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Aims Patient selection for cardiac resynchronization therapy (CRT) may be enhanced by evaluation of systolic myocardial
stretching. We evaluate whether systolic septal rebound stretch (SRSsept) derived from speckle tracking echocar-
diography is a predictor of reverse remodelling after CRT and whether it holds additive predictive value over the
simpler visual dyssynchrony assessment by apical rocking (ApRock).

...................................................................................................................................................................................................
Methods
and results

The association between SRSsept and change in left ventricular end-systolic volume (DLVESV) at 6 months of
follow-up was assessed in 200 patients. Subsequently, the additive predictive value of SRSsept over the assessment
of ApRock was evaluated in patients with and without left bundle branch block (LBBB) according to strict criteria.
SRSsept was independently associated with DLVESV (b 0.221, P = 0.002) after correction for sex, age, ischaemic
cardiomyopathy, QRS morphology and duration, and ApRock. A high SRSsept (>_optimal cut-off value 2.4) also
coincided with more volumetric responders (DLVESV >_ -15%) than low SRSsept in the entire cohort (70.0% and
56.4%), in patients with strict LBBB (83.3% vs. 56.7%, P = 0.024), and non-LBBB (70.7% vs. 46.3%, P = 0.004).
Moreover, in non-LBBB patients, SRSsept held additional predictive information over the assessment of ApRock
alone since patients that showed ApRock and high SRSsept were more often volumetric responder than those with
ApRock but low SRSsept (82.8% vs. 47.4%, P = 0.001).

...................................................................................................................................................................................................
Conclusion SRSsept is strongly associated with CRT-induced reduction in left ventricular end-systolic volume and holds addi-

tive prognostic information over QRS morphology and ApRock. Our data suggest that CRT patient selection may
be improved by assessment of SRSsept, especially in the important subgroup without strict LBBB.

...................................................................................................................................................................................................
Clinical trial
registration

The MARC study was registered at clinicaltrials.gov: NCT01519908.
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Introduction

Cardiac resynchronization therapy (CRT) is an effective treatment
for patients with advanced systolic heart failure and a prolonged QRS
duration. In current CRT guideline recommendations, patient selec-
tion is primarily guided by QRS morphology and duration.1,2 Yet, due
to an overall reported non-responders rate of 30–40%, there is
room for improvement of patient selection.3 Whether echocardio-
graphic dyssynchrony parameters can enhance the selection of
patients has been an area of debate since the multicentre PROSPECT
trial was not able to show additive benefit of the use of (timing-based)
echocardiographic dyssynchrony markers for predicting CRT out-
comes.4 In the meantime, the field of echocardiography has moved
from using timing-based dyssynchrony measures towards the detec-
tion of specific wall motion patterns to serve as markers for CRT re-
sponse.5–8 These specific wall motion patterns can be identified by
the visual assessment of dyssynchrony and quantified by myocardial
strain imaging techniques.5,9–11 A pre-ejection, short septal contrac-
tion pulling the apex septally followed by a delayed lateral wall con-
traction, which causes a lateral motion of the apex—known as apical
rocking (ApRock)—is a specific pattern of contraction that has been
shown to be strongly associated with better survival and volumetric
CRT response.12–15 Still, when using ApRock to determine the pres-
ence of dyssynchrony, a continuous mechanical process is translated
to a binary yes/no phenomenon. Speckle tracking echocardiography,
on the other hand, allows for a detailed quantification of left ventricu-
lar (LV) dyssynchrony often called discoordination. Previous work
revealed that the interplay between early septal contraction and
delayed lateral wall activation results in myocardial stretching of the
opposing wall during systole.6,8,16,17 This paradoxical systolic LV
stretching does not contribute to LV ejection and, hence, causes a
waste of energy. Biventricular pacing may convert systolic stretching
into shortening and, therefore, may, reduce myocardial wasted
work.5,18,19 Previous work suggested that the amount of systolic
stretching of the septum after initial systolic shortening [‘systolic re-
bound stretch of the septum’(SRSsept)] reflects the potential for re-
covery of LV function with CRT, and may be used to identify
potential CRT responders.5,20,21 Yet, this parameter has not been
validated in a multicentre setting. Therefore, the primary objective of
the present study was to investigate whether SRSsept is a robust pre-
dictor of LV reverse remodelling defined as reduction in LV end-
systolic volume (DLVESV) in a multicentre setting.14 The secondary
objective was to test the additive prognostic power of SRSsept when
evaluated in addition to the simpler visual assessment of dyssyn-
chrony by ApRock for the prediction of volumetric response after
CRT (DLVESV >_ 15%). Lastly, we assessed the value of mechanical
dyssynchrony in patients with and without strict left bundle branch
block (LBBB).

Methods

Patient population
This is a subanalysis of the prospective multicentre Markers of Response
to Cardiac Resynchronization Therapy (MARC) study.14 The MARC
study included 240 patients with a CRT device with defibrillator function
and was designed to investigate which clinical, electrical, and

echocardiographic parameters can improve CRT response prediction.
All electrocardiograms (ECGs) were assessed by a blinded ECG core lab
(University Medical Center of Utrecht), and all echocardiograms were
handled by a blinded echocardiography core lab (University Medical
Center of Utrecht). The study was initiated and co-ordinated by the six
centres within the framework of the Center for Translational Molecular
Medicine (CTMM), project COHFAR. Details of the original MARC study
were published previously.14 In short, inclusion criteria were sinus
rhythm, LBBB with QRS duration >_130 ms or >_150 ms in non-specific
interventricular conduction delay (IVCD) for patients with New York
Heart Association (NYHA) Class II, LBBB with QRS duration >_120 ms,
or QRS duration >_150 ms in non-specific IVCD patients with NYHA
Class III. Exclusion criteria were severe renal insufficiency (<30 mL/min/
1.73 m2), previous pacemaker implantation, right bundle branch block,
and permanent atrial fibrillation. Of the 240 patients included in the
MARC study 213 patients had pre- and post-implant echocardiography
data with paired LV end-systolic volume (LVESV) measurements available
(two failed implants, five implants not attempted, four deaths, four with-
drawn consents, one missed visit, and eleven unperformed of unreadable
echocardiogram studies). The study was performed according to the
Declaration of Helsinki. All patients provided written informed consent
and all local medical ethics committees approved data collection and
management. Of note, the data underlying this article is managed by the
Universtity Medical Center of Groningen (MARC statistical core lab).
Data may be shared on reasonable request to the corresponding author
with permission of the University Medical Center of Groningen.

Echocardiographic analysis
Echocardiograms of baseline and 6 months of follow-up after CRT im-
plantation were digitally stored and sent to the echocardiography core
lab for detailed analysis, which has been described in detail before.14

Standard echocardiographic images were obtained, accompanied with a
zoomed and trimmed image of the left ventricle and the interventricular
septum, in apical four-chamber view. Frame rate of images obtained for
speckle tracking echocardiography was optimized to range between 50
and 120 Hz. All echocardiograms were analysed with a dedicated vendor-
independent software platform (TomTec Cardiac Performance Analysis,
TomTec Imaging Systems GmbH, Unterschleissheim, Germany). The LV
end-diastolic volume and end-systolic volume and ejection fraction were
measured on three separate beats, using the biplane Simpson’s method.
Volumetric response to CRT was determined as a >_ 15% decrease in
LVESV between baseline and 6 months of follow-up. Systole was defined
by the onset of the QRS complex and aortic valve closure time obtained
from pulsed-wave Doppler of the LV outflow tract.

Mechanical dyssynchrony parameters
ApRock was prospectively assessed on baseline conventional echocar-
diographic views as described before.14 ApRock was defined as a short
systolic rocking motion of the apex, observed in the apical four-chamber
view.9,22 SRSsept was defined as the total amount of systolic stretch after
initial shortening of the septum5 (Figure 1). The amount of SRSsept was
obtained by analysis of septal longitudinal strain, which was performed by
an observer blinded for volumetric response. 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 quality of speckle track-
ing performed by the software was visually checked and adjusted if neces-
sary. SRSsept was determined on septal single wall echocardiographic
views when possible (in 61% of patients) or when a septal single wall view
was missing on zoomed four-chamber view (39% of patients). Images
were deemed ‘not analysable’ if tracking of more than one segment per
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wall was not feasible. Images with frame rate between 50 and 120 Hz
were amenable for analysis.

Electrocardiography
A 12-lead ECG’s were recorded at baseline and analysed by the ECG
core lab. The presence of LBBB was determined retrospectively by one
experienced reader based on morphological features. This was done for
the more strict American Heart Association/American College of
Cardiology/Heart Rhythm Society (AHA/ACC/HRS) definition for LBBB
(Table 1).23 In order to qualify as LBBB, an ECG had to comply with all the
required criteria for that definition. Patients who did not comply with the
LBBB definition were labelled as non-LBBB. QRS duration was deter-
mined by the automated ECG algorithm.

Statistical analysis
Statistical tests were performed in SPSS version 25 (IBM, Armonk,
NY, USA). Continuous data were expressed using mean ± standard

deviation (normally distributed variables) or as median, interquartile
range (non-normally distributed variables). Categorical data were
described by an absolute number of occurrences and associated fre-
quency (%). Data of subgroups were compared using a t-test or
Mann–Whitney U test, dependent on normality of the data. Fisher’s
v2 test was used for categorical data. The c-statistic and cut-off
value of SRSsept were calculated with volumetric response as a di-
chotomous parameter. Furthermore, intra-observer variability of
SRSsept was determined by comparing the first and second analysis
(interval of 12 weeks) of the observer, for which interclass correl-
ation coefficient (ICC) were reported. To test the association be-
tween baseline SRSsept and reverse remodelling at follow-up,
univariable and multivariable adjusted linear regression analyses were
performed with correction for potential confounders. Confounders
were selected based on baseline differences between patients with
high and low SRSsept, and parameters that showed an association
with DLVESV in univariable analysis with P < 0.1. Variables that were
added to the final model were: sex, age, ischaemic cardiomyopathy,
LBBB morphology, QRS duration, ApRock, and high SRSsept.
Assumptions of multivariable linear regression were checked for the
existence of non-linearity, heteroskedasticity, and multicollinearity by
graphical analyses and correlations tests. Normality of residuals was
tested by a Q-Q plot. Furthermore, because visual dyssynchrony as-
sessment by ApRock can be assessed relatively easily on standard
2D echocardiography, the additive prognostic power of the—rela-
tively difficult—SRSsept over ApRock was evaluated. This was done
for (i) the total study population and (ii) separately for patients
with and without a strict LBBB. Finally, at 6 months of follow-up dif-
ferences in DLVESV were compared for patients who kept their
mechanical dyssynchrony and patients in whom mechanical dyssyn-
chrony was corrected, for which a cut-off was arbitrarily chosen at
50% change in SRSsept. A two-sided P-value of <0.05 was consid-
ered significant.

Figure 1 Acquisition of systolic rebound stretch of the septum on septal single wall image. Strain curves of the focused LV septal wall image derived
with dedicated speckle tracking echocardiography software. SRSsept (in red) is defined as septal stretching after initial shortening. The apical cap is
excluded from speckle tracking analysis. AVC, aortic valve closing; MVC, mitral valve closing.

Table 1 American criteria to define left bundle
branch block

AHA/ACC/HRS23 • QRS >_120
• Notch-, slurred R in I, aVL, V5, and V6
• Occasional RS pattern in V5–V6
• Absent q in I, V5–V6, and aVL
• R peak time >60 ms in V5 and V6
• Normal R-peak time in V1–V3
• No negative concordance
• Usually discordant ST-T segments

The value of septal rebound stretch analysis 3
D
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.Results

Of the 213 patients with paired LVESV measurements, a total of
seven patients had missing strain data due to irregular heart rhythm
(n = 1), a frame rate below 35 Hz (n = 3), or an overall low image
quality (n = 3). Furthermore, six patients had missing baseline ECGs.
As a result, 200 patients were included representing a typical CRT
cohort, predominantly men (62%) with a mean age of 67 ± 10 years,
reduced ejection fraction of 26± 7%, 42% with an ischaemic cardio-
myopathy, and 30% with an LBBB and QRS duration of 179± 23 ms
(Table 2). Median SRSsept was 2.0% (interquartile range 0.7–4.5) and
the overall intra-observer agreement for SRSsept was high [ICC 0.89
(0.69–0.88), P < 0.001]. A c-statistic of 0.65 (0.58–0.72), P < 0.001
was found with a best-fit cut-off value of 2.4% SRSsept (sensitivity of
0.541%, specificity of 0.728%). The c-statistics of SRSsept derived
from the septal single wall (0.69, P < 0.001) and the apical four-
chamber image (0.60, P = 0.08) are displayed in Supplementary data
online, Figure S1.

Mechanical dyssynchrony and volumetric
CRTresponse
The baseline characteristics for patients with high (>_2.4%) and low
(<2.4%) SRSsept are displayed in Table 2. Based on significant baseline
differences, eight variables were identified as possible confounders in
the association between baseline SRSsept and reverse remodelling at
follow-up being sex, age, origin of heart failure, renal dysfunction,
LBBB morphology, QRS duration, and ApRock. After correction for
univariable predictors of DLVESV with a multivariable linear regres-
sion model, SRSsept was significantly associated with DLVESV (b

0.221, P = 0.002) (Table 3). In Supplementary data online, Table S1,
similar results are displayed for the association between SRSsept and
DLVEF (b 0.181, P = 0.017).

Additive prognostic value of septal
rebound stretch to visual dyssynchrony
assessment by apical rocking
When assessing volumetric response to CRT, 121 patients (60.5%)
showed volumetric response at 6 months of follow-up with a mean
DLVESV of -21.8 ± 24.1%. Patients with high SRSsept more often were
volumetric responder than patients with low SRSsept (75.0% vs.
49.1%, P < 0.001). Furthermore, because ApRock can be assessed
relatively easily on standard 2D echocardiography, the additive prog-
nostic power of the—relatively difficult—SRSsept over ApRock was
evaluated and displayed in Figure 2. Similarly to patients with high
SRSsept, patients with ApRock showed more response to CRT com-
pared to patient that did not display ApRock (71.1% vs. 41.7%,
P < 0.001). Still, of all the patients that showed ApRock, 43% dis-
played low SRSsept (n = 55). In these patients, the response rate was
only 54.5%, while patients with both ApRock and a high SRSsept
(n = 73) had the highest response rate of 83.% (P < 0.001).(Figure 2)
Of note, in patients that did not show ApRock (n = 72), response
rates were similar between patients with high (n = 15) or low
(n = 55) SRSsept (33.3% vs. 43.9%, P = 0.462, respectively). In Figure 3,
four representative septal strain curves are displayed for patients
with or without ApRock and high or low SRSsept.

......................................................................................................................................................................................................................

Table 2 Baseline characteristics

All patients SRSsept �2.4% (n 5 88) SRSsept <2.4% (n 5 112) P-value

Demographics

Male sex, n (%) 124 (62.0) 42 (47.7) 82 (73.2) <0.001

Age (years) 67 ± 10 66 ± 10 68 ± 9 0.054

NYHA functional class, n (%)

Class II/IV 125 (62.5) 54 (61.4) 70 (62.5)

Class III/IV 75 (37.5) 34 (38.6) 41 (36.6) 0.654

Ischaemic cardiomyopathy, n (%) 84 (42.0) 29 (33.0) 55 (49.1) 0.022

History of atrial fibrillation, n (%) 25 (12.5) 9 (10.2) 16 (14.3) 0.389

Diabetes, n (%) 51 (25.5) 19 (21.6) 32 (28.6) 0.261

Kidney dysfunction, n (%) 9 (4.5) 8 (9.1) 1 (0.9) 0.006

Echocardiography

LV ejection fraction (%) 25.8 ± 7.4 25.8 ± 6.8 25.7 ± 8.2 0.936

LV ESV (mL) 133 (96–182) 132 (99–179) 134 (92–186) 0.416

LV EDV (mL) 178 (145–234) 179 (146–237) 178 (137–232) 0.465

Electrocardiography

LBBB, n (%) 60 (30.0) 30 (34.1) 30 (26.8) 0.263

QRS duration (ms) 179 ± 23 182 ± 25 174 ± 21 0.023

PR interval (ms) 185 (168–212) 184 (167–205) 187 (168–240) 0.220

Plain dyssynchrony

Apical rocking, n (%) 128 (64.0) 73 (83.0) 55 (49.1) <0.001

EDV, end-diastolic volume; ESV, end-systolic volume; LBBB, left bundle branch block; LV, left ventricular.

4 O.A.E. Salden et al.
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Mechanical dyssynchrony in patients with
a strict LBBB
Overall response in patients with a strict LBBB (n = 60) was 70%.
High SRSsept values were observed in 50% of patients, whereas
ApRock was observed in 77% of patients. LBBB patients with either
high SRSsept or ApRock displayed more volumetric response com-
pared to patients with low SRSsept or without ApRock (SRSsept:
83.3% vs. 56.7%, P = 0.024 and ApRock 78.3% vs. 42.9, P = 0.011).
When SRSsept was evaluated on top of ApRock, there was a non-
significant trend towards more responders in patients with ApRock
and high SRSsept compared to patients with ApRock but low SRSsept
(82.8% vs. 70.6%, P = 0.334) (Figure 4).

Mechanical dyssynchrony in patients
without a strict LBBB
In patients without strict LBBB (n = 140) only 56.4% displayed volu-
metric response. In total, 41.4% of non-LBBB patients had high
SRSsept values, 58.6% displayed ApRock, and 31.4% displayed both
ApRock and high SRSsept. Assessment of SRSsept led to a better dis-
crimination between responders and non-responders, since re-
sponse rates were higher among patients with high SRSsept compared
to patients with low SRSsept (70.7% vs. 46.3%, P = 0.004). Moreover,
assessment of SRSsept held additional predictive value over assess-
ment of ApRock alone, given that patients that displayed both
ApRock and high SRSsept more frequently were responder compared
to patients with ApRock and low (84.1% vs. 47.4%, P = 0.001)
(Figure 4).

Correction of mechanical dyssynchrony
at follow-up
Six months after CRT implantation, larger DLVESV was observed in
patients that displayed a >_ 50% reduction in SRSsept (n = 60) com-
pared to patients with a < 50% reduction (n = 140) (DLVESV:
-26 ± 23% vs. -13± 24%, P = 0.001). Larger reductions in SRSsept
tended to result in more reverse remodelling in both subgroup of
patients with either baseline low SRSsept (DLVESV -19± 22% vs.
-10 ± 23%, P = 0.052), and baseline high SRSsept (DLVESV: -32± 26%
vs. -23± 25%, P = 0.201), yet, in these subgroups differences did not
reach statistical significance.

Discussion

This is the first multicentre study that investigated the association of
baseline echocardiographic SRSsept with volumetric response after
CRT. Our main findings were (i) SRSsept is independently associated
with favourable changes in LVESV after CRT, (ii) assessment of
SRSsept holds additional predictive information over the assessment
of the more simple visual assessment of ApRock alone for the predic-
tion of volumetric response, and (iii) particularly in patients without a
strict LBBB, in whom response to CRT is less certain, SRSsept is able
to identify patients who benefit more favourably from CRT.

............................................................. .............................................................

......................................................................................................................................................................................................................

Table 3 Univariable and multivariable analysis of association with change in LVESV

Univariable Multivariable

b (standardized) P-value b (standardized) P-value

Female sex, n (%) 0.180 0.011 -0.018 0.790

Age (years) -0.190 0.007 -0.121 0.069

Ischaemic cardiomyopathy, n (%) -0.319 <0.001 -0.182 0.013

Kidney dysfunction, n (%) -0.052 0.468

LBBB morphology, n (%) 0.215 0.002 0.150 0.022

QRS duration (ms) 0.155 0.030 0.050 0.459

Apical rocking, n (%) 0.324 <0.001 0.149 0.041

SRSsept (%) 0.354 <0.001 0.221 0.002

b, standardized regression coefficient (represents the number of standard deviations that the outcome will change as a result of one standard deviation change in the predictor);
LBBB, left bundle branch block; SRSsept, systolic rebound stretch of the septum.

Figure 2 Discriminative ability of SRSsept for the prediction of
volumetric CRT response. The percentage of responders (blue) and
non-responders (orange) are displayed for patients with high vs. low
SRSsept (left), patients with and without apical rocking (middle), and
patients with apical rocking and high or low SRSsept (right). Dotted
line represents overall response to CRT in the study population.
Numbers represent total amount of patients. ApRock, apical rock-
ing; AVC, aortic valve closing; MVC, mitral valve closing; SRSsept,
systolic rebound stretch of the septum.
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.Consequently, assessment of mechanical dyssynchrony has additive
predictive value, and may especially be useful to select patients with-
out a strict LBBB but with an underlying substrate responsive to
CRT.

Strain parameters for prediction of
CRTresponse
Myocardial deformation analysis by speckle tracking echocardiog-
raphy has become an established echocardiographic modality for
assessing the mechanical consequences of dyssynchonous hearts fail-
ure. Dyssynchronous electrical activation affects LV pump function in
a negative way due to opposing shortening and stretching within the
left ventricle.16 Systolic stretching of the myocardium does not

contribute to LV ejection and, therefore, represents a waste of en-
ergy (wasted work).24 Previous work suggested that the septum is
particularly subject to wasted work caused by an LV activation delay
and that the amount of septal wasted work is strongly correlated to
CRT response.25 In 21 CRT patients, Vecera et al.25 displayed an
average of 100% wasted work in the septum, whereas wasted work
in the LV free wall was approximately 20%, meaning that in their
study population the septum essentially made no contribution to LV
ejection. Although myocardial wasted work can be elegantly deter-
mined by the combination of speckle tracking-derived strain with LV
pressure in LV pressure–strain loop analysis, specialized software is
currently needed for its assessment.24 Strain analyses with speckle
tracking echocardiography, on the other hand, is more readily

Figure 3 Strain based deformation patterns of patients with and without apical rocking. Strain curves (blue = septal, gray = lateral wall) of represen-
tative CRT recipients with and without apical rocking at baseline. (A) A 50-year-old woman with non-ICM, LVEF 30%, LBBB, QRSd 186 ms, ApRock
and high SRSsept (4.0%) with a double peak pattern according to Leenders et al.17 LVESV change at 6 months of follow-up: -40.7%. (B) A 78-year-old
man with ICM, LVEF 15%, non-LBBB, QRSd 187 ms, no ApRock but SRSsept values (10%). At follow-up LVESV change was -1%. (C) A 62-year-old man
with ICM, LVEF 28%, non-LBBB, and a QRSd of 189 ms. Echocardiography relieved ApRock, but low SRSsept (1.6%) and LVESV change at follow-up was
-3%. (D) A 69-year-old man with ICM, LVEF 12%, LBBB, QRSd 188 ms, no ApRock and low SRSsept (0%). LVESV change at follow-up was þ1%.
ApRock, apical rocking; ICM, ischaemic cardiomyopathy; LBBB, left bundle branch block; LVEF, left ventricular ejection fraction; LVESV, LV end-systol-
ic volume.
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.
available because it is already implemented into echocardiography
machines. A few clinical studies and work from computer modelling
suggested that the amount of systolic stretching, by itself, may serve
as marker for CRT response.5,8,17,26 A recent subanalysis of the multi-
centre Adaptive-CRT study displayed that the total amount of LV
stretching [the systolic stretch index (SSI) which combines SRSsept
with the prestretch of the LV lateral wall] was associated with better
survival after CRT.8 This was not only true for the whole cohort but
interestingly also for patients with intermediate ECG criteria (QRS
120–149 ms or non-LBBB) [hazard ratio (HR) high SSI: 5.08, 95%
confidence interval (CI) 1.94–13.31, P < 0,001]. In the present study,
we choose to evaluate SRSsept instead of SSI because de Boeck et
al.5 displayed that SRSsept is markedly more reduced by CRT than
the systolic prestretch of the lateral wall. In addition, acquiring high-
quality images of the septum is easier as compared to high-quality
image acquisition of the LV lateral wall. The association between
SRSsept and CRT response has been evaluated previously by multiple
single-centre studies that displayed SRSsept to be independently
associated with long-term prognosis and improvements in LV remod-
elling.5,6,20,21 This may, for an important part, be attributed to the fact
that SRSsept is not only affected by the underlying electrical substrate
(increasing SRSsept) but is also influenced by myocardial stiffness and
scarring (generally reducing SRSsept), given that early septal shorten-
ing happens in viable, early activated septal segments and rebound
stretch is affected by the contractility of the late activated lateral
wall.5,20 Of particular interest is that septal hypocontractility
increases rebound stretch and leads to a predominant stretching pat-
tern of the septum described by Leenders et al.17,27 and displayed in

our Figure 3B. This might explain why in the present study some
patients, despite high SRSsept values, demonstrated non-response to
CRT. Lateral hypocontractility or scar, on the other hand, reduces
rebound stretch and creates a pseudonormal septal strain pattern
according to Leenders et al.17,27 (Figure 3C and D), which is associated
with an overall poor response to CRT.

Finally, previous work displayed that not only the amount of mech-
anical dyssynchrony at baseline but also its correction by CRT are
associated to greater reductions in LVESV.13 Moreover, a recent
study displayed that not only do CRT-recipients with mechanical dys-
synchrony have better survival over those without mechanical dys-
synchrony, but also, that these patients have better long-term
outcomes compared to patients with mechanical dyssynchrony who
do not receive CRT.28 These findings further fuel the notion that
mechanical dyssynchrony parameters can be used to assess a patients
underlying substrate which can be corrected by CRT. Still, in the pre-
sent study, the greater DLVESV in patients with larger reductions of
SRSsept at follow-up seem to be driven in part by the amount of
baseline mechanical dyssynchrony, since larger reductions in SRSsept
did not result in significantly more reverse remodelling in the individ-
ual subgroups of patients with baseline low or high SRSsept.

Visual detection of dyssynchrony vs.
quantitative strain analysis
A known limitation of speckle tracking strain analysis is that technical-
ly adequate echocardiographic image quality is required. ApRock, on
the other hand, can be easily visually assessed on conventional 2D
echocardiographic images, surpassing the need for expensive

Figure 4 Discriminative ability of mechanical dyssynchrony in patients with and without a strict LBBB. The percentage of responders (blue) and
non-responders (orange) are displayed for patients with high vs. low SRSsept (left), patients with and without apical rocking (middle), and patients with
apical rocking and high or low SRSsept (right). Dotted line represents overall response to CRT in the subgroups. Numbers represent total amount of
patients. ApRock, apical rocking; LBBB, left bundle branch block; SRSsept, systolic rebound stretch of the septum.
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.
software and sophisticated strain analysis. Several studies, both single
and multicentre, displayed that ApRock is associated with superior
outcomes and more reverse remodelling after CRT and has added
value over patient selection based solely on the 12-lead ECG.12–15 In
a subanalysis of the PREDICT-CRT database, presence of ApRock
and/or septal flash at baseline was associated with lower all-cause
mortality in both patients with an LBBB and non-LBBB morphology
(HR 0.21, 95% CI 0.15–0.30, P < 0.0001 in LBBB, HR 0.47, 95% CI
0.27–0.82, P = 0.007 in non-LBBB QRS >_ 150 ms, and HR 0.35, 95%
CI 0.14–0.87, P = 0.02 in non-LBBB QRS < 150 ms).15 Interestingly,
this study also revealed that adding mechanical dyssynchrony as se-
lection criterion coincided with a significantly more volumetric res-
ponders compared to patient selection based on QRS duration and
morphology alone (77% vs. 65% in LBBB patients, 75% vs. 50% in
non-LBBB QRS >_150 ms, and 62% vs. 38% in non-LBBB QRS < 150
ms, respectively).15 Although the PREDICT study did not report on
the definition used to determine LBBB on the ECG, we believe that
our results are in line with the aforementioned findings. Still, when
using ApRock or septal flash to determine the presence of dyssyn-
chrony, a continuous mechanical process is translated to an binary
yes/no phenomenon. In the present study, approximately a quarter
of patients with strict LBBB did not demonstrate ApRock. In these
patients, CRT response was limited (43%), and evaluation of SRSsept
did not lead to a better response discrimination, suggesting that the
absence of ApRock may be an important marker for predicting CRT
non-response. Yet, 37% of patients with LBBB and ApRock had low
SRSsept values. These patients were significantly less often CRT re-
sponder. Previous work suggested that other nonelectrical factors
(e.g. scar) may mimic visual dyssynchrony (e.g. ApRock or septal
flash), which are unresponsive to CRT.27 This could explain why in
the present study assessment of SRSsept held additional predictive
power over the more simple assessment of ApRock.

Clinical implications
In the present study, presence of mechanical dyssynchrony markedly
improved CRT response rates. This was not only true for patients
with intermedicate ECG criteria (non-LBBB) but even for patients
with a strict LBBB, in whom overall response to CRT is already fairly
high. These present results should encourage cardiologists to look
further than QRS morphology to determine a patient’s eligibility for
CRT. The assessment of SRSsept may be of special interest in patient
showing ApRock, because non-electrical factors might lead to
ApRock which are unresponsive to CRT. Finally, in the current study,
the association between SRSsept and volumetric response to CRT
was strongest for SRSsept derived from the focused septal single wall
image, suggesting that high-quality focused images of the septum may
especially be suited for improvement of echocardiography-based pa-
tient selection.

Limitations
Although the MARC study was a prospective multicentre study, the
non-randomized and observational study design precludes a formal
analysis of the interaction between baseline predictors and the prog-
nostic benefit rendered by CRT. In addition, only patients with an
LBBB or wide IVCD (>_150 ms) were included in the MARC study.
Application of mechanical dyssynchrony in patients with right bundle
branch block or those with ICVD 130–149 ms may, therefore, be of

interest for future research. Also, a known limitation of speckle track-
ing is that it cannot be applied to all patients. Yet in our study of six
centres, only in 7 out of 213 patients (3%) SRSsept assessment was
not feasible, which is low compared to previously published work.6,8

Acquiring high-quality images of the septum is easier as compared to
high-quality image acquisition of the LV lateral wall. As a conse-
quence, we believe that SRSsept is a robust and relatively easy to use
predictor of CRT response. Importantly, besides being dependent on
image quality, SRSsept is also dependent on the specific image chosen
(i.e. focused septal single wall vs. four-chamber view), the echocar-
diographic image system and speckle tracking vendor used.29 The
cut-off value of 2.4% can therefore not be extrapolated to other ven-
dors. Accordingly, specific cut-off values for SRSsept should be inves-
tigated in prospective trials in order to make an impact on CRT
patient selection.

Conclusion

Our findings indicate that current electrocardiographic guideline cri-
teria for CRT leave a substantial place for improvement in patient se-
lection by incorporating echocardiographic assessment of the
mechanical consequences of electrical LV dyssynchrony. Moreover,
measuring ‘septal rebound stretch’ by speckle tracking strain analysis
provides additional prognostic information on top of visual detection
of mechanical dysysnchrony (i.e. apical rocking) for prediction of
volumetric CRT response. Especially in patients with non-strict LBBB
in whom benefit of CRT is doubted, septal rebound stretch is a
promising marker of benefit from CRT and should be considered for
validation in prospective clinical trials.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
.
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