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Abstract

Aims Cardiac resynchronization therapy (CRT) is guideline recommended for the treatment of symptomatic heart failure
(HF) with reduced left ventricular ejection fraction and prolonged QRS. However, patients with common comorbidities, such
as persistent/permanent atrial fibrillation (AF), are often under-represented in clinical trials.
Methods The Strategic Management to Optimize Response to Cardiac Resynchronization Therapy (SMART) registry
(NCT03075215) was a global, multicentre, registry that enrolled de novo CRT implants, or upgrade from pacemaker or implant-
able cardioverter defibrillator to CRT-defibrillator (CRT-D), using a quadripolar left ventricular lead in real-world clinical prac-
tice. The primary endpoint was CRT response between baseline and 12 month follow-up defined as a clinical composite score
(CCS) consisting of all-cause mortality, HF-associated hospitalization, New York Heart Association (NYHA) class and quality of
life global assessment.
Results The registry enrolled 2035 patients, of which 1558 had completed CCS outcomes at 12 months. The patient cohort
was 33.0% female, mean age at enrolment was 67.5 ± 10.4 years and the mean left ventricular ejection fraction was
29.6 ± 7.9%. Notably, there was a high prevalence of mildly symptomatic patients (NYHA class I/II 51.3%), non-left bundle
branch block (LBBB) morphology (38.0%), AF (37.2%) and diabetes mellitus (34.7%) at baseline. CCS at 12 months improved
in 58.9% (n = 917) of patients; 20.1% (n = 313) of patients stabilized and 21.0% (n = 328) worsened. Several patient charac-
teristics were associated with a lower likelihood of response to CRT including older age, ischaemic aetiology, renal dysfunction,
AF, non-LBBB morphology and diabetes. Higher HF hospitalization (P < 0.001) and all-cause mortality (P < 0.001) were ob-
served in patients with AF. These patients also had lower percentages of ventricular pacing than patients in sinus rhythm
at baseline and follow-up (P < 0.001, both). A further association between AF and non-LBBB was observed with 81.4% of
AF non-LBBB patients experiencing an HF hospitalization compared with 92.5% of non-AF LBBB patients (P < 0.001). Mortality
between subgroups was also statistically significant (P = 0.019).
Conclusions This large, global registry enrolled a CRT-D population with higher incidence of comorbidities that have been
historically underrepresented in clinical trials and provides new insight into factors influencing response to CRT. As defined
by CCS, 58.9% of patients improved and 20.1% stabilized. Patients with AF had particularly worse clinical outcomes, higher
HF hospitalization and mortality rates and lower percentages of ventricular pacing. High incidence of HF hospitalization in pa-
tients with AF and non-LBBB in this real-world cohort suggests that ablation may play an important role in increasing future
CRT response rates.
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Introduction

Cardiac resynchronization therapy (CRT) has been a recom-
mended therapy for over 20 years for appropriately selected
patients with heart failure (HF), severe left ventricular (LV)
systolic dysfunction and a prolonged QRS based on proven
improvements in quality of life, LV reverse remodelling and
reductions in HF-associated hospitalizations and total
mortality.1–7 Response to CRT has been measured by the clin-
ical composite score (CCS) in previous clinical trials as a com-
posite measure of all-cause mortality, HF events, New York
Heart Association (NYHA) class and quality of life, as assessed
by a patient global assessment instrument.8 Response rates
using CCS have varied from 50% to 75% depending upon
the patient QRS morphology, underlying aetiology and the
overall population enrolled in respective clinical trial.9–19

However, clinical trials may not reflect the HF patients typi-
cally treated with CRT in real-world practice whose comorbid-
ities who may be unrepresented due to the specific inclusion
and exclusion criteria used.20 In particular, only 11% and 13%
of the recruited patients in MADIT-CRT and RAFT, respec-
tively, had atrial fibrillation (AF).21,22

The SMART (Strategic Management to Optimize Response
to Cardiac Resynchronization Therapy) registry
(NCT03075215) was designed to assess real-world outcomes
for patients receiving a CRT defibrillator (i.e., CRT-D) to un-
derstand the programming, optimization use, and effective-
ness over a 12 month period. The specific design details
and baseline demographics have been previously
published.23 Of note, as previously reported, 37% of the en-
rolled patients had AF at baseline.23 This paper reports the
12 month results of the SMART registry.

Methods

The SMART registry was a global, multicentre, prospective,
observational, single-arm post-market study. Institutional re-
view boards of all participating sites approved the protocol;
all patients provided written informed consent prior to enrol-
ment. Oversight and surveillance of study decisions, as well
as final data interpretation and manuscript publication, were
conducted by a physician steering committee.

The objective of the SMART registry was to characterize
patient characteristics, clinical outcomes and response rates
in a real-world CRT-D population. To reflect actual rates of
comorbidities and patient characteristics that are often

excluded in traditional clinical trials, inclusion criteria were
broad. Enrolled patients were 18 years or older from the in-
vestigators’ routine clinical practice and indicated for CRT-D
implantation. Patients were implanted with a de novo or ‘up-
grade’ to a Boston Scientific NG3 or NG4 CRT-D device inte-
grated with a quadripolar LV lead from any manufacturer
and enrolled within 21 days post-implant. ‘Upgrades’ were
permitted from a single- or dual-chamber pacemaker or im-
plantable cardioverter defibrillator as recommended by con-
temporary guidelines. Participating centres were chosen
based on previous research experience, sufficient implant
volume, presence and availability of necessary staff, no unre-
solved compliance issues and no concurrent conflicting study.
Sites were encouraged but not required to enrol consecutive
patients to reduce inclusion bias. Exclusion criteria were as
follows: life expectancy less than 12 months, currently on
the active heart transplantation list and/or implanted with
an LV assist device, preexisting CRT device, current pregnancy
or possibility of pregnancy at the time of study enrolment,
enrolled in any concurrent clinical trial without prior written
approval from a Boston Scientific and/or any contraindication
to receive a CRT-D device.

Patients had in-clinic visits and were evaluated both at
baseline and at 12 months. Clinical response at 12 months,
defined by a CCS of all-cause mortality, HF-associated
hospitalizations, NYHA class and quality of life as assessed
by patient global assessment, categorized patients as either
‘improved’, ‘stabilized’ or ‘worsened’. Patients with an im-
proved CCS experienced an improvement by at least one
NYHA class and/or improved patient global assessment
while concurrently remaining alive and free of any
HF-associated hospitalization. An HF-associated hospitaliza-
tion was defined as an HF event with a primary cause of
HF and either of the conditions below is met: (1) Patient is
admitted and discharged with a calendar date change, or
(2) patient is not hospitalized but received one or more IV
medications including diuretics, inotropes, vasodilators,
other parenteral therapy or aquapheresis. Worsened CCS
consisted of experiencing either an HF-associated hospitali-
zation, death due to any cause and/or worsening of the
patient global assessment or worsening of at least one NYHA
functional class. Patients were considered stabilized if they
neither improved nor worsened after 12 months of
follow-up.

The primary endpoint of CRT response was analysed when
the last 12 month patient visit was completed. This analysis
included the following to define response and nonresponse
groupings, as based of the three CCS levels:
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• Clinical endpoint 1: improved CCS versus stabilized or
worsened CCS;

• Clinical endpoint 2: improved or stabilized CCS versus
worsened CCS.

All patient visits and NYHA assessments were performed by
qualified study staff at participating medical centres. A subset
of the enrolled patients (n = 1189) utilized LATITUDE remote
monitoring and had their atrial and ventricular pacing per-
centages calculated post-implant (i.e., between 1 and 21 days
after CRT-D implantation) and at 12 months.

Prolonged LV delay (QRS-LV) and longer interventricular
electrical delay (RV-LV) have been shown to be independent
predictors of improved CRT response.10,24 The QRS-LV was
defined as the first deflection of the surface ECG to local in-
trinsic activation at the LV stimulation site. It was measured
in sinus rhythm by taking measurements from surface lead
II and the RV and LV leads simultaneously as the interval from
the onset of QRS from the surface lead to the first large peak
(positive or negative) of the LV electrogram. The RV-LV inter-
val was defined as the difference in activation time as mea-
sured by the RV and LV leads. It was measured in sinus
rhythm as the first major peaks of the RV and LV electro-
grams in a cardiac cycle. Leads were placed at the discretion
of the implanting physician.

Statistical analysis

Baseline demographics and clinical characteristics are pre-
sented as mean ± standard deviation (SD); categorical values
presented as counts (% of total patients). Patients were strat-
ified according to CCS outcome, specifically, Improved, stabi-
lized or worsened. Differences in continuous and categorical
demographics between the three CCS outcome groups were
assessed via an F test and a χ2 or exact test, respectively.

CRT response, quantified by CCS, was calculated in the full
SMART registry patient population, as well as in selected sub-
groups. Clinical endpoint 1 categorized responders as the pa-
tients with Improved CCS. Clinical endpoint 2 characterized
responders as either improved or stabilized CCS. Multivari-
able analyses were performed through logistic regression
models on prespecified and unspecified variables on the pri-
mary endpoint and included both a priori and post-hoc anal-
ysis. No adjustments to the significance level (alpha) were
made for multiple tests. Results interpretation was based
on the biological plausibility of the result along with consis-
tency of findings from external sources.

Prespecified variables were chosen based on known sub-
group associations with CRT response based on data from
previous clinical studies.2,4,10,24 Per protocol, these variables
included ischaemic aetiology (ischaemic vs. non-ischaemic),
bundle branch block morphology [left bundle branch block
(LBBB) vs. non-LBBB], NYHA class (I/II vs. III/IV), presence of

AF (yes vs. no), diabetes mellitus (yes vs. no), sex (male vs. fe-
male), age (<65 vs. ≥65 years), RV-LV (<70 vs. ≥70 ms),
QRS-LV at the implantation site and QRS width (<150 vs.
≥150 ms).

Time to event analysis compared HF-associated hospitali-
zation and all-cause mortality across AF versus non-AF groups
using Kaplan–Meier methodology. Patients followed through
12 months or who had a primary endpoint even (HF hospital-
ization or death) were considered to have complete data. Pa-
tients withdrawn during the follow-up period without
experiencing an endpoint event were considered to have
missing data. Due to COVID-19, data from remote follow-up
visits were considered equal to data from onsite visits. Pa-
tients that died or withdrew from the study without
experiencing HF-associated hospitalization before the
12 month visit were censored on the death date or withdraw
date; P values were from the log-rank test and hazard ratios
from the univariate Cox proportional hazard regression
model.

To obtain a two-sided 95% confidence interval of the CRT
response rate that did not exceed 5%, a total of 2000
enrolments were required. It was expected that, with a total
of 2000 enrolments, each subgroup analysis would include
approximately 50 subjects. No formal hypotheses were
tested for the primary endpoint.

Results

Patient disposition and characteristics

The registry enrolled 2035 patients from April 2017 until Au-
gust 2019 at 137 sites from the United States, Europe, Canada
and Australia. Of those, 2005 subjects met all the inclusion
and none of the exclusion criteria. These subjects were
followed per standard of care for 12 months (average ± SD:
12.0 ± 3.5 months as of last data snapshot on 2 June 2022).
The majority (77.4%) of 12 month follow-up visits were per-
formed prior to the COVID-19 pandemic. The follow-up visit
compliance (i.e., number of completed follow-up visits rela-
tive to the number of scheduled follow-up visits) was
79.1%. During the pandemic, there was an increase in late
visits (post- vs. pre-pandemic: 26% vs. 13%), as well as missed
visits/withdrawals (25% vs. 18%).

Patients were predominately male (77.0%) and White
(61.3%). The average LV ejection fraction (LVEF) was
29.6 ± 7.9%, and age at enrolment was 67.5 ± 10.4 years. Al-
though the average QRS width was 150.2 ± 27.5 ms, only
62.0% had LBBB QRS morphology at baseline (Table 1).
Non-specific interventricular conduction delay (NSIVCD) and
right bundle branch block (RBBB) were noted in 24.8% and
13.1% of patients, respectively. There was a relatively high
combined prevalence of asymptomatic (NYHA class I: 5.4%)
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and mildly symptomatic (NYHA class II: 45.9%) patients, as
well as high prevalence of diabetes mellitus (34.7%) and AF
(37.2%) at baseline. Of the 746 patients in AF, 44.5% had par-
oxysmal, 25.6% had persistent and 29.9% had permanent AF.

Of the total cohort, 1,578 (78.8%) patients underwent a de
novo implant procedure, and 422 (21.1%) patients underwent
an ‘upgrade’ procedure. Patients could be programmed to
biventricular pacing or pacing of only the LV, for example
where the physician wished to preserve intrinsic stimulation.
Of the patients, 1710 (84.9%) were programmed to
biventricular pacing at the baseline visit, and 302 patients
(15.1%) had LV-only pacing. The initial post-implant percent-
age of ventricular pacing was only 94.2 ± 14.0% in the total co-
hort while the average atrial pacing was 27.0 ± 33.2%.

CCS

There were 1558 patients with completed CCS outcomes. Of
the patients, 917 (58.9%) had improved CCS outcomes at
12 months; 313 (20.1%) and 328 (21.0%) patients stabilized
and worsened, respectively (Figure 1). Among the improved
CCS patients, 375 patients (24.1%) improved in both patient
global assessment and NYHA class. Of the patients, 359
(23.0%) exclusively had improvements in the patient global
assessment; 184 patients (11.8%) had improved NYHA class
only. Worsened CCS predominately reflected clinical events
(250 patients, 76.2%): specifically, HF hospitalization alone
(119 patients, 7.6%), death without antecedent worsening
of HF (87 patients, 5.6%) or death preceded by an HF
hospitalization (44 patients, 2.8%). The remaining 78 patients
(5.0%) remained event-free, but experienced either worsen-
ing NYHA class (71 patients, 4.6%), worsening global assess-
ment (4 patients, 0.3%), or both (3 patients, 0.2%).

There were no significant differences across the three CCS
groups with regard to sex (P = 0.12), race (P = 0.96), LVEF
(P = 0.53), intrinsic QRS width (P = 0.75), and baseline PR in-
terval (P = 0.16) (Table 1). QRS morphology was different
across the CCS groups (P = 0.02); specifically, patients with
LBBB conduction had a higher likelihood of improved CCS
(64.3%) as compared with RBBB (11.0%) and NSIVCD
(24.8%). As expected, patients with Worsened CCS outcomes
also had lower (P = 0.02) percentages of ventricular pacing at
the initial post-implant clinic visit (91.9 ± 17.1%) as compared
with patients with Improved (94.7 ± 13.2%) and Stabilized
(95.4 ± 9.9%) CCS outcomes (Table 1; Supplemental Informa-
tion, Table 1).

Clinical endpoints and defining CRT response—
Improved CCS

When analysing CCS as defined by Clinical endpoint 1, 58.9%
of patients were CRT responders with improved CCS, andTa
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41.1% were non-responders with either stabilized or wors-
ened CCS. Unadjusted odds of Improved CCS are presented
in Figure 2A. Younger age (i.e., <65 years old; P = 0.004)
and LBBB QRS morphology (P = 0.01) were associated with in-
creased odds of Improved CCS. Increased odds of either
worsened or stabilized CCS were associated with male sex
(P = 0.04), diabetes mellitus (P < 0.001), ischaemic aetiology
(P < 0.001), AF (P < 0.001) and renal dysfunction
(P < 0.001). In multivariable analysis, LBBB QRS morphology
(P = 0.02) was associated with increased odds of improved
CCS. NYHA class I/II (P = 0.004), diabetes mellitus (P = 0.04)
and ischaemic aetiology (P = 0.004) had lower odds of Im-
proved CCS (Table 2).

Clinical endpoints and defining CRT response—
Improved or stabilized CCS

When analysing CCS as defined by Clinical endpoint 2, 79.0%
were CRT responders with either improved or stabilized CCS,
and 21.0% were non-responders with worsened CCS. Younger
age (P = 0.04) and LBBB QRS morphology (P = 0.05) were as-
sociated with higher odds of improved or stabilized CCS. Sig-
nificantly lower odds of improved or stabilized CCS were as-
sociated with diabetes mellitus (P = 0.003), ischaemic
aetiology (P = 0.008), AF (P < 0.001), RV-LV electrical delay
<70 ms (P = 0.02) and renal dysfunction (P < 0.001) (Figure

2B). With multivariable adjustment, lower odds of improved
or stabilized CCS persisted for ischaemic aetiology
(P = 0.01), AF (P = 0.03) and renal dysfunction (P = 0.02)
(Table 2).

Time-to-event analysis—HF-associated
hospitalizations and all-cause mortality rates

The HF hospitalization-free rate at 12 months was 91.6%
(95% CI: 90.3%, 92.8%) using Kaplan–Meier methodology. Ta-
ble 3 presents univariate factors associated with HF hospital-
ization. The presence of comorbidities such as diabetes
mellitus (P < 0.001) and AF (P < 0.001) were associated with
increased HF hospitalization rates, as was heart disease of
ischaemic aetiology (P = 0.036). Patients with intrinsic
RV-LV intervals <70 ms (P = 0.009), non-LBBB QRS morphol-
ogy (P = 0.013) and NYHA class III/IV (P < 0.001) were also
associated with an increased likelihood of HF hospitalization.

There were 131 deaths from all causes that occurred dur-
ing the initial 12 months of follow-up (until the visit window
close date). All-cause survival at 12 months was estimated at
93.4% (95% CI: 92.2%, 94.4%). Male sex (P = 0.018), NYHA
class III/IV (P < 0.0001), diabetes mellitus (P = 0.006), AF
(P < 0.001) and ischaemic aetiology (P = 0.003) were associ-
ated with worsened survival (Table 3).

Figure 1 SMART registry enrolment. GA, global assessment; HF, heart failure; NYHA, New York Heart Association; PI, principal investigator.
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Post hoc analysis—Hospitalizations, all-cause
mortality and ventricular pacing in AF patients

Patients with and without AF were stratified into LBBB and
non-LBBB status and CCS was assessed (Supporting Informa-
tion, Table 3 and Figure 3). LBBB patients without AF had
lower rates of a Worsened CCS (16.4%) over LBBB or
non-LBBB patients with AF (25.0% or 27.4%). Kaplan–Meier
curves for HF-associated hospitalizations and all-cause mor-
tality across AF versus non-AF groups are presented in Fig-
ure 4A,B, as well as AF and non-AF stratified by LBBB status
in Figure 4C,D. Of LBBB patients without AF, 92.5% were
free of HF-associated hospitalization compared with 81.4%
of non-LBBB patients with AF (P < 0.001). Mortality was

also significantly different between subgroups with 94.7%
of LBBB non-AF patients and 89.9% of non-LBBB AF patients
surviving at the end of the 12 month follow-up period
(P = 0.019).

The worsening clinical outcomes in patients in AF could be
attributable to, in part, lower percentages of ventricular pac-
ing (P < 0.001) as compared with patients in sinus rhythm at
both baseline and at the 12 month follow-up visit (Supporting
Information, Table 2). Significant differences in percentages
of ventricular pacing were observed irrespective of AF
pattern (P < 0.001), but patients with persistent/permanent
AF had the lowest percentage of ventricular pacing
(87.2 ± 21.8%); ventricular pacing for paroxysmal AF was
94.4 ± 14.7% (P < 0.001).

Figure 2 (A) Impact of specific individual baseline risk factors on Clinical endpoint 1—improved CCS. (B) Impact of specific individual baseline risk fac-
tors on Clinical endpoint 2—improved/stabilized CCS. AF, atrial fibrillation; CCS, clinical composite score; LBBB, left bundle branch block.
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Discussion

The SMART registry was designed to determine the rate of re-
sponse to CRT therapy in a real-world experience, in which
the implanted population would more accurately represent
CRT-D patients compared with what has been seen in clinical
trials, providing insight into responder rates in
under-represented individuals. The comparison of enrolment

in the SMART registry to past CRT approval studies, along
with the use of guideline recommended drug therapy, has
been previously reported.23 As intended, the SMART registry
reflected a real-world population with a high prevalence of
comorbidities including AF, renal dysfunction, diabetes
mellitus and ischaemic heart disease.

Detailed analysis of the CCS revealed patients that im-
proved were more likely to be younger (i.e., <65 years of

Table 3 Univariate factors associated with all-cause mortality survival rate and heart failure hospitalization free rate.

Variable All-cause mortality survival rate HR (95% CI) P value HF hospitalization free rate HR (95% CI) P value

Age
Age < 65 years 95.8% 0.54 (0.35, 0.81) 0.003 94.6% 0.53 (0.36, 0.76) <0.001
Age ≥ 65 years 92.2% 90.0%

Sex
Female 95.9% 0.56 (0.34, 0.91) 0.018 93.2% 0.76 (0.52, 1.14) 0.19
Male 92.7% 91.2%

NYHA class
I–II 95.3% 0.53 (0.37, 0.76) <0.001 94.6% 0.45 (0.33, 0.63) <0.001
III–IV 91.3% 88.5%

Diabetes
Present 91.4% 1.62 (1.14, 2.29) 0.006 88.2% 1.81 (1.33, 2.46) <0.001
Absent 94.6% 93.4%

Ischaemic aetiology
Ischaemic 91.8% 1.70 (1.19, 2.42) 0.003 90.3% 1.39 (1.02, 1.90) 0.036
Non-ischaemic 95.1% 93.0%

QRS morphology
LBBB 94.1% 0.88 (0.57, 1.36) 0.56 93.0% 0.62 (0.42, 0.90) 0.013
Non-LBBB 93.4% 89.1%

AF
Present 89.6% 2.48 (1.75, 3.52) <0.001 87.7% 2.17 (1.59, 2.94) <0.001
Absent 95.7% 93.4%

QRS duration
<150 ms 94.0% 0.77 (0.43, 1.37) 0.37 90.9% 0.88 (0.54, 1.44) 0.61
≥150 ms 92.2% 89.6%

RV-LV duration
<70 ms 92.9% 1.42 (0.73, 2.78) 0.31 89.8% 2.35 (1.23, 4.49) 0.009
≥70 ms 95.0% 95.5%

LV lead position
Apical 92.3% 1.20 (0.56, 1.20) 0.63 90.8% 1.14 (0.56, 2.33) 0.72
Non-apical 93.5% 92.0%

Abbreviations: AF, atrial fibrillation; CI, confidence interval; HR, hazard ratio; LBBB, left bundle branch block; LV, left ventricular; NYHA,
New York Heart Association; RV, right ventricular.

Figure 3 Clinical composite score stratified by bundle branch block and atrial fibrillation status. AF, atrial fibrillation; LBBB, left bundle branch block.
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Figure 4 (A) Kaplan–Meier for HF- associated hospitalizations across AF versus non-AF groups. (B) Kaplan–Meier for all-cause mortality across AF ver-
sus non-AF groups. (C) Kaplan–Meier for HF-associated hospitalizations across AF non-LBB versus non-AF LBBB groups. (D) Kaplan–Meier for all-cause
mortality across AF versus non-AF groups. AF, atrial fibrillation; HF, heart failre; LBBB, left bundle branch block.
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Figure 4 Continued
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Figure 4 Continued
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age) and to have LBBB QRS morphology. In contrast, those
that tended to worsen were more likely to be men or have
comorbidities such as diabetes mellitus, AF and renal dys-
function, as well as have HF of an ischaemic aetiology (Figure
2A,B). Figure 5 presents a comparison of CRT response, as de-
fined by both improved or improved/stabilized CCS out-
comes, in the SMART registry and across landmark clinical tri-
als and registries. Lower clinical response rates in SMART
registry are attributed to differences in patient demographics
from the foundational clinical trials, which collectively ex-
cluded either persistent/permanent atrial arrhythmias.14,25,26

The prognostic importance of comorbidities in CRT patients is
established in the literature.27,28 Patients with comorbidities
are perhaps unsurprisingly less likely to have robust re-
sponses to CRT than patients without comorbidities. As this
was a non-interventional study, the association can thus be
noted, but not further explained, and its main significance is
the finding that additional research must continue to be per-
formed to accurately determine evidence-based recommen-
dations for management of these patients.

Current CRT guidelines are largely based on the results of
randomized clinical trials that predominately enrolled a pa-
tient population in sinus rhythm with LBBB conduction, and
this is reflected in the strongest weighting of recommenda-
tion in those with the broadest LBBB.7 In particular, the per-
centage of LBBB conduction was 77%, 81%, 86% and 72% in
ADAPTIVE,29 SMART MSP,26 RESPOND-CRT14 and ATTAIN
PERFORMA,30 respectively. Only 62% of the enrolled patients
had LBBB conduction in SMART registry. IRON-MPP31 was an
observational Italian registry; the lower rates of improved
CCS outcomes, relative to the randomized clinical trials, could
be traced to the inclusion of AF (23% of enrolled patients)
and NYHA class II–IV patients. The 37% of enrolled patients
in SMART registry with AF is similar to what is observed in

other large, contemporary registries.20,31,32 With the recent
reporting of increased incidence of comorbidities (particu-
larly AF) in HF patients,20,33 the SMART registry expands upon
the real-world clinical practice findings by providing
12 months of follow-up and clinical outcomes on CRT-D recip-
ients, and also by enrolling an older patient population with
comorbidities, such as diabetes mellitus, renal dysfunction
and AF, that would have otherwise been excluded from the
aforementioned randomized trials.23

The SMART registry confirms that HF patients with AF have
worse clinical outcomes, including higher mortality and hospi-
talization rates. Although AF necessitates patient-specific
strategies to ensure adequate biventricular pacing through
CRT device programming/optimizing, rate control via drug
management, and/or rate/rhythm control using interventions
such as AF catheter ablation, the percentage of ventricular
pacing in the AF patients in this study was significantly
suboptimal.34 Inadequate biventricular pacing has been
well-established as a causative factor that undermines CRT ef-
ficacy in the context of permanent AF. As documented in RAFT,
only 34.3% and 47.1% of CRT patients with AF received ≥95%
and ≥90% of ventricular pacing, respectively.35 Atrioventricu-
lar ablation, yielding nearly 100% ventricular pacing and regu-
lar ventricular rhythm by complete atrioventricular block, is
currently suggested as option to be considered in the guide-
lines (class IIa evidence level) for the management of severely
symptomatic AF in HF patients.7,36 The mortality benefit of
atrioventricular node ablation in patients with CRT and AF
has been previously demonstrated in two separate meta-
analyses.37,38 Superiority of atrioventricular node ablation
and CRT, as compared with pharmacology therapy alone,
was recently demonstrated to reduce all-cause mortality in
symptomatic patients with permanent AF and narrow QRS du-
ration in APAF-CRT.39 Still, AV node ablation procedures are

Figure 5 Comparison of response rates, defined by improved or improved/stabilized clinical composite score, across landmark cardiac
resynchronization therapy trials and registries.
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limited by their irreversible nature and the potential long-term
consequences remain to be fully established.

Limitations

There are limitations that should be considered in the inter-
pretation of these results. The registry lacked a control group
for comparing clinical outcomes and did not require several
important parameters. For example, echocardiogram data
were only obtained if required by standard of care and no
biochemical measurements such as N-terminal pro-B-type na-
triuretic peptide levels were collected. Some values were also
missing from the dataset, including a number of patients that
did not have information on ventricular pacing. Similar to
other large randomized clinical trials of CRT, patients in the
SMART registry were predominately male, and the majority
of the patients were either White or did not disclose their
race, which might limit the generalizability of these findings
to different populations. In addition, only devices from one
manufacturer were used; thus, the findings may not be appli-
cable to devices from other manufacturers. Further analysis
of AF was hampered by the lower number of patients with
pacing percentage data. Another limitation is that we are
not able to evaluate the association between improvements
in ventricular pacing, as achieved by optimized rate control
medications and/or atrioventricular node ablation proce-
dures, on clinical outcomes in AF patients.

Conclusions

Strengths of this large, contemporary registry include its global
enrolment of CRT-D recipients with comorbidities that have
been traditionally under-represented in the landmark ran-
domized clinical trials, providing for an evaluation of clinical
outcomes and clinical responder rates in a real-world standard
of care setting. In the SMART registry, CRT response defined by
CCS showed that 79% of patients either improved or stabilized
over 12 months of follow-up. Clinical worsening was associ-
ated with non-LBBB QRS morphology, older age, renal dys-
function, AF and diabetes mellitus at baseline. Patients with
AF had particularly worse clinical outcomes, including higher
HF-associated hospitalization and all-cause mortality rates,
during the follow-up period. It is postulated this could be
partly attributable to the lower post-implant percentages of
ventricular pacing as compared with patients in sinus rhythm.

Acknowledgements

The authors acknowledge the SMART registry investigators
and coordinators for their contribution to the study recruit-
ment and their dedication to data collection and accuracy.

Conflict of interest

This trial was sponsored by Boston Scientific Corporation.
I. G. B. received consultancy/proctoring fees from Boston Sci-
entific, Abbott and Biosense Webster. R. S. G. received con-
sultancy fees from Abbott, Anacardio, Astra Zeneca,
Boehringer Ingelheim, Boston Scientific, Novartis,
Pharmacosmos and Vifor. D. G. received consultancy fees
from Abbott, Biotronik, Boston Scientific, St. Jude Medical
and Zoll. G. M. received consultancy fees from Boston Scien-
tific and Abbott. D. N. received consultancy fees from Abbott,
Biosense Webster, Boston Scientific and Medtronic. N. L. re-
ceived consultancy fees from Bayer, Bristol-Meyer Squibb
and Pfizer. D. W. received consultancy fees from Boston
Scientific, iRhythm Technologies and Medtronic and research
grants from Boston Scientific. Five authors (S. V., M. H., E. M.,
P. Y. and K. S.) are employees of Boston Scientific.

Funding

The SMART registry was supported and funded by Boston Sci-
entific Corporation.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Table S1. Baseline and 12 month Ventricular Pacing percent-
ages stratified by CCS outcome.
Table S2. Comparison of baseline and 12 month ventricular
pacing percentages in sinus rhythm patients versus AF pa-
tients.
Table S3. Clinical composite score stratified by bundle branch
block and atrial fibrillation status.

References

1. Abraham WT, Fisher WG, Smith AL,
Delurgio DB, Leon AR, Loh E, et al.

Cardiac resynchronization in chronic
heart failure. N Engl J Med 2002;346:

1845-1853. doi:10.1056/NEJMoa01
3168

Real-world outcomes in cardiac resynchronization therapy patients: Primary results of the SMART registry 1845

ESC Heart Failure 2025; 12: 1832–1847
DOI: 10.1002/ehf2.15190

 20555822, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15190 by C

ochraneItalia, W
iley O

nline L
ibrary on [17/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569


2. Bristow MR, Saxon LA, Boehmer J,
Krueger S, Kass DA, de Marco T, et al.
Cardiac-resynchronization therapy with
or without an implantable defibrillator
in advanced chronic heart failure. N Engl
J Med 2004;350:2140-2150.
doi:10.1056/NEJMoa032423

3. Cleland JG, Daubert JC, Erdmann E,
et al. The effect of cardiac
resynchronization on morbidity and
mortality in heart failure. N Engl J Med
2005;352:1539-1549. doi:10.1056/
NEJMoa050496

4. Linde C, Abraham WT, Gold MR,
St John Sutton M, Ghio S, Daubert C,
et al. Randomized trial of cardiac
resynchronization in mildly symptom-
atic heart failure patients and in
asymptomatic patients with left ventric-
ular dysfunction and previous heart
failure symptoms. J Am Coll Cardiol
2008;52:1834-1843. doi:10.1016/j.
jacc.2008.08.027

5. Moss AJ, Hall WJ, Cannom DS, Klein H,
Brown MW, Daubert JP, et al. Cardiac-
resynchronization therapy for the pre-
vention of heart-failure events. N Engl J
Med 2009;361:1329-1338.
doi:10.1056/NEJMoa0906431

6. European Heart Rhythm A, European
Society of C, Heart Rhythm S, Heart
Failure Society of America (HFSA),
American Society of Echocardiography
(ASE), American Heart Association
(AHA), et al. 2012 EHRA/HRS expert
consensus statement on cardiac
resynchronization therapy in heart fail-
ure: implant and follow-up recommen-
dations and management. Heart Rhythm
2012;9:1524-1576. doi:10.1016/j.
hrthm.2012.07.025

7. McDonagh TA, Metra M, Adamo M,
et al. 2021 ESC guidelines for the
diagnosis and treatment of acute and
chronic heart failure. Eur Heart J
2021;42:3599-3726. doi:10.1093/
eurheartj/ehab368

8. Packer M. Proposal for a new clinical
end point to evaluate the efficacy of
drugs and devices in the treatment of
chronic heart failure. J Card Fail 2001;
7:176-182. doi:10.1054/jcaf.2001.
25652

9. Singh JP, Fan D, Heist EK, Alabiad CR,
Taub C, Reddy V, et al. Left ventricular
lead electrical delay predicts response
to cardiac resynchronization therapy.
Heart Rhythm 2006;3:1285-1292.
doi:10.1016/j.hrthm.2006.07.034

10. Gold MR, Birgersdotter-Green U, Singh
JP, Ellenbogen KA, Yu Y, Meyer TE,
et al. The relationship between
ventricular electrical delay and left
ventricular remodelling with cardiac
resynchronization therapy. Eur Heart J
2011;32:2516-2524. doi:10.1093/
eurheartj/ehr329

11. D’Onofrio A, Botto G, Mantica M, Rosa
CLA, Occhetta E, Verlato R, et al. Incre-
mental value of larger interventricular
conduction time in improving cardiac
resynchronization therapy outcome in

patients with different QRS duration. J
Cardiovasc Electrophysiol 2014;25:
500-506. doi:10.1111/jce.12381

12. D’Onofrio A, Botto G, Mantica M, la
Rosa C, Occhetta E, Verlato R, et al.
The interventricular conduction time is
associated with response to cardiac
resynchronization therapy: interventric-
ular electrical delay. Int J Cardiol 2013;
168:5067-5068. doi:10.1016/j.
ijcard.2013.07.201

13. Gold MR, Yu Y, Wold N, Day JD. The
role of interventricular conduction delay
to predict clinical response with cardiac
resynchronization therapy. Heart
Rhythm 2017;14:1748-1755.
doi:10.1016/j.hrthm.2017.10.016

14. Brugada J, Delnoy PP, Brachmann J,
Reynolds D, Padeletti L, Noelker G,
et al. Contractility sensor-guided optimi-
zation of cardiac resynchronization ther-
apy: results from the RESPOND-CRT
trial. Eur Heart J 2017;38:730-738.
doi:10.1093/eurheartj/ehw526

15. Ellenbogen KA, Gold MR, Meyer TE,
Fernndez Lozano I, Mittal S, Waggoner
AD, et al. Primary results from the
SmartDelay determined AV optimiza-
tion: a comparison to other AV delay
methods used in cardiac
resynchronization therapy (SMART-AV)
trial: a randomized trial comparing em-
pirical, echocardiography-guided, and
algorithmic atrioventricular delay pro-
gramming in cardiac resynchronization
therapy. Circulation 2010;122:
2660-2668. doi:10.1161/CIRCULATION
AHA.110.992552

16. Birnie D, Lemke B, Aonuma K, Krum H,
Lee KLF, Gasparini M, et al. Clinical out-
comes with synchronized left ventricular
pacing: analysis of the adaptive CRT
trial. Heart Rhythm 2013;10:1368-1374.
doi:10.1016/j.hrthm.2013.07.007

17. Gold MR, Singh JP, Ellenbogen KA, Yu Y,
Wold N, Meyer TE, et al. Interventricular
electrical delay is predictive of response
to cardiac resynchronization therapy.
JACC Clin Electrophysiol 2016;2:
438-447. doi:10.1016/j.jacep.2016.
02.018

18. Gold MR, Yu Y, Singh JP, Stein KM,
Birgersdotter-Green U, Meyer TE, et al.
The effect of left ventricular electrical
delay on AV optimization for cardiac
resynchronization therapy. Heart
Rhythm 2013;10:988-993. doi:10.1016/
j.hrthm.2013.03.009

19. Singh JP, Berger RD, Doshi RN, Lloyd M,
Moore D, Stone J, et al. Targeted left
ventricular Lead implantation strategy
for non-left bundle branch block pa-
tients: the ENHANCE CRT study. JACC
Clin Electrophysiol 2020;6:1171-1181.
doi:10.1016/j.jacep.2020.04.034

20. Conrad N, Judge A, Tran J, Mohseni H,
Hedgecott D, Crespillo AP, et al. Tempo-
ral trends and patterns in heart failure
incidence: a population-based study of
4 million individuals. Lancet 2018;391:
572-580. doi:10.1016/S0140-6736(17)
32520-5

21. Goldenberg I, Kutyifa V, Klein HU,
Cannom DS, Brown MW, Dan A, et al.
Survival with cardiac-resynchronization
therapy in mild heart failure. N Engl J
Med 2014;370:1694-1701. doi:10.1056/
NEJMoa1401426

22. Tang AS, Wells GA, Talajic M, Arnold
MO, Sheldon R, Connolly S, et al. Car-
diac-resynchronization therapy for
mild-to-moderate heart failure. N Engl
J Med 2010;363:2385-2395.
doi:10.1056/NEJMoa1009540

23. Gardner RS, D’Onofrio A, Mark G, Gras
D, Hu Y, Veraghtert S, et al. Real-world
outcomes in cardiac resynchronization
therapy patients: design and baseline
demographics of the SMART-registry.
ESC Heart Fail 2021;8:1675-1680.
doi:10.1002/ehf2.13192

24. Gold MR, Yu Y, Singh JP, Birgersdotter-
Green U, Stein KM, Wold N, et al. Effect
of interventricular electrical delay on
atrioventricular optimization for cardiac
resynchronization therapy. Circ
Arrhythm Electrophysiol 2018;11:
e006055. doi:10.1161/CIRCEP.117.00
6055

25. Krum H, Lemke B, Birnie D, Lee KL,
Aonuma K, Starling RC, et al. A novel al-
gorithm for individualized cardiac
resynchronization therapy: rationale
and design of the adaptive cardiac
resynchronization therapy trial. Am
Heart J 2012;163:747-752 e741.
doi:10.1016/j.ahj.2012.02.007

26. Saba S, Nair D, Ellis CR, Ciuffo A, Cox
M, Gupta N, et al. Usefulness of multisite
ventricular pacing in nonresponders to
cardiac resynchronization therapy. Am
J Cardiol 2022;164:86-92. doi:10.1016/
j.amjcard.2021.10.027

27. Zeitler EP, Friedman DJ, Daubert JP, al-
Khatib SM, Solomon SD, Biton Y, et al.
Multiple comorbidities and response to
cardiac resynchronization therapy:
MADIT-CRT long-term follow-up. J Am
Coll Cardiol 2017;69:2369-2379.
doi:10.1016/j.jacc.2017.03.531

28. Younis A, Goldberger JJ, Kutyifa V,
Zareba W, Polonsky B, Klein H, et al.
Predicted benefit of an implantable
cardioverter-defibrillator: the MADIT-
ICD benefit score. Eur Heart J 2021;42:
1676-1684. doi:10.1093/eurheartj/
ehaa1057

29. Martin DO, Lemke B, Birnie D, Krum
H, Lee KL, Aonuma K, et al. Investiga-
tion of a novel algorithm for
synchronized left-ventricular pacing
and ambulatory optimization of cardiac
resynchronization therapy: results of
the adaptive CRT trial. Heart Rhythm
2012;9:1807-1814. doi:10.1016/j.
hrthm.2012.07.009

30. Lin AC, Biffi M, Exner DV, Johnson WB,
Gras D, Hussin A, et al. Long-term elec-
trical performance of Attain Performa
quadripolar left ventricular leads with
all steroid-eluting electrodes: results
from a large worldwide clinical trial.
Pacing Clin Electrophysiol 2018;41:
920-926. doi:10.1111/pace.13389

1846 I. García-Bolao et al.

ESC Heart Failure 2025; 12: 1832–1847
DOI: 10.1002/ehf2.15190

 20555822, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15190 by C

ochraneItalia, W
iley O

nline L
ibrary on [17/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569


31. Forleo GB, Santini L, Giammaria M,
Potenza D, Curnis A, Calabrese V, et al.
Multipoint pacing via a quadripolar
left-ventricular lead: preliminary results
from the Italian registry on multipoint
left-ventricular pacing in cardiac
resynchronization therapy (IRON-
MPP). Europace 2017;19:1170-1177.
doi:10.1093/europace/euw094

32. Elliott MK, Mehta VS, Martic D, Sidhu
BS, Niederer S, Rinaldi CA. Atrial fibril-
lation in cardiac resynchronization ther-
apy. Heart Rhythm 2021;O2:784-795.
doi:10.1016/j.hroo.2021.09.003

33. Schnabel RB, Yin X, Gona P, Larson MG,
Beiser AS, McManus DD, et al.
50 year trends in atrial fibrillation
prevalence, incidence, risk factors, and
mortality in the Framingham Heart
Study: a cohort study. Lancet 2015;
386:154-162. doi:10.1016/S0140-6736
(14)61774-8

34. Steinberg BA, Wehrenberg S, Jackson
KP, Hayes DL, Varma N, Powell BD,

et al. Atrioventricular and ventricular-
to-ventricular programming in patients
with cardiac resynchronization therapy:
results from ALTITUDE. J Interv Card
Electrophysiol 2015;44:279-287.
doi:10.1007/s10840-015-0058-5

35. Healey JS, Hohnloser SH, Exner DV,
Birnie DH, Parkash R, Connolly SJ, et al.
Cardiac resynchronization therapy in pa-
tients with permanent atrial fibrillation:
results from the Resynchronization for
Ambulatory Heart Failure Trial (RAFT).
Circ Heart Fail 2012;5:566-570.
doi:10.1161/CIRCHEARTFAILURE.112.
968867

36. Van Gelder IC, Rienstra M, Bunting KV,
Casado-Arroyo R, Caso V, Crijns HJGM,
et al. 2024 ESC guidelines for the
management of atrial fibrillation
developed in collaboration with the Eu-
ropean Association for Cardio-Thoracic
Surgery (EACTS). Eur Heart J 2024;45:
3314-3414. doi:10.1093/eurheartj/
ehae176

37. Mustafa U, Atkins J, Mina G, Dawson D,
Vanchiere C, Duddyala N, et al. Out-
comes of cardiac resynchronisation ther-
apy in patients with heart failure with
atrial fibrillation: a systematic review
and meta-analysis of observational stud-
ies. Open Heart 2019;6:e000937.
doi:10.1136/openhrt-2018-000937

38. Yin J, Hu H, Wang Y, Xue M, Li X, Cheng
W, et al. Effects of atrioventricular nodal
ablation on permanent atrial fibrillation
patients with cardiac resynchronization
therapy: a systematic review and meta-
analysis. Clin Cardiol 2014;37:707-715.
doi:10.1002/clc.22312

39. Brignole M, Pentimalli F, Palmisano P,
Landolina M, Quartieri F, Occhetta E,
et al. AV junction ablation and cardiac
resynchronization for patients with
permanent atrial fibrillation and
narrow QRS: the APAF-CRT mortality
trial. Eur Heart J 2021;42:4731-4739.
doi:10.1093/eurheartj/ehab569

Real-world outcomes in cardiac resynchronization therapy patients: Primary results of the SMART registry 1847

ESC Heart Failure 2025; 12: 1832–1847
DOI: 10.1002/ehf2.15190

 20555822, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15190 by C

ochraneItalia, W
iley O

nline L
ibrary on [17/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569

	Real‐world outcomes in cardiac resynchronization therapy patients: Primary results of the SMART registry
	Abstract
	Introduction
	Methods
	Statistical analysis

	Results
	Patient disposition and characteristics
	CCS
	Clinical endpoints and defining CRT response—Improved CCS
	Clinical endpoints and defining CRT response—Improved or stabilized CCS
	Time‐to‐event analysis—HF‐associated hospitalizations and all‐cause mortality rates
	Post hoc analysis—Hospitalizations, all‐cause mortality and ventricular pacing in AF patients

	Discussion
	Limitations

	Conclusions
	Acknowledgements
	Conflict of interest
	Supporting Information
	References

