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Background: CRT has been proven to achieve most benefit in patients with left bundle branch block morphology
(LBBB). However, ECG criteria to define LBBB significantly differ from each other.
Objective of the study was to evaluate the impact of different ECG criteria for LBBB definition on survival,
hospitalization for heart failure and reverse remodelling in patients who received cardiac resynchronization
therapy (CRT).
Methods and results: Three-hundred-sixteen consecutive patients were included in the analysis. Six different
classifications were assessed in baseline ECGs of patients who received a CRT device: a QRS duration of
≥150 ms and LBBB according to AHA/ACC/HRS, ESC 2006, ESC 2009, ESC 2013 and the classification proposed
by Strauss and colleagues. In univariate analysis, the ESC 2009 and 2013 and the Strauss classifications were sig-
nificantly associatedwith a reduction in cumulative probability for heart failure (HF) andmortality (HR 0.60, 95%
CI 0.42–0.86, HR 0.61, 95% CI 0.43–0.87 and HR 0.57, 95% CI 0.40–0.80, respectively). In multivariate analysis, the
association with the combined endpoint was confirmed only for ESC 2009 and 2013 classifications and for
Strauss. Moreover, the cumulative probability of all-cause death and HF hospitalizations was higher in patients
who were negative for all the 5 LBBB classifications.
Conclusions: This study shows that the strength of the association of LBBB to outcome in CRT depends on the ECG
classifications used to define LBBB, the simplest criteria (ESC 2009 and 2013) providing the best association with
clinical endpoints in CRT.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Cardiac resynchronization therapy (CRT) improves symptoms,
quality of life, and survival in patients with reduced left ventricular
(LV) ejection fraction, heart failure symptoms, and prolongedQRS dura-
tion. The randomized clinical trials that lead to the initial widespread
adoption of CRT used only QRS duration of N120 ms as entry criteria
[1–4]. Ever since, multiple sub-analyses of large randomized trials
showed QRS morphology to be associated to the measured benefit by
CRT [5]. Where the benefit in patients presenting left bundle branch
ocentro Ticino, Via Tesserete 48,

.L. Caputo).

eliability and freedom from bias
block (LBBB) on baseline ECG was shown to be very robust [6,7], in
non-LBBB patients the benefit is still controversial [6,7]. Moreover, the
specific criteria used to classify LBBB are not indicated in clinical practice
guidelines [7,8].

Currently, there are multiple ECG criteria for LBBB proposed by scien-
tific organizations [6,9–11] and research groups [12]. Moreover, the
European Society of Cardiology (ESC) has changed criteria for LBBB a
few times over the last decade [6,10,11]. While initially these criteria
were used to classify the conduction abnormality per se, the more recent
ones implicitly assume that LBBB represents the most important sub-
strate for CRT. The lack of uniformity of LBBB criteria and uncertainty
about the differences in association with outcomes to CRT can contribute
to the still remaining group of patients experiencing no benefit from CRT.

Therefore, we aimed to study in a population of patients implanted
with a CRT: 1) the consistency of a CRT patient to be classified as having
LBBB, and 2) the association of different LBBB criteria with both reverse
remodelling and hospitalization for HF and all-cause death.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijcard.2018.07.060&domain=pdf
https://doi.org/10.1016/j.ijcard.2018.07.060
marialuce.caputo@cardiocentro.org
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www.elsevier.com/locate/ijcard


166 M.L. Caputo et al. / International Journal of Cardiology 269 (2018) 165–169
2. Methods

2.1. Study population

All consecutive patients who received a CRT at two different European centres
(Cardiocentro Ticino, Lugano, Switzerland and Maastricht University Medical Center,
Maastricht, The Netherlands) since 2006 to 2016 were retrospectively analysed for the
inclusion in the study. Patients were indicated to CRT according to European guidelines in-
dications available at time of CRT implantation. All patients underwent implantation of a
CRT system, with or without implantable cardioverter-defibrillator capabilities based
upon clinical decision and patient decision. Exclusion criteria were unavailable or poor
quality baseline ECG, baseline right ventricular pacing, incomplete follow up data and
biventricular pacing inadequate after implantation (≤95%). The study protocol was
approved by the locally appointed ethics committee and complied with the Declaration
of Helsinki. Written informed consent has been obtained from all the subjects (or their
legally authorized representative).

2.2. ECG acquisition and analysis

Standard supine 12 lead ECGs (filter range, 0.15 to 100 Hz; AC filter, 60 Hz, 25 mm/s
speed, 1 mm/mV) were obtained at baseline and before discharge. In a blinded manner,
one experienced reader interpreted QRS morphology based on morphological features
of the five different ECG criteria. LBBB definitions used were the ones recommended by
the AHA/ACC/HRS [9], the ones suggested by the ESC in 2006 [10] and 2009 [11] textbooks
and the 2013 ESC guidelines [6], and finally the ECG definition proposed by Strauss et al.
[12]; the criteria are summarized in Table 1. Notching in the QRS complex and slurring
were defined according to Almer et al. [13] Notching was defined as a sudden change,
within a slope (waveform), in direction ≥ 90°; slurring was defined as sudden change in
the slope of a waveform with a change in direction 0°–90°. QRS duration was always
automatically measured by using ECG machine of two different vendors (Schiller
CARDIOVIT CS-200 Excellence, Doral, FL, USA and ELI 350, Mortara Instrument, Inc.,
Milwaukee, WI, USA). In order to qualify for LBBB according to a specific definition, the
ECG should comply with all required criteria for that definition.

2.3. Echocardiographic measurements

Echocardiographic evaluationwas performed at baseline and at 6months after device
implantation. Images were acquired in the left lateral decubitus position with a commer-
cially available system (GE Healthcare, Horten, Norway) with a 3.5-MHz transducer at a
depth of 16 cm in conventional parasternal and apical views. LV end-systolic volume
(LVESV) and end-diastolic volume (LVEDV) were measured at the apical 2- and 4-
chamber views; LV Ejection Fraction (LVEF) was calculated with the use of the biplane
Simpson method. Reverse remodelling was defined as a reduction of LVESV of at least
15% assessed at 6 months after CRT implantation compared to baseline.

2.4. Follow up

Clinical follow-up of patients consisted of physical examination, ECG and echocardio-
gram performed at least every 6 months. Follow-up of the device was performed at 1 and
3 months after CRT implantation and every 6 months thereafter. Data on hospitalization
for acute heart failurewere systematically collected. The diagnosis of heart failure required
signs and symptoms consistent with congestive heart failure thatwas responsive to intra-
venous decongestive therapy.

2.5. Statistical analysis

Continuous data are presented as median and 25th–75th percentiles (IQR) and
categorical data as counts and percentages. They were compared between groups
dichotomic with the Mann Whitney U test and the Fisher exact test, respectively. Each
patient's ECG was classified as LBBB or not according to the five classification methods
described above. Therefore, each patient could have from 0 to 5 LBBB criteria satisfied.
Comparisons according to the number of LBBB positive classification per patient used
the Kruskal–Wallis test for continuous variables and the Fisher exact test for categorical
Table 1
ECG criteria to define Left bundle branch block.

AHA/ACC/HRS (2009) ESC 2

QRS duration ≥120 ms ≥120
QS or rS pattern – V1
QS pattern – aVR
Positive T-wave/QRS concordance Yes V1 an
Delayed ID-time (≥60 ms) V5, V6 I and
Discordant T-waves Usually Usual
Notch/slurred R-wave I, aVL, V5,V6 –
Negative T-wave in leads with upright QRS Yes –
Absent Q-wave I, V5, V6 –

ID: intrinsicoid deflection.
variables. The test for trend was also applied. Significance was set at 0.003 for pairwise
post-hoc comparisons.

The association of LBBB and reverse remodellingmeasured as a reduction of 15% of the
LVESV at 6 months was assessed with a logistic model. Odds ratios (OR) and 95%
confidence intervals (95%CI) were computed. Median follow-up (IQR) was computed
with the inverse Kaplan Meier method. Event rates per 100 person year and 95%CI were
computed.

Event-free survival was estimated by Kaplan-Meier method and compared with the
logrank test. Hazard ratios (HR) and 95%CIwere calculatedwith a Coxmodel. The propor-
tional hazard assumption was satisfied in all cases. Endpoints for these analyses were
hospitalization for heart failure, death and the combined endpoint. For bothmodeling pro-
cedures, both univariable and multivariable models with adjustment for a priori selected
clinical confounders were fitted. We computed the Harrell's c concordance statistic for
all Cox models including in turn each LBBB classification (the higher the Harrell's c, the
better model discrimination); we informally compared classifications by ranking the
Harrell's c.

Statistical analyses were conducted using the Stata 15.1 software (Stata Corporation,
College Station, TX, USA). A 2-sided p-value b 0.05 was considered statistically significant.

3. Results

Since January 2006 toDecember 2016, 498 patients received a CRT at
the two participating institutions. Of them, 45 patients were excluded
because of poor quality of baseline ECG, 25 patients for biventricular
pacing b95% despite reprogramming, 15 patients because of baseline
paced QRS without intrinsic rhythm and 97 patients were excluded
due to incomplete follow up data. Three-hundred sixteen patients
were finally included in the analysis (Lugano n: 156; Maastricht n:
160). Demographic characteristics of the study cohort are summarized
in Table 2. The frequency of LBBB strongly depended on the ECG classi-
fication used, the proportion of patients meeting LBBB definitions rang-
ing from 29% (AHA) to 61% (Strauss). One-hundred ninety-eight
patients (63%) had a LBBB according to at least one definition; of
these, 33% were positive for all five ECG classifications. As illustrated
in the Table included in the Supplemental material, overlap among the
LBBB classifications is present.

3.1. QRS morphology and reverse remodelling

One-hundred seventy-six patients (55%) out of the 316 patients had
a ≥15% reduction of baseline LVESV at 6-month follow up. The propor-
tion of patients with reverse remodelling varied according to different
LBBB definitions and QRS duration (Fig. 1 - Supplemental material).
Among all considered LBBB definitions, the ESC definitions showed
the strongest association with reverse remodelling. When adjusted for
confounding factors (age, gender, renal impairment, anti-remodelling
therapy), the association with reverse remodelling was significant
only for ESC 2009 and ESC 2013 definitions (OR 8.8, 95% CI 1.3–56.5, p
0.01 and OR 8.7, 95% CI 1.4–56.4, p 0.01, respectively).

3.2. QRS morphology and heart failure hospitalization

During a median follow up time of 55 months (IQR 25–79 months),
104 patients (33%) were admitted to the hospital for acute heart failure
after CRT implantation. The cumulative probability of hospitalization for
006 ESC 2009 ESC 2013 Strauss (2011)

ms ≥120 ms ≥120 ms M: ≥140 ms, F: ≥130 ms
V1, V2 V1 V1, V2
– – –

d aVR – – –
V6 – – –
ly – – –

I, aVL, V5, V6 I, aVL, V5, V6 I, aVL, V1, V2, V5, V6
I, aVL, V5, V6 – –
I, aVL, V5, V6 V5, V6 –



Table 2
Demographic data, baseline clinical parameters of the 316 CRT patients included in the
study.

Parameter All patients (n = 316)

Male gender, n (%) 230 (73)
Age, years, median [IQR] 71 [62–77]
Ischemic etiology, n (%) 196 (62)
Persistent atrial fibrillation, n (%) 56 (16)
NYHA functional class II/III-IV, n (%) 129 (41)/164 (52)
ECG parameters

Heart rate, bpm, median [IQR], 71 [62–83]
QRS duration, ms, median, [IQR] 156 [140–170]
QRS ≥ 150 ms, n (%) 198 (63)
LBBB+ by ESC criteria 2006, n (%) 106 (33)
LBBB+ by ESC criteria 2009, n (%) 145 (46)
LBBB+ by ESC criteria 2013, n (%) 148 (47)
LBBB+ by AHA/ACC/HRS, n (%) 92 (29)
LBBB+ by Strauss et al., n (%) 194 (61)

Medication, n (%)
Beta-blocker 297 (94)
ACE inhibitor or ARB 278 (88)
MRAs 230 (73)
Diuretics 230 (73)
Amiodarone 38 (12)

Echocardiographic parameters, median [IQR]
LV ejection fraction, % 28 [23−33]
LV end-diastolic volume, ml 184 [147–227]
LV end-systolic volume, ml 133 [101–172]

NYHA: New York Heart Association; LBBB+: Left bundle branch block positive according
to the indicated classification; ACE: Angiotensin-converting-enzyme;MRAs:mineralocor-
ticoid receptor antagonists; ARB: Angiotensin receptor blocker; LV: left ventricle.
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heart failure during follow-up was on average lower among patients
with LBBB than in those without LBBB. However, it was statistically sig-
nificant only when applying the ESC 2009 (logrank test p 0.002, HR =
0.54, 95% CI 0.34–0.85), the ESC 2013 (HR = 0.55, 95% CI 0.36–0.82, p
0.003), the Strauss (HR = 0.55, 95% CI 0.38–0.82, p 0.002) and the
AHA definitions (HR = 0.60, 95% CI 0.37–0.97, p 0.03), respectively.

3.3. QRS morphology and mortality

During the follow-up, 81 patients (25%) died. Survival rate between
LBBB and non-LBBB patients differed irrespective of the definitions.
However, no significant difference in term of survival prediction was
observed among different ECG definitions.

The cumulative probability of the combined event (mortality andhos-
pitalization for heart failure)was significantly reduced (Fig. 1) in patients
with LBBB according to ESC2009, ESC 2013 and Strauss definitions.When
adjusted for confounding factors, the probability of the combined event
was significantly lower only for patients having LBBB according to ESC
2009 and ESC 2013 definitions (HR 0.75, 95% CI 0.68–0.83, p 0.004 and
HR 0.74, 95% CI 0.66–0.83, p 0.006, respectively, Fig. 1) and for Strauss
definition (HR0.50, 95% CI 0.17–1.49, p 0.001, Fig. 1). Notably, cumulative
probability of combined event was significantly higher in those patients
who did not fulfil any of the five LBBB classifications (N= 118), respect
to those who were positive for one or more LBBB classifications (Fig. 2).
As shown in Fig. 2 of Supplemental material, ESC 2103 and Strauss
classifications ranked highest by the Harrell's c statistic of the Coxmodels
assessing the combined endpoint of HF hospitalization and mortality.
LBBB classifications based on QRS and AHA ranked lowest. The ESC
2013 and AHA classifications consistently ranked highest and lowest,
respectively, for HF hospitalization and mortality.

4. Discussion

To the best of our knowledge, this is the first study that systemati-
cally investigated how the ECG definition of LBBB is related to the
clinical benefit of CRT. We demonstrated that the criteria adopted to
define the LBBB on ECG differ in their classification of patients, and are
not equally associated to the clinical benefit of CRT with regards to the
proportion of patients showing reverse remodelling, heart failure
hospitalization and survival rate.

Strikingly, the “simpler” LBBB definitions, as proposed by the more
recent ESC criteria, provided an equal or better differentiation between
CRT responders and non-responders as compared to so-called “stricter”
LBBB criteria. The highly selective AHA criteria resulted in high
percentages of CRT response in both LBBB-positive and LBBB-negative
patients. The elegancy of these results is that the use of simple ECG
criteria (e.g. notching, slurring in precordial leads) provides good selec-
tion for CRT device implantation. By comparing the components of
these three classifications to the components of the other definitions,
it seems that QS or rS pattern in V1, notching/slurring in V5, V6 and
absence of Q in V5, V6 are the most important criteria, whereas
intrinsicoid time and T wave morphology seem to contribute less to
the prediction of clinical response.

4.1. LBBB definition influences CRT outcome prediction

The data from the present study confirm findings from previous
studies that the extent of LV volumetric changes (i.e., reverse remodel-
ling), and clinical outcomes are affected by baseline ECG characteristics
[14,15]. Sweeney et al. demonstrated that an ECG pattern representing
complete LBBB is a strong predictor of response to CRT [16]. This
observation was consistent with results from the COMPANION [17],
MADIT-CRT [2] and RAFT [3] studies. However, ourfindings significantly
expand these findings, indicating that the definition of LBBB influences
on the prediction of both the echocardiographic and clinical response to
CRT. Among the herein studied ECG classifications, the ESC 2009 and
2013 definitions and the Strauss definition are the only ones that signif-
icantly stratify the probability of hospitalization for heart failure and the
combined endpoint. These results are in partial agreement with other
recent studies. For the first time, we showed that patients who did not
fulfil any criterion of the herein considered ECG classification of LBBB,
thus possibly being the “true non-LBBB” patients, had the worse
prognosis. In contrast, by having at least 2 or more criteria of LBBB
significantly reduced the event rate of mortality, hospitalizations for
heart failure or both.

Tian et al. [18] found that LVEF increased significantly after CRT in 22
patients with a strict definition of LBBB, but not in 17 patients who had
less than two notches. These data seem therefore to be in line with the
present study, where all definitions that include QRS notching were
predictive of better CRT response. Our data are in partial disagreement
with Bertaglia et al. [19] who included 335 CRT patients. They found
on average no significantly different response (echocardiographic
change and time to cardiovascular hospitalization or death) between
patients with “strict LBBB” vs. “traditional LBBB”. However, in this
study, only patients with LBBB according to AHA criteria were included
and “strict LBBB” definitionwas obtained by applying the Strauss defini-
tion on top of the AHA definition. On the other hand, the results by
Bertaglia et al. support our observation that CRT response can be
predicted equally good by using less restrictive LBBB definitions, if
they include QS or rS pattern in V1 and notches and noQ in lateral leads.

4.2. Critical components of the LBBB definition

As compared to the ESC 2009 criteria, the ESC 2013 definitions
consider the absence of Q-wave in V5 and V6 as criterion of LBBB.
Even if the presence of Q waves in leads I, V5, and V6 cannot exclude
patients from a diagnosis of LBBB [11], this addition may be useful for
predicting CRT response because such Q-wave may indicate the
presence of a scar tissue in the lateral/postero-lateral wall, that likely
limits the response to CRT.

Of note, in the present study 42% of patients missed a LBBB classifi-
cation according to AHA due to lack of a discordant T-wave. In a
subanalysis of MADIT-CRT, it was observed that LBBB patients with
concordant T wave had a better outcome in terms of hospitalization



Fig. 1. Combined survival estimate free of heart failure hospitalization or all-cause death for QRS duration and five LBBB definitions. *HR adjusted for age, gender, NYHA class, atrial
fibrillation, baseline end diastolic volume (EDV).
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and survival, regardless of the treatment by CRT [20]. Therefore, the
subgroup of non-LBBB patients according to AHA/ACC/HRS criteria is
likely composed of a mix of “true” CRT non-responders and well-
performing complete LBBB patients. This may in part explain why in
the present study there was a relatively small difference in long-term
prognosis (heart failure hospitalization and survival rate) between
patients qualified as LBBB and non-LBBB according to AHA/ACC/HRS.
The present study shows that using QRS morphology, it can help
identify patients that will probably benefit of CRT. However, the study
also shows that the choice of the correct criteria is associated with the
outcome to CRT. In this regard, the proper determination of notching
and slurring is a key element,whichmay be user- and system-(filtering)
Fig. 2. Combined survival estimate free of heart failure hospitalization or all-cause death accor
more classifications-positive.
dependent; furthermore, recent reports indicate large inter-observer
and intra-observer variability in manual reading [21]. There is no
standard definition of QRS notch and slur patterns in modern quantita-
tive electrocardiology, likely because definitions are difficult to apply
manually by clinicians since they rely on very small amplitude and du-
ration measurements. From a conceptual point of view, in a recent
patient-specific computer simulation study, Nguyen et al. showed that
notching/slurring patterns in the precordial leads V1, V2, V5, and V6
and ID-time were affected by the position of the heart in the patients'
chest and by appropriate positioning of electrodes on the chest [22].
These variations affected the LBBB/non-LBBB diagnosis, based on AHA/
ACC/HRS, ESC 2006 and Strauss definitions. In addition, measurement
ding to any LBBB classification-positive (blue line), 1 classification-positive (red line), 2 or
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of QRS duration has its uncertainties [23]. Thedifferencemay exceed the
level of 10–15 ms, which might be considered clinically significant for
qualifying a patient for CRT [24]. Therefore, it is imperative to develop
a universally accepted standard on ECG classification for ventricular
conduction disturbance, to request its implementation by all ECG
vendors, and to mandatorily prescribe its use in future CRT studies
and in clinical practice guidelines.

4.3. Limitations

This study has some limitations. The retrospective design implies
that comparisons were only performed within the same patients,
without a control group in which CRT was deactivated. Although
quadripolar LV lead technology was clinically introduced around
2012; the proportion of patients who received a quadripolar LV lead
was negligible (b5%). Furthermore, none of the devices was capable of
multipoint pacing. Functional capacity was assessed using NYHA class
only, which considering the retrospective design of the study could be
considered acceptable.

5. Conclusions

The ECG definitions adopted to define LBBB morphology have a
significant influence on clinical outcome and reverse remodelling in
patients who receive CRT. A consensus view needs to be established
on how best to define QRS morphology and standardize the diagnostic
criteria for LBBB, in order to optimize the selection of patients suitable
for CRT.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.07.060.
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