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Abstract Cardiac resynchronization therapy (CRT) is a well-
known treatment modality for patients with a reduced left
ventricular ejection fraction accompanied by a ventricular
conduction delay. However, a large proportion of patients
does not benefit from this therapy. Better patient selection
may importantly reduce the number of non-responders.
Here, we review the strengths and weaknesses of the electro-
cardiogram (ECG) markers currently being used in guidelines
for patient selection, e.g., QRS duration and morphology. We
shed light on the current knowledge on the underlying electri-
cal substrate and the mechanism of action of CRT. Finally, we
discuss potentially better ECG-based biomarkers for CRT can-
didate selection, of which the vectorcardiogram may have
high potential.
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Introduction

Cardiac resynchronization therapy (CRT) is an effective ther-
apy for patients with a decreased left ventricular ejection frac-
tion (LVEF) in combination with a ventricular conduction
delay, especially due to left bundle-branch block (LBBB).
CRT creates a more coordinated and efficient contraction of
the heart, improves LV systolic function and quality of life,
and reduces heart failure (HF) symptoms, hospitalizations,
and mortality [1, 2].

Nevertheless, there is still an incomplete understanding of
the mechanism of the therapy and unsatisfying selection of
patients. On the one hand, a significant portion (30-50 %) of
patients that are implanted according to current guide-
lines [3, 4] benefit little from this therapy whereas ~20 % of
patients show complete normalization of LVEF [5]. Possible
explanations for this huge range of benefit are variation in
substrate that is amenable to resynchronization, inadequate
device settings, suboptimal medical treatment, arrhythmias,
and variable lead position [6].

The most important selection criteria in current CRT im-
plantation guidelines are derived from the electrocardiogram
(ECG): QRS duration and morphology [3, 7]. Here, we review
the strengths and weaknesses of these ECG markers in the
light of the current knowledge on the underlying electrical
substrate and the mechanism of action of CRT and discuss
potentially better ECG-based biomarkers for selection of
CRT candidates.
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The Role of the 12-Lead ECG in the Selection of CRT
Candidates

The clinical application of CRT began in 1994 when the first
cases of atrio-biventricular pacemaker implantations in pa-
tients with severe congestive HF were described [8, 9]. The
surface ECG of these patients often showed a prolonged PR
interval and a widened QRS complex due to ventricular con-
duction disturbances.

The first randomized crossover trial investigating the clin-
ical efficacy of CRT was the Multisite Stimulation in
Cardiomyopathy (MUSTIC) study [10]. This trial in patients
with chronic severe HF (New York Heart Association
(NYHA) III), reduced LVEF (<35 %) and a broad QRS com-
plex (>150 ms), showed that biventricular (BiV) pacing im-
proved the 6-min walking distance, peak oxygen uptake, qual-
ity of life score, and NYHA class. The multi-center insync
randomized clinical evaluation (MIRACLE) study confirmed
these results in patients with a QRS duration >130 ms [2, 11].
This study also showed a clear reduction in LV volumes, re-
duced HF hospitalization, and better survival. Similar results
were shown by the COMPANION [12] and the cardiac
resynchronization (CARE)-HF [1] trials, which included pa-
tients with QRS duration >120 ms and NYHA class ITI-1V.

These favorable and consistent results led to the recom-
mendation of CRT in patients in NYHA class III-IV despite
optimal medical treatment, with a reduced LVEF (<35 %), in
sinus rhythm, and a wide QRS complex (>120 ms) [13].

Subsequent trials investigated the effect of CRT in less
symptomatic patients (the resynchronization reverses remod-
eling in systolic left ventricular dysfunction (REVERSE) [14],
multicenter automatic defibrillator implantation trial
(MADIT)-CRT [15], and resynchronization/defibrillation for
ambulatory heart failure trial (RAFT) trials [16]). Again, LV

Fig. 1 Effect of CRT on Trial (QRS group)

function improved, and both all-cause mortality and non-fatal
HF events improved. However, subgroup analyses of these
three trials demonstrated that these effects were predominantly
confined to patients with a QRS duration >150 ms (Fig. 1)
[17]. This evidence resulted in the addition of a class I indica-
tion to CRT for patients presenting with NYHA class II, a
reduced LVEF, and a QRS duration >150 ms, in the 2010
guidelines [18].

Even though most studies show an increased response rate
after CRT in patients with a severely prolonged QRS duration,
these studies used the fairly crude division of the cohorts in
patients with a QRS duration < and >150 ms. However, the
best cutoff value for QRS duration is unclear.

More recently, attention has shifted from QRS duration to
QRS morphology. Small single-center studies [19, 20] and
sub-analyses of the MADIT-CRT [21], REVERSE [22], and
RAFT [16] study showed that patients with a LBBB morphol-
ogy benefit most from CRT. In contrast, patients with right
bundle-branch block (RBBB) or intra-ventricular conduction
delays (IVCD) had no benefit or even a worse outcome from
CRT (Fig. 2). These observations led to the adaptation of the
guidelines in 2012/2013, including LBBB as the primary
ECG criterion and QRS duration >150 ms only if a non-
LBBB morphology is present [3, 4].

Interesting and important, however, is that the definition of
complete LBBB from the 12-lead ECG varies between
European and American guidelines and between large clinical
trials [21, 22] or studies [23] that investigated LBBB as a
predictor of CRT effectiveness. The refinement of LBBB mor-
phology with the presence of notching or slurring appears to
significantly improve the prediction of CRT response and clin-
ical outcome, at least in small single-center studies [20, 24].

While QRS morphology is now one of the primary indica-
tors for CRT, a recent meta-analysis, combining data from
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Probability of HF or Death

Years
Patients at Risk
LBBB 761 700 (0.06) 491 (0.12) 220 (0.16)
RBBB 136 119 (0.10) 86 (0.18) 42 (0.23)
IVCD 191 166 (0.13) 94 (0.23) 35(0.33)
0.3 4
Unadjusted P=0.027 CRT-D Arm

Probability of Death

Years
Patients at Risk
LBBB 761 734 (0.02) 534 (0.03) 247 (0.07)
RBBB 136 128 (0.03) 98 (0.06) 44 (0.12)
IVCD 191 183 (0.04) 113 (0.07) 43 (0.15)

Fig. 2 Cumulative probability of HF event or death a and of death alone
b according to QRS morphology in the CRT with defibrillator (CRT-D)
arm of the MADIT-CRT (adjusted from [21])

CARE-HF, MIRACLE, MIRACLE ICD, REVERSE, and
RAFT showed that QRS duration is a more powerful predictor
of CRT outcomes (mortality and morbidity) than QRS mor-
phology [25]. This conclusion is in contrast to several reports
derived from some of the individual trials and to a meta-
analysis of the MADIT-CRT, RAFT, and REVERSE study
(Fig. 1) [26]. One possible explanation for this discrepancy
is the use of “liberal” LBBB criteria. In that case, it is likely
that QRS duration provides additional information. Indeed,
when using “liberal” LBBB criteria the non-LBBB patients
tended to have a lower QRS duration than the LBBB patients
[21], but this difference could not be observed when stricter
LBBB criteria were used [20]. Furthermore, in the studies
where strict LBBB criteria as defined by Strauss et al. [23]
were used, QRS duration was not a predictor of response
while LBBB was [20, 27].

In conclusion, currently it is not clear whether QRS dura-
tion or morphology should be preferred as primary marker for
selection of CRT patients. QRS duration may not be specific,
but LBBB criteria may be too complex and/or dependent. In
order to come to a possible solution, it may be worthwhile to
go back to the basic physiology of dyssynchronous HF and
the mechanisms of CRT.

Electrophysiological Evaluation of the Electrical
Substrate for CRT

Delayed electrical activation of the LV is considered the un-
derlying substrate of LV dysfunction in patients with systolic
dysfunction and a conduction delay, mainly due to LBBB
[28]. CRT aims to correct the underlying electrical substrate
by paced pre-excitation of late depolarized and contracting LV
regions, thereby restoring synchronous ventricular electrical
activation and contraction [28]. Experimental studies have
confirmed that in hearts with delayed LV activation due to
LBBB, LV-only or BiV pacing creates a more synchronous
contraction pattern, which is accompanied by marked hemo-
dynamic improvement [28, 29]. The clinical importance of LV
activation delay has become evident in studies showing that a
greater delay in time from onset of the QRS complex to the
local intrinsic activation at the LV stimulation site (Q-LV) is
associated with a greater likelihood of benefit from CRT.
Singh et al. measured Q-LV intra-procedurally as a percentage
of the baseline QRS interval in 71 patients undergoing CRT
device implantation [30]. A longer Q-LV was related to supe-
rior acute LV hemodynamic improvement, whereas a reduced
Q-LV (<50 % of QRS duration) was related to a worse clinical
outcome [30]. A secondary analysis of the prospective multi-
center SMART-AV trial showed that patients with a Q-
LV>95 ms show significantly improved odds of reverse
remodelling and quality of life response [31]. Conversely,
experimental studies and computer simulations have shown
that pacing induced pre-excitation in a heart without a signif-
icant electrical delay (narrow QRS complex) widens the QRS
complex and consequently worsens LV pump function
[32-34]. The clinical significance of these findings has be-
come evident in the results of the recent EchoCRT trial [35].
This was a randomized trial that evaluated the effect of CRT in
patients with a narrow QRS complex (<130 ms) and evidence
of mechanical dyssynchrony. The trial was prematurely
stopped because the CRT group did not derive any detectable
clinical benefit and even showed a significant increase in mor-
tality compared to the control group [35].

All the aforementioned data support the notion that an elec-
trical substrate, consisting of a sufficient amount of LV acti-
vation delay, needs to be present for CRT to be efficient.
LBBB is considered the hallmark conduction disturbance that
is associated with delayed LV activation. In canine hearts
where proximal ablation of the left bundle-branch was per-
formed, electrical mapping showed that earliest electrical ac-
tivation occurs inside the right ventricle and that the electrical
wave front then slowly propagates through the interventricular
septum towards the lateral wall of the LV [36]. Induction of
LBBB in healthy canine hearts leads to electrical and mechan-
ical dyssynchrony that in turn causes loss of LV pump func-
tion and ventricular remodelling [37]. In these hearts, CRT
largely reverses functional and structural abnormalities [28].
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The key clinical investigation to detect and evaluate the
extent of LV activation delay remains the surface ECG.
However, identifying true LBBB on the ECG is not as
straightforward as one might presume. As discussed ear-
lier, numerous dissimilarities in ECG criteria for the diag-
nosis of LBBB between different definitions complicate a
uniform diagnosis.

The most accurate way to evaluate the cardiac electrical
activation sequence in patients is by invasive mapping using
conventional point-by-point technique or three-dimensional
electro-anatomical reconstruction contact (CARTO, NOGA)
or non-contact (EnSite) mapping. Studies that performed en-
docardial mapping in patients with HF and LBBB according
to conventional ECG criteria have shown that the sequence of
LV endocardial activation in these patients is heterogeneous
[38—41]. The activation wave front originating from the right
ventricle was shown to cause LV endocardial breakthrough in
different septal regions [39, 40]. In some patients, break-
through occurred in the vicinity of the conduction system in
the mid-septal region, which suggests activation by slow con-
duction through the left bundle-branch, in others, LV endocar-
dial activation occurred as a result of right-to-left transseptal
spread of activation [40]. A characteristic finding in true
LBBB patients also seems to be a long (>40 ms) transseptal
conduction time [42].

Endocardial non-contact mapping has also identified two
different patterns of electrical wave front propagation in the
LV of these patients. The first entity, observed in approximate-
ly two thirds of patients, is characterized by a U-shaped pat-
tern of activation that turns around the LV apex and inferior
wall in order to activate the lateral wall [39, 41, 43], which is
similar to the activation pattern that has been observed during
endocardial non-contact mapping in canine hearts where prox-
imal ablation of the left bundle-branch has been performed
[44]. The second entity is characterized by homogeneous
propagation of electrical activation throughout the left
ventricle [41, 43]. The varying conduction patterns observed
in these mapping studies could be explained by variations in
left bundle-branch anatomy [45] and the location of the block,
but also by the fact that cellular uncoupling as a consequence
of LV hypertrophy or fibrosis can give rise to a wide QRS
complex with morphological features that meet conventional
ECG criteria for LBBB [46, 47].

In contrast to LBBB, RBBB is typically associated
with delayed RV activation, but not delayed LV activation.
However, in some RBBB patients, the QRS morphology
differs significantly from the characteristic RBBB pattern.
These patients show a specific electrocardiographic pat-
tern previously defined as RBBB masking LBBB [48,
49], which is characterized by precordial lead findings
consistent with RBBB and limb lead findings consistent
with LBBB. Extensive measurements of both RV and LV
endocardial electrical activation in heart failure patients

@ Springer

with RBBB using CARTO 3D contact mapping showed
that patients with RBBB masking LBBB have LV activa-
tion delay similar to that found in LBBB [50].

Although the aforementioned mapping techniques provide
accurate characterization of cardiac electrical activation, the
application of these techniques in clinical practice is time-con-
suming, cumbersome, and not without risk. Measuring the Q-
LV as described above provides a relatively simple manner of
assessing the extent of LV activation delay. However, this
technique provides limited information on LV electrical acti-
vation because usually measurements are only performed at
the anatomically targeted region. A technique that provides a
middle ground between complete mapping and single Q-LV
measurement is intra-procedural coronary venous electro-
anatomic mapping. In a recent study, we assessed the LV
electrical activation in a cohort of 51 CRT candidates using
this technique [51]. A guidewire that allows for unipolar
sensing and pacing was inserted into the coronary sinus and
connected to an EnSite NavX system. The wire was then
manipulated to various coronary sinus branches creating an
anatomic map along with determining the electrical activation
time associated with each anatomic region. Significant LV
activation delay (>75 % of QRS duration) was found in 38
of 51 patients. QRS duration was shown to perform poorly in
identifying delayed LV activation (area under the
curve=0.49). Twenty-nine of the 51 patients had LBBB ac-
cording to specific ECG criteria which included broad,
notched, or slurred R waves in leads I, aVL, V5, and V6, an
occasional RS pattern in leads V5 and V6 attributed to
displaced transition of the QRS complex, and absent q waves
inlead I, V5, and V6 (in the absence of a large anterior-apical
infarction). As described earlier, this refined LBBB definition,
which includes the presence of QRS notching and slurring,
has previously been shown to significantly improve the pre-
dictive value of LBBB QRS morphology for CRT response
[52]. Of the remaining 22 patients, 7 met ECG criteria for
RBBB and 15 met neither criteria for LBBB nor RBBB and
were classified as IVCD. QRS duration did not differ between
different QRS morphologies. However, LV activation time
was significantly larger in LBBB patients as compared to
RBBB and IVCD patients. Significant LV activation delay
was found in all patients diagnosed with LBBB according to
specific ECG criteria, but also in 8 of 15 patients with IVCD
and even in 1 of 7 patients with RBBB (examples shown in
Fig. 3). The findings of this mapping study indicate that
(1) a prolonged QRS duration by itself is not a reliable
marker of delayed LV activation. Thus, patient selection
based on QRS duration alone will most likely include a
substantial number of patients without the appropriate
electrical substrate to benefit from CRT, and (2) the re-
fined LBBB definition, which includes QRS notching and
slurring, is highly specific for delayed LV activation, but
lacks sufficient sensitivity. As a consequence, a
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Fig. 3 Coronary venous electro- ECG
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substantial number of patients that have delayed LV acti-
vation are not identified as such, and in these patients,
CRT may be withheld erroneously.

Instead, the above described technique of coronary venous
electro-anatomic mapping can be used at the time of CRT
implantation for a more precise characterization of the electri-
cal substrate at only minor prolongation of procedure time
(~20 min) [51, 53]. However, ideally the decision whether
or not to implant a CRT device is made in advance. In this
respect, electrocardiographic imaging (ECGi) provides an
entirely non-invasive alternative [54]. ECGi provides
high-resolution non-invasive electrical mapping of the
epicardial electrical activation. The technique acquires
electrical data from more than 200 body surface elec-
trodes using a multi-electrode vest. Epicardial anatomy
and body-surface electrode positions are registered simul-
taneously by a thoracic computed tomography scan. The
body-surface electrical data and the anatomical data are
then processed with algorithms to construct epicardial de-
polarization and repolarization patterns, using a single
heartbeat [54]. In this way, detailed information on LV
electrical activation can be readily obtained prior to CRT
implantation, which may be used to guide the decision on
whether or not to implant a CRT device. However, the
requirement for a multi-electrode vest in combination with
a computed tomography scan may preclude widespread
application of this technique in clinical practice.

Better Electrocardiographic Identification
of the Electrical Substrate: New ECG Parameters

The demand for easy and widely applicable non-invasive
techniques that can be used to accurately characterize the elec-
trical substrate in CRT candidates has renewed the interest in
finding additional/alternative electrocardiographic markers of
dyssynchrony. Sweeney et al. carefully analyzed standard 12-
lead ECGs of 202 CRT candidates with LBBB according to
specific ECG criteria that included QRS notching/slurring and
identified new measurements that predict volumetric CRT re-
sponse [19]. The time difference between the first notch after
40 ms of QRS onset and the end of the QRS on the baseline
ECG was indicated as the LV activation time (LVAT .y,
Fig. 4). A longer LVAT,,,x was shown to be predictive of
CRT response (OR[CI]=1.30[1.11-1.52] for each 10 ms in-
crease up to 125 ms). In addition, the Selvester QRS score for
LBBB was used to quantify LV scar extent. A higher Selvester
score was negatively associated with reverse remodelling
(OR[CI]=0.49[0.27-0.88] for each 1-point increase from 0
to 4; 0.92[0.83—-1.01] for each 1-point increase >4) [19].
Recently, the value of the vectorcardiogram (VCG) for
characterizing the electrical substrate and predicting CRT re-
sponse has been explored. VCG is a technique that records the
magnitude and direction of the electrical forces that are gen-
erated by the heart over time, resulting in a resultant electrical
force depicted by a vector for each time point. Connecting the
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Fig. 4 Example of a left ventricular activation time (LVAT)
measurement. LVAT,,,, is measured as the time difference between the
first notch after 40 ms of QRS onset and the end of the QRS

arrow heads of all vectors, a vector loop is constructed. The
VCG thus contains 3D information of the electrical forces
within the heart, which might provide more valuable informa-
tion than the 1D-ECG. It was hypothesized that large electrical
dyssynchrony, amenable to CRT, would lead to large unop-
posed electrical forces during ventricular depolarization and
that the size of these forces may be well represented by the
QRS ARrEA, the area of the QRS complex in the three principle
directions. Van Deursen et al. assessed the area of the QRS
complex (QRSArga) on the VCG in 81 consecutive CRT
candidates and showed that a large QRS Arga Was associated
with high odds of long-term volumetric CRT response.
Moreover, QRSsrga predicted CRT response better than
QRS duration and then conventionally defined LBBB and as
least as good as the most refined LBBB definition [24].

The notion that QRS rpa represents the extent of unop-
posed electrical forces is supported by the observation that
QRSAREa is larger in patients with LBBB as compared to
patients with IVCD and that QRSrga is lower in ischemic
than in non-ischemic patients [24]. Further support comes
from observations in the abovementioned study on coronary
venous mapping. In this study, VCGs were constructed from
pre-procedural standard 12-lead ECGs for all patients using
the Kors algorithm. A large QRSarga (569 1Vs) on the VCG
was shown to be highly predictive of delayed LV lateral wall
activation as determined by coronary venous mapping (Fig. 5)
[51]. On the other hand, QRS rga has been shown to be
smaller in patients with heart failure of ischemic etiology,
which may be explained by the presence of non-conductive
fibrotic tissue [24]. Taken together, these observations suggest
that QRS Arga is not only useful to determine the extent of
electrical dyssynchrony, but that it may also reflect the
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Fig. 5 QRSarga plotted as a function of maximal LV lateral wall
activation time (maxLVLW-AT) expressed as percent of QRS duration
(QRSA) for all patients (each dot represents a patient, n=>51) with LBBB
diagnosed according to the definition provided by the REVERSE trial
(left) and the American Heart Association (AHA) definition (right). This
figure demonstrates the excellent diagnostic performance of QRSArga
>69 uVs for delayed LV lateral wall activation (defined as a
maxLVLW-AT exceeding 75 % of QRS duration), independent of the
QRS morphology on the surface ECG, and illustrates the difference in
QRS morphology classification caused by disparity in LBBB definitions
(adapted from [51])

presence of determinants known to reduce the chance of
CRT benefit, such as an ischemic etiology of heart failure.
However, more research is required to better understand all
determinants of QRS Arga.

Interestingly, two studies showed that VCG-derived mea-
sures of repolarization predict CRT response even better than
QRS ARrEga- Engels et al. assessed the T-wave area from VCGs
of 244 CRT recipients (VCG examples shown in Fig. 6c, d).
The VCG-derived T-wave area was shown to predict echocar-
diographic CRT response better than QRS Arga [55]. In a larger
cohort consisting of 335 CRT recipients in which the primary
endpoint was the composite of heart failure hospitalization,
heart transplantation, left ventricular assist device implanta-
tion, or death during a 3-year follow-up period, the predictive
power of T-wave area for CRT response was found to be
primarily evident in the group of patients with LBBB
(Fig. 6e, 1) [56]. A large T-wave area in LBBB patients was
associated with less HF hospitalizations and a higher chance
of survival [56]. The size of the T-wave area is a reflection of
the extent of unopposed electrical forces during the repolari-
zation phase. The T-wave area is partially determined by the
size of the QRS srga [55], but other factors such as changes in
K" and Ca*" ion channel expression might also play a role. In
this study, a larger T-wave area was primarily caused by a
larger amplitude and not so much by a longer JT-interval.
Further research is needed to investigate which other factors
are exactly reflected in the T-wave area.

A limitation of all these studies regarding the QRS grga 1S
that relatively small sample sizes were used. Furthermore, the
studies related to the prediction of CRT response using the
QRS srpa were all retrospective. Therefore, these results need
to be validated in a larger prospective study.

The great practical benefit of QRS Arga and T-wave area is
that these parameters are measured in an objective manner and
quantified as continuous variables, as opposed to LBBB
which is a dichotomous measurement that is subject to the
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Fig. 6 Typical example of VCGs constructed from standard 12-lead
ECGs for a patient with a large a, ¢ and a patient with a small b, d
T-wave area, despite being both classified as having LBBB. Panels e
and f show Kaplan-Meier estimates of the probability free from the
composite endpoint HTLD (HF hospitalization, heart transplantation,
LVAD implantation, death) after 3 years of CRT. Large QRS or T area
are values >median value and small QRS or T area are values <median
value (adapted from [55, 56])

use of different definitions and subjective interpretations of
QRS notching/slurring. Another practical feature of
QRS rpa and T-wave area is that they can easily be derived
from the standard 12-lead ECG. Most commercially available
ECG machines have algorithms to construct VCGs from stan-
dard 12-lead ECGs using the inverse Dower or Kors’ regres-
sion transformation [57, 58]. These VCGs provide a good
resemblance of the gold standard Frank VCG and have recent-
ly also been validated for use in patients with dyssynchronous
heart failure [59]. The non-invasive and simple nature of VCG
analysis combined with the excellent predictive power of
QRSrpa and T-wave area for CRT response indicates that
these parameters can be easily applied in clinical practice to
identify appropriate candidates for CRT, thereby potentially
improving response to this therapy.

Conclusion

Based on the evidence obtained from electro-anatomic map-
ping that QRSArga reflects LV activation delay, the primary
electrical substrate for CRT, and on the better prediction of
CRT response by QRSArga as compared to QRS duration,
we propose to include QRSsrg4 in the guidelines as a selec-
tion criterion for CRT implantation. The possibly even better

prediction of CRT response by using the T-wave rather than
the QRS complex requires further investigation.

Compliance with Ethical Standards

Funding This research was performed within the framework of CTMM
(Center for Translational Molecular Medicine; www.ctmm.nl), Project
COHFAR (Congestive Heart Failure and Arrhythmia; Grant 01C-203),
and supported by the Dutch Heart Foundation.

Conflict of Interest F.W.P. has received research grants from
Medtronic, St. Jude Medical, Sorin, MSD, and Biotronik. K.V. consults
for Medtronic. All other authors have no potential conflict of interests.

Ethical Approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Cleland, J. G., Daubert, J. C., Erdmann, E., Freemantle, N., Gras,
D., Kappenberger, L., et al. (2005). The effect of cardiac
resynchronization on morbidity and mortality in heart failure. The
New England Journal of Medicine, 352(15), 1539-1549. doi:10.
1056/NEJMo0a050496.

2. Abraham, W. T., Fisher, W. G., Smith, A. L., Delurgio, D.
B., Leon, A. R., Loh, E., et al. (2002). Cardiac
resynchronization in chronic heart failure. The New
England Journal of Medicine, 346(24), 1845-1853. doi:10.
1056/NEJMoa013168.

3. Brignole, M., Auricchio, A., Baron-Esquivias, G., Bordachar, P.,
Boriani, G., Breithardt, O. A., et al. (2013). 2013 ESC guidelines
on cardiac pacing and cardiac resynchronization therapy: the task
force on cardiac pacing and resynchronization therapy of the
European Society of Cardiology (ESC). Developed in collaboration
with the European Heart Rhythm Association (EHRA). European
Heart Journal, 34(29), 2281-2329. doi:10.1093/eurheartj/eht150.

4. Tracy, C. M., Epstein, A. E., Darbar, D., Dimarco, J. P.,
Dunbar, S. B., Estes, N. A., 3rd, et al. (2012). 2012 ACCF/
AHA/HRS focused update of the 2008 guidelines for device-
based therapy of cardiac rhythm abnormalities: a report of the
american college of cardiology foundation/american heart as-
sociation task force on practice guidelines. Heart Rhythm,
9(10), 1737-1753. doi:10.1016/j.hrthm.2012.08.021.

5. European Heart Rhythm, A., European Society of, C., Heart
Rhythm, S., Heart Failure Society of, A., American Society of,
E., American Heart, A., et al. (2012). 2012 EHRA/HRS expert
consensus statement on cardiac resynchronization therapy in heart
failure: implant and follow-up recommendations and management.
Heart Rhythm, 9(9), 1524-1576. doi:10.1016/j.hrthm.2012.07.025.

6. Mullens, W., Grimm, R. A., Verga, T., Dresing, T., Starling, R. C.,
Wilkoff, B. L., et al. (2009). Insights from a cardiac
resynchronization optimization clinic as part of a heart failure dis-
ease management program. Journal of the American College of
Cardiology, 53(9), 765-773. doi:10.1016/j.jacc.2008.11.024.

@ Springer


http://www.ctmm.nl/
http://dx.doi.org/10.1056/NEJMoa050496
http://dx.doi.org/10.1056/NEJMoa050496
http://dx.doi.org/10.1056/NEJMoa013168
http://dx.doi.org/10.1056/NEJMoa013168
http://dx.doi.org/10.1093/eurheartj/eht150
http://dx.doi.org/10.1016/j.hrthm.2012.08.021
http://dx.doi.org/10.1016/j.hrthm.2012.07.025
http://dx.doi.org/10.1016/j.jacc.2008.11.024

264

J. of Cardiovasc. Trans. Res. (2016) 9:257-265

10.

11.

13.

15.

16.

17.

Priori, S. G., Blomstrom-Lundqvist, C., Mazzanti, A., Blom, N.,
Borggrefe, M., Camm, J., et al. (2015). 2015 ESC guidelines for the
management of patients with ventricular arrhythmias and the pre-
vention of sudden cardiac death: the task force for the management
of patients with ventricular arrhythmias and the prevention of sud-
den cardiac death of the European Society of Cardiology (ESC)
endorsed by: Association for European Paediatric and Congenital
Cardiology (AEPC). European Heart Journal, 36(41), 2793-2867.
Cazeau, S., Ritter, P., Bakdach, S., Lazarus, A., Limousin, M.,
Henao, L., et al. (1994). Four chamber pacing in dilated cardiomy-
opathy. Pacing and Clinical Electrophysiology, 17(11 Pt 2), 1974—
1979.

Bakker, P. F., Meijburg, H. W., de Vries, J. W., Mower, M. M.,
Thomas, A. C., Hull, M. L., et al. (2000). Biventricular pacing in
end-stage heart failure improves functional capacity and left ven-
tricular function. Journal of Interventional Cardiac
Electrophysiology, 4(2), 395-404.

Linde, C., Leclercq, C., Rex, S., Garrigue, S., Lavergne, T., Cazeau,
S., et al. (2002). Long-term benefits of biventricular pacing in
congestive heart failure: results from the multisite stimulation in
cardiomyopathy (MUSTIC) study. Journal of the American
College of Cardiology, 40(1), 111-118.

Sutton, M. G., Plappert, T., Hilpisch, K. E., Abraham, W. T., Hayes,
D. L., & Chinchoy, E. (2006). Sustained reverse left ventricular
structural remodeling with cardiac resynchronization at one year
is a function of etiology: quantitative Doppler echocardiographic
evidence from the multicenter insync randomized clinical evalua-
tion (MIRACLE). Circulation, 113(2), 266-272. doi:10.1161/
CIRCULATIONAHA.104.520817.

Bristow, M. R., Saxon, L. A., Boehmer, J., Krueger, S., Kass, D. A.,
De Marco, T., et al. (2004). Cardiac-resynchronization therapy with
or without an implantable defibrillator in advanced chronic
heart failure. The New England Journal of Medicine,
350(21), 2140-2150. doi:10.1056/NEJMo0a032423.

Vardas, P. E., Auricchio, A., Blanc, J. J., Daubert, J. C., Drexler, H.,
Ector, H., et al. (2007). Guidelines for cardiac pacing and cardiac
resynchronization therapy. The task force for cardiac pacing
and cardiac resynchronization therapy of the European soci-
ety of cardiology. Developed in collaboration with the
European heart rhythm association. Europace, 9(10), 959—998.
doi:10.1093/europace/eum189.

Linde, C., Abraham, W. T., Gold, M. R., St John Sutton, M., Ghio,
S., Daubert, C., et al. (2008). Randomized trial of cardiac
resynchronization in mildly symptomatic heart failure patients and
in asymptomatic patients with left ventricular dysfunction and pre-
vious heart failure symptoms. Journal of the American College of
Cardiology, 52(23), 1834-1843. doi:10.1016/j.jacc.2008.08.027.
Moss, A. J., Hall, W. J., Cannom, D. S., Klein, H., Brown, M. W.,
Daubert, J. P, et al. (2009). Cardiac-resynchronization therapy for
the prevention of heart-failure events. The New England Journal of
Medicine, 361(14), 1329-1338. doi:10.1056/NEJM0a0906431.
Tang, A. S., Wells, G. A., Talajic, M., Arold, M. O., Sheldon, R.,
Connolly, S., et al. (2010). Cardiac-resynchronization therapy for
mild-to-moderate heart failure. The New England Journal of
Medicine, 363(25), 2385-2395. doi:10.1056/NEJMoal009540.
Bryant, A. R., Wilton, S. B., Lai, M. P,, & Exner, D. V. (2013).
Association between QRS duration and outcome with cardiac
resynchronization therapy: a systematic review and meta-analysis.
Journal of Electrocardiology, 46(2), 147—-155. doi:10.1016/j.
jelectrocard.2012.12.003.

Dickstein, K., Vardas, P. E., Auricchio, A., Daubert, J. C., Linde, C.,
McMurray, J., et al. (2010). 2010 focused update of ESC guidelines
on device therapy in heart failure: an update of the 2008
ESC guidelines for the diagnosis and treatment of acute
and chronic heart failure and the 2007 ESC guidelines for
cardiac and resynchronization therapy. Developed with the

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

special contribution of the heart failure association and the
European heart rhythm association. Europace, 12(11), 1526-1536.
doi:10.1093/europace/euq392.

Sweeney, M. O., van Bommel, R. J., Schalij, M. J., Borlefts, C. J.,
Hellkamp, A. S., & Bax, J. J. (2010). Analysis of ventricular
activation using surface electrocardiography to predict left
ventricular reverse volumetric remodeling during cardiac
resynchronization therapy. Circulation, 121(5), 626—634.
doi:10.1161/CIRCULATIONAHA.109.894774.

Tian, Y., Zhang, P, Li, X., Gao, Y., Zhu, T., Wang, L., et al. (2013).
True complete left bundle branch block morphology strongly pre-
dicts good response to cardiac resynchronization therapy.
Europace, 15(10), 1499-1506. doi:10.1093/europace/eut049.
Zareba, W., Klein, H., Cygankiewicz, 1., Hall, W. J., McNitt, S.,
Brown, M, etal. (2011). Effectiveness of cardiac resynchronization
therapy by QRS morphology in the multicenter automatic defibril-
lator implantation trial-cardiac resynchronization therapy (MADIT-
CRT). Circulation, 123(10), 1061-1072.

Gold, M. R., Thebault, C., Linde, C., Abraham, W. T., Gerritse, B.,
Ghio, S., et al. (2012). Effect of QRS duration and morphology on
cardiac resynchronization therapy outcomes in mild heart failure:
results from the resynchronization reverses remodeling in systolic
left ventricular dysfunction (REVERSE) study. Circulation, 126(7),
822-829. doi:10.1161/CIRCULATIONAHA.112.097709.

Strauss, D. G., Selvester, R. H., & Wagner, G. S. (2011). Defining
left bundle branch block in the era of cardiac resynchronization
therapy. The American Journal of Cardiology, 107(6), 927-934.
van Deursen, C. J., Vernooy, K., Dudink, E., Bergfeldt, L., Crijns,
H. J., Prinzen, F. W., et al. (2015). Vectorcardiographic QRS area as
a novel predictor of response to cardiac resynchronization therapy.
Journal of Electrocardiology, 48(1), 45-52. doi:10.1016/j.
jelectrocard.2014.10.003.

Cleland, J. G., Abraham, W. T., Linde, C., Gold, M. R., Young, J.
B., Claude Daubert, J., et al. (2013). An individual patient meta-
analysis of five randomized trials assessing the effects of cardiac
resynchronization therapy on morbidity and mortality in patients
with symptomatic heart failure. European Heart Journal, 34(46),
3547-3556. doi:10.1093/eurheartj/eht290.

Zusterzeel, R., Selzman, K. A., Sanders, W. E., Canos, D. A.,
O’Callaghan, K. M., Carpenter, J. L., et al. (2014). Cardiac
resynchronization therapy in women: US food and drug administra-
tion meta-analysis of patient-level data. JAMA Internal Medicine,
174(8), 1340-1348. doi:10.1001/jamainternmed.2014.2717.
Mascioli, G., Padeletti, L., Sassone, B., Zecchin, M., Lucca, E.,
Sacchi, S., et al. (2012). Electrocardiographic criteria of true left
bundle branch block: a simple sign to predict a better clinical and
instrumental response to CRT. Pacing and Clinical
Electrophysiology, 35(8), 927-934. doi:10.1111/j.1540-8159.
2012.03427 x.

Vernooy, K., Cornelussen, R. N., Verbeek, X. A., Vanagt, W. Y., van
Hunnik, A., Kuiper, M., et al. (2007). Cardiac resynchronization
therapy cures dyssynchronopathy in canine left bundle-branch
block hearts. European Heart Journal, 28(17), 2148-2155. doi:
10.1093/eurheartj/ehm207.

Liu, L., Tockman, B., Girouard, S., Pastore, J., Walcott, G.,
KenKnight, B., et al. (2002). Left ventricular resynchronization
therapy in a canine model of left bundle branch block. American
Journal of Physiology - Heart and Circulatory Physiology, 282(6),
H2238-H2244. doi:10.1152/ajpheart.00684.2001.

Singh, J. P, Fan, D., Heist, E. K., Alabiad, C. R., Taub, C., Reddy,
V., et al. (2006). Left ventricular lead electrical delay predicts re-
sponse to cardiac resynchronization therapy. Heart Rhythm, 3(11),
1285-1292. doi:10.1016/j.hrthm.2006.07.034.

Gold, M. R., Birgersdotter-Green, U., Singh, J. P., Ellenbogen, K.
A., Yu, Y., Meyer, T. E., et al. (2011). The relationship between
ventricular electrical delay and left ventricular remodelling with


http://dx.doi.org/10.1161/CIRCULATIONAHA.104.520817
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.520817
http://dx.doi.org/10.1056/NEJMoa032423
http://dx.doi.org/10.1093/europace/eum189
http://dx.doi.org/10.1016/j.jacc.2008.08.027
http://dx.doi.org/10.1056/NEJMoa0906431
http://dx.doi.org/10.1056/NEJMoa1009540
http://dx.doi.org/10.1016/j.jelectrocard.2012.12.003
http://dx.doi.org/10.1016/j.jelectrocard.2012.12.003
http://dx.doi.org/10.1093/europace/euq392
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.894774
http://dx.doi.org/10.1093/europace/eut049
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.097709
http://dx.doi.org/10.1016/j.jelectrocard.2014.10.003
http://dx.doi.org/10.1016/j.jelectrocard.2014.10.003
http://dx.doi.org/10.1093/eurheartj/eht290
http://dx.doi.org/10.1001/jamainternmed.2014.2717
http://dx.doi.org/10.1111/j.1540-8159.2012.03427.x
http://dx.doi.org/10.1111/j.1540-8159.2012.03427.x
http://dx.doi.org/10.1093/eurheartj/ehm207
http://dx.doi.org/10.1152/ajpheart.00684.2001
http://dx.doi.org/10.1016/j.hrthm.2006.07.034

J. of Cardiovasc. Trans. Res. (2016) 9:257-265

265

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

cardiac resynchronization therapy. European Heart Journal,
32(20), 2516-2524. doi:10.1093/eurheartj/ehr329.

van Oosterhout, M. F., Prinzen, F. W., Arts, T., Schreuder, J. J.,
Vanagt, W. Y., Cleutjens, J. P, et al. (1998). Asynchronous electri-
cal activation induces asymmetrical hypertrophy of the left ventric-
ular wall. Circulation, 98(6), 588-595.

Wyman, B. T., Hunter, W. C., Prinzen, F. W., Faris, O. P., &
McVeigh, E. R. (2002). Effects of single- and biventricular pacing
on temporal and spatial dynamics of ventricular contraction.
American Journal of Physiology - Heart and Circulatory
Physiology, 282(1), H372-H379.

Lumens, J., Delhaas, T., Kirn, B., & Arts, T. (2009). Three-wall
segment (TriSeg) model describing mechanics and hemodynamics
of ventricular interaction. Annals of Biomedical Engineering,
37(11), 2234-2255. doi:10.1007/510439-009-9774-2.

Ruschitzka, F., Abraham, W. T., Singh, J. P, Bax, J. J., Borer, J. S.,
Brugada, J., et al. (2013). Cardiac-resynchronization therapy in heart
failure with a narrow QRS complex. The New England Journal of
Medicine, 369(15), 1395-1405. doi:10.1056/NEJMoal306687.
Strik, M., van Middendorp, L. B., & Vernooy, K. (2012). Animal
models of dyssynchrony. Journal of Cardiovascular Translational
Research, 5(2), 135-145. doi:10.1007/s12265-011-9336-5.
Vernooy, K., Verbeek, X. A., Peschar, M., Crijns, H. J., Arts, T,
Cornelussen, R. N, et al. (2005). Left bundle branch block induces
ventricular remodelling and functional septal hypoperfusion.
European Heart Journal, 26(1), 91-98. doi:10.1093/eurheartj/
¢hi008.

Vassallo, J. A., Cassidy, D. M., Marchlinski, F. E., Buxton, A. E.,
Waxman, H. L., Doherty, J. U., et al. (1984). Endocardial activation
of left bundle branch block. Circulation, 69(5), 914-923.
Auricchio, A., Fantoni, C., Regoli, F., Carbucicchio, C., Goette, A.,
Geller, C., et al. (2004). Characterization of left ventricular
activation in patients with heart failure and left bundle-
branch block. Circulation, 109(9), 1133-1139. doi:10.1161/
01.CIR.0000118502.91105.F6.

Rodriguez, L. M., Timmermans, C., Nabar, A., Beatty, G., &
Wellens, H. J. (2003). Variable patterns of septal activation in pa-
tients with left bundle branch block and heart failure. Journal of
Cardiovascular Electrophysiology, 14(2), 135-141.

Fung, J. W., Yu, C. M,, Yip, G., Zhang, Y., Chan, H., Kum, C. C., et
al. (2004). Variable left ventricular activation pattern in patients
with heart failure and left bundle branch block. Heart, 90(1), 17-19.
Prinzen, F. W., & Auricchio, A. (2008). Is echocardiographic as-
sessment of dyssynchrony useful to select candidates for cardiac
resynchronization therapy? Echocardiography is not useful before
cardiac resynchronization therapy if QRS duration is available.
Circulation. Cardiovascular Imaging, 1(1), 70-77. doi:10.1161/
CIRCIMAGING.108.791772.

Fung, J. W., Chan, J. Y., Yip, G. W., Chan, H. C., Chan, W. W.,
Zhang, Q., et al. (2007). Effect of left ventricular endocardial acti-
vation pattern on echocardiographic and clinical response to cardiac
resynchronization therapy. Heart, 93(4), 432—437. doi:10.1136/hrt.
2007.115295.

Strik, M., Ploux, S., Vernooy, K., & Prinzen, F. W. (2011). Cardiac
resynchronization therapy: refocus on the electrical substrate.
Circulation Journal, 75(6), 1297-1304.

Demoulin, J. C., & Kulbertus, H. E. (1972). Histopathological ex-
amination of concept of left hemiblock. British Heart Journal,
34(8), 807-814.

Bacharova, L., Mateasik, A., Krause, R., Prinzen, F. W., Auricchio,
A., & Potse, M. (2011). The effect of reduced intercellular coupling
on electrocardiographic signs of left ventricular hypertrophy.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Journal of Electrocardiology, 44(5), 571-576. doi:10.1016/j.
jelectrocard.2011.06.004.

Bacharova, L., Szathmary, V., & Mateasik, A. (2011).
Electrocardiographic patterns of left bundle-branch block caused
by intraventricular conduction impairment in working myocardi-
um: a model study. Journal of Electrocardiology, 44(6), 768-778.
doi:10.1016/j.jelectrocard.2011.03.007.

Unger, P. N., Lesser, M. E., Kugel, V. H., & Lev, M.
(1958). The concept of masquerading bundle-branch block:
an electrocardiographic-pathologic correlation. Circulation,
17(3), 397-409.

Richman, J. L., & Wolff, L. (1954). Left bundle branch block
masquerading as right bundle branch block. American Heart
Journal, 47(3), 383-393.

Fantoni, C., Kawabata, M., Massaro, R., Regoli, F., Raffa, S.,
Arora, V., et al. (2005). Right and left ventricular activation se-
quence in patients with heart failure and right bundle branch block:
a detailed analysis using three-dimensional non-fluoroscopic elec-
troanatomic mapping system. Journal of Cardiovascular
Electrophysiology, 16(2), 112—-119. doi:10.1046/j.1540-8167.
2005.40777 x.

Mafi Rad, M., Wijntjens, G. W., Engels, E. B., Blaauw, Y.,
Luermans, J. G., Pison, L., et al. (2015). Vectorcardiographic
QRS area identifies delayed left ventricular lateral wall activation
determined by electroanatomic mapping in candidates for cardiac
resynchronization therapy. Heart Rhythm. doi:10.1016/j.hrthm.
2015.07.033.

van Deursen, C. J., Blaauw, Y., Witjens, M. L., Debie, L., Wecke, L.,
Crijns, H. J., et al. (2014). The value of the 12-lead ECG for eval-
uation and optimization of cardiac resynchronization therapy in
daily clinical practice. Journal of Electrocardiology, 47(2), 202—
211. doi:10.1016/j.jelectrocard.2014.01.007.

van Stipdonk, A. M., Rad, M. M., Luermans, J. G., Crijns, H. J.,
Prinzen, F. W., & Vernooy, K. (2016). Identifying delayed left ven-
tricular lateral wall activation in patients with non-specific intraven-
tricular conduction delay using coronary venous electroanatomical
mapping. Netherlands Heart Journal, 24(1), 58—65. doi:10.1007/
$12471-015-0777-3.

Ramanathan, C., Ghanem, R. N., Jia, P., Ryu, K., & Rudy, Y.
(2004). Noninvasive electrocardiographic imaging for cardiac elec-
trophysiology and arrhythmia. Nature Medicine, 10(4), 422-428.
doi:10.1038/nm1011.

Engels, E. B., Vegh, E. M., Van Deursen, C. J., Vernooy, K., Singh,
J. P, & Prinzen, F. W. (2015). T-wave area predicts response to
cardiac resynchronization therapy in patients with left bundle
branch block. Journal of Cardiovascular Electrophysiology,
26(2), 176-183. doi:10.1111/jce.12549.

Vegh, E. M., Engels, E. B., van Deursen, C. J., Merkely, B.,
Vernooy, K., Singh, J. P., et al. (2015). T-wave area as biomarker
of clinical response to cardiac resynchronization therapy. Europace.
doi:10.1093/europace/euv259.

Kors, J. A., van Herpen, G., Sittig, A. C., & van Bemmel, J. H.
(1990). Reconstruction of the Frank vectorcardiogram from stan-
dard electrocardiographic leads: diagnostic comparison of different
methods. European Heart Journal, 11(12), 1083—1092.
Edenbrandt, L., & Pahlm, O. (1988). Vectorcardiogram synthesized
from a 12-lead ECG: superiority of the inverse Dower matrix.
Journal of Electrocardiology, 21(4), 361-367.

Engels, E. B., Alshehri, S., van Deursen, C. J., Wecke, L., Vernooy,
K., & Prinzen, F. W. (2015). The synthesized vectorcardiogram
resembles the measured vectorcardiogram in patients with
dyssynchronous heart failure. Journal of Electrocardiology.
doi:10.1016/j.jelectrocard.2015.04.001.

@ Springer


http://dx.doi.org/10.1093/eurheartj/ehr329
http://dx.doi.org/10.1007/s10439-009-9774-2
http://dx.doi.org/10.1056/NEJMoa1306687
http://dx.doi.org/10.1007/s12265-011-9336-5
http://dx.doi.org/10.1093/eurheartj/ehi008
http://dx.doi.org/10.1093/eurheartj/ehi008
http://dx.doi.org/10.1161/01.CIR.0000118502.91105.F6
http://dx.doi.org/10.1161/01.CIR.0000118502.91105.F6
http://dx.doi.org/10.1161/CIRCIMAGING.108.791772
http://dx.doi.org/10.1161/CIRCIMAGING.108.791772
http://dx.doi.org/10.1136/hrt.2007.115295
http://dx.doi.org/10.1136/hrt.2007.115295
http://dx.doi.org/10.1016/j.jelectrocard.2011.06.004
http://dx.doi.org/10.1016/j.jelectrocard.2011.06.004
http://dx.doi.org/10.1016/j.jelectrocard.2011.03.007
http://dx.doi.org/10.1046/j.1540-8167.2005.40777.x
http://dx.doi.org/10.1046/j.1540-8167.2005.40777.x
http://dx.doi.org/10.1016/j.hrthm.2015.07.033
http://dx.doi.org/10.1016/j.hrthm.2015.07.033
http://dx.doi.org/10.1016/j.jelectrocard.2014.01.007
http://dx.doi.org/10.1007/s12471-015-0777-3
http://dx.doi.org/10.1007/s12471-015-0777-3
http://dx.doi.org/10.1038/nm1011
http://dx.doi.org/10.1111/jce.12549
http://dx.doi.org/10.1093/europace/euv259
http://dx.doi.org/10.1016/j.jelectrocard.2015.04.001

	Why...
	Abstract
	Introduction
	The Role of the 12-Lead ECG in the Selection of CRT Candidates
	Electrophysiological Evaluation of the Electrical Substrate for CRT
	Better Electrocardiographic Identification of the Electrical Substrate: New ECG Parameters
	Conclusion
	References


