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Abstract
Purpose of the Review Patients with cardiomyopathy and impaired left ventricular (LV) ejection fraction are at risk of sudden
cardiac death (SCD). In selected heart failure patients, cardiac resynchronization therapy (CRT) provides LV reverse remodeling
and improves the cellular and molecular function leading to a reduced risk of ventricular arrhythmia and SCD. Consequently,
some CRT candidates may not need concomitant ICD therapy. This review aimed at focusing on the residual risk of SCD in
patients receiving CRT and discussing the requirement of a concomitant ICD therapy in CRT candidates.
Recent Findings New imaging diagnostic tools may be helpful to accurately predict patient with a residual risk of SCD and who
required a CRT-D implantation. Recent data highlighted that cardiac computed tomography (CT) or myocardial scar tissue
analysis using contrast-enhanced cardiac magnetic resonance (CMR) was able to predict the occurrence of VA in patients with bi-
ventricular pacing.
Summary Cardiac imaging and specifically myocardial scar analysis seem promising to evaluate the risk of SCD following bi-
ventricular pacing and will probably be of great help in the future to accurately identify those who needs concomitant defibril-
lator’s protection.
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Abbreviations
CMR Cardiac magnetic resonance
CRT Cardiac resynchronization therapy
CT Computed tomography
HF Heart failure
ICD Implantable cardioverter defibrillator
LBBB Left bundle branch block
LV Left ventricular
LVEF Left ventricular ejection fraction
SCD Sudden cardiac death
VA Ventricular arrhythmia

Introduction

Patients with cardiomyopathy and reduced left ventricular
ejection fraction (LVEF) are at risk of heart failure (HF) symp-
toms and ventricular arrhythmias (VA), leading to sudden
cardiac death (SCD) [1, 2]. In selected HF patient with im-
paired LVEF and wide QRS, cardiac resynchronization ther-
apy (CRT) implantation has been shown to decreasemortality,
morbidity, and improve quality of life [3–8]. Indeed, CRT
responders experience a LV reverse remodeling associated
with an improvement of the cellular and molecular function
[9, 10].

An additional benefit has also been published with a de-
creased risk of ventricular arrhythmia. Indeed, some studies
demonstrated a reduction of appropriate implantable
cardioverter-defibrillator (ICD) therapy, mostly correlated to
positive LV remodeling [5, 11–13]. These results may suggest
that some patients might not necessarily require a concomitant
ICD therapy. However, the residual VA risk following CRT
implantation is inconsistent, influenced by pre-implantation
and pos t - implanta t ion factors ( i .e . , e t io logy of
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cardiomyopathy, baseline echocardiography, or imaging pa-
rameters such as cardiac fibrosis) [14•]. Thus, the decision to
implant a CRT-P or a CRT-D is sometimes challenging in
clinical practice.

This review aimed at focusing on the residual risk of SCD
in HF patients receiving CRT and discussing the requirement
of a concomitant ICD implantation in CRT candidates.

The Benefit of Cardiac Resynchronization
Therapy and Defibrillator Implantation
in Heart Failure Patients

Current guidelines highly recommend CRT implantation for
symptomatic HF patients in sinus rhythm with severe LVEF
and large left bundle branch block (> 150ms) (class I, level A)
but also with a lower level in patients with QRS duration
between 130 and 150 ms (level B). For patients without
LBBB the class of recommendation is lower [15]. These rec-
ommendations are based on numerous trials establishing the
positive impact on mortality and morbidity of CRT provided
by CRT pacemakers in severe HF patients (NYHA functional
class III/IV) (i.e., MUSTIC, CAREHF, andMIRACLE trials)
or CRT-P/CRT-D (Companion) [3–5, 16]. Additionally, the
benefit of CRT implantation has also been demonstrated in
mildly symptomatic HF patients (NYHA II) (i.e., REVERSE,
MADIT-CRT, and RAFT trials), mainly with CRT-D with a
LV reverse remodeling and a decrease in HF hospitalization
[6–8]. Among these studies of mild-HF CRT recipients, the
RAFT trial with a longer follow-up was the only one to ob-
serve a positive impact onmortality, with a 25% risk reduction
[8].

Regarding the benefit of ICD implantation, primary pre-
vention indication has been shown to decrease the risk of
SCD in HF patients with reduced LVEF [17]. Indeed, in the
SCD-HeFT trial including patients with or without ischemic
cardiomyopathy, ICD therapy reduced by 23% the risk of
mortality compared to placebo in a population of 847 HF
patients who remained symptomatic (functional class II-III)
with LVEF < 35% after drug treatment optimization [18].
Interestingly, a subgroup analysis of the SCD-HeFT study
demonstrated a benefit of ICD implantation to prevent sudden
tachyarrhythmic death in patients with either ischemic or non-
ischemic cardiomyopathy [19]. Currently, an ICD in primary
prevention is recommended to reduce the risk of SCD in is-
chemic or non-ischemic patients with symptomatic HF
(NYHA II/III) and an LVEF < 35% despite an optimal medi-
cal therapy beyond 40 days after myocardial infarction in
those with ischemic heart disease) [15].

In clinical practice the decision to implant a CRT-P or
CRT-D varies widely among countries and the choice of the
right device for the right patient is sometime challenging. In
the COMPANION trial, patients were randomized to compare

CRT with or without ICD vs. optimal medical therapy in a
1:2:2 fashion. Authors clearly showed that both device thera-
pies reduced the endpoints of death and HF hospitalization
compared to medical therapy group. However, no difference
has been found between CTR-P and CRT-D in these popula-
tions, but the study was not powered to compare these two
treatments [16].

Impact of CRT Implantation on the Risk
of Sudden Cardiac Death

LV Reverse Remodeling Induced by CRT

In HF patients, some parameters (such as impaired LVEF,
myocardial adverse remodeling with calcium homeostasis
deregulation, or wide intrinsic QRS duration) are associat-
ed with the occurrence of ventricular arrhythmia (VA) [20,
21]. Interestingly, CRT positively impacts these factors in
selected HF patients. Indeed, molecular remodeling has
been evaluated in animal models and later on confirmed
in human studies. In a canine model of left ventricular
dyssynchrony, bi-ventricular pacing partially restored
ryanodine receptor expression leading to more homoge-
neous diastolic calcium sparks [22]. Similarly, reverse cal-
cium regulatory genes were evaluated in 24 patients sched-
uled for CRT and responders experienced a significant im-
provement of the sarcoplasmic reticulum calcium ATPase
2α and phospholamban gene expression, whereas non-
responders did not have positive molecular reverse remod-
eling [23]. Additionally, other human data showed a sig-
nificant decrease in the pathologic hypertrophic gene ex-
pression after CRT [10]. Furthermore, in a canine model,
bi-ventricular pacing reduced LV fibrosis and decreased
pro-fibrotic factors in both the serum and myocardial tissue
[24]. Beyond molecular improvement, echocardiographic
reverse remodeling has been described in various studies.
In a sub-analysis of 323 patients enrolled in the MIRACLE
study, authors demonstrated that after a 6-month follow-up,
CRT significantly reduced end-diastolic and end-systolic
volumes and increased LVEF [25]. These effects were con-
firmed in the CARE-HF trial [5]. Similarly, in less severe
patients reverse LV remodeling of 262 CRT recipients in-
cluded in the REVERSE cohort was analyzed. After 2 years
of follow-up, the LV end-systolic and LV end-diastolic vol-
ume index were reduced by 30% and 20%, respectively.
Similar findings were observed in the MADIT-CRT and
RAFT trials [7, 8]. A recent CT-guided study has evaluated
the impact of CRT on LV wall thickness change in 8 CRT
responders. Authors showed that response to CRT is asso-
ciated with wall thickness normalization (defined as wall
thickness > 6 mm) and especially in basal and mid ventric-
ular segments [26].
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Inconsistent CRT Response Among Candidates

Currently, a significant decrease in LV end-systolic volume
index between 15 and 25% at 6 months, with or without in-
crease in LVEF, defines a positive echocardiographic CRT
response [27, 28]. Despite major technical improvements,
the benefit of CRT is inconsistent between candidates and
around 15% of CRT recipients may present a decline of the
LV function over time. Conversely, between 10% and 25%
are described as “super-responders” and experience an excep-
tional improvement with a “normalization” or “near”-normal-
ization of LVEF [29–31]. Many factors are associated with
response to CRT, such as female gender, lower body mass
index, non-ischemic cardiomyopathy, wider QRS or LBBB
morphology, and lack of dilated left atria [30]. Interestingly, a
specific LBBB-induced cardiomyopathy due to chronic major
mechanical dyssynchrony has been described and authors re-
ported a LV dimension normalization after CRT implantation
[31]. However, despite a better understanding in cardiac
dyssynchrony and a better selection in CRT candidates, 30%
still do not respond to therapy. Consequently, pathologic LV
remodeling and electrical/structural substrates induced by the
cardiomyopathy still persist. As a result, residual risk of SCD
seems variable in CRT patients and remains complex to
evaluate.

Risk of Sudden Cardiac Death in Patients
Implanted with CRT

VAs are common in HF patients with reduced LVEF. In DAI-
PP (Défibrillateur Automatique Implantable-Prévention
Primaire) study enrolling up to 5000 ICD recipients implanted
primary prevention, > 20% experienced at least one VA epi-
sode during 3-year of follow-up [32]. In patients implanted
with CRT, the risk of SCD has also been specifically evaluat-
ed. Indeed, in the CeRtiTude cohort study, 1705 CRT recipi-
ents (535 with CRT-P and 1170 with CRT-D, respectively)
were enrolled. Interestingly, patients with CRT-P were sicker
at baseline. They were older, less often male. Patients were
less likely to have ischemic heart disease, had a wider QRS
complex, were more symptomatic, and had more co-morbid-
ities. After 2-year follow-up, authors showed that the overall
mortality was 2-fold higher in the CRT-P, but the incidence of
SCD and the rate of HF hospitalization were not different
between both groups. Importantly, the increased mortality in
the CRT-P group was not related to the occurrence of SCD but
secondary to HF progression. Investigators concluded that all
patients eligible for CRT cannot be “automatically” consid-
ered as requiring a CRT-D [33]. These data are consistent with
a recent review investigating the SCD incidence among pa-
tients implanted with CRT over the last 20 years.
Interestingly, there was a gradual decrease in SCD rate since

the early 2000s. Notably, the difference in SCD rate between
CRT-P and CRT-D recipients decreased considerably over
time [34]. These findings suggest that CRT implantation pos-
itively impact the risk of VA and could limit the need for
concomitant ICD implantation in selected patients.

Beneficial Effect of CRT on the Occurrence of
Ventricular Arrhythmia

Various studies have specifically evaluated the impact of CRT
on the evolution of VA risk in patients with HF. As previously
reported in a population of 31 recipients CRT-D, biventricular
pacingwas associatedwith a 66% decrease in appropriate ICD
therapies compared to 34 patients implanted with an ICD [35].
Similarly, CRT was associated with a 29% reduction in the
occurrence of first VA in patients included in theMADIT-CRT
trial. Of note, the beneficial anti-arrhythmic effect of CRT was
higher among patients with LBBB with a 2-fold lower risk
compared to those with non-LBBB morphology [36].

Previous work showed that the degree of LV reverse re-
modeling induced by CRT strongly reduced the risk of life-
threatening VA. These data are supported by a sub-analysis of
the MADIT-CRT trial, which found a decreased VA risk ac-
cording to the CRT response with a 1-year risk of ICD therapy
of 5%, 12%, and 24% in the super-responders, responders,
and hypo-responders, respectively [30]. Barsheshet et al. ex-
plored the risk of VA between “low” and “high” echocardio-
graphic CRT responders (defined as > 25% reduction of the
LV end-systolic volume). After 24 months of follow-up, au-
thors showed that “high” echocardiographic CRT responders
had a significantly lower risk of VA compared to those with
“low” echocardiographic response or ICD recipients [11].
Recently, the risk of VA has been assessed among the CRT
recipients included in the MADIT-CRT trial and who were
defined as super-responders. A total of 55 patients achieved a
LVEF > 50%, and VA ≥ 200 bpm occurred in only 1 patient,
and none received an ICD shock. This result suggests an ab-
solute low risk of VA in CRT super-responders [37]. These
data were supported by a multicenter study of 629 CRT-D
recipients followed for up to 6 years. A total of 37 patients
were super-responder (LVEF > 50%) and experienced a sig-
nificantly lower 5-year rate of anti-tachycardia pacing and
ICD shocks compared to non-super responders (2.7% vs.
22.1% and 2.7% vs. 14.3%, respectively) [12]. A recent
meta-analysis including up to 1700 patients assessed a rate
of appropriate ICD therapy in patients with LVEF improve-
ment ≥ 45% of 2.3/100 person-years, which was more than 3-
fold lower compared to those with LVEF improvement < 45%
[38]. Of note, the threshold rate of arrhythmic mortality/100
person-years that is associated with net benefit from ICD has
been estimated at 3%, suggesting that some patients at low
arrhythmic risk could be implanted with CRT-P rather than
CRT-D. To summarize, current data demonstrate that only
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patients who present complete or near LVEF normalization
are at very low risk of VA. These results suggest that reverse
remodeling induced by CRT could improve the underlying
arrhythmic substrate. Conversely, patients who experienced
LVEF improvement > 35% but without normalization of
LVEF had a decreased but not eliminated VA risk [39].

How to Predict the Residual Risk of Sudden
Cardiac Death in CRT Recipients

In selected HF patients with severe LVEF impairment and
prolonged QRS, CRT-P or CRT-D implantation will induce
LV reverse remodeling. Currently, many CRT candidates also
meet criteria for ICD implantation and up to 80% of patients
are implanted with CRT-D in primary prevention in clinical
practice [40]. However, among these patients, CRT-P could
be self-sufficient to reduce the risk of SCD. Consequently, the
challenge is to implant the appropriate device to the appropri-
ate patient and predictors or new diagnostic tools are warrant-
ed to identify those at risk of SDC.

Clinical Predictors

Identifying patients with residual risk of SCD after CRT im-
plantation is crucial, and previous works described clinical
predictor to determine patients at risk of SCD following
CRT implantation. Killu et al. found 3 predictors pre-CRT
implantation of appropriate ICD therapy in CRT-D recipients:
male gender, baseline LV, end-systolic volume and LVEF
[12]. Notably, female CRT super-responders have a 5-year
incidence of appropriate ICD therapy of 0%. Ruwald et al.
described 6 predictors of LVEF normalization (> 50%) after
CRT implantation: female gender, no history of myocardial
infarction, LBBB, baseline LVEF > 30%, baseline LV end-
systolic volume ≤ 170 ml, and baseline left atrial volume in-
dex ≤ 45 ml/m2. In this study, a total of 42 patients had all
factors and none experienced VAs during follow-up [31].
Additionally, in a cohort of 196 CRT recipients, super-
responders experienced a lower rate of VA compared to the
non-super-responders (5.9% vs. 24.4%, respectively).
Authors also reported four predictors of VA following CRT:
baseline QRS duration > 160 ms, amiodarone, previous histo-
ry of VA, and non-super-responder patients (LVEF < 45%)
[41].

Regarding the impact of the underlying cardiomyopathy
etiology on the risk of VA following CRT implantation, dis-
crepancy results have been published so far. Indeed, in a co-
hort of 115 patients with CRT, those with an ischemic cardio-
myopathy surprisingly presented a 2-fold decreased risk of
appropriated ICD therapies [42]. Controversial data have been
published in a population of 689 patients with CRT. The co-
hort was divided in four groups: patients with ischemic car-
diomyopathy vs. non-ischemic dilated cardiomyopathy and
those implanted with an ICD vs. CRT-D. Results showed that
ischemic patients with CRT-D have a same cumulative prob-
ability of appropriate ICD therapy compared to those with
only ICD. However, non-ischemic patients with CRT-D have
a 2-fold lower of 2-year appropriate ICD incidence compared
to the ICD group (24.7% vs. 41.6%, respectively) [43].
Authors deservedly suggest that CRT strongly reduced the
occurrence of appropriate ICD therapies in patients with
non-ischemic. Similarly, a study enrolling more than 1500
CRT recipients (CRT-D, n = 551, and CRT-P, n = 999) dem-
onstrated that CRT-D was associated with a lower total mor-
tality and hospitalizations for MACE in patients with ischemic
cardiomyopathy. However, no differences were found be-
tween CRT-D and CRT-P in non-ischemic patients [44].
These works suggest that the cardiomyopathy etiology could
be an interesting parameter for helping physicians to define
patients who need a CRT-P or CRT-D. However, in a cohort
of 795 patients with CRT, investigators showed a trend for
improved survival in ischemic patients with CRT-D, but this
result was not significant [45]. Nevertheless, further studies
are needed to identify subpopulations of patients with ische-
mic or non-ischemic cardiomyopathy with indications for
CRT who may benefit from CRT-D.

Currently, in the light of the literature, it seems complex to
predict the residual risk of VA after CRT implantation, which
is mainly driven by predictors of super-response (Fig. 1). On
the other hand, besides clinical characteristics, predictors of
super-response are based on echocardiography parameters as-
sociated with inter-physician’s variability.

Focus on Left Bundle Branch Block-Induced
Cardiomyopathy

LBBB has been proved to change the myocardial activa-
tion sequence leading to an intra-LV mechanical
dyssynchrony, functional myocardial ischemia, and in
some cases HF with LVEF impairment [46, 47]. Data

Fig. 1 Prediction of the residual
risk of VA after CRT
implantation
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from animal models and clinical observations in humans
support the existence of LBBB-induced cardiomyopathy
representing an optimal target for CRT implantation with-
out concomitant ICD [48]. Two clinical situations can
lead to LBBB-dyssynchronopathy: [1] the chronic situa-
tion of isolated LBBB on presumed healthy hearts and [2]
the acute iatrogenic situation of new LBBB, mainly after
aortic valve interventions. Indeed, previous work supports
the hypothesis of LBBB cardiomyopathy potentially re-
versible by bi-ventricular pacing. Vaillant et al. reported
a series of patients with a history > 5 years of LBBB
without heart disease who developed progressive LV dys-
function (LVEF < 40%) with symptomatic HF (NYHA II
to IV). All patients were described as super-responders to
CRT with complete resolution of symptoms and regres-
sion of LV dysfunction [28]. This pattern of cardiomyop-
athy may also occur in patients experiencing new iatro-
genic LBBB after transcatheter aortic valve replacement
(TAVR). Indeed, new LBBB occurred in 12 to 22% in
patients scheduled for TAVR [49] and numerous studies
reported deleterious effects of new-LBBB among TAVR-
recipients leading to LV dysfunction [50, 51]. These data
suggest that CRT-P could potentially improve LVEF in
patients with de-novo LBBB following TAVR and who
experienced LV dysfunction. Nonetheless, this hypothesis
deserves proper evaluation in further studies.

Cardiac Imaging Tools

Currently, the prediction of super-response is mostly based
on baseline characteristics and echocardiography parame-
ters. However, new imaging diagnostic tools may be help-
ful to accurately predict patient with an expected super-
response or those at risk of residual SCD and who require
protection from VA. Recent data highlighted that cardiac
computed tomography (CT) or myocardial scar tissue anal-
ysis using contrast-enhanced cardiac magnetic resonance
(CMR) are correlated to the response to CRT and the risk
of VA in patients with bi-ventricular pacing. A recent work
demonstrated in a cohort of 54 CRT recipients that the total
area of LV with reduced wall thickness (i.e., < 6 mm) mea-
sured with CT would help to stratify response to CRT. The
authors showed that CRT candidates with a low percentage
of LV wall thickness < 6 mm significantly improved their
clinical status and echocardiography parameters compared
to the groups with a larger proportion of reduced LV wall
thickness [52]. The utility of cardiac CT in prognosticating
the risk of VA in non-ischemic patients with CRT has also
been evaluated [53]. In this study, authors demonstrated
that the total percentage of reduced LV wall thickness
(i.e., < 6 mm) was an independent predictor of VA after
CRT implantation in non-ischemic patients. About 40% of
reduced wall thickness differentiated patients at risk of VA

and potential candidates to CRT-D implantation. In this
work, it has been suggested that the burden of reduced wall
thickness measured at baseline may mirror the extent of
LV fibrosis and VT substrate. This hypothesis is supported
by a cohort of 14 HF patients who underwent electro-
anatomical mapping, and thinner LV was associated with
a decrease of local conduction velocity, reduced bipolar/
unipolar voltage, and larger LV electrograms. These data
demonstrated the potential relationship between reduced
wall thickness measured with CT and occurrence of VT
during follow-up [54].

The analysis of myocardial scar tissue by contrast-
enhanced CMR could also be an interesting tool to differ-
entiate CRT-P from CRT-D candidates. Indeed, a recent
work investigated the benefit of CRT-P or CRT-D implan-
tation depending on the absence/presence of LV midwall
fibrosis detected by CMR. Authors showed that in non-
ischemic patients without LV midwall fibrosis, CRT-D im-
plantation did not confer a better survival compared to
CRT-P [55]. Furthermore, the analysis of myocardial scar
tissue by contrast-enhance CMR was correlated to the oc-
currence of VA in CRT candidates, regardless of the etiol-
ogy of the cardiomyopathy. In another work, the character-
istic of the myocardial scar was accurately analyzed among
a cohort of 78 patients. The presence of a myocardial scar
> 16% and a border zone > 9.5 g were independent predic-
tors of appropriate ICD therapy and SCD, respectively,
associated with a 7.8-fold and 4. 6-fold increased risk.
Notably, a scar mass > 16% had 100% sensitivity and
81% specificity, for 1-year prediction of appropriate ICD
therapy, while a border zone mass > 9.5 g had a 100%
sensitivity and 93% specificity for 1-year appropriate ICD
therapy. This work highlights that CMR seems promising
to identify a very low-risk subgroup or CRT patients that
will not benefit from a back-up defibrillator [56]. These
data are supported by a larger study enrolling 217 CRT
candidates. Pre-procedural scar analyzed using ce-CMR
was performed to assess the residual risk of VAs and
SCD among this population. A total of 92 patients had no
myocardial scar and none experienced ICD therapies or
SCD. Among 125 patients with late gadolinium enhance-
ment a total of 25 patients had appropriate ICD therapy or
SCD events. Total scar mass, core mass, and border zone
mass were significantly greater in this subgroup of patients
with arrhythmic events. Furthermore, border zone channel
mass was higher in patients with VAs or SCD [57•].
Interestingly, authors developed two algorithms to identify
patient without ICD therapy or SCD events during follow-
up. These algorithms are based on scar mass and the pres-
ence of border channel for the first one and based on scar
and border zone mass for the second one. Both algorithms
identified patients at high risk of SCD/ICD therapy with
100% sensitivity, 81.3% specificity, and 36.2% positive
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predictive value for the first algorithm (scar mass + chan-
nels) and 100% sensitivity, 79.3% specificity, and 33.3%
positive predictive value for the second algorithm (scar
mass + border zone mass). Importantly, these algorithms
can be used in ischemic and non-ischemic patients [57•].
Recently, the cardiac function measured using CMR has
been evaluated to stratify the arrhythmic risk after CRT.
In this work, the circumferential strain dyssynchrony pa-
rameter analyzed with CMR strain imaging combined with
the Seattle HF model score provide promising result to
identify CRT-P or CRT-D candidates [58].

Current literature suggests that myocardial substrate is cru-
cial to predict the risk of VA after CRT implantation and
probably more relevant than baseline patient characteristics
or echocardiography itself. These results are summarized in
Fig. 2. However, randomized studies are required to confirm
the usefulness of scar characterization for the identification of
CRT candidates that could benefit from adding defibrillator or
not to the CRT device.

Conclusion

CRT implantation has massively improved the prognosis of
HFrEF. LV reverse remodeling and especially super-
responders who experienced LVEF normalization are incon-
testably associated with a reduction of SCD risk. Data suggest
that CRT-P is a self-sufficient tool to protect selected HF
patients from ventricular arrhythmias. However, identifying
CRT candidates who do not need concomitant SCD protection
remains challenging in clinical practice. Cardiac imaging and
specifically myocardial scar analysis seem promising to eval-
uate the risk of SCD following bi-ventricular pacing and will
probably be of great help in the future to accurately identify
those who need concomitant defibrillator’s protection.
Currently, the RESET-CRT (Re-evaluation of Optimal Re-
synchronisation Therapy in Patients With Chronic Heart
Failure) study is enrolling more than 2000 HF patients with
optimal medical therapy who are randomized to receive CRT-
D or CRT-P device. This trial will probably provide important

Fig. 2 Myocardial
characterization to predict the risk
of sudden cardiac arrest

121Curr Heart Fail Rep  (2020) 17:116–124



new information for improving the choice of CRT-P or CRT-
D device implantation (NCT03494933).
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