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C ardiac resynchronization therapy 
(CRT) is a fundamental device-
based, non-pharmacological ap-

proach that has been shown to improve 
morbidity and mortality in selected pa-
tients with chronic heart failure (HF). 
CRT confers a mortality benefit, reduces 
HF hospitalizations, and improves func-
tional outcome in this population, but 
not all patients consistently demonstrate 
a positive CRT response. The reported 
non-responder rate ranges between 20% 
and 40%, depending on the response cri-
teria used.1 The present article reviews the 
pathophysiology of CRT and discusses ar-
eas of controversy.

Electrophysiological and molecular 
mechanisms

Pathophysiology of the dyssynchronous 
heart

During normal sinus rhythm in healthy 
hearts without conduction abnormalities, 
the electrical activation is relatively syn-
chronous (activation of the ventricles oc-
curring within 70 ms), because the impulse 
is conducted through a rapid and special-
ized conduction system. The earliest acti-
vation occurs in the left ventricular (LV) 
septal endocardium and the latest in the 
epicardium of the LV lateral wall.2 This 

conduction pattern can be disrupted by a 
diseased conducting branch or iatrogeni-
cally when a ventricle is electrically stimu-
lated at a single site. Cardiac dyssynchrony 
is complex and multifactorial. Prolonga-
tion of the atrioventricular (AV) interval 
delays systolic contraction, which might 
then encroach on early diastolic filling.3 A 
delay in LV contraction can cause diastol-
ic mitral regurgitation, loss of ventricular 
preload and a reduction in LV contractil-
ity, due to the loss of the Starling mecha-
nism. Additionally both inter- and intra-
ventricular conduction delays lead to asyn-
chronous contraction of LV wall regions 
(ventricular dyssynchrony). In this case, 
the time required for activation of the en-
tire ventricular muscle, as expressed by 
QRS duration, is significantly prolonged. 
Consequently, cardiac efficiency may be 
impaired, poorly coordinated papillary 
muscle function may cause or aggravate 
functional systolic mitral regurgitation, 
and stroke volume and systolic blood pres-
sure may be reduced. Impaired perfor-
mance can promote adverse LV remodel-
ing.4,5 In light of the considerable mechan-
ical differences between regions, it is not 
surprising that during asynchronous acti-
vation myocardial blood flow,6-10 oxygen 
consumption,11 and glucose uptake also 
differ between these regions.6 Myocardial 
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blood flow and oxygen consumption are 30% higher 
in late-activated than in early-activated regions.5,8,9 In 
agreement with the aforementioned thoughts, asyn-
chronous ventricles require more oxygen to generate 
the same amount of mechanical work, i.e. they have a 
lower efficiency.

Regional molecular changes in dyssynchronous heart 
failure

According to a study by Chakir et al,12 the lateral wall 
of dyssynchronous, failing left ventricles exhibited an 
increase in p38 MAPK and Ca++-calmodulin kinase 
II activation and increased tumor necrosis factor-α 
expression, which were both reversed by CRT. Ad-
ditionally, dyssynchronous heart failure (DsHF) is 
characterized by regional heterogeneities in cellular 
and tissue electro physiological properties. The hall-
mark of cells and tissues isolated from failing hearts, 
independent of the eti ology, is action potential pro-
longation,13-16 which is most prominent in cells iso-
lated from the late-activated lateral LV wall.17 Pro-
longation of the action potential duration and slowed 
conduction velocity are common results of channel 
abnormalities that are observed in DsHF, and may 
lead to ventricular arrhythmias.13-15 CRT significant-
ly shortens the action potential in lat eral myocytes, 
reduces LV regional heterogeneity in action poten-
tial duration, and decreases the risk of fatal ventricu-
lar arrhythmias.18-21 Although some concerns have 
been raised that epicardial stimulation used by stan-
dard CRT may be proarrhythmic,22 in practice CRT 
seems to be antiarrhythmic.23 Myocyte calcium han-
dling is also abnormal in DsHF. Sarcomere shorten-
ing in the dyssynchronous failing heart declines, con-
traction and relaxation kinetics are slowed, and both 
are coupled to reductions in whole-cell calcium tran-
sient amplitude and delayed dynamics.24-27 Specif-
ic repolarizing potassium currents (the inward recti-
fier K+ current [IK1], transient outward K+ current 
[Ito], and delayed rectifier K+ current [IK]) decline in 
DsHF,16 concordant with a decline in protein expres-
sion for the corresponding channel proteins (Kir 2.1, 
Kv4.3 and KChIP2, and KvLQT1, respectively). CRT 
partially reverses changes in IK1, IK (but not Ito), and 
their related proteins. CRT also reverses the increased 
late sodium current (INa-L) observed in DsHF. CRT-
responsive patients display an enhanced cardiac re-
sponsiveness to sympathetic stimulation.28,29 Acutely, 
CRT blunts efferent sympathetic tone, which is often 
elevated in patients with HF,30 and chronically CRT 

results in upregulation of β1-adrenergic receptor gene 
expression in responsive patients.31 Antiapoptotic ef-
fects of resynchronization have been observed in ca-
nine11 and pig models.32 HF is often considered to be 
a disease involving energy starvation.33,34 Mitochon-
drial basal oxygen consumption is increased in canine 
DsHF,35 but is accompanied by a decline in ATPase 
activity.36 CRT increases the mitochondrial respirato-
ry control ratio, an index of ATP synthetic capacity to 
levels similar to those in healthy controls.34

Definition of left bundle branch block

In normal conduction, activation begins within the 
LV and right ventricular (RV) endocardium. In com-
plete left bundle branch block (LBBB), activation 
only begins in the right ventricle and must proceed 
through the septum for 40-50 ms before reaching the 
LV endocardium. It then requires another 50 ms for 
reentry into the LV Purkinje network and to propa-
gate to the endocardium of the posterolateral wall, 
and then another 50 ms to activate the posterolat-
eral wall.37 This produces a total QRS duration of 
≥140 ms.38 Any increase in septal or posterolateral 
wall thickness or LV endocardial surface area further 
increases QRS duration. The key LBBB QRS mor-
phology feature is the mid-QRS notching that occurs 
at 50 and 90 ms, with slurring in between. The first 
notch represents the time when the electrical depo-
larization wavefront reaches the endocardium of the 
LV (after proceeding through the septum). The sec-
ond notch occurs when the depolarization wavefront 
begins to reach the epicardium of the posterolateral 
wall. These notches are best seen in leads I, aVL, V1, 
V2, V5, and V6. Conventional criteria for LBBB that 
are used clinically include a QRS duration ≥120 ms, 
QS or rS in lead V1, and a monophasic R wave with 
no Q waves in leads V6 and I.39 The American Heart 
Association, American College of Cardiology Foun-
dation, and Heart Rhythm Society recommendations 
go beyond this to include a “broad notched or slurred 
R wave in leads I, aVL, V5 and V6, and an occasion-
al RS pattern in V5 and V6 attributed to displaced 
transition of the QRS complex”.40 In the presence of 
QRS prolongation due to right bundle branch block 
(RBBB) or left ventricular hypertrophy (LVH), the 
LV endocardium is activated normally via the rapidly 
conducting Purkinje system.41 The major randomized 
clinical trials42,43 that led to the widespread adoption 
of CRT used a prolonged QRS duration ≥120 ms, but 
did not select patients on the basis of QRS morpholo-
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gy, which can usually determine the cause of the pro-
longed ventricular depolarization. Approximately one 
third of these patients did not have LBBB. On top of 
that, one-third of patients diagnosed with LBBB by 
conventional electrocardiographic criteria may not 
have true complete LBBB, but are likely to have a 
combination of LV hypertrophy and left anterior fas-
cicular block. Additionally, a pooled analysis of small-
er trials found no significant improvement in the LV 
ejection fraction or maximal oxygen consumption in 
patients with RBBB.44

The importance of left bundle branch block

Approximately one third of patients with HF pres-
ent with conduction disturbances that result in a QRS 
>120 ms. Most commonly (in approximately 25% of 
HF patients), this is exhibited as an LBBB pattern.45 
This percentage is significantly higher than the esti-
mated 1.5% prevalence of LBBB in the general pa-
tient population.46 LBBB appears to be irreversible 
despite pharmacological treatment, but can be miti-
gated by CRT in patients with moderate to severe HF 
and deteriorated LV systolic function. The anatomi-
cal basis behind this concept relates to the model of 
the helical ventricular myocardial band described by 
Torrent-Guasp,47 whereby the heart is formed by a 
wrap around the left and right ventricle (the wrap is 
called the basal loop and is composed of transverse 
fibers) and an internal helix composed of oblique fi-
bers called the descending and ascending fibers of 
the apical loop as it forms a vortex at the ventricular 
apex. The sequential contraction of these fibers fully 
explains the normal motions of narrowing, shorten-
ing, lengthening, widening, twisting and uncoiling.48 

In a dilated, failing heart, the stretched helical fibers 
develop a more transverse orientation, which closely 
resembles the angulation of the circumferential fibers 
of the basal loop.49 In a failing heart with LBBB, an 
asynchronous beat will cause a bulging of the septum 
because of the asynchronous contraction of LV wall 
regions. Resynchronization geometrically restores the 
midline septum position to counteract tethering and 
offset MR, but does not reestablish physiological sep-
tal twisting or longitudinal strain.50

Pathophysiology and indications of CRT

CRT is predominantly employed to resynchronize 
ventricles. Conceptually, resynchronization can be 
achieved by creating more than one wavefront of ac-

tivation. The most common approach is to use biven-
tricular pacing to create two activation wavefronts, 
preferably originating from opposite walls, in order 
to create a more synchronous activation. Because of 
the tight excitation–contraction coupling in the heart, 
the more synchronous activation is expected to and 
indeed does create a more synchronous and more co-
ordinated contraction. A similar, and sometimes bet-
ter, effect can be achieved when using LV pacing at 
an AV-delay that allows fusion of the wavefront origi-
nating from the RBB and from the LV pacing site.51 
While biventricular pacing clearly resynchronizes 
asynchronous hearts, it may worsen the synchrony 
and sequence of activation in hearts without conduc-
tion block.52 De Boeck et al demonstrated that CRT 
does not change the total amount of systolic defor-
mation, but redistributes shortening from the LV lat-
eral wall to the septum and decreases systolic stretch, 
mainly in the septum.53 In desynchronized ventricles, 
systolic shortening is highly polarized between the in-
terventricular septum and the LV free wall, with the 
LV free wall demonstrating a greater amount of lo-
cal shortening during systole. Furthermore, the twist-
ing action of the LV disappears in rhythm interrup-
tion from wide QRS or LBBB.54 CRT homogenizes 
the distribution of systolic shortening (“recoordina-
tion”) by strongly increasing shortening in the septal 
segments and slightly decreasing shortening in lat-
eral and posterior LV wall segments.40 Further im-
provement in pump function is possibly mediated by 
reduction of mitral regurgitation55 and prolongation 
of diastolic filling time. These beneficial effects occur 
almost immediately after the start of resynchroniza-
tion,38,41 but also translate to long-term effects such 
as reverse remodeling, as well as better clinical out-
comes, including better survival.56 Ventricular pacing 
returns the septum to a midline location to create a 
shortened, rigid central curtain with movement of the 
papillary muscles to a normal position, but does not 
restore the natural septal twisting motion.57,58 CRT 
restores the compromised energy metabolism.59,60 
The improved cardiac efficiency achieved by CRT is 
unlikely to be due to alterations in intrinsic myocyte 
function. Rather, most of the net effect is observed 
at the chamber level because of the more coordinat-
ed contraction in different regions of the LV wall. 
Based on current criteria,61 only a small proportion of 
patients with HF (perhaps 5-10%) are indicated for 
CRT, but this is still a large number of patients. The 
indications for CRT, according to the current ESC 
guidelines, are as follows:62
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Patients in sinus rhythm

1. LBBB with QRS duration >150 ms. CRT is 
recommended in chronic HF patients and 
LVEF≤35% who remain in NYHA functional 
class II, III and ambulatory IV despite adequate 
medical treatment (IA).

2. LBBB with QRS duration 120-150 ms. CRT 
is recommended in chronic HF patients with 
LVEF≤35% who remain in NYHA functional 
class II, III and ambulatory IV despite adequate 
medical treatment (IB).

3. Non-LBBB with QRS duration >150 ms. CRT 
should be considered in chronic HF patients and 
LVEF≤35% who remain in NYHA functional 
class II, III and ambulatory IV despite adequate 
medical treatment. (IIaB).

4. Non-LBBB with QRS duration 120-150 ms. CRT 
may be considered in chronic HF patients and 
LVEF≤35% who remain in NYHA functional 
class II, III and ambulatory IV despite adequate 
medical treatment (IIbB).

5. CRT is not recommended in chronic HF patients 
with QRS duration <120 ms (IIIB).

Patients with permanent atrial fibrillation

1A. Patients with HF, wide QRS and reduced LVEF. 
CRT should be considered in chronic HF patients 
with intrinsic QRS≥120 ms and LVEF≤35% who 
remain in NYHA functional class III and ambu-
latory IV despite adequate medical treatment, 
provided that biventricular pacing as close to 
100% as possible can be achieved (IIaB).

1B. AV junction ablation should be added in case of 
incomplete biventricular pacing (IIaB).

2. Patients with uncontrolled heart rate who are 
candidates for AV junction ablation. CRT should 
be considered in patients with reduced LVEF 
who are candidates for AV junction ablation for 
rate control (IIaB).

Patients with conventional pacemaker indications

1. Upgrade from conventional pacemaker or im-
plantable cardioverter defibrillator (ICD). CRT 
is indicated in HF patients with LVEF <35% and 
a high percentage of ventricular pacing who re-
main in NYHA class III and ambulatory IV de-
spite adequate medical treatment.63 (IB).

2. De novo cardiac resynchronization therapy. 

CRT should be considered in HF patients with 
reduced EF and an expected high percentage of 
ventricular pacing in order to decrease the risk of 
worsening HF (IIaB).
Additionally, in a systematic review of 5 random-

ized clinical trials involving >4000 patients with asym-
ptomatic or mildly symptomatic HF (NYHA func-
tional class I/II), reduced EF, and wide QRS com-
plex (RAFT, MADIT-CRT, REVERSE, MIRACLE 
ICD II, CONTAK CD), CRT was associated with a 
19% reduction in mortality and a 32% reduction in 
HF events or hospitalization in comparison with ICD 
therapy alone. Further, CRT was associated with a 
significant improvement in LV dimensions, volume, 
and LVEF.64

How much resynchronization?

The term ‘‘Cardiac Resynchronization Therapy’’ for 
biventricular pacing assumes that restoration of syn-
chrony between left and right ventricles and/or be-
tween the walls of the LV is the mechanism of ben-
efit. However, it is far from clear whether the ben-
eficial effects of CRT are the result of the inter/in-
traventricular resynchronization or of the shorten-
ing of the long intrinsic AV interval, very commonly 
present in these patients—or indeed a varying com-
bination of the two.65 A prolonged AV interval al-
lows pre-systolic mitral and tricuspid regurgitation 
to take place, which means that the net forward flow 
across those valves is smaller than it might otherwise 
be, and causes fusion of the E and A waves, reduc-
ing left ventricular filling time and thus cardiac out-
put.66-68 A wide QRS prolongs isovolumic contraction 
time (IVCT) and isovolumic relaxation time (IVRT) 
by impairing the rate of rise and fall of pressure in the 
ventricle.69 Long IVCT and IVRT prolong the poten-
tial for mitral regurgitation to occur while blood is 
not being ejected forward. CRT can both shorten AV 
delay and reduce any ventricular dyssynchrony.70,71 

Until recently, the importance of the biventricular-
pacing percentage and the need to maximize it had 
never been emphasized. The first study stressing this 
point was published in 2006,72 using an arbitrary cut-
off rate of biventricular pacing of 85% of the pacing 
time needed to define CRT as effective in patients 
with atrial fibrillation. In the following years, Ko-
plan et al,73 in a large retrospective analysis of more 
than 1800 patients, found that the greatest magni-
tude of reduction in heart failure hospitalization and 
all-cause mortality was observed with a biventricu-
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lar pacing cutoff of 92%. This striking evidence was 
confirmed and even amplified by the work of Hayes 
et al.74 The novel finding was that the greatest mag-
nitude of reduction in mortality was observed with 
a biventricular pacing cutoff more than 98%. Biven-
tricular capture was the single most important vari-
able predicting improvement after CRT, reducing 
heart failure hospitalizations and, most importantly, 
increasing survival. Atrial fibrillation patients with 
a biventricular pacing percentage more than 98.5% 
presented a survival rate equivalent to that of their 
counterparts in normal sinus rhythm. Theoretically 
(and even more practically), CRT requires the biven-
tricular pacing percentage to be as close to 100% as 
possible. Effective delivery of continuous CRT may 
be hindered by the presence of native ventricular con-
duction, due to long AV delay programming, atrial 
tachycardia or atrial fibrillation.

Lead placement and pacing considerations

CRT is administered using a pacemaker, called a 
CRT-P, or an ICD with bradycardia pacing capabili-
ties, called a CRT-D. The Dual Chamber and VVI 
Implantable (DAVID) trial75 and a subanalysis of the 
Multicenter Automatic Defibrillator Trial II (MA-
DIT II)76 have provided strong evidence for the neg-
ative effects of RV pacing in patients with reduced 
baseline LVEF. RV pacing greater than 40-50% is 
associated with adverse clinical outcomes.77 The pur-
pose of RV non-apical pacing is to take advantage 
of the specialized conduction system and thereby re-
duce ventricular dyssynchrony. Three main anatomi-
cal sites have been evaluated: the RV outflow tract 
(RVOT), the intraventricular septum (IVS), and the 
His bundle. Overall, evidence from several studies 
suggests that dyssynchrony is reduced and that LVEF 
is improved with RVOT,78 IVS,79 and His bundle80 
pacing, although negative results have also been re-
ported.81 There are several pacemaker algorithms 
that permit prolonged AV intervals, all potentially 
capable of reducing RV pacing, and they can be di-
vided into two large groups: (1) algorithms that pe-
riodically prolong the AV interval to search for, and 
if present, allow intrinsic AV conduction (AV hys-
teresis); and (2) algorithms that operate in a prima-
ry atrial pacing mode, with mode switch to secondary 
mode ventricular pacing (DDD) in case of significant 
loss of AV conduction.82,83 Non-response to CRT re-
mains a significant problem in up to 30% of patients. 
One issue that has been shown to contribute to a lack 

of response to CRT is inadequate LV lead location. 
Current strategies involve the placement of leads “an-
atomically”, rather than using more patient-specif-
ic physiological approaches, and the site of LV lead 
placement remains controversial, with the final posi-
tion of the LV pacing lead dictated by the cardiac ve-
nous system anatomy, the performance and stability 
of the pacing lead, and the absence of phrenic nerve 
stimulation. General wisdom continues to be that in 
patients with non-ischemic heart failure, a lateral LV 
lead position is reasonable, while in those with isch-
emic etiology, knowledge of LV viability and contrac-
tion patterns helps optimize LV lead position. In an 
effort to improve CRT response, alternative meth-
ods of CRT delivery, including LV endocardial and 
epicardial multisite pacing (MSP), have been devel-
oped.84,85 There has long been interest in LV endo-
cardial pacing as a method theoretically advanta-
geous to coronary sinus epicardial lead positioning 
for CRT.86 Initial concerns were raised in relation to 
the potential for thromboembolic events in patients 
with hardware placed in the systemic circulation. The 
majority of the experience with LV endocardial lead 
positioning has involved the transseptal approach.87 
Apical lead positioning has also been accomplished.88 
The concept of MSP using multiple leads is based on 
the hypothesis that pacing at multiple points within 
the ventricles will improve cardiac resynchronization. 
Two different pacing modalities have been proposed 
using multiple leads: the first using two RV leads and 
one LV lead; the second using one RV lead and two 
LV leads inserted in the two separate tributaries of 
the coronary sinus. A non-contact mapping study of 
the underlying myocardial substrate in patients re-
ceiving CRT89 showed that the majority of patients 
with a non-ischemic heart failure etiology or function-
al block responded to conventional single-site CRT, 
whereas those with myocardial scar or the absence 
of functional block often required MSP to achieve 
a CRT response. Studies90,91 have shown that bifo-
cal RV and LV pacing were superior to biventricular 
pacing in acutely improving mechanical dyssynchro-
ny. The advantage of this concept is that implanta-
tion of two RV leads may be technically easier than 
two LV leads; however, this pacing configuration has 
yet to be evaluated chronically in a prospective ran-
domized trial. The feasibility of chronic implantation 
of two leads into the coronary sinus has been demon-
strated, with a success rate of 85-95% and encourag-
ing mid-term follow-up results.92,93 MSP with mul-
tiple pacing leads (dual-vein LV pacing) could be a 
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potential solution for patients who do not respond to 
conventional CRT. Although attractive from a patho-
physiological view, dual-vein MSP to achieve CRT is 
hindered by several clinical and technical issues.94-96 
The alternative approach to delivering MSP, rather 
than via multiple leads, is using a multipolar lead ca-
pable of stimulating multiple LV stimulation sites. 
Quadripolar leads to pace the LV can now deliver re-
synchronization therapy, with the first report of hu-
man use in 2010.97 Implant success rates have been 
above 95% and mid-term data confirm that quad-
ripolar leads offer good stability with satisfactory dis-
lodgement rates (≤3%) and stable performance in 
terms of pacing threshold.98-100

Predictors of responsiveness

Imaging modalities

Correction of LV dyssynchrony is thought to be the 
main therapeutic effect of CRT. Several imaging 
techniques have been used to quantify mechanical 
dyssynchrony and predict the CRT response: these 
imaging techniques include M-mode echocardiogra-
phy, tissue Doppler imaging, strain imaging, 3-dimen-
sional echocardiography, magnetic resonance imag-
ing (MRI), and nuclear cardiology. In addition to the 
technical difficulty and increased cost associated with 
the use of these imaging techniques, the accuracy of 
such modalities in predicting CRT is questionable. 
The PROSPECT study demonstrated that the 12 dif-
ferent echocardiographic dyssynchrony markers that 
were tested were unable to distinguish responders 
from non-responders to a degree that might influence 
clinical decision making.101-103 Nuclear imaging with 
single photon emission computed tomography and 
MRI are other modalities that have been used in the 
assessment of LV mechanical dyssynchrony.104 An 
additional advantage of both techniques is their abil-
ity to assess the presence and location of LV trans-
mural scar, which may influence LV lead positioning. 
Large-scale clinical trials are needed to evaluate the 
role of such modalities in predicting the long-term re-
sponse to CRT.105-107

The role of the ECG

A prolonged QRS duration (≥120 ms) measured on 
the standard 12-lead ECG is the most commonly used 
parameter in clinical practice to identify eligible can-
didates for CRT.108 The RethinQ study showed no 

benefit in 172 patients with QRS duration <130 ms 
and mechanical dyssynchrony randomized to CRT-D 
against the control group. Furthermore, at six months 
there was no difference in peak VO2, 6-minute walk 
test, LV reverse remodeling, or quality of life score 
between the treatment and control groups.109-111 The 
presence of typical LBBB morphology is a strong 
predictor of response compared with RBBB mor-
phology and nonspecific intraventricular conduction 
delay (IVCD).112 Unlike LBBB, ventricular activa-
tion is not largely affected in RBBB. Therefore, from 
the theoretical perspective, CRT is not expected to 
be effective in this subgroup of patients.113 A meta-
analysis of 5356 patients included in the major CRT 
trials (COMPANION, CARE-HF, MADIT-CRT, 
and RAFT) showed no benefit from CRT in patients 
with RBBB (RR: 0.91; 95% CI: 0.69-1.20; p=0.49) 
or nonspecific IVCD (RR: 1.19; 95% CI: 0.87–1.63; 
p=0.28).114

Conclusion

CRT confers a mortality benefit, reduces HF hospi-
talizations, and improves functional outcome in the 
HF population, but not all patients consistently dem-
onstrate a positive CRT response. Non-response to 
CRT remains a significant problem in up to 30% of 
patients, despite the multiple mechanisms that have 
been proposed to explain the regional changes in 
a dyssynchronous ventricle. MSP has been used to 
improve the CRT response. The ECG remains the 
strongest predictor of clinical response compared 
with other imaging modalities. Large-scale clinical tri-
als are needed to evaluate the best modality for pre-
dicting the long-term response to CRT.
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