ, Borleffs CJ, Holman ER, Van de 
Veire NR, Schalij MJ, Bax JJ. Effect of biventricular pacing on diastolic dyssynchrony. J Am Coll Cardiol 
2010 November 2;56(19):1567-75.

15 Aiba T, Hesketh GG, Barth AS, Liu T, Daya S, Chakir K, Dimaano VL, Abraham TP, O’Rourke B, Akar 
FG, Kass DA, Tomaselli GF. Electrophysiological consequences of dyssynchronous heart failure and its 
restoration by resynchronization therapy. Circulation 2009 March 10;119(9):1220-30.

16 Barth AS, Aiba T, Halperin V, DiSilvestre D, Chakir K, Colantuoni C, Tunin RS, Dimaano VL, Yu W, 
Abraham TP, Kass DA, Tomaselli GF. Cardiac resynchronization therapy corrects dyssynchrony-induced 
regional gene expression changes on a genomic level. Circ Cardiovasc Genet 2009 August;2(4):371-8.

17 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 September;11(9):863-71.

18 Kirn B, Jansen A, Bracke F, van GB, Arts T, Prinzen FW. Mechanical discoordination rather than 
dyssynchrony predicts reverse remodeling upon cardiac resynchronization. Am J Physiol Heart Circ 
Physiol 2008 August;295(2):H640-H646.

19 Lumens J, Leenders GE, Cramer MJ, De Boeck BW, Doevendans PA, Prinzen FW, Delhaas T. 
Mechanistic evaluation of echocardiographic dyssynchrony indices: patient data combined with 
multiscale computer simulations. Circ Cardiovasc Imaging 2012 July;5(4):491-9.

20 Wang CL, Wu CT, Yeh YH, Wu LS, Chang CJ, Ho WJ, Hsu LA, Luqman N, Kuo CT. Recoordination rather 
than resynchronization predicts reverse remodeling after cardiac resynchronization therapy. J Am Soc 
Echocardiogr 2010 June;23(6):611-20.

21 De Boeck BW, Kirn B, Teske AJ, Hummeling RW, Doevendans PA, Cramer MJ, Prinzen FW. Three-
dimensional mapping of mechanical activation patterns, contractile dyssynchrony and dyscoordination 
by two-dimensional strain echocardiography: rationale and design of a novel software toolbox. 
Cardiovasc Ultrasound 2008;6:22.

22 Leenders GE, De Boeck BW, Teske AJ, Meine M, Bogaard MD, Prinzen FW, Doevendans PA, Cramer 
MJ. Septal rebound stretch is a strong predictor of outcome after cardiac resynchronization therapy. J 
Card Fail 2012 May;18(5):404-12.

23 Wang J, Khoury DS, Thohan V, Torre-Amione G, Nagueh SF. Global diastolic strain rate for the assessment 
of left ventricular relaxation and filling pressures. Circulation 2007 March 20;115(11):1376-83.

24 Kim HK, Sohn DW, Chang SA, Park KH, Park JS, Kim YJ, Oh BH, Park YB. Effects of the aging process 
on left ventricular systolic and diastolic synchronicity indexes: insights from 160 “completely” healthy 
volunteers. Clin Cardiol 2010 December;33(12):E24-E31.

25 Perrone-Filardi P, Bacharach SL, Dilsizian V, Bonow RO. Effects of regional systolic asynchrony on left 
ventricular global diastolic function in patients with coronary artery disease. J Am Coll Cardiol 1992 
March 15;19(4):739-44.

26 Onishi T, Uematsu M, Nanto S, Morozumi T, Watanabe T, Awata M, Iida O, Sera F, Nagata S. Detection 
of diastolic abnormality by dyssynchrony imaging: correlation with coronary artery disease in patients 
presenting with visibly normal wall motion. Circ J 2009 January;73(1):125-31.

27 Lumens J, Tayal B, Walmsley J, Delgado-Montero A, Huntjens PR, Schwartzman D, Althouse AD, 
Delhaas T, Prinzen FW, Gorcsan J, III. Differentiating Electromechanical From Non-Electrical Substrates 
of Mechanical Discoordination to Identify Responders to Cardiac Resynchronization Therapy. Circ 
Cardiovasc Imaging 2015 September;8(9):e003744.

2016269 Geert Leenders.indd   136 04-02-16   21:53



7

137

DIASTOLIC RESYNCHRONIZATION BY CRT

28 Morris-Thurgood JA, Turner MS, Nightingale AK, Masani N, Mumford C, Frenneaux MP. Pacing in heart 
failure: improved ventricular interaction in diastole rather than systolic re-synchronization. Europace 
2000 October;2(4):271-5.

29 Valenti V, Zia MI, Shubayev L, Edelstein S, Supariwala A, Uretsky S, Fantozzi LM, Volpe M, Sciarretta S, 
Wolff SD. Cardiac magnetic resonance evaluation of the impact of interventricular and intraventricular 
dyssynchrony on cardiac ventricular systolic and diastolic function in patients with isolated left bundle 
branch block. Am J Cardiol 2012 December 1;110(11):1651-6.

30 Verbrugge FH, Verhaert D, Grieten L, Dupont M, Rivero-Ayerza M, De VP, Van HH, Reyskens R, 
Vandervoort P, Tang WH, Mullens W. Revisiting diastolic filling time as mechanistic insight for response 
to cardiac resynchronization therapy. Europace 2013 December;15(12):1747-56.

31 Breithardt OA, Stellbrink C, Franke A, Balta O, Diem BH, Bakker P, Sack S, Auricchio A, Pochet T, Salo 
R. Acute effects of cardiac resynchronization therapy on left ventricular Doppler indices in patients with 
congestive heart failure. Am Heart J 2002 January;143(1):34-44.

32 Leenders GE, Lumens J, Cramer MJ, De Boeck BW, Doevendans PA, Delhaas T, Prinzen FW. Septal 
Deformation Patterns Delineate Mechanical Dyssynchrony and Regional Differences in Contractility: 
Analysis of Patient Data Using a Computer Model. Circ Heart Fail 2011 October 6.

33 Ellenbogen KA, Gold MR, Meyer TE, Fernndez L, I, Mittal S, Waggoner AD, Lemke B, Singh JP, Spinale 
FG, Van Eyk JE, Whitehill J, Weiner S, Bedi M, Rapkin J, Stein KM. Primary results from the SmartDelay 
determined AV optimization: a comparison to other AV delay methods used in cardiac resynchronization 
therapy (SMART-AV) trial: a randomized trial comparing empirical, echocardiography-guided, and 
algorithmic atrioventricular delay programming in cardiac resynchronization therapy. Circulation 2010 
December 21;122(25):2660-8.

2016269 Geert Leenders.indd   137 04-02-16   21:53



Geert E. Leenders, MD,1* Bart W.L. De Boeck, MD PhD, 1,2* Arco J. Teske, MD PhD,1 
Mathias Meine, MD PhD,1 Margot D. Bogaard, MD,1 Frits W. Prinzen, PhD, 3 
Pieter A. Doevendans, MD PhD,1 Maarten J. Cramer, MD PhD1

*Contributed equally to the manuscript

1 University Medical Center Utrecht, Utrecht, The Netherlands
2 Kantonsspital Luzern, Luzern, Switzerland
3 University of Maastricht, Maastricht, The Netherlands

2016269 Geert Leenders.indd   138 04-02-16   21:53



Journal of Cardiac Failure 2012; 18(5): 404-12

Septal Rebound Stretch is a Strong  

Predictor of Outcome After  

Cardiac Resynchronization Therapy

8

2016269 Geert Leenders.indd   139 04-02-16   21:53



140

CHAPTER 8

Abstract
Background
Septal Rebound Stretch (SRSsept) is a distinctive characteristic of dysscoordination-related 
mechanical inefficiency. We assessed how intermediate and long-term outcome after 
cardiac resynchronization therapy (CRT) relate 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 brain-type 
natriuretic peptide (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. Primary composite end-point was death, urgent cardiac 
transplantation or left ventricular assist device implantation at the end of the study. 
Secondary end-points were intermediate-term (6-months) response, quantified as decreases 
in left ventricular end-systolic volume (∆LVESV) and BNP (∆BNP). After a mean clinical 
follow-up of 15.6±9.0 months; 23 patients had reached the primary end-point. Baseline 
SRSsept [Hazard ratio (HR) 0.742; 95% confidence intervals (CI) 0.601-0.916, p<0.01)] was 
independently associated with a better outcome and NYHA class [HR 5.786: 95% CI 2.341-
14.299, p<0.001] with a worse outcome. Contrary to baseline NYHA class, baseline 
SRSsept was an independent predictor of ∆LVESV (beta 0.53; p<0.001) and ∆BNP (beta 
0.29; p<0.01). Intermediate term ∆LVESV, and ∆BNP were associated with a favourable 
long-term outcome. 

Conclusions
Septal rebound stretch at baseline is a strong, independent predictor of long term prognosis 
after CRT and of improvements in left ventricular remodelling and neurohormonal activation 
at intermediate term.
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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 remodelling and neurohormonal activation, detrimental 
processes strongly associated with adverse events in heart failure patients. We have 
recently demonstrated that one of the primary mechanisms of action through which CRT 
improves ventricular function and reduces neurohormonal activation consists of the 
conversion of abnormal systolic stretching into additional systolic shortening.4 In particular, 
systolic rebound stretch in the septum (SRSsept; septal stretch during systole, occurring 
after initial shortening) was found to represent the fraction of all abnormal stretching that 
was most specifically converted into additional shortening and thus the mechanical 
substrate most directly and specifically targeted by CRT.4 Systolic rebound stretch thus 
operates as an index of the contractile inefficiency that can be recruited upon CRT. In 
addition, abnormal systolic stretch by itself has also been implicated in the disruption of 
the molecular, metabolic and electrical integrity of the dyssynchronous heart, hazardous 
processes that seem largely reversible by restoration of a coordinated shortening throughout 
systole.5, 6 Therefore, we hypothesized that SRSsept before CRT could predict the clinical 
outcome after CRT. We first evaluated the independent impact of SRSsept and several 
clinical heart failure markers on long-term outcome after CRT. Secondly, we tested which 
of these baseline long-term predictors also related to known (objective) 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 in a single centre) displaying a left bundle branch 
block like morphology on the electrocardiogram and undergoing CRT according to current 
guidelines (New York Heart Association (NYHA) functional class ≥3 despite maximally 
tolerated pharmacological treatment, 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, NYHA-class, brain-type natriuretic peptide (BNP, in 
pmol/l) and glomerular filtration rate (GFR; by the modification of diet in renal disease 
formula)7 were prospectively assessed before CRT and after 6 months follow-up in all 
patients. Regular clinical follow-up visits were scheduled according to current guidelines. 
The primary study end-point was a combined clinical end-point of death, cardiac 
transplantation, or implantation of a left ventricular assist device (LVAD), further referred 
to as “prognosis”. This end-point was adjudicated at the conclusion of the study, based 
on medical records, and an additional interview with the patients’ caregivers.  
To investigate therapy-effects of CRT, 6-months’ changes in LV end-systolic volume index 
(∆LVESVi) and BNP (∆BNP) were used as secondary end-point. These intermediate term 
volumetric and neurohormonal response markers were chosen because of their previously 
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demonstrated prognostic value8, 9 and relative insensitivity to placebo-effects.3, 10  
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, 11 In brief, all 
echocardiographic data were obtained on a Vivid 7 ultrasound machine (General Electric, 
Milwaukee, USA) using an M3S transducer for Doppler and 2D imaging. A minimum of 3 
loops (5 in case of atrial fibrillation) were acquired at breathhold and analyzed offline 
(Echopac version 6.0.1, General Electric). Mitral regurgitation effective regurgitant orifice 
(MRero) was quantified by the proximal isovelocity surface area method. Right ventricular 
(RV) systolic function was assessed by measuring the tricuspid annular plane systolic 
excursion (TAPSE) by M-mode. LVEF and LV end-systolic (LVESVi) and end-diastolic volumes 
indexed for body surface area were measured by biplane Simpson’s method. Segments 
which displayed akinesis or dyskinesis in combination with a disproportionate local wall 
thinning (≥30%) and hyperreflectivity (i.e. loss of fine granular reflection of the myocardium 
and lack of distinction between epi-, endo- and myocardium) in ≥50% of the segment and 
in comparison to adjacent contractile segments were scored as “scarred”.12 The number 
of segments with such “visible scar” was determined in each ventricle according to the 
standard 16-segment echocardiographic model.
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 
four-chamber view 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
Analysis of longitudinal deformation at the septum and lateral wall was performed by an 
independent, blinded observer to whom only gray-scale images of the septal and lateral 
wall, and aortic flow recordings were available. Deformation was calculated by speckle 
tracking. The region of interest was set along the endocardial border from base to apex, 
excluding the apical cap, and adapted to match the wall thickness. The speckle tracking 
performed by the software was visually checked and adjusted if necessary. Global wall 
deformation, i.e. calculated over the entire length of the wall, was used for the analysis. 
In both walls, the time to peak shortening was measured to derive the septal to lateral 
shortening delay (SL-delay). Septal systolic rebound stretch (SRSsept) was defined as the 
cumulative amount of systolic stretch following prematurely terminated shortening in the 
septum (Figure 1).4 Effective septal shortening was defined as the end-systolic (i.e. at aortic 
valve closure) value of septal deformation. The intra- and interobserver coefficient of 
variation of SL-delay (14.2% and 15.6%, respectively)  and SRSsept (16.3% and 19.5%, 
respectively) were previously determined in our laboratory.4
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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 
later fixated on the LV 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 CRT-
defibrillator (Contak Renewal 4-RF & Livian, Boston Scientific Corporation, St. Paul, MN, 
USA; or Atlas II & Promote RF, St. Jude Medical, St. Paul, MN, USA) in all but two patients 
(both event-free survivors), in which a CRT-pacemaker was implanted (Contak Renewal 
TR2, Boston Scientific Corporation and Frontier, St. Jude Medical). 

Figure 1. Systolic rebound stretch measurement in the septum (SRSsept). Representative sep-
tal deformation in a patient with a high (upper panels) and low (lower panels) amount of SRSsept; at 
baseline (left panels), and after 6-months CRT (right panels). Global longitudinal deformation meas-
ured over the entire length of the septum is represented by the dashed white lines. Negative slope 
of the deformation curve indicates shortening, positive slope indicates stretching. The yellow vertical 
line indicates the onset of the QRS. The green vertical line marks the end of systole as defined by 
aortic valve closure (AVC). Systolic stretch that occurs after initial shortening (onset of shortening 
marked by yellow arrow) defines systolic rebound stretch (red parts of the curves). If more than 
one episode of stretch occurs, the absolute amount of stretch is summed (see formula left upper 
panel) to calculate systolic rebound stretch. In the patient with a high amount of SRSsept, systolic 
shortening is interrupted early during systole, resulting in prominent systolic stretching. In the patient 
with low amount of SRSsept, the septum shortens throughout systole with only subtle stretch oc-
curring just before AVC. Note that stretching and shortening occurring after AVC are being ignored 
for rebound stretch measurement. The strain value marked with an asterisk defines effective septal 
shortening; the absolute value of septal strain at AVC.
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Statistical analysis
Statistical analysis was performed using the SPSS statistical software package (SPSS Inc., 
Chicago, Illinois). Normality of the data was verified by checking histograms and Kolmogorov-
Smirnov test. Continuous variables are expressed as mean±SD or as median and 
interquartile range (IQR) as appropriate; categorical data are summarized as frequencies 
and percentages. Continuous data were compared by paired and unpaired T-test as 
appropriate. Initial univariate Cox regression analysis was performed to identify predictors 
of the main study end-point. Baseline variables were included based on their potential 
prognostic impact (Table 1).8, 13-18 All variables were subsequently subjected to a multivariate 
Cox regression analysis using a forward logistic regression approach with entry to the 
model set at p=0.10 and the criterion for remaining in the model set at p=0.05. Kaplan-
Meier survival curves were constructed and compared by log-rank analysis. Dichotomization 
was performed using previously determined cut-off values for SRSsept (4.7%) and ∆LVESVi 
(15% reduction).  In the absence of a previously established cut-off value for ∆BNP the 
median value was used.9 To identify independent determinants of intermediate term 
treatment effects amongst predictors of prognosis, all predictors with p<0.20 in the 
univariate Cox regression (Table 5, left upper column) were included in separate univariate 
and stepwise multivariate linear regression analyses. A p-value <0.05 was considered 
statistically significant for all analyses.

Results
Study population and septal deformation
The final study population constituted of 101 patients (68% male, mean age 65±11 years) 
suffering from advanced, therapy refractory heart failure symptoms, 18% classifying as 
NYHA-class IV. Aetiology of cardiomyopathy was ischemic in 46%. Septal scar was present 
in 23% and posterolateral scar was present in 24% of the total population. A history of 
atrial fibrillation was present in 21% of the patients. Medication included diuretics in 96%, 
ACEi/ARB in 90% and beta-blockers in 76%. Device and lead implantation was successful 
in all patients without major procedure-related complications in any. Baseline clinical, 
biochemical and echocardiographic characteristics are listed in Table 2. SRSsept could be 

Table 1. Reason for inclusion of predictors

Main reason for inclusion Parameter

Suggested in previous randomized studies: Age8, NYHA8, 16, Ischemic etiology8, Beta-blocker  
intolerant8, 16, ACEi/ARB intolerant8, 16, QRS16, SysBP8, 
 BNP8, GFR8, 16, LVESVi8, LVEF8, 16, MRero8, TAPSE14

Suggested in previous observational studies: SL-delay13, 15, Scarred segments13, Atrial fibrillation17, 18

Newly introduced SRSsept

ACEi/ARB intolerant: ACE-inhibitor or angiotensin receptor blocker intolerant, SysBP: Systolic Blood 
Pressure, BNP: brain-type natriuretic peptide (1 pmol/l = 3.46 pg/ml), GFR: glomerular filtration rate 
LVESVi: left ventricular end-systolic volume indexed for body surface area, LVEF: left ventricular 
ejection fraction, MRero: mitral regurgitation effective regurgitant orifice, TAPSE: tricuspid annular 
plane systolic excursion, SL-delay: septal to lateral shortening delay, SRSsept: septal systolic re-
bound stretch.
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Figure 2. Relation between SRSsept and the amount of ventricular scarring. Bar graph rep-
resenting baseline (mean ±SD) SRSsept values on the y-axis stratified according to the amount of 
scarred segments on the x-axis. Amount of patients and QRS duration in each of these scar sub-
groups are indicated under the x-axis. At identical QRS duration in all groups, SRSsept declined 
(p=0.004 for trend) as the amount of scarring increased, differences between individual groups did 
not attain statistical significance. 

Table 2. Baseline and follow-up clinical, biochemical and echocardiographic characteristics

Baseline* Follow-up† p-value†

NYHA-class 3.2±0.4 2.3±0.8 <0.001

SysBP (mmHg) 113±18 119±21 0.011

QRS (ms) 173±23 168±26 0.074

BNP (pmol/l) 226±218 144±174 0.001

GFR (ml/min/1.73m2) 50±17 54±20 0.032

LVESVi (ml/ m2) 105±40 90±49 <0.001

LVEF (%) 19±7 27±11 <0.001

MRero (mm2) 8.9±7.2 6.1±6.6 <0.001

TAPSE (mm) 17.0±4.6 16.8±3.8 0.319

SL-delay (ms) 274±133 3±143 <0.001

SRSsept (%) 4.7±3.4 0.3±0.7 <0.001

Effective septal shortening (%) 2.3±4.6 8.4±4.3 <0.001

*Data for entire population (n=101); † by the time of scheduled follow-up 9 patients had reached 
the end-point, values and paired p-values for survivors. All abbreviations explained in Table 1.
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quantified in all but two patients, in whom tracking was judged to be inadequate. In 55 
patients, the baseline value for SRSsept was below the cut-off. Baseline characteristics of 
patients with SRSsept above and below the cut-off are displayed in Table 3. Of note, 
SRSsept decreased with increasing amounts of scar even when accounting for QRS 
duration (Figure 2). Accordingly, baseline values of SRSsept were lower both in patients 
with septal scar (2.8±2.2%) as well as in patients with posterolateral scar (3.5±2.4%), 
when compared to patients with no evidence of scar (5.5±3.6%), both p<0.05.

Prognosis and survival analysis
After a median follow-up of 16.1 months (IQR 6.8-22.8 months), 23 primary end-points 
were recorded: 17 patients had died and 6 underwent 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 or 
LVAD implantation 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 4.  
Independent predictors of the combined end-point were SRSsept and NYHA class. Eighteen 
out of 23 patients reaching the end-point during the study period had a baseline value of 
SRSsept below the cut-off and twelve were in NYHA class IV (Figure 3, panel A). 

Table 3. Baseline characteristics of patients with high and low SRSsept

SRSsept <4.7
(n=55)

SRSsept ≥4.7
(n=44)

p-value

Age (yrs) 64±10 66±11 0.275

NYHA-class 3.2±0.5 3.0±0.4 0.050

Ischemic etiology (%) 51 41 0.418

Atrial fibrillation (%) 22 18 0.802

SysBP (mmHg) 107±15 119±18 <0.001

Beta-blocker intolerant (%) 34 14 0.021

ACEi/ARB intolerant (%) 7 14 0.332

QRS (ms) 168±24 178±20 0.024

BNP (pmol/l) 245±226 205±212 0.377

GFR (ml/min/1.73m2) 47±16 54±18 0.048

LVESVi (ml/ m2) 109±44 102±35 0.405

LVEF (%) 19±6 19±7 0.736

MRero (mm2) 11.2±8.5 6.0±5.4 <0.001

TAPSE (mm) 16.5±4.3 17.4±5.3 0.367

Scarred segments (=n) 2.24±2.84 0.95±1.94 0.009

All abbreviations explained in Table 1.
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Overall effects of CRT at follow-up and its predictors
In the total study population significant clinical, neurohormonal, and volumetric 
improvement was observed 6 months after CRT. Median relative reduction compared to 
baseline was 40.4% (IQR 2.6-63.1%) for BNP and 16.1% (IQR 3.8-39.7%) for LVESV. A 
≥15% reduction of LVESVi occurred in 52%, whereas in 35% a concurrent ≥15% reduction 
of LVESVi and an above median decrease in BNP occurred. In addition, CRT significantly 
improved renal function, systolic blood pressure and LVEF, and reduced mitral regurgitation 
severity (Table 2). 
SRSsept independently predicted both ∆LVESVi and ∆BNP at multivariate analysis. To the 
contrary, baseline NYHA-class displayed a relation only with ∆LVESVi but did not influence 
the effect of CRT on BNP (Table 5). 

Figure 3: Kaplan-Meier survival plots. Panel A: Survival without heart transplantation or 
assist device (primary end-point) was better in patients with a septal systolic rebound 
stretch (SRSsept) <4.7% and in patients with NYHA class 3 instead of 4.
Panel B: Patients demonstrating at intermediate term follow-up an above median ∆BNP or 
≥15% decrease in LVESV had a lower subsequent mortality rate.

A

B
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Intermediate term treatment response and subsequent prognosis
Considered on a dichotomous response-scale, survival was significantly better for patients 
demonstrating an above median decrease in ∆BNP or a ≥15% reduction of LVESVi compared 
to those failing to respond (Figure 3, panel B). To avoid arbitrary dichotomization to distort 
the results, univariate analysis on a continuous scale was performed, confirming that both 
∆BNP [c2 11.63, p<0.001; HR 0.989 (95%CI 0.984-0.995)] as well as ∆LVESVi [c2 8.85, 
p=0.001; HR 0.966 (95%CI 0.946-0.987)] significantly predicted the combined primary 
end-point. 

Table 4. Uni- and multivariate predictors of the combined end-point by Cox regression analysis

Variable
Univariate analysis Multivariate analysis

Hazard ratio
(95% CI)

p-value Hazard ratio
(95% CI)

p-value

Age (yrs) 1.014 (0.972-1.059) 0.519 - -

NYHA (IV) 6.488 (2.786-15.111) <0.001 5.786 (2.341-14.299) <0.001

Ischemic etiology 1.530 (0.672-3.484) 0.311 - -

Atrial fibrillation 1.352 (0.497-3.677) 0.554 - -

Beta-blocker intolerant 2.195 (0.907-5.311) 0.080 - -

ACEi/ARB intolerant 2.795 (1.029-7.590) 0.044 - -

QRS (ms) 0.996 (0.979-1.014) 0.674 - -

SysBP (mmHg) 0.976 (0.949-1.0030 0.080 - -

BNP (pmol/l) 1.002 (1.001-1.004) 0.006 - -

GFR (ml/min/1.73m2) 0.971 (0.946-0.997) 0.030 - -

LVESVi (ml/ m2) 1.006 (0.996-1.016) 0.223 - -

LVEF (%) 0.962 (0.895-1.035) 0.299 - -

MRero (mm2) 1.017 (0.967-1.071) 0.508 - -

TAPSE (mm) 0.931 (0.851-1.018) 0.115 - -

Scarred segments (=n) 1.138 (0.990-1.309) 0.070 - -

SL-delay (ms) 0.997 (0.993-1.000) 0.052 - -

SRSsept (%) 0.779 (0.653-0.930) 0.006 0.742 (0.601-0.916) 0.005

All abbreviations explained in Table 1. 
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Discussion
This study shows that SRSsept and NYHA class assessed before CRT are independent 
predictors of hard clinical end-points after CRT. Intermediate term decreases in LVESVi 
and BNP also herald an improved long-term outcome, implying that upon structural and 
neurohormonal improvements following effective CRT a patient’s outcome is more 
favourable. SRSsept independently predicts favourable changes in LVESVi as well as 
BNP, suggesting that part of its prognostic value is mediated through a treatment effect 
of CRT, whereas e.g. NYHA class influences prognosis relatively independently from 
treatment. 

Comparison to previous studies
To the knowledge of the authors the current study is the first to demonstrate the value of 
a stretch-based index of contractile inefficiency (=dyscoordination) in predicting long term 
prognosis after implantation of a CRT-device, where others have used temporal 
dyssynchrony. Mostly, temporal dyssynchrony assessment of transverse (derived from 
apical recordings) or radial strain (derived from parasternal cross sectional recordings) 
proved successful for this purpose.19, 20 In theory, also SRSsept could be determined using 
transverse or radial strain, although in that case one would speak of septal rebound thinning. 

Table 5. Uni- and multivariate relations of prognostic predictors with treatment effects

Univariate ∆LVESVi ∆BNP

B SE Beta p-value B SE Beta p-value

ACEi/ARB intolerant -0.63 10.78 -0.01 0.954 -17.20 26.25 -0.72 0.514

Beta-blocker intolerant 1.86 6.94 0.03 0.789 11.14 17.32 0.07 0.522

SysBP (mmHg) 0.37 0.16 0.27 0.018 0.50 0.41 0.13 0.218

NYHA (IV) -26.26 8.47 -0.33 0.003 -15.98 20.71 -0.08 0.442

BNP (pmol/l) -19.24 6.52 -0.33 0.004 0.05 0.04 0.16 0.152

GFR (ml/min/1.73m2) 0.30 0.17 0.20 0.071 0.62 0.44 0.15 0.164

TAPSE (mm) 0.65 0.57 0.13 0.260 -1.20 1.50 -0.09 0.423

Scarred segments (n) -3.53 1.07 -0.35 0.001 -5.26 2.73 -0.21 0.057

SL-delay (ms) 0.09 0.02 0.46 <0.001 0.09 0.05 0.19 0.092

SRSsept (%) 3.66 0.71 0.51 <0.001 5.11 1.73 0.31 0.004

Multivariate ∆LVESVi ∆BNP

B SE Beta p-value B SE Beta p-value

SRSsept (%) 3.78 0.68 0.53 <0.001 4.83 1.81 0.29 0.009

NYHA (IV) -23.88 7.65 -0.29 0.003 - - - -

Scarred segments - - - - -6.15 2.45 -0.27 0.014

Tapse (mm) - - - - -3.55 1.31 -0.28 0.008

B: unstandardized regression coefficient, SE:Standard error, Beta: standardized regression coef-
ficient (represents the number of standard deviations that the outcome will change as a result of 
one standard deviation change in the predictor), other abbreviations explained in Table 1. 
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In order to maximize feasibility and reproducibility, we chose to exclusively use longitudinal 
strain derived from dedicated high resolution (narrow angle) apical recordings to quantify 
SRSsept in the current study.4 
While many studies have been performed on the relation between dyssynchrony and 
surrogate end-points (especially ∆LVESV), fewer studies have examined the relation 
dyssynchrony – survival. Extensive temporal dyssynchrony measured by either tissue 
Doppler,21, 22 M-mode,23 or recently speckle tracking,13, 15 has nevertheless been 
demonstrated to predict a significantly lower cardiovascular mortality and morbidity after 
CRT, in conjunction with reverse remodelling in those patients.
Recent work with magnetic resonance tagging as well as echocardiography, indicates that 
stretch-based dyscoordination metrics outperform dyssynchrony measures with regard to 
prediction of intermediate term response.4, 24-26 It has been suggested that dyscoordination 
measurements more selectively measure amendable dyssynchrony that can be restored 
by CRT, whereas temporal dyssynchrony has been shown to increase with increasing 
severity of ventricular dysfunction, dilatation, ischemia and scarring, even so without an 
underlying electrical substrate (narrow QRS).11, 27-32 This might explain why Chalil and 
colleagues paradoxically found extensive temporal dyssynchrony to decrease the chances 
of reverse remodelling and, accordingly, predict a worse long-term outcome.28  
To the contrary, as can be deduced from Table 3, this is not the case for SRSsept. Rather, 
a lower SRSsept was found in the CRT-candidates with more markers of poor outcome, 
some of those established in general heart failure populations (e.g. renal function, 
betablocker intolerance), others (e.g. mitral regurgitation, QRS, scarring) being suggested 
to directly interfere with the CRT-effect.8, 13 The current study extends the evidence for the 
use of dyscoordination measurements by demonstrating that SRSsept is also an 
independent predictor of long-term prognosis. 

Mechanisms of septal rebound stretch
The presence of septal rebound stretch is determined by two active components: 1) early 
unopposed shortening in the early activated septum, and 2) delayed and reinforced 
shortening in later activated regions. The interaction between the two leads to the 
prematurely interrupted shortening and subsequent stretching in the early activated septum 
that defines systolic rebound stretch.4, 6, 33 Therefore, septal systolic rebound stretch 
requires, and is modulated by, both the delay in activation as well as the extent of regional 
myocardial contractility. By advancing the activation of late activated, viable regions, CRT 
abolishes both the early unopposed septal shortening and the delayed reinforced shortening, 
resulting in the reduction of septal rebound stretch and its conversion into additional systolic 
shortening. Accordingly we have recently demonstrated that the conversion of septal 
rebound stretch into shortening is one of the primary working mechanisms through which 
CRT improves ventricular function and reduces neurohormonal activation.4 Septal scarring 
will both reduce the amplitude of the early shortening component and diminish passive 
stretching due to the increased stiffness of the myocardium. Posterolateral scarring on the 
other hand will reduce passive stretching of the septum because remote shortening forces 
are reduced.33 Consequently SRSsept values were lower both in the presence of septal 
and posterolateral scar and overall an inverse relation was established between the amount 
of ventricular scarring and SRSsept. SRSsept therefore indicates a progressive decline in 
the estimated functional substrate to CRT as the amount of viable tissue diminishes. 
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Furthermore, the restriction of stretch quantification to rebound stretch in premature 
segments renders SRSsept relatively insensitive to contamination by delayed and 
postsystolic shortening due to ischemia and scarring.4, 34 Part of the explanation for the 
good predictive properties of SRSsept might thus be contained in the fact that the metric 
integrates information on amendable dyssynchrony of activation and recruitable (regional) 
contractility.33

Potential mechanisms linking baseline SRSsept with prognosis after CRT
The tight mechanistic relation of SRSsept to the functional substrate of CRT and confirmation 
that baseline SRSsept predicts both ∆BNP and ∆LVESVi as objective markers3, 10  
of response to CRT, is noteworthy. It suggests that the favourable prognosis in patients 
with high baseline SRSsept may rely, at least partially, on a treatment effect. Indeed, a 
large body of evidence from randomized trials1, 35 and from observational studies like this,9, 36 

indicates that reverse remodelling after CRT is associated with improved survival. Whereas 
in the MADIT-CRT trial, reverse remodelling to a large extent accounted for the observed 
prognostic benefit of CRT,35 in the CARE-HF trial the prognostic relevance of decreased 
neurohormonal activation after CRT proved more important.8, 10 This is interesting, because 
BNP is regarded not only to reflect ventricular function and remodelling but also abnormal 
load and stretch, and evidence from our studies suggests that CRT reduces stretch-related 
markers like SRSsept.4 
Besides volumetric and neurohormonal response, some other mechanisms of response 
to CRT can be hypothesized, possibly accounting for additional modification of the disease 
process, and explaining the beneficial effects of CRT on prognosis even independent of 
volumetric and/or neurohormonal response.8, 37, 38 Recent experimental evidence indicates 
that abnormal paradoxical stretch as a result of dyscoordinate contractions is associated 
with reduced mechanical efficiency (i.e. increased oxygen needs for similar or decreased 
stroke work) and with altered gene expression of proteins involved in cellular ion currents 
and repolarization (electrical remodelling), calcium handling (contractile remodelling), and 
myocardial stress responses; disturbances amenable to CRT.5, 39, 40 Awaiting further 
evidence, it is conceivable that the beneficial effects of stretch homogenization by CRT, 
and the role of SRSsept therein, may reach beyond the mere improvement measured in 
terms of ejection fraction, LVESVi, and even BNP. 

Study Limitations
The 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.37 The observed interrelation between SRSsept, ventricular volumetric 
and neurohormonal response, and prognosis does not necessarily imply strict causality; 
i.e. a low baseline SRSsept might to some extent identify an elevated risk also regardless 
of a therapy-effect.37

The sample size regarding the predictive value of intermediate term response on 
subsequent prognosis was reduced because intermediate term response was not available 
in all patients. While cut-offs for ∆LVESVi (15%) and SRSsept (4.7%) have been previously 
defined, the best distinctive value for ∆BNP regarding prediction of survival remains 
unknown. In the current study we therefore used the median reduction in BNP as a cut-off 
for the Kaplan-Meier analysis. Furthermore, for both ∆BNP and ∆LVESVi the optimal time 
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point to assess intermediate term response remains debated and halting or slowing disease 
progression may just as well indicate a successful intervention.38, 41 
We focused primarily on mortality and heart transplantation (“aborted” death). Compared 
to other end-points, allocation of events to this end-point 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. 
Although measurement variability might have been negatively influenced by the inclusion 
of patients with atrial fibrillation, the current study population most closely resembles daily 
practice. Scar scoring was performed based on the echocardiographic aspect of the 
myocardium. The use of late gadolinium enhanced magnetic resonance imaging might 
have revealed additional areas of (more subtle) scarring and could thereby possibly affect 
the observed relation with other predictors and the outcome. 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. BNP.

Conclusion
In NYHA III/IV heart failure patients with an indication for resynchronization therapy, a high 
baseline systolic rebound stretch in the septum is independently associated with a 
favourable prognosis 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 remodelling 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 
remodelling, through an association with stretch-induced molecular derangements, or 
whether it identifies a relatively low risk rather independently of CRT-treatment.
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LBBB is a conduction disturbance that can be found in about one fourth of heart failure 
patients.1 In this condition the electrical activation of the right ventricle (RV) occurs normally 
through the rapid conduction system, whereas activation of the left ventricle (LV) 
subsequently occurs through the slower conducting myocardium and is delayed.2 The 
concatenation of mechanical events that entails, results in inefficient cardiac function and 
remodeling and is responsible for considerable morbidity and mortality among this patient 
population.3, 4 Cardiac resynchronization therapy (CRT) is an advanced device based therapy 
that uses synchronized atrio-biventricular pacing to correct the mechanical abnormalities 
induced by LBBB. This thesis assessed several physiological and clinical aspects of 
myocardial mechanics associated with left bundle branch block (LBBB) and their 
consequences for cardiac resynchronization therapy (CRT) delivery. To this extent we 
applied echocardiographic measurements of mechanical coordination derived by speckle-
tracking echocardiography, complemented by computer simulations by a mathematical 
model of cardiovascular mechanics. The response after CRT was mainly determined by 
echocardiographic evidence of reverse remodeling. In chapter 3 we demonstrate that 
reverse remodeling and long-term improvements in systolic function after CRT are 
determined by acute recoordination. Acute recoordination was mainly the result of reduced 
paradoxical systolic stretching. LBBB particularly induces paradoxical systolic stretching in 
the septum. In chapter 4 we demonstrate that septal deformation in LBBB is additionally 
influenced by (regional) changes in myocardial contractility. Thereby, changes in myocardial 
contractility could mask or modify the septal deformation pattern that is characteristic for 
LBBB. In addition, the results provide evidence that a synergistic approach, combining 
computer simulations and clinical data, can help unravel the complex interactions and 
mechanisms in LBBB heart failure. A similar synergistic approach was used in chapter 5 
to assess the intrinsic ability of mechanical dyssynchrony parameters to adequately reflect 
the amenable substrate for CRT. We found that the ability of these indices to predict CRT 
response is fundamentally dependent on their operational definitions, yielding temporal 
measurements of mechanical dyssynchrony inferior to discoordination parameters. 
Furthermore we tested the effects of RV function on discoordination and CRT response 
in chapter 6.  The impact of RV function on response was at least partially independent of 
LV dyssynchrony and discoordination. The finding that discoordination was not related to 
CRT response in patients with RV failure however suggests complex interactions that are 
not completely accounted for. We investigated the role of diastolic discoordination in 
chapter 7. Improvements of diastolic coordination were confined to patients with reverse 
remodeling. Moreover the findings indicate that systolic and diastolic (dis)coordination are 
tightly coupled. Finally, in chapter 8, we establish echocardiographic measurements of 
discoordination as an independent predictor of CRT outcome, both in terms of intermediate 
term effects on left ventricular remodeling as well as in terms of long-term mortality and 
morbidity.
In this final chapter the findings as presented in this thesis are discussed in the light of 
existing evidence and placed in a broader clinical and future perspective. 

Echocardiographic imaging of mechanical dyssynchrony and discoordination
In the clinical setting, large prospective multicenter trials have established CRT to induce 
reverse remodeling and improve exercise capacity, LV function and survival in patients with 
medication resistant heart failure and ventricular conduction disturbances (the vast majority 
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having LBBB).5-10 Encouraged by the highly variable response in individual patients observed 
in these trials, extensive attempts have been made to improve the identification of 
amenable substrate for the therapy. To this extent mainly echocardiographic measurements 
were employed to identify the mechanical substrate.  At the start of this thesis, many of 
these indices were tested for the first time in a multicenter trial and failed.11, 12 
In chapter 2 we extensively reviewed the concepts of mechanical dyssynchrony and 
presented an overview of the available echocardiographic techniques to qualify and quantify 
it. Most of the previously proposed techniques used “mechanical dyssynchrony”, 
quantifying the timing differences between segments or compartments. Whether based 
on peak or onset values, standard deviations or absolute differences, all mechanical 
dyssynchrony measurements suffer from the lack of information on amplitude and 
distribution of mechanical events. This is relevant, because amplitude and distribution have 
major impact on the effect of dyssynchrony on global left ventricular function, and on 
amenability by CRT.13 Measurements of “mechanical discoordination” on the other hand, 
express the paradoxically behaving component of deformation based on phase as well as 
amplitude information. They were therefore proposed as a physiologically more sensible 
alternative. Throughout this thesis two parameters of mechanical discoordination were 
applied: internal strain fraction (ISF) and systolic rebound stretch (SRS; SRSsept when 
quantified selectively in the septum). ISF expresses the relative burden of paradoxical 
deformation (stretch during systole, shortening during diastole) as a percentage of normal 
deformation during the same phase.14-16 SRS selectively quantifies all stretch occurring 
after prematurely terminated shortening, based on the observation that this component 
of deformation requires viable myocardium and is particularly specific for mechanical 
abnormalities induced by electrical dyssynchrony.14, 17, 18  For both parameters, studies have 
indicated superiority of the mechanical discoordination approach over traditional parameters 
of mechanical dyssynchrony.15, 19 

Recoordination as a mechanism for CRT response
Substantial experimental evidence indicates that mechanical recoordination is a fundamental 
factor for CRT response. However, measurements of acute recoordination have received 
relatively minor attention as a marker of the mechanical effects of CRT. In chapter 3 we 
demonstrated that reverse remodeling and long-term improvements in systolic function 
are determined by acute recoordination rather than by acute hemodynamic improvements. 
More specifically acute recoordination was mainly the result of reduced paradoxical systolic 
stretching whereas systolic shortening increased during follow-up. This biphasic response 
suggests that whereas the acute reduction of stretch can be attributed to retiming of 
ventricular activation and contraction, the long-term improvement in myocardial function 
involves other processes that are activated in response to chronic application of CRT. These 
processes involve complex molecular and cellular modifications that show regional 
differences within the heart.20, 21 Although the exact triggers for these processes are yet 
incompletely understood, abnormal stretch is a known stimulus for genetic and cellular 
remodeling.22 The finding that acute hemodynamic improvement (whether measured by 
invasively determined LV dP/dtmax, LV ejection fraction (LVEF) or stroke volume) was not 
related to long-term response indicates that it insufficiently identifies the triggers for long-
term remodeling. Indeed, we found no direct relation between acute hemodynamic 
response and acute recoordination, which indicates that the acute hemodynamic 
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improvements were at least additionally influenced by other alterations (e.g. changed 
atrioventricular interval or reduction of mitral regurgitation). Our findings indicate that 
maximization of recoordination should be considered as a strategy to optimize CRT delivery 
(e.g. pacing site selection and device setting optimization). Current measurements of 
discoordination however require too much acquisition and post processing time to be 
feasibly applied during the implantation procedure. Novel quadripolar leads might in this 
respect offer new opportunities for a post-procedure optimization protocol using the 
different pacing configurations of those leads.23 

Interaction of dyssynchrony and contractility and the role of the septum
Because the interventricular septum is centered amidst the discoordinated RV and LV walls 
and is additionally subject to altered loading by the abnormal right-to-left transseptal 
pressure gradient, it is particularly susceptible to discoordination caused by LBBB.24, 25 
Parameters of mechanical dyssynchrony and discoordination therefore often rely on septal 
motion or deformation to identify mechanical dyssynchrony and predict CRT response 
(chapter 2). Besides disparity in timing of mechanical activation and the abnormal 
transseptal pressure gradient, which are both primarily influenced by the dispersed electrical 
activation, regional heterogeneity in myocardial tissue properties (e.g., contractility and 
scarring) may additionally influence myocardial deformation.17, 18, 24, 26, 27 Local tissue 
properties of the septum and LV free wall may thereby either mask or modify septal 
deformation abnormalities caused by mechanical dyssynchrony.  In chapter 4 we 
demonstrated that septal deformation patterns contain integrated information on 
dyssynchrony and regional contractility of the septum and the LV free wall. A double-peaked 
systolic pattern was found to be characteristic for LBBB-associated dyssynchrony in the 
absence of additional regional contractility differences. The premature interruption of early 
systolic shortening with systolic rebound stretch that determines the first part of this 
pattern is a characteristic feature of regional electrical pre-excitation and has been described 
in ventricular pacing,28 accessory atrioventricular pathways,14, 18 and LBBB.14, 17, 24 Using the 
simulations of the CircAdapt model29, 30 we were able to demonstrate that also the remaining 
part of the pattern can be ascribed to dyssynchronous activation and is most probably the 
result of de- and re-equilibration of tensional forces in the septum and LV free wall. The 
double-peaked pattern transformed into a pattern of early systolic shortening and prominent 
late systolic stretching when additional septal hypocontractility was present. The 
physiological explanation for this is most likely that septal hypocontractility precludes the 
equilibration of contractile forces during late systole whereas the early shortening remains 
unaffected because this early in systole, it is relatively unopposed by ventricular pressures 
and the delayed contraction of the other walls. Based on our patient data, that did not 
demonstrate an increased amount of scarring but did demonstrate more pronounced 
remodeling within this group, the reduced septal contractility could be the result of 
advanced LBBB-specific remodeling processes.31 Thirdly, LBBB dyssynchrony in 
combination with left ventricular free wall hypocontractility resulted in pseudonormal 
shortening with less prominent late systolic stretch. In this case, the hypokinetic LV free 
wall imposes less stretching forces on the septum, allowing the septal contraction to be 
extended further into systole. In the patient population, we found an increased amount of 
LV (free wall) scar in this patient group. In previous studies, the observation that extensive 
LV free wall reduces CRT response has been attributed to pacing delivery failure or the 
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lack of viable myocardium to recruit by CRT.26 Our observations provide an alternative 
explanation. That is, extensive LV hypocontractility, and LV free wall hypocontractility in 
particular, might mitigate the translation of electrical dyssynchrony into mechanical 
discoordination and thereby reduce the mechanical impact of dyssynchronous electrical 
activation (and thus the amenable substrate for CRT response). CRT response was indeed 
most pronounced in the double-peaked pattern and poor in the pseudonormal pattern. Our 
findings were recently confirmed in an independent study by another group, demonstrating 
clinical response to be superior in patients with the first two patterns compared to the 
pattern of pseudonormal shortening.32 Besides providing additional insights into the 
determinants of septal deformation in LBBB, the findings in chapter 4 also provide 
additional evidence that a synergistic approach, combining computer model simulations 
with clinical data, presents a powerful method to unravel the complex interactions in LBBB 
heart failure.33-35 Similar approaches, as well as preclinical studies have focused on 
unraveling the determinants of typical septal motion characteristics.24, 36 They demonstrated 
that the end-diastolic LV-RV pressure gradient additionally determined the magnitude of 
early systolic septal inward motion (i.e. into the LV) during LBBB. Both with increased LV 
and RV loading the magnitude of septal motion was decreased, either by a leftward 
displacement of the neutral position (e.g. elevated right-sided pressures) or by resistance 
to the inward motion ((e.g. elevated LV filling pressures). Conversely mitral regurgitation 
might enhance septal inward motion by further reducing the early systolic LV pressure rise. 
While longitudinal septal deformation as assessed in this thesis might be less dependent 
on these changes in loading, it would be of interest to address their influence on septal 
deformation patterns and discoordination in future research. 
As explained previously, CRT targets the electrical substrate for mechanical inefficiency. 
Although mechanical dyssynchrony is additionally influenced by other tissue characteristics 
like scar and ischemia, the electrical substrate should be a key determinant of any parameter 
of mechanical dyssynchrony.37-39 In chapter 5 a synergistic approach was used to 
demonstrate that the determinants of septal deformation are not adequately represented 
by all of the indices of mechanical dyssynchrony due to shortcomings in their operational 
definitions. Both in patients and simulations, measurements of intraventricular and global 
interventricular discoordination (i.e. SRSsept and interventricular mechanical delay) showed 
a continuous linear relationship with CRT response. Measurements of mechanical 
dyssynchrony on the other hand (i.e. septal-to-posterior wall motion delay and septal-to-
lateral strain delay), showed an unfavorable discontinuous relationship characterized by 
data clusters. The interaction between the definition of the parameter (i.e. measurement 
of peak-to-peak differences between segments) and the double-peaked septal pattern was 
responsible for this data clustering. Changes in electrical dyssynchrony caused gradual 
changes in septal peak amplitude resulting in sudden jumps in peak definition, whereas 
free wall timing was relatively unchanged. Relationships with CRT response of all tested 
parameters were maintained in the presence of scar, although correlations slightly 
deteriorated. Problems in peak definition have previously been demonstrated to be 
responsible for measurement variability.40 The findings in chapter 5 demonstrate that there 
is a more fundamental problem with some dyssynchrony measurements, namely their 
inability to adequately reflect the underlying electrical dyssynchrony. Based on their ability 
to reflect the electrical substrate of CRT, measurements of discoordination should therefore 
be preferred over regional timing-based indices of mechanical dyssynchrony.  
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Recently Lumens et al. provided further support for these findings by testing an index 
(systolic stretch index; SSI) composed of SRSsept and posterolateral systolic prestretch, 
using a synergistic approach as also used in chapter 4 and 5 of this thesis.34 They 
demonstrated that differentiating electromechanical discoordination from non-electrical 
dyssynchrony was possible by this index, whereas this could not be done by traditional 
timing-based measurements of mechanical dyssynchrony.

The role of the right ventricle
Besides electrical dyssynchrony and local tissue properties, another source of mechanical 
dyssynchrony is ventricular interaction related to RV overload and dysfunction.41 It is unclear 
to what extent CRT affects and is affected by this type of ventricular interaction and how 
this affects prognosis.42 RV function by itself is however known to negatively impact CRT 
response and prognosis.42-44 In chapter 6 we demonstrated that the impact of RV function 
on response is at least partially independent of LV dyssynchrony and discoordination.  
A possible reason for RV function to affect CRT response is that it is a sensitive marker of 
severely reduced LV function and dilatation, conditions known to be related to a worse 
outcome after CRT.43 Alternatively RV function itself could be responsible for the reduced 
LV function through interventricular interaction. Significant changes in RV function and 
loading conditions (pulmonary hypertension) have previously been demonstrated to be able 
to cause interventricular mechanical dyssynchrony by delayed RV free wall contraction 
while leaving LV systolic synchrony unaffected.41 In our data however, neither an effect on 
interventricular dyssynchrony could be demonstrated. Although the effects of RV failure 
on remodeling were not directly mediated through altered mechanical dyssynchrony we 
did observe a loss of relation between mechanical dyssynchrony and reverse remodeling 
in case of RV failure. It seems therefore likely that CRT has intertwining therapeutic effects 
on both RV failure and mechanical dyssynchrony that cannot be distinguished by the 
measurements. Lumens et al. previously demonstrated that in some cases CRT can 
improve LV function by improving RV function.33 In this scenario, RV failure would lead to 
reduced aid from the RV after CRT and thus less improvement of LV function. Another 
possibility might be that redistribution of  myocardial work to the RV by CRT would overload 
the already failing RV, resulting in progressive right sided heart failure. Further investigations 
in this field are needed to identify whether some CRT recipients with concomitant RV 
failure might benefit from other atrioventricular (AV) or interventricular (VV) pacing delays 
or require more frequent monitoring or adjustments of the device settings. Because we 
are again confronted with complex and concomitant interactions between LV and RV 
function, mechanical dyssynchrony and intraventricular and interventricular discoordination, 
computer simulations should be considered to advance our understanding.

Predicting CRT outcome by the presence of amenable mechanical substrate
That intermediate term reverse remodeling and neurohormonal improvement relate to the 
amount of baseline discoordination has been previously demonstrated.15, 17 In chapter 3, 
we provide further proof for a significant role of mechanical discoordination in determining 
outcome after CRT by demonstrating the reduction of baseline discoordination to be 
responsible for this effect.17 While reverse remodeling and functional improvements have 
gained major interest as markers determining prognosis after CRT, diastolic dysfunction 
has been given comparably little attention in CRT studies. Indeed, the fact that advanced 
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diastolic dysfunction portends a dismal prognosis, calls for more efforts to elucidate 
whether it can be specifically targeted by CRT as well. In chapter 7 we demonstrate that 
CRT is able to mitigate diastolic discoordination and improve diastolic function, but only 
appears to do so in patients demonstrating systolic recoordination, reverse remodeling and 
improvement of systolic function. The strong interrelation of systolic and diastolic 
coordination and the fact that systolic recoordination best predicted improvements in 
diastolic function suggest that diastolic coordination is tightly coupled to its electromechanical 
counterpart in systole, that consequently -for now- remains the primary CRT target. Further 
studies are needed to investigate this. 
Many studies on mechanical dyssynchrony use intermediate term outcomes like LV reverse 
remodeling and improvement of LV systolic function. The rationale for the use of these 
“surrogate” endpoints stems from findings in the large CRT trials, demonstrating that 
these intermediate term outcomes are less sensitive to a placebo effect than patient 
experienced clinical outcome, and show a good relation with long-term prognosis.45-47 
Although surrogate endpoints can be used to establish initial results and improve 
mechanistic insights, every newly proposed parameter should ultimately be tested against 
long-term hard endpoints. Accordingly, in chapter 8 we explored the prognostic implications 
of one of the clinically most straightforward discoordination markers (i.e. SRSsept) in a 
CRT-population. It was demonstrated that SRSsept is indeed a fairly strong, independent 
predictor of both improvements in intermediate term left ventricular remodeling and 
neurohormonal activation as well as long-term mortality and morbidity. Although not tested 
in a randomized design, the findings suggest part of the prognostic effect to be mediated 
through a treatment effect of CRT. In addition, regardless of the outcome parameter tested, 
discoordination markers consistently outperformed timing based mechanical dyssynchrony 
expressed by septal-to-lateral strain delay, that only demonstrated a weak univariate relation 
with echocardiographic reverse remodeling. Recent literature has seen several publications 
confirming these findings.
In the study by Lumens et al., the index composed of SRSsept and posterolateral systolic 
prestretch was tested against long-term clinical outcomes.34 The index was an independent 
predictor of freedom from heart failure, hospitalization or death. Overall, but most evidential 
in patients with dubious electrical substrate (i.e. QRS 120-150ms), this method 
outperformed time-based measurements of mechanical dyssynchrony in the prediction of 
prognosis.  Based on the patterns described in chapter 4, Marechaux et al. applied pattern 
classification as a qualitative indicator of mechanical discoordination, and also demonstrated 
more advanced discoordination (i.e. double-peaked and early peaked septal deformation 
patterns) to be associated with lower rates of hospitalization and mortality.32 Risum et al. 
used qualitative pattern recognition on a combination of septal and lateral wall longitudinal 
deformation and demonstrated predictive value for prognosis in addition to QRS width and 
etiology.48 Thus, after having provided us with important new insights in the mechanics of 
LBBB and CRT, discoordination measurements are now gaining more widespread 
acceptance and are slowly making their way into the clinical field.
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Future Perspectives
The physiologic and clinical aspects of LBBB are abundant and the introduction of CRT has 
instigated a tremendous growth of the research within this field. At the end of this thesis 
new questions already arise that wait to be answered. 
Most randomized controlled trials on CRT included patients with a QRS duration ≥120 ms. 
In a recent meta-analysis, CRT had impressive impact when QRS duration exceeded 150 
ms but failed to significantly reduce events in patients with a moderately prolonged QRS 
duration of 120-150ms.49 In addition, no randomized trial was able to reveal beneficial 
effects of CRT on hard endpoints in patients with narrow QRS duration (i.e. <120ms).11, 50 
The current guidelines therefore restrict CRT to patients with a QRS duration ≥120ms and 
provide a higher recommendation for those with QRS durations ≥150ms and typical LBBB 
than for those with intermediate QRS duration with or without typical LBBB (class I vs. IIa 
and IIb indication, respectively).51 It is important to notice that an average neutral benefit 
on a population level could mean that on an individual level there are patients who benefit 
and others who experience detrimental effects. Indeed, there are indications from 
experimental and clinical studies that CRT may worsen LV function when an adequate 
electromechanical substrate is absent.34, 52, 53 Therefore, in patients with an intermediate 
QRS duration echocardiographic substrate identification by mechanical discoordination 
could be of clinical use to facilitate patient selection. This hypothesis should however be 
tested in a randomized controlled clinical trial. Because previous guidelines did not specify 
the recommendation based on QRS duration but recommended CRT in all patients with a 
QRS duration ≥120ms, echocardiography driven CRT trials to date have been confined to 
patients with a narrow QRS (i.e. ≤120-130ms). These trials used mechanical dyssynchrony 
based on traditional timing based parameters for inclusion and could not demonstrate any 
benefit in the selected patient group.11, 50 Throughout this thesis the possible reasons for 
failure of this approach have been extensively discussed. The first data now arrive indicating 
that discoordination is rare in patients with QRS ≤120ms.54 Nevertheless, before 
discoordination measurements are tested in clinical trials, more information on normal 
reference values in healthy individuals and patients with other cardiovascular disease (e.g. 
coronary artery disease, heart failure with preserved ejection fraction, isolated LBBB) is 
urgently needed. 
Mechanisms for “non-response” to CRT should be further investigated, especially in cases 
were sufficient amenable substrate is expected based on the electrocardiogram and 
discoordination measurements. Possible reasons for non-response include, but are not 
limited to: inefficient pacing delivery (e.g. inadequate lead position, insufficiently rate 
controlled atrial fibrillation, poor optimization of pacing intervals), extensive LV remodeling 
(i.e. the “beyond repair” theory), or inability to detect “response” (i.e. halting of disease 
progression without reversing the disease). Another observation in some of our patients 
that deserves future attention, is that pacing-induced hypokinesia in the LV free wall is 
sometimes so extensive that it negates the gain in septal function (Figure 1). The underlying 
mechanisms for this phenomenon of inversed discoordination warrant further investigation.   
Techniques to assess myocardial deformation are continuously being improved and evolved. 
At the moment and based on a trade-off between temporal and spatial resolution, as well 
as ease of data acquisition and post-processing, two-dimensional speckle tracking is the 
preferred technique. The post-processing software is still mainly focused on timing-based 
dyssynchrony assessment. Upgrading of the post-processing software to provide 
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automated derivation of discoordination parameters would provide a considerable 
improvement both by reducing measurement variability and post-processing time. Although 
currently, three-dimensional speckle tracking still suffers from a relatively low spatial and 
especially low temporal resolution, if these issues are solved, the technique should be able 
to provide an even more integrated and time-efficient analysis.55 
In the meantime, mechanical discoordination assessment should be regarded as the state 
of the art, physiology-based methodology for advancing our knowledge and, hopefully, 
clinical application of CRT. 

Figure 1. Adverse effects on lateral wall deformation after CRT. Before CRT (left panels) there is 
inefficient septal deformation with systolic stretching, whereas the lateral wall shows delayed short-
ening. After CRT (right panels), septal deformation is normalized but the improvement is negated by 
completely dyskinetic deformation of the lateral wall. 
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Summary 

This thesis focuses on the pathophysiological mechanics and clinical consequences of left 
bundle branch block (LBBB) in patients with heart failure. 
Heart failure is a clinical syndrome caused by abnormalities in myocardial structure and 
function. It is present in about 2-4% of the adult population and its prevalence increases 
with age, affecting 6-10% of the population above the age of 65 years. The prognosis of 
patients with heart failure is generally poor, with one-year mortality of 20% in those 
admitted to hospital. 
In a considerable subgroup of patients with heart failure conduction disturbances can be 
found. LBBB more in particular, is found in one fourth of the patients with heart failure. In 
the healthy heart the right (RV) and left ventricle (LV) are activated simultaneously trough 
a specialized rapid conduction system. In LBBB, electrical activation of the RV occurs 
normally through the rapid conduction system of the right bundle branch. The activation 
of the LV occurs subsequently through the slower conducting myocardium and is therefore 
delayed. The delay in electrical activation is most pronounced in the free wall of the LV, 
being farthest away from the initial ventricular activation in the RV, whereas the activation 
of the interventricular septum is still relatively in time. Since electrical activation and 
myocardial contraction are tightly coupled, the regional activation delay will result in 
regionally delayed contraction. The resulting dispersion in activation and contraction is 
commonly referred to as ‘dyssynchrony’ and leads to inefficient cardiac pump function. 
The presence of LBBB can thereby lead to further deterioration, or even new onset of, 
heart failure and is an independent marker of unfavorable prognosis in patients with heart 
failure. LBBB should therefore be considered an important therapeutic target in heart failure 
patients. 
Cardiac resynchronization therapy (CRT) is an advanced device-based therapy that uses 
synchronized atrio-biventricular pacing to correct the electrical substrate of LBBB. By 
resynchronizing electrical activation, CRT has been demonstrated to resynchronize 
myocardial contraction and improve mechanical and myocardial efficiency. It thereby 
induces reverse remodeling, reduces heart failure symptoms and hospitalizations and 
improves exercise capacity, LV function, and survival. CRT is currently recommended in 
patients with symptomatic heart failure despite optimal pharmacological therapy, with an 
LV ejection fraction ≤35% and evidence of electrical dyssynchrony as indicated by a QRS 
width ≥120ms, preferably due to LBBB or RV pacing.  
As much as electrical dyssynchrony has always been an essential part of patient selection 
for CRT, the magnitude of the mechanical consequences of LBBB depends on more than 
electrical dyssynchrony alone (e.g. influence of local loading, scar, contractility, etc.). In this 
thesis, the mechanical consequences of LBBB are further explored by echocardiographic 
speckle-tracking imaging of myocardial deformation, in some cases validated and supported 
by computer simulations of cardiovascular mechanics and hemodynamics.

Chapter 2 reviews in detail the concepts of mechanical dyssynchrony, and the physiologic 
rationale and technical limitations of the available echocardiographic techniques. The three 
levels of mechanical dyssynchrony, between the atria and the left ventricle (atrioventricular 
dyssynchrony), between the RV and the LV (interventricular dyssynchrony) and between 
the interventricular septum and the LV free wall (LV intraventricular dyssynchrony), are 
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described and their implications for the efficiency of myocardial contraction and pump 
function are discussed. The fundamental flaws in the concept and measurement of regional 
temporal dyssynchrony (e.g. measurement variability, the lack of physiological ground for 
measurement of peak-events, and the ignorance of information on amplitude and spatial 
organization) are highlighted. “Discoordination” is discussed as a conceptually more 
accurate alternative, quantifying mechanical inefficiency by integrating information on 
timing, amplitude and distribution of deformation. More specifically, the parameters internal 
stretch fraction (ISF; expressing the relative burden of paradoxical deformation) and systolic 
rebound stretch (SRS; specifically quantifying only the absolute stretching that occurs after 
initial shortening during systole) are reviewed. In addition, the pros and cons of measurement 
in each of the possible directions, the possible influence of myocardial scar and lead 
localization, the definition of response and the implementation of echocardiography to 
extend the indication for CRT are discussed. It is concluded that echocardiography plays 
an important role in patient evaluation before CRT and that the assessment of mechanical 
dyssynchrony and discoordination will continue to provide additional insight into the disease 
process and help to optimize therapy delivery. 

Meaurements of mechanical dyssynchrony and discoordination are often applied before 
CRT in order to predict the outcome after CRT. Acute changes in dyssynchrony and 
discoordination have however received relatively minor attention as a marker of the 
mechanical effects of CRT. Therefore, the relation between acute and chronic improvements 
in coordination and LV systolic function has remained largely unexplored. In chapter 3 the 
relation between acute mechanical recoordination, acute hemodynamic improvement and 
long-term reverse remodeling after CRT is investigated. Systolic discoordination and 
dyssynchrony are measured by echocardiography and response is assessed by acute 
augmentation of the invasively determined maximal rate of LV pressure rise (dP/dtmax), 
and by acute and long-term changes in LV ejection fraction, volumes and stroke volume. 
It is demonstrated that reverse remodeling and long-term improvements in systolic function 
are significantly related to acute recoordination. More specifically, CRT acutely improves 
LV coordination by a reduction of paradoxical systolic stretch. Further improvements in 
coordination and function 6-months after CRT are the result of increased systolic shortening. 
Acute hemodynamic improvements on the other hand poorly predict long-term response 
and do not correlate with acute recoordination. The findings emphasize the importance of 
recoordination as a mechanistic pathway for remodeling processes after CRT.  
In chapter 4 the intertwining effects of dyssynchrony and regional contractility on 
myocardial deformation are explored. Because of its particular susceptibility to motion and 
deformation abnormalities caused by LBBB, the interventricular septum is specifically 
investigated. By analyzing patient data and additionally using the CircAdapt computer model 
to simulate and modulate local contractility and dyssynchrony individually, three 
characteristic patterns of septal deformation are identified. A double-peaked systolic pattern 
is characteristic for LBBB dyssynchrony in the absence of additional regional contractility 
differences. This pattern transforms into a pattern of early systolic shortening and prominent 
late systolic stretching when additional septal hypocontractility is present. LBBB 
dyssynchrony in combination with left ventricular free wall hypocontractility on the other 
hand results in pseudonormal shortening with less prominent late systolic stretch. CRT 
response is most pronounced in the double-peaked pattern and worst in the pseudonormal 
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pattern. Therefore, the pattern of septal deformation is able to provide integrated information 
on dyssynchrony and regional differences in contractility and thereby predict CRT response. 
The possible clinical consequences of these findings are further explored in chapter 5. To 
that end, parameters of mechanical dyssynchrony are tested in a patient population and 
the CircAdapt model is used to test the fundamental behavior and predictive potential of 
previously proposed parameters of mechanical dyssynchrony within wide ranges of 
dyssynchrony and reduced contractility. Both in patients and in the simulations, it is 
demonstrated that discoordination parameters show a continuous relationship with 
electrical dyssynchrony and CRT-response whereas regional temporal dyssynchrony 
parameters show discontinuous relationships characterized by data clusters. The 
imperfections in the operational definitions of the latter indices therefore provide additional 
explanation for their poor predictive performance. Discoordination parameters better 
represent the amenable mechanical substrate for CRT and are thereby better predictors 
of CRT response.   

Because RV function can also induce ventricular interaction and lead to mechanical 
dyssynchrony even without underlying electrical dyssynchrony, the effects of RV function 
on mechanical dyssynchrony and discoordination and their relation with response is 
investigated in chapter 6. The results confirm that RV dysfunction is associated with less 
LV reverse remodelling after CRT. The effect of RV function on response seems at least 
partially independent of mechanical dyssynchrony and discoordination, but is related to a 
worse baseline LV condition. Importantly, in patients with RV failure, parameters of 
mechanical dyssynchrony and discoordination are no longer related to CRT response. The 
findings emphasize the complexity of mechanical discoordination and CRT response and 
provide another potential reason for the difficulties in incorporation of dyssynchrony and 
discoordination parameters in clinical practice. 

Whereas systolic effects of CRT have been extensively investigated, its effects on diastole 
remain poorly explored. Chapter 7 assesses diastolic improvements after CRT both by 
traditional parameters of diastolic function and by assessment of diastolic discoordination 
by deformation parameters. The findings demonstrate that CRT improves diastolic 
recoordination and diastolic function. The improvements in diastolic coordination and 
function are however confined to patients also demonstrating evidence of systolic 
recoordination and LV reverse remodelling. Diastolic coordination is therefore tightly coupled 
to systolic coordination. Both reverse remodelling and improvement of diastolic function 
are more closely related to systolic recoordination than to diastolic recoordination. The 
findings therefore indicate that CRT exerts its effects mainly through systolic recoordination 
and that the effects on diastolic recoordination are secondary. 

The findings in this thesis further strengthen the physiological rationale and practical 
grounds for the use of parameters of mechanical discoordination. Finally, to test whether 
discoordination parameters also relate to long-term clinical outcomes, the prognostic value 
of one of the clinically most straightforward discoordination parameters (i.e. septal systolic 
rebound stretch (SRSsept)) is tested in chapter 8. It is demonstrated that SRSsept relates 
to intermediate-term treatment effects, and is an independent predictor of long-term 
prognosis. Although not tested in a randomized design, the findings suggest part of the 
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prognostic effect of SRSsept to be mediated through a treatment effect of CRT. In addition, 
regardless of the outcome parameter tested, SRSsept consistently outperformes timing 
based mechanical dyssynchrony expressed by septal-to-lateral strain delay that only 
demonstrates a weak univariate relation with echocardiographic reverse remodeling. 

To conclude, this thesis extents the physiological insights into the mechanical consequences 
of LBBB and its correction by CRT. It is demonstrated that mechanical discoordination 
parameters can adequately identify the amenable substrate for CRT response. In the 
assessment of mechanical discoordination the interactions between primary electrical and 
primary mechanical effects should be acknowledged.    
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Samenvatting 

Dit proefschrift beschrijft het onderzoek naar de abnormale mechanische effecten en de 
klinische consequenties van linker bundeltak blok (LBTB) bij patiënten met hartfalen. 
Van hartfalen is sprake wanneer de pompfunctie en structuur van het hart zijn aangetast. 
Hierdoor kunnen klachten van vermoeidheid en benauwdheid optreden. Hartfalen komt 
voor bij ongeveer 2-4% van de volwassen bevolking en het voorkomen neemt toe met 
de stijging van de leeftijd. Boven de leeftijd van 65 jaar is 6-10% van de bevolking 
aangedaan. De levensverwachting van patiënten met hartfalen is sterk verminderd. Van 
de patiënten die met hartfalen worden opgenomen in het ziekenhuis overlijdt 20% in het 
eerste jaar daarna. 
Bij een aanzienlijk deel van de patiënten met hartfalen is er sprake van een stoornis in de 
elektrische aansturing van het hart. Bij een kwart van alle patiënten met hartfalen betreft 
het een LBTB. In het gezonde hart worden de linker en de rechter hartkamer via een 
specifiek geleidingssysteem gelijktijdig geactiveerd. In het geval van een LBTB wordt de 
rechter hartkamer normaal geactiveerd maar bestaat er een stoornis in de geleiding naar 
de linker hartkamer. De linker hartkamer wordt daardoor vertraagd geactiveerd vanuit de 
rechter hartkamer. Terwijl het tussenschot tussen de twee hartkamers (het septum) nog 
relatief op tijd wordt geactiveerd is de vertraagde activatie het meest uitgesproken in de 
vrije wand van de linker hartkamer omdat deze het verst weg ligt van de normaal 
geactiveerde rechter hartkamer. De vertraagde activatie van delen van het hart zal ertoe 
leiden dat deze delen ook later zullen samentrekken. Het niet gelijktijdig activeren en 
samentrekken van het hart wordt “dyssynchronie” genoemd en leidt tot een inefficiënte 
pompfunctie. De aanwezigheid van een LBTB kan daardoor leiden tot het verergeren van 
hartfalen en is een onafhankelijke voorspeller van een slechte uitkomst bij patiënten met 
hartfalen. Enkel de aanwezigheid van een LBTB kan zelfs hartfalen veroorzaken. Het LBTB 
moet daarom beschouwd worden als een belangrijk aangrijpingspunt voor de behandeling 
van patiënten met hartfalen. 
Cardiale resynchronisatie therapie (CRT) is een geavanceerde pacemakerbehandeling 
waarmee de linker en de rechter hartkamer tegelijkertijd of vlak na elkaar kunnen worden 
gestimuleerd. Daardoor kan het gelijktijdig samentrekken van het hart worden hersteld 
waardoor de efficiëntie van het hart weer wordt verbeterd. Dit leidt tot een verbeterde 
pompfunctie en zorgt ervoor dat negatieve effecten (deels) worden doorbroken of 
teruggedraaid (zogenaamde ‘reverse remodeling’). Hierdoor nemen symptomen van 
hartfalen en het aantal ziekenhuisopnames af en verbetert het inspanningsvermogen en 
de overleving. CRT wordt momenteel aanbevolen voor patienten met symptomen van 
hartfalen en een verminderde pompfunctie (linker kamer ejectiefractie ≤35%) ondanks 
optimale medicamenteuze behandeling. Bovendien moeten er aanwijzingen zijn voor een 
geleidingsstoornis (QRS-breedte op het elektrocardiogram ≥120ms), bij voorkeur ten 
gevolge van een LBTB. 
Hoewel de aanwezigheid van een geleidingsstoornis in het hart een essentieel criterium 
is om in aanmerking te komen voor behandeling middels CRT, zijn de mechanische 
consequenties van een LBTB afhankelijk van meer factoren dan alleen de geleidingsstoornis. 
In dit proefschrift worden de mechanische consequenties van het LBTB bestudeerd en 
worden mogelijke andere beïnvloedende condities verder onderzocht. Om dit te kunnen 
doen is gebruik gemaakt van geavanceerde echografische (ultrageluid) technieken,  
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in sommige gevallen aangevuld door computersimulaties van de mechanica en 
hemodynamica van het hart.

Hoofdstuk 2 beschrijft in detail het concept van mechanische dyssynchronie en de 
fysiologische achtergronden en technische beperkingen van de beschikbare 
echocardiografische technieken. Mechanische dyssynchronie kan bestaan op drie niveaus:  
tussen de boezems en de kamers van het hart (atrioventriculaire dyssynchronie), tussen 
de rechter en linker hartkamer (interventriculaire dyssynchronie) en tussen het septum en 
de vrije wand van de linker kamer (intraventriculaire dyssynchronie). De consequenties van 
de verschillende niveaus van mechanische dyssynchronie op de pompfunctie en efficiëntie 
van het hart worden besproken. Oorspronkelijk werd mechanische dyssynchronie 
hoofdzakelijk gemeten door het tijdsverschil tussen het optreden van dezelfde gebeurtenis 
op twee verschillende plekken in het hart te bepalen. De beperkingen van deze methode 
(meetvariatie, gebrek aan goede fysiologische achtergrond en het negeren van amplitude 
en ruimtelijke informatie) worden besproken. ‘Discoördinatie’ wordt naar voren gebracht 
als een conceptueel beter alternatief dat mechanische inefficiëntie kwantificeert door 
informatie over timing, amplitude en ruimtelijke organisatie van de lokale vervorming van 
het hart te integreren in één meting. In het bijzonder worden de parameters internal stretch 
fraction (ISF; een maat van de hoeveelheid tegengestelde lokale vervorming) en systolic 
rebound stretch (SRS; een maat die specifiek de rek meet die optreedt na initiële verkorting) 
bediscussieerd. Daarnaast worden enkele andere aspecten rondom het meten van 
mechanische dyssynchronie kort behandeld. Er wordt geconcludeerd dat echocardiografie 
een belangrijke rol speelt rondom de behandeling met CRT en dat het meten van 
mechanische dyssynchronie en discoördinatie ons helpen onze inzichten in het ziekteproces 
te verbeteren en de behandeling te optimaliseren. 

Mechanische dyssynchronie en discoördinatie metingen worden vaak toegepast om 
voorafgaand aan CRT behandeling de mate van de te corrigeren afwijking te kwantificeren. 
De acute veranderingen in dyssynchronie en discoördinatie zijn echter relatief weinig 
bestudeerd als maat van effectiviteit van de behandeling. De relatie tussen acute en lange 
termijn verbetering in mechanische synchronie en pompfunctie is daardoor onzeker. In 
hoofdstuk 3 wordt de relatie tussen acute mechanische recoördinatie, acute verbetering 
van pompfunctie en lange termijn reverse remodeling na CRT bestudeerd. Discoördinatie 
en dyssynchronie worden daarvoor gemeten middels echocardiografie. De verbetering na 
CRT wordt gekwantificeerd door middel van acute invasieve meting van de snelheid van 
drukstijging in de linker hartkamer (dP/dtmax) en door metingen van acute verbetering en 
de verbetering op lange termijn van linker kamer ejectiefractie, volumina en slagvolume. 
Er wordt aangetoond dat reverse remodeling en lange termijn verbetering van pompfunctie 
duidelijk gerelateerd zijn aan acute recoördinatie. Meer specifiek wordt de acute verbetering 
in coördinatie na CRT veroorzaakt door een afname van abnormale rek in het hart. De 
verdere lange termijn verbeteringen in coördinatie en systolische functie na CRT zijn het 
gevolg van een toename van systolische verkorting. Acute verbeteringen in pompfunctie 
daarentegen hebben weinig voorspellende waarde voor de respons op lange termijn. 
Bovendien zijn acute verbeteringen in pompfunctie niet gerelateerd aan de acute verbetering 
van coördinatie. Deze bevindingen benadrukken het belang van recoördinatie als een 
mechanisme voor de verbetering van de functie van het hart door CRT. 
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In hoofdstuk 4 worden de verweven effecten van dyssynchronie en regionale contractiliteit 
(samentrekkingskracht) op de vervorming van het hart onderzocht. Vanwege zijn bijzondere 
gevoeligheid voor de abnormale beweging en vervorming ten gevolge van het LBTB, wordt 
specifiek het septum onderzocht. Door een gecombineerde analyse van patiëntgegevens 
en simulaties door het CircAdapt computermodel worden drie karakteristieke 
vervormingspatronen van het septum geïdentificeerd. Een patroon met een dubbele piek 
tijdens de systole (samentrekkingsfase) blijkt karakteristiek voor de aanwezigheid van 
dyssynchronie veroorzaakt door een LBTB in afwezigheid van regionale contractiliteit-
verschillen in het hart. Dit patroon transformeert naar een patroon met vroeg-systolische 
verkorting en uitgesproken laat-systolische rek wanneer er daarnaast sprake is van een 
verminderde contractiliteit van het septum. De combinatie van LBTB dyssynchronie en 
verminderde contractiliteit vrije wand van de linker kamer resulteert in een patroon met 
pseudonormale verkorting met minder prominente laat-systolische rek. De respons na CRT 
is het meest uitgesproken bij het dubbel piek patroon en het minst aanwezig bij het 
pseudonormale patroon. Het vervormingspatroon van het septum biedt daardoor 
geïntegreerde informatie over dyssynchronie en regionale contractiliteitsverschillen en kan 
daardoor de respons na CRT voorspellen. De mogelijke klinische consequenties van deze 
bevindingen worden verder uitgediept in hoofdstuk 5. Daarvoor worden verschillende 
parameters van mechanische dyssynchronie getest in een patiëntenpopulatie. Het 
CircAdapt model wordt gebruikt om het fundamentele gedrag en de voorspellende waarde 
van dezelfde parameters te testen bij variërende hoeveelheden dyssynchronie en 
contractiliteitsvermindering. Zowel bij patiënten als in de simulaties wordt aangetoond dat 
discoördinatieparameters een stabiele lineaire relatie vertonen met elektrische 
dyssynchronie en CRT respons. Traditionele metingen die gebaseerd zijn op regionale 
tijdsintervallen daarentegen vertonen instabiele relaties die gekarakteriseerd worden door 
clustering van waardes. Deze bevindingen bieden daarmee een extra verklaring voor de 
beperkte voorspellende waarde van deze laatste metingen voor CRT respons. 
Discoördinatiematen zijn beter in staat om de door CRT te corrigeren afwijking te 
identificeren en zijn daardoor betere voorspellers van CRT respons. 

De pompfunctie van de rechter hartkamer kan ook gevolgen hebben voor de interactie 
tussen linker en rechter hartkamer en daardoor zelfs leiden tot mechanische dyssynchronie 
in afwezigheid van een geleidingsstoornis. In hoofdstuk 6 wordt daarom het effect van 
de rechter kamer functie op mechanische dyssynchronie en discoördinatie en de relatie 
met CRT-respons bestudeerd. De resultaten bevestigen dat een verminderde pompfunctie 
van de rechter hartkamer voorspellend is voor een verminderde verbetering van de linker 
hartkamer na CRT. Het effect van de verminderde rechter kamerfunctie lijkt in ieder geval 
deels onafhankelijk te zijn van mechanische dyssynchronie en discoördinatie maar is wel 
gerelateerd aan een verminderde linker kamerfunctie bij aanvang van de behandeling. Van 
belang is het feit dat geen enkele parameter van mechanische dyssynchronie of 
discoördinatie in staat was om de CRT respons te voorspellen wanneer er sprake was van 
een belangrijk verminderde pompfunctie van de rechter hartkamer. De bevindingen 
benadrukken de complexiteit van mechanische interacties en CRT respons en bieden een 
extra verklaring voor de moeizame toepassing van mechanische dyssynchronie en 
discoördinatie parameters in de dagelijkse klinische praktijk. 
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Terwijl de systolische effecten van CRT uitvoerig zijn bestudeerd, krijgen de diastolische 
(ontspanningsfase) effecten van CRT relatief weinig aandacht. Hoofdstuk 7 bestudeert 
diastolische verbeteringen na CRT met zowel traditionele diastolische functie parameters 
als geavanceerde diastolische discoördinatie metingen. De bevindingen tonen aan dat CRT 
zowel de diastolische coördinatie als de diastolische functie verbetert. De verbeteringen 
worden echter alleen gezien bij patienten die ook significante systolische recoördinatie en 
reverse remodeling vertonen. Zowel reverse remodeling als verbetering van diastolische 
functie zijn sterker gerelateerd aan systolische recoördinatie dan aan diastolische 
recoördinatie. De bevindingen geven aan dat CRT zijn effect hoofdzakelijk bereikt door 
systolische recoördinatie. De verbetering van diastolische recoördinatie en functie lijkt 
daaraan secundair te zijn. 

De bevindingen in dit proefschrift verstevigen de fysiologische en praktische basis voor 
het gebruik van parameters van mechanische discoördinatie. Tot slot wordt in hoofdstuk 8 
getest of discoördinatie parameters ook gerelateerd zijn aan de lange termijn resultaten 
van CRT. Daartoe wordt de voorspellende waarde van één van de klinisch meest logische 
en toepasbare maten, namelijk septale rebound stretch (SRSsept), voor de lange termijn 
klinische uitkomst na CRT getest. Er wordt aangetoond dat SRSsept gerelateerd is aan 
zowel de middellange termijn behandelingseffecten als aan de lange termijn klinische 
uitkomst. Hoewel het geen gerandomiseerde studie betreft, suggereren de bevindingen 
dat in ieder geval een deel van de voorspellende waarde van SRSsept voortkomt uit een 
behandelingseffect. Daarnaast wordt aangetoond dat SRSsept superieur is aan traditionele 
op tijdsintervallen gebaseerde metingen van mechanische dyssynchronie voor de 
voorspelling van ieder van de geteste uitkomstparameters. 

Concluderend kan worden gesteld dat de studies in dit proefschrift de fysiologische 
inzichten in de mechanische consequenties van het LBTB en de behandeling daarvan door 
CRT hebben vergroot. Er is aangetoond dat mechanische discoördinatie parameters in 
staat zijn om adequaat de mate van de door CRT te corrigeren afwijking te kwantificeren. 
Bij de beoordeling van mechanische discoördinatie dient rekening gehouden te worden 
met interacties van effecten met zowel een primair elektrische als een primair mechanische 
oorsprong.

SAMENVATTING

2016269 Geert Leenders.indd   181 04-02-16   21:53



182

Dankwoord 

Dit proefschrift is tot stand gekomen dankzij de hulp en ondersteuning van velen. Ik zou 
dan ook willen besluiten met iedereen te bedanken die, op wat voor wijze dan ook, een 
bijdrage heeft geleverd. Een aantal mensen wil ik in het bijzonder bedanken. 

Dr. Cramer, beste Maarten Jan, jouw niet aflatende steun, support en enthousiasme zijn 
ongeëvenaard. Als geneeskundestudent loodste je mij binnen op het echolab en wist je 
mij enthousiast te maken voor de cardiale beeldvorming en het wetenschappelijk onderzoek. 
Vanaf dat eerste moment ben je je steeds op elke mogelijke wijze voor mij in blijven zetten, 
zelfs in tijden dat niemand dat gezien je eigen omstandigheden zou verwachten. De 
toegewijdheid waarmee jij je vak uitoefent, je levensvreugde en je vermogen om ieders 
eigenheid te waarderen zijn een groot voorbeeld. Je loyaliteit en inzet waardeer ik enorm, 
hoe eigenwijs ik soms ook mag zijn. 

Dr. De Boeck, beste Bart, onder jouw vleugels is het allemaal begonnen en grote delen van 
de fundamenten voor de onderzoeken in dit proefschrift zijn door jou gelegd. Van je bijna 
onuitputtelijke kennis en kunde op het gebied van deformation imaging heb ik veel geleerd. 
Een discussie met jou was soms net een Leuvens imaging congres in het kwadraat. Ook je 
persoonlijke betrokkenheid is groot: het belangeloos lenen van je auto “hij rijdt niet op wijn 
hoor” en de gastvrije ontvangst bij je ouders thuis in Ninove en bij jezelf in Bern; ik heb ervan 
genoten. En die Grosse Scheidegg kom ik zeker nog een keer opfietsen. 

Prof. Doevendans, beste Pieter, als geen ander ben jij in staat om met een helicopterview 
de dingen te overzien. Kort en krachtig maar altijd scherp, zo heb ik je mogen ervaren. Ik 
kijk met genoegen terug op onze voortgangsgesprekken waarin je altijd weer een 
verrassende invalshoek wist te kiezen. Bedankt voor de steun en mogelijkheden die je me 
hebt geboden de afgelopen jaren. Graag tref ik je op de fiets naar Rome. 

Prof. Prinzen, beste Frits, weinigen hebben zich het linker bundeltak blok zo eigen gemaakt 
als jij. Jouw kunde, kennis en inhoudelijke input is voor het werk in dit proefschrift dan ook 
van onschatbare waarde geweest. Steeds opnieuw heb ik mij erover verbaasd hoe snel je 
een toegezonden manuscript van scherpe commentaren wist te voorzien. Het is mij de 
afgelopen jaren een voorrecht geweest om met je te mogen werken. 
Graag wil ik prof. A.W. Hoes, prof. F.W. Asselbergs, prof. T. Delhaas, prof. G. Pasterkamp 
en prof. M.A. Vos bedanken voor het beoordelen van mijn proefschrift. 

Beste Frebus, terwijl we elkaar op onderzoeksvlak aardig hebben weten te ontlopen, is 
daar naast het werk geenszins sprake van. De borrels, kitesessies, fietsvakanties, 
klusweekenden en goede gesprekken; ik zou ze geen van allen willen missen. “Alles is 
beter na een rondje fietsen” geldt zeker als ik met jou een rondje heb gedaan. Ik vind het 
fijn dat je mijn paranimf bent. 

Beste Margot, CRT-buddy, wie had in jaar vijf van onze geneeskundeopleiding kunnen 
denken dat we hier nu zouden staan. Dank voor de wetenschappelijke bespiegelingen, de 
persoonlijke feedback en de vele mooie momenten de afgelopen jaren. De dobu-stress 

DANKWOORD

2016269 Geert Leenders.indd   182 04-02-16   21:53



A

DANKWOORD
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