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Aims While data from randomized trials suggest a declining incidence of sudden cardiac death (SCD) among heart failure
patients, the extent to which such a trend is present among patients with cardiac resynchronization therapy (CRT)
has not been evaluated. We therefore assessed changes in SCD incidence, and associated factors, in CRT recipients
over the last 20 years.

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

Literature search from inception to 30 April 2018 for observational and randomized studies involving CRT patients,
with or without defibrillator, providing specific cause-of-death data. Sudden cardiac death was the primary end-
point. For each study, rate of SCD per 1000 patient-years of follow-up was calculated. Trend line graphs were
subsequently constructed to assess change in SCD rates over time, which were further analysed by device type, pa-
tient characteristics, and medical therapy. Fifty-three studies, comprising 22 351 patients with 60 879 patient-years
of follow-up and a total of 585 SCD, were included. There was a gradual decrease in SCD rates since the early
2000s in both randomized and observational studies, with rates falling more than four-fold. The rate of decline in
SCD was steeper than that of all-cause mortality, and accordingly, the proportion of deaths which were due to
SCD declined over the years. The magnitude of absolute decline in SCD was more prominent among CRT-
pacemaker (CRT-P) patients compared to those receiving CRT-defibrillator (CRT-D), with the difference in SCD
rates between CRT-P and CRT-D decreasing considerably over time. There was a progressive increase in age, use
of beta-blockers, and left ventricular ejection fraction, and conversely, a decrease in QRS duration and antiarrhyth-
mic drug use.

...................................................................................................................................................................................................
Conclusion Sudden cardiac death rates have progressively declined in the CRT heart failure population over time, with the dif-

ference between CRT-D vs. CRT-P recipients narrowing considerably.
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Introduction

Sudden cardiac death (SCD) is a frequent mode of death in patients
with heart failure and reduced ejection fraction.1,2 However, recent
data from randomized controlled trials looking at patients with heart
failure and reduced ejection fraction on pharmacological treatment
alone have revealed a substantial decline in the occurrence of SCD
over the last two decades.3 A previous sub-analysis of the
Framingham Heart Study had already shown a gradual reduction in
the risk of SCD in subjects with and without heart disease in the se-
cond half of the 20th century.4 This decline possibly reflects increas-
ing use of evidence-based medications on all-cause mortality in
general and SCD in particular. Another possible reason for the de-
cline in SCD among heart failure patients may be due to the effects of
cardiac resynchronization therapy (CRT), offered to patients since
the late 90s, given its proven benefit in the reduction of ventricular
arrhythmias and SCD even in the absence of a defibrillator.5

However, the extent to which such a declining trend in the rate of
SCD is present among patients with heart failure selected for CRT
has not been reported. Although a detailed analysis of causes-of-
death among CRT patients has already been published,6 a compre-
hensive assessment of temporal trends in the occurrence of SCD
could be of particular relevance for device selection between CRT-
defibrillator (CRT-D) vs. CRT-pacemaker (CRT-P), given the lack of
randomized studies directly comparing these two modalities in the
primary prevention setting.

The main purpose of this systematic review was to assess trends in
SCD incidence and associated factors among the CRT population
over the last two decades, and examine how these may differ accord-
ing to the use of CRT-D vs. CRT-P.

Methods

Literature search
We searched MEDLINE (via PubMed), EMBASE, clinicaltrials.gov, and
COCHRANE databases (from inception to 30 April 2018) using the fol-
lowing Medical Subject Headings: (‘cardiac resynchronization therapy’
OR ‘CRT-D’ OR ‘CRT-P’ OR ‘biventricular pacemaker’ OR ‘biventricular
defibrillator’ OR ‘implantable cardioverter-defibrillator’) AND (‘mode of
death’ OR ‘cause of death’ OR ‘sudden cardiac death’ OR ‘sudden death’
OR ‘sudden arrhythmic death’ OR ‘cardiovascular death’). Reference lists
of all accessed full-text articles were searched for sources of potentially
relevant information. When needed, authors were contacted to retrieve
necessary information. Longitudinal studies written in English were con-
sidered for inclusion. The population, intervention, comparison and out-
come (PICO) approach was used.7 The population of interest included
patients receiving CRT with or without an implantable cardioverter-
defibrillator (ICD).

Study outcomes
The primary outcome of interest was the occurrence of SCD. This was
defined as any sudden unexpected death presumed to be of cardiovascu-
lar origin and fulfilling at least one of the following criteria6: (i) occurring
within 1 h of onset of cardiac symptoms in the absence of progressive car-
diac deterioration (when observed); (ii) occurring during sleep; or (iii)
occurring within 24 h after last being seen alive and stable (when not
observed). The secondary outcomes were all-cause, progressive heart

failure, and non-cardiovascular mortalities. Progressive heart failure death
was defined as any death due to progressive circulatory failure.

Eligibility criteria and study selection
Two independent reviewers selected studies of any study design and
written in English, using original data and assessing the outcome of CRT
patients with cause-of-death data. Observational studies, registries and
randomized trials involving CRT patients were considered eligible for
analysis only when providing the number of patients who died of SCD or,
alternatively, if such information could be retrieved after contacting the
authors. Two independent reviewers (S.B., R.D.) screened all abstracts
and titles to identify potentially eligible studies. The full texts of all poten-
tially eligible studies were subsequently assessed to determine suitability
for inclusion in the systematic review. Given the objective of assessing
time trends, in cases of multiple publications pertaining to the same popu-
lation, we included only the first publication providing cause-of-death
data, with the exception of those cases where the initial publication only
included a small percentage of the population. Decisions regarding the in-
clusion of studies required an agreement between both reviewers. Any
discordances were discussed with a third author (R.P. or E.M.).

Data extraction and statistical analysis
Data extraction and presentation for the preparation of this manuscript
followed the recommendations of the PRISMA group. Data extracted,
whenever available, included age, sex, type of device (CRT-D or CRT-P),
left ventricular ejection fraction, New York Heart Association (NYHA)
class, QRS duration, aetiology (ischaemic or non-ischaemic dilated
cardiomyopathy), history of atrial fibrillation, treatment with beta-
blockers, aldosterone antagonists, angiotensin-converting-enzyme inhibi-
tors (ACEi) or angiotensin type-2 receptor blockers (ARB) and antiar-
rhythmic medication, and follow-up duration.

For each study, we obtained the total length of follow-up in patient-
years and the number of SCD and then calculated the rate of SCD per
1000 patient-years of follow-up. The association between year of publica-
tion and SCD rates was assessed through linear regression modelling
using weighted least squares, such that larger studies were given greater
weight in determining the regression coefficients. This analysis was per-
formed using SPSS v.24. Trend line graphs were subsequently con-
structed in Microsoft Excel 2013 to illustrate the change in SCD rates
over time, according to year of study publication. A similar analysis was
performed for the secondary outcomes. A supplementary meta-
regression analysis (using the Comprehensive Meta-analysis software v2)
was performed for studying the association of the year of publication
with the differences in SCD rates between both treatment arms (CRT-D
and CRT-P). Potential time trends in baseline characteristics such as
medication, age, sex, aetiology, left ventricular ejection fraction, QRS dur-
ation, and NYHA class were also sought.

Subgroup analyses
Although this study focused on CRT patients overall, separate analyses
were performed for patients receiving CRT-D or CRT-P. A subgroup
analysis according to study design (randomized vs. observational) was
also performed. Finally, given the possible heterogeneity in SCD defini-
tions/ascertainment, we conducted a sensitivity analysis including only
those studies which either provided a formal definition of SCD or had an
independent events committee for the adjudication of cause-of-death
data.

Quality assessment
Quality assessment was performed using the Delphi Consensus criteria
for randomized controlled trials and a modified Newcastle–Ottawa
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..Quality Assessment Scale for Cohort Studies by two authors (S.B. and
R.D.).8,9

Results

Search results and patients’
characteristics
Out of a total of 3301 initial entries, 691 remained after eliminating
papers unrelated to the subject. Of these, 272 were retrieved for
analysis of titles and abstracts and 58 of these were selected for fur-
ther analysis of the full-length article. Twenty-five were considered
eligible for inclusion.5,6,10–32 A further 25 published studies were
retrieved after reviewing their reference lists and following manual
searches.33–57 Three additional randomized studies carried out by St
Jude Medical (unpublished in peer-reviewed journals, but available on-
line) were also considered following manual searches (the VecToR
and RHYTHM ICD studies and the RHYTHM ICD QuickSite Lead
Clinical Investigation).58,59 The systematic review finally included a
total of 53 studies. Figure 1 illustrates the study selection process.

The design of included studies and baseline data are summarized in
Table 1 and Supplementary material online, Table S1. Nineteen stud-
ies were randomized controlled trials or post hoc analyses of random-
ized trials,5,16,33,34,36,39,43,44,46,51,52,54,58–63 although randomization for
CRT-D vs. CRT-P was only performed in one.33 The remaining stud-
ies were observational (including prospective registries). Quality as-
sessment of the included studies is shown in Supplementary material
online, Table S2.

The final population included 22 351 patients (15 245 receiving
CRT-D and 7106 receiving CRT-P), representing 60 879 patient-
years of follow-up: 40 948 in patients receiving CRT-D and 19 931 in
those receiving CRT-P. A total of 585 SCD were reported among
these patients. As commonly observed in CRT studies, patients
receiving CRT-P were in general older and had more advanced heart
failure and comorbidities.

Sudden cardiac death and other
mortality rates over time
In the general population of CRT patients, all-cause mortality
occurred at a rate of 68.1 per 1000 patient-years of follow-up: 60.9 in
CRT-D patients and 97.9 in CRT-P recipients. The overall rate of
SCD was 9.6 per 1000 patient-years of follow-up, corresponding to
approximately 14.1% of all deaths. The rates of death attributed to
progressive heart failure, cardiovascular (including heart failure), and
non-cardiovascular conditions were 34.5, 48.8, and 19.3 per 1000
patient-years, respectively.

Among CRT-D patients, SCD rate was 5.5 per 1000 patient-years,
corresponding to 9.0% of all deaths, whereas the rates of death due
to heart failure and non-cardiovascular death were 29.8 and 16.1 per
1000 patient-years, respectively. Conversely, SCD occurred at a rate
of 18.1 events per 1000 patient-years in CRT-P patients, correspond-
ing to 18.5% of all deaths in this group. Rates of death due to heart
failure and non-cardiovascular death in the CRT-P group were 44.7
and 27.5 per 1000 patient-years, respectively.

There was a progressive decline in SCD rates since the early
2000s, with SCD rates falling by an average of 1.5 events per 1000

Figure 1 Study selection.
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Table 1 Selected studies for the systematic review

Author Trial name

(if applicable)

Year Study design Sample size (patients) Mean follow-up

(months)
Total CRT-D CRT-P

Linde et al. MUSTIC 2002 Multi-centre, RCT 75 0 75 12

Abraham et al. MIRACLE 2002 Multi-centre, RCT 228 0 228 6

Leclercq et al. MUSTIC-AF 2002 Multi-centre, RCT 25 0 25 3

Auricchio et al. PATH-CHF 2002 Single-centre, RCT 24 0 24 1

Pappone et al. — 2003 Single-centre, observational 135 88 47 28

Young et al. MIRACLE ICD I 2003 Multi-centre, RCT 187 187 0 6

Higgins et al. CONTAK CD 2003 Multi-centre, RCT 581a 248 0 4

Bristow and Carson et al. COMPANION 2005 Multi-centre, RCT 1520a 595 617 16

Bax et al. — 2004 Observational 85 0 85 12

Abraham et al. MIRACLE ICD II 2004 Multi-centre, RCT 85 85 0 6

Molhoek et al. — 2004 Single-centre, observational 60 28 32 22

Yu et al. — 2005 Dual-centre, observational 141 0 141 23.2

RHYTHM ICD — 2005 Multi-centre, RCT 183 183 0 12.1

RHYTHM ICD (QuickSite Clinical

Lead Investigation)

— 2005 Multi-centre, RCT 153 153 0 12.1

VECTOR study — 2005 Multi-centre, RCT 51 0 51 6

Wang et al. — 2005 Single-centre, observational 25 0 25 20.9

Doshi et al. PAVE 2005 Multi-centre, RCT 103 0 103 36

Cleland et al. CARE-HF 2006 Multi-centre, RCT 409 0 409 36.4

Auricchio et al. — 2007 Multi-centre, observational 1298 726 572 34

Leclercq et al. RD-CHF 2007 Multi-centre, RCT 44 0 44 6

Khadjooi et al. — 2008 Single-centre, observational 295 0 295 23

Di Biase et al. — 2008 Multi-centre, observational 398 398 0 23

Ferreira et al. — 2008 Single-centre, observational 131 102 29 29

Rolink et al. — 2009 Single-centre, observational 119 26 93 18

Boveda et al. MONA LISA 2009 Multi-centre, observational 198 0 198 9.8

Ypenburg et al. — 2009 Single-centre, observational 302 302 0 22

Moss et al. MADIT-CRT 2009 Multi-centre, RCT 1820a 1089 0 28.8

Soliman et al. — 2010 Single-centre, observational 169 169 0 21.8

Suzuki et al. — 2010 Single-centre, observational 62 0 62 35

Tang et al. RAFT 2010 Multi-centre, RCT 894 894 0 40

Boriani et al. B-LEFT HF 2010 Multi-centre, RCT 90 90 0 6

Van Bommel et al. — 2010 Single-centre, observational 716 660 56 25

Prochnau et al. — 2011 Single-centre, observational 143 0 143 19

Theuns et al. — 2011 Dual-centre, observational 463 463 0 30.5

Thijssen et al. — 2012 Single-centre, observational 1189 1189 0 40.8

Verbrugge et al. — 2013 Single-centre, observational 220 92 128 20

Jastrzebski et al. — 2013 Single-centre, observational 262 190 172 24.7

Gold et al. REVERSE 2013 Multi-centre, RCT 419 345 74 60

Schuchert et al. MASCOT 2013 Multi-centre, RCT 402 228 174 12

Frigerio et al. — 2014 Single-centre, observational 330 190 140 54.5

Bortnik et al. — 2014 Single-centre, observational 84 0 84 29

Marijon et al. CeRtiTuDe 2015 Multi-centre, observational 1705 1170 535 24

Roubicek et al. — 2015 Single-centre, observational 329 250 79 39.6

Palmisano et al. — 2015 Dual-centre, observational 138 138 0 46

Reitan et al. — 2015 Single-centre, observational 705 257 448 59

Providencia et al. DAI-PP 2016 Multi-centre, observational 2952 2952 0 33.1

Trucco et al. — 2016 Single-centre, observational 42 0 42 60

Barra et al. — 2016 Single-centre, observational 638 224 414 63

Leyva et al. — 2016 Single-centre, observational 556 0 556 54.2

Continued
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.patient-years every year. Over the duration of this study, SCD rates
fell to less than one-fourth the rate seen in the early 2000s (Figure 2),
from approximately 40.6 per 1000 patient-years in 2002–2004 to 8.5
in 2008–2010 and 6.9 in 2014–2016, with the average annual risk of
SCD stabilizing below 1% over the last decade. The greatest reduc-
tion was seen in the early 2000s. Despite higher rates of SCD being
observed in randomized trials compared to observational studies
(15.3 vs. 8.2 per 1000 patient-years, respectively, P = 0.012), the de-
crease in SCD rates occurred in both randomized and observational
studies (Take home figure). The assessment of potential moderator
variables through meta-regression revealed a significant association
between an increasing year of publication and a decreasing difference
of SCD rates between CRT-D and CRT-P patients, corroborating
the results of the previous analyses (Supplementary material online,
Figure S1).

Looking at the influence of underlying substrate, SCD rates
declined both in studies with majority (>50%) of patients with ischae-
mic cardiomyopathy (P = 0.012), and also in studies with higher
prevalence of non-ischaemic dilated cardiomyopathy (P = 0.001), al-
though the decline was more pronounced in the latter.

There was a non-significant trend for decline in cardiovascular
death over time (average annual reduction of 2.4 events per 1000
patient-years, P = 0.07), whereas no significant decline was seen for

progressive heart failure mortality (annual reduction of 0.5 events
per 1000 patient-years, P = 0.54), and non-cardiovascular mortality
(annual reduction of 0.6 events per 1000 patient-years, P = 0.20)
(Figure 3). Overall, all-cause mortality incidence rates significantly
decreased over the last 17 years (P = 0.023) (Figure 3). However, the
rate of decline in SCD was higher than that of all-cause mortality, and
the percentage of fatalities related to SCD declined by an average of
1.3% every year (P < 0.001) (Supplementary material online, Table S3
and Figure 4).

As the rate of decline in SCD and all-cause mortality seemed much
steeper in the first period of the evaluation, a sensitivity analysis was
performed after excluding all studies published between 2002 and
2004: a weaker, but still significant correlation was observed between
year of publication and SCD rate (P = 0.015, Supplementary material
online, Figure S2), but not all-cause mortality (P = 0.44). Except for
the COMPANION trial, all the main randomized trials on CRT
patients were published after 2004 (CARE-HF, MADIT-CRT, RAFT,
and REVERSE).

An additional sensitivity analysis was performed including
only those studies which either (i) provided a standardized
definition of SCD, or (ii) had cause of death data adjudicated by
an independent events committee (Supplementary material online,
Table S4). Study selection was performed by three different

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

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

Table 1 Continued

Author Trial name

(if applicable)

Year Study design Sample size (patients) Mean follow-up

(months)
Total CRT-D CRT-P

Leyva et al. — 2017 Single-centre, observational 847 436 411 38.4

Martens et al. — 2017 Single-centre, observational 687 326 361 38

Ioannou et al. — 2017 Single-centre, observational 695 521 174 60.4

Acosta et al. — 2018 Single-centre, observational 217 154 63 35.5

aThe study also included patients who did not receive cardiac resynchronization therapy.

Figure 2 Trend line graphs illustrating the time-trend variation of sudden cardiac death rates among cardiac resynchronization therapy recipients.
The area of each circle represents the size of each study (assessed by the number of patient-years of follow-up).
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..investigators (S.B., R.D., and R.G.), with disagreements
discussed with a fourth (R.P.). This analysis, including 22 stud-
ies,5,6,10–12,15,17,18,20,23,26,29,33,37,42,43,45,49,50,52,62,63 had similar
results to those seen in the main analysis, confirming a gradual de-
cline in SCD rates over time (Supplementary material online,
Figure S3).

Sudden cardiac death trends according
to device type
Sudden cardiac death rates declined progressively in both CRT-D and
CRT-P recipients over the years (Figure 5), regardless of study design.
There was a similar relative decline in both groups, although the

absolute decline in SCD rates was more pronounced in the CRT-P
group. The incidence rate of SCD among CRT-P patients fell from ap-
proximately 58.7 cases per 1000 patient-years in 2002–2004 to 30 in
2008–2010 and 13.7 in 2014–2016. The annual risk of SCD among
CRT-P patients was consistently below 2% in the second half of this
study. Among CRT-D patients, the SCD rate fell from 22.1 cases per
1000 patient-years in 2002–2004 to 5.5 in 2008–2010 and 4.1 in 2014–
2016. Hence in terms of actual incidence, the difference in SCD rates
between CRT-P and CRT-D decreased over time. Thus, in the period
between 2002 and 2004, there was one additional case of SCD per
year for every 28 CRT-P patients compared with an identical number of
CRT-D patients, whereas in 2014–2016 this number changed to 105.

Figure 3 Trend line graphs illustrating the time-trend variation of all-cause mortality, heart failure, cardiovascular, and non-cardiovascular mortal-
ities among cardiac resynchronization therapy recipients. The area of each circle represents the size of each study.

Take home figure Trend line graphs illustrating the time-trend variation of sudden cardiac death rates among cardiac resynchronization ther-
apy recipients according to study design (randomized vs. observational studies). The area of each circle represents the size of each study.

Time trends in SCD risk in CRT patients 1981
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article-abstract/41/21/1976/5637310 by U
niversità degli Studi di Firenze user on 26 June 2020

https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz773#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Change in patients’ characteristics over
time
Over the same time period, there was a progressive increase in usage
of beta-blockers (P = 0.002), patient age (P = 0.041), and left ventricu-
lar ejection fraction (P < 0.001), with, conversely, a decrease in base-
line pre-CRT QRS duration (P = 0.026) and antiarrhythmic drug
usage (P = 0.008) (Figure 6 and Supplementary material online, Figure
S4). On the other hand, NYHA class, sex, aetiology, atrial fibrillation
prevalence, and use of ACEi/ARB and aldosterone antagonists
remained relatively stable.

Discussion

Three important observations can be made from our findings. First,
we demonstrate that SCD rates have declined significantly among
patients receiving CRT since the early 2000s. This trend was noted
not only in observational but also in randomized controlled studies,
and in both CRT-D and CRT-P patients. Moreover, although the
most significant decline was seen in the earlier 2000s, even after
excluding the earlier studies there was still a gradual decline in SCD,
albeit of lower magnitude. Importantly, not only have absolute SCD
rates declined, but also the proportion of deaths related to SCD

Figure 4 Trend line graphs illustrating the time-trend variation of the proportion of deaths due to sudden cardiac death. The area of each circle
represents the size of each study.

Figure 5 Trend line graphs illustrating the time-trend variation of sudden cardiac death rates among cardiac resynchronization therapy defibrillator
and cardiac resynchronization therapy pacemaker recipients. The area of each circle represents the size of each study. CRT-D, cardiac resynchroniza-
tion therapy defibrillator; CRT-P, cardiac resynchronization therapy pacemaker; SCD, sudden cardiac death.
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..diminished over the years. Second, with a larger absolute decline
in SCD rates among CRT-P patients, the difference in SCD has nar-
rowed considerably between CRT-P and CRT-D recipients in
the later periods. Finally, the decline in SCD rates paralleled
improved medical therapy and changes in patients’ baseline charac-
teristics, which possibly contributed to the observed decline in
SCD risk.

Cardiac resynchronization therapy by itself has been shown to be
associated with a decrease in SCD via multiple mechanisms, including
improvement in left ventricular ejection fraction and positive left ven-
tricular remodelling. In the CARE-HF trial, CRT reduced the risk of
sudden death even in the absence of defibrillator,5 confirming its in-
dependent effect on prevention of arrhythmic death. Progressive
improvements in CRT technology and delivery as well as patient se-
lection and better adherence to guideline-recommended therapies,
such as beta-blockers, are also likely vital in contributing to the de-
cline in SCD rates. Indeed, this study confirmed that beta-blocker
usage has progressively increased among CRT patients over the last
15–20 years, and this probably had a significant impact in the reduc-
tion of SCD risk. Likewise, changes in patients’ baseline characteris-
tics may have also had an impact on SCD rates over time. Shen et al.3

had shown that, in heart failure patients with reduced ejection frac-
tion, the rate of SCD had almost halved over a period of 19 years,
which the authors associated with improvements in optimal medical
therapies over time. The decline in SCD rates seen in our study was
even more pronounced. Furthermore, contrary to non-CRT patients
where the falling rates of SCD are proportionate to the downward
trend in the overall death rates,3 in the context of CRT, the decline in
SCD is steeper than that of all-cause mortality. This is in line with the

specific benefits of CRT for SCD reduction through favourable left
ventricular remodelling.

The declining SCD rates in heart failure patients in general and
CRT patients in particular, combined with recent evidence suggesting
that CRT-D is associated with higher risk of device-related complica-
tions compared with CRT-P,64 highlights the need in the current era
to carefully identify those CRT candidates who would still derive a
significant benefit from added defibrillator function. Our group had
previously shown that men and patients with ischaemic cardiomyop-
athy may be more likely to benefit from the addition of the ICD.65,66

The Danish Study to Assess the Efficacy of ICDs in Patients with Non-is-
chaemic Systolic Heart Failure on Mortality (DANISH) also found that
non-ischaemic cardiomyopathy patients on optimal medical therapy
(including CRT when indicated) do not seem to benefit from the
ICD.67 The present findings are in line with this, showing that the de-
cline in SCD rates since the early 2000s has been more marked in
studies with higher prevalence of non-ischaemic patients. It is general-
ly accepted that non-ischaemic dilated cardiomyopathy patients are
more likely to have favourable response to CRT, which in turn may
lead to a more significant reduction in the risk of ventricular
arrhythmias.

However, it is noteworthy that the decline in SCD rates among
CRT recipients does not simply reflect a gradual increase in the
prevalence of non-ischaemic cardiomyopathy and female sex (which
are known to associate with lower risk of SCD), as these parameters
did not change significantly over time. Likewise, although we could
speculate that the ageing of CRT recipients could contribute to a re-
duction in the relative contribution of SCD in a competing risk fash-
ion, we note that our data is not well suited to evaluate the effect of

Figure 6 Trend line graphs illustrating the time-trend variation of baseline characteristics (age, beta-blocker usage, left ventricular ejection fraction,
and QRS duration) among CRT recipients. The area of each circle represents the size of each study.
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.
age on time trends in SCD rate, as we only had access to mean pa-
tient age rather than individual patient data and the span in mean age
is limited between studies.

Nevertheless, the present study does demonstrate certain time
trends in patient characteristics which are likely the result of less
strict, or more liberal, criteria for selecting patients for CRT implant-
ation. In fact, in more recent studies, CRT has been offered to older
patients with less prolonged QRS duration and less severe left ven-
tricular systolic dysfunction. This is likely a result of continuously
improving operator/centre experience, increasing procedural suc-
cess, decreasing complication rates and cost, and widespread use of
this therapy, as increasing evidence for benefit accumulates from a
large number of randomized trials and registries. The publication of
studies such as MADIT-CRT, RAFT, and REVERSE, which enrolled
patients with less advanced heart failure, indeed expanded CRT indi-
cations to include ‘less sick’ patients, which also likely contributed to
the decline on the incidence rate of SCD.

The decline in the risk of SCD, with very low rates in more recent
studies, is undoubtedly reassuring and reinforces the notion that not
all primary prevention CRT candidates on optimal medical therapy,
including a beta-blocker, require added defibrillator, particularly in
the context of non-ischaemic myocardial substrate. This is an area in
need for further research focusing on those subgroups of patients
whose risk of SCD is already low or very low in the absence of the
defibrillator, and/or when the competing risk of non-SCD is deemed
high.

Some limitations should be acknowledged when interpreting the
findings of this study. First, most of the observational studies did not
have an adjudication process with pre-specified definitions of the
causes of death. It is plausible that some cases of SCD in observation-
al studies may have been misclassified, and such heterogeneity of
SCD definitions may have played a role in the secular trends.
However, although we recognized a priori that many studies, particu-
larly older ones, with an endpoint of sudden death or SCD would
not have provided a formal definition, it is important to state that the
definition of SCD has been relatively static throughout the years.
Furthermore, when restricting the analysis to randomized trials,
where cause-of-death data was more robust and usually centrally
adjudicated, there was still a significant decline in SCD rates. In the
study by Shen et al.,3 the lack of a standardized definition of sudden
death did not explain its falling rate over time. Second, the main limi-
tation of randomized clinical trials is their external validation. The ex-
tent to which the trends noted in randomized studies reflect the ‘real
world’ population of patients with heart failure receiving CRT has
been a matter of discussion. Third, the ideal methods to calculate
specific cumulative mortality rates (e.g. SCD) include the non-
parametric cumulative incidence function of Fine and Gray, which
takes the competing risk of non-SCD into consideration, and the use
of standardized incidence rates rather than crude rates. However,
this would require individual patient-level data for all studies which
would be impracticable. Fourth, inferences were made about individ-
uals based on aggregate data for a group (e.g. population mean age ra-
ther than individual data). To determine whether hypotheses
obtained through group-level analyses apply to individuals, individual-
level data would be required. Fifth, one might argue that the year of
publication is a single point in time and does not reflect the entire
period of study enrolment. However, as shown in Supplementary

material online, Figure S5, while there is some overlap, the enrolment
periods also move forward in a similar manner as the publication
dates, as observed by the parallel linear time trends for year of publi-
cation, start dates, and end dates for the various studies. Therefore,
using year of publication provides a reasonable method of assessing
time trends. Finally, data on delivery of ICD therapies in the CRT-D
population were not consistently available and any potential decline
in the number of ICD therapies could also reflect recent changes in
ICD programming (high-rate and delayed detection) rather than a
true decline in the incidence of sustained ventricular arrhythmias.

Conclusions

This systematic review demonstrates a significant decline in the rates
of SCD over the last two decades amongst CRT studies, with a
diminishing gap in SCD rates between CRT-P vs. CRT-D recipients.
Progressive improvements in medical therapy and CRT device tech-
nology and changes in patients’ baseline characteristics may possibly
result in further reductions in SCD rates among heart failure patients
with CRT, irrespective of the use of additional defibrillator, which
treating physicians should carefully consider in choice of device type.

Supplementary material

Supplementary material is available at European Heart Journal online.

Conflict of interest: Serge Boveda is a consultant for Medtronic,
Boston Scientific, Microport and Zoll. Eloi Marijon is part of the
Paris-SDEC with activities supported by the Institut National de la
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