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Abstract: Cardiac resynchronization therapy (CRT) has shown a substantial reduction in heart 

failure patient morbidity and mortality, with improvement in quality of life as well as symptoms. 

The therapy is, however, limited to approximately 10%–15% of heart failure patients and, typi-

cally, 30% do not derive benefit from the device. For optimal outcomes with CRT, the correct 

selection of patients is of paramount importance. The first parameter is depressed left ventricular 

systolic function, and the second is a wide QRS complex. Different nuances among clinical tri-

als have rendered guidelines pragmatic and compromising, but also conflicting and confusing. 

A large proportion of real-life CRTs are implanted in patients where the evidence for benefit 

is scarce or not present. Further, for optimal benefit, patients require evidence-directed medi-

cal therapy at maximal doses, effective placement of ventricular leads, and high biventricular 

pacing percentages, along with optimized atrioventricular (AV) and interventricular interval 

device programming. These items, as well as specific clinical characteristics, such as AV block 

and atrial fibrillation, in the context of CRT indications, are discussed. This review focuses on 

these issues to guide the clinician through guidelines, with an evidence-based update on the 

current status of CRT.

Keywords: Cardiac resynchronization therapy, prognosis, review, biventricular pacing, guide-

line, indications

Introduction – clinical trials and development
Approximately 2% of the adult population in developed countries has clinical heart 

failure (HF), increasing prevalence with age, to more than 10% in patients .70 years 

old.1,2 At least half of these patients have systolic HF with reduced left ventricular 

ejection fraction (LVEF) (ie, heart failure with reduced ejection fraction [HfrEF]). 

The mainstay of pharmacological treatment for HFrEF during the last 2–3 decades 

has been a combined treatment, with inhibitors of the renin–angiotensin system and 

blockers of the beta-adrenergic and aldosterone receptors, which has reduced morbid-

ity and mortality significantly.1 Although medical management has been successful in 

approximately 10%–15% of all HF patients, further patients have electrical conduction 

abnormalities and continuously depressed systolic function.3,4 Cardiac resynchroni-

zation therapy (CRT) has developed as a device-based treatment option available for 

patients with drug-refractory, mild, moderate, or severe heart failure. This device treat-

ment modality has been shown to improve morbidity and mortality significantly, and 

has been confirmed in recent meta-analyses, but the therapy has so far been limited 

only to patients with depressed LVEF and specific electrical activation disturbances.5–14 

The recent European CRT survey15 showed, however, that the CRT indications used in 
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daily clinical practice went beyond what was recommended 

based on the landmark clinical trials, including implantation 

of the device in patients without conduction disturbances and 

in patients with permanent atrial fibrillation.

Landmark studies were initiated in the late 1990s and first 

evaluated the use of a CRT pacemaker (CRT-P) in moderate 

to severe HF patients (New York Heart Association [NYHA] 

classes III and Ambulatory IV). The MUSTIC,16 MIRACLE,8 

and PATH-CHF17 trials demonstrated, in 2001 and 2002, 

short-term effects, with improvements in walking distance, 

quality of life, and NYHA class with the use of CRT-P, 

compared to optimal medical therapy. In 2003 and 2004, 

the CONTAK-CD18 and MIRACLE ICD I19 and II20 tri-

als compared change to CRT with a defibrillator (CRT-D) 

to implantable cardioverter defibrillator (ICD) and found 

improved oxygen uptake, improved quality of life, walk-

ing distance, and NYHA class; and also during short-term 

follow-up for patients in NYHA classes ranging from II–IV. 

The COMPANION5 and CARE-HF6 trials from 2004 and 

2005 provided the substance of long-term evidence determin-

ing the efficacy of CRT-P for NYHA III and Ambulatory IV, 

with significant reductions in mortality and all-cause or 

cardiovascular hospitalizations. Further, COMPANION had a 

third arm, randomized to use CRT-D, that was also associated 

with improved outcome, but there was insufficient statistical 

significance to show any additional benefit, as compared 

to CRT-P, and the trial was not designed for this. In 2008, 

the REVERSE21 trial indicated improvement in HF clinical 

composite score for mildly symptomatic NYHA class I and II 

patients in CRT-D versus ICD, and in 2009, the  MADIT-CRT7 

trial showed significant reductions in a combined end point of 

HF hospitalizations and all-cause mortality in patients with 

NYHA I or II symptoms. These were followed in 2010 by the 

RAFT9 trial that compared CRT-D to ICD in NYHA class II-

III, and confirmed benefit by reductions in HF hospitalization 

or all-cause death in CRT-D. Long-term follow-up (7 years) 

of MADIT-CRT22 was recently published, showing signifi-

cant reduction in all-cause mortality for CRT-D, compared 

to ICD, while long-term results from REVERSE23 found a 

very low yearly mortality rate (2.9%) in patients treated with 

CRT-D. A meta-analysis13 found a relative mortality risk of 

0.73 95% Confidence intervals (CI: 0.62–0.85) for CRT-P 

versus control (medications) and a relative risk of 0.78, 95% 

Confidence intervals (CI: 0.70–0.87) for CRT-D versus ICD. 

The number of patients needed to be treated with a CRT-D 

device for a duration of 7 years, to save one life (who had 

left bundle branch block [LBBB]), was nine, in the long-term 

follow-up from MADIT-CRT.22 A table of the randomized, 

clinical landmark trials is shown in Table 1. The evidence 

from these trials result in minor differences of opinion in 

interpretation of both LVEF and QRS duration in current 

Canadian,24 US,25 and European guidelines,11 but a simple 

and practical synthesis is that CRT is highly recommended 

and beneficial in patients with sinus rhythm, LVEF #35%, 

NYHA class II–ambulatory IV, and LBBB QRS pattern.

Current status
CRT is highly recommended and beneficial in patients with 

sinus rhythm, LVEF #35%, NYHA class II–Ambulatory IV, 

and LBBB QRS pattern.

Electrical dyssynchrony – the 
electrocardiogram
All above-mentioned major CRT trials included patients 

with various degrees of prolonged QRS duration 

(a minimum of 120 ms). The LESSER-EARTH26 trial, 

 published in 2013, sought to examine the usefulness of CRT 

in patients with QRS ,120 ms; it was terminated because 

of futility, and found that CRT did not improve clinical 

outcomes or left ventricular remodeling, and was associated 

with potential harm.

Among patients enrolled in the major trials, QRS mor-

phology and duration have consistently been scrutinized 

to optimize the selection of patients. In MADIT-CRT, by 

original, prespecified subgroup analysis, the benefit of CRT 

was driven by a 41% reduction in HF or death, in patients 

with QRS $150 ms. A significant interaction between QRS 

morphology and CRT intervention was, however, reported 

in a subanalysis,27 revealing that only the LBBB patients  

benefited from CRT (53% reduction in HF or death), while 

both right bundle branch block (RBBB) and intraventricular 

conduction delay (IVCD) did not achieve any benefit. These 

findings are largely caused by the significant overlap between 

QRS .150 ms and LBBB QRS morphology, in 77% of the 

patients of the MADIT-CRT study population. Two recent 

meta-analyses28,29 (based on MADIT-CRT, COMPANION, 

CARE-HF, REVERSE, and RAFT) examined the benefit by 

QRS morphology and by QRS duration. It was confirmed 

that benefit of CRT was only seen in LBBB patients, but 

when ignoring QRS morphology as a factor, a benefit was 

still seen in QRS $150 ms. A retrospective analysis from 

2010 (n=14,946)30 reported that nearly one-third of patients 

implanted with CRT had non-LBBB, which was associated 

with increased mortality when compared to LBBB. These find-

ings were supported by a later observational analysis in 201331 

(n=24,169; mean age: 75 years) that reported 3-year mortality 
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by duration and QRS  morphology: LBBB QRS $150 ms 

of 20.9% (used as reference), LBBB QRS 120–149 ms of 

26.5% (hazard ratio [HR]: 1.30 [1.18–1.42]), non-LBBB QRS 

$150 ms of 30.7% (HR: 1.34  [1.20–1.49]), non-LBBB QRS 

120–149 ms of 32.3% (HR: 1.52  [1.38–1.67]). These two ret-

rospective analyses did not have control groups and therefore, 

as such, could not be used to show the efficacy of CRT-D ver-

sus ICD, but outlined the relative risks and mortality by both 

QRS morphology and duration, in large, real-life cohorts of 

patients. Recently, however, an individual-level patient meta-

analysis14 (from CARE-HF, MIRACLE, MIRACLE ICD, 

REVERSE, and RAFT) reported benefit of CRT at 140 ms 

and above. In this study, a multivariable model suggested that 

only QRS duration predicted the effect of CRT on outcomes 

and therefore, in this study, QRS morphology alone was not 

a determinant factor. The battle between QRS duration versus 

QRS morphology as the determinant factor thus continues. 

In LBBB, the electrical activation sequence initiates in the 

right ventricular (RV) wall and slowly progresses through the 

septal wall to the left ventricular (LV) apex and lateral wall. 

In essence, LBBB QRS morphology reflects a pathophysi-

ological electrical substrate that is highly amenable to CRT, 

while it also makes sense that there seems to be no beneficial 

effect of LV pacing in RBBB patients.

The above-reported evidence results in various interpre-

tations of the recommendation of QRS duration in current 

Canadian,24 US,25 and European guidelines.11 A practical 

approach is that CRT is recommended and beneficial in 

patients with LBBB QRS pattern, independent of QRS dura-

tion when above 120 ms, and it is unlikely future trials will 

change this. For an LBBB pattern with QRS .150 ms, the 

patients experience even more pronounced CRT benefit and 

therefore, this configuration received benficial (IA) indica-

tion. A non-LBBB pattern with QRS $150 ms received 

“should be considered” (IIa B) in NYHA II, III, and IV, in 

Europe; “should be considered” (IIa A) in NYHA III and 

IV, and “may be considered” (IIb B) for NYHA II, in the 

US; and finally, a “may be considered” (IIb–low quality) in 

Canadian guidelines. A non-LBBB 120–149 ms received 

“may be considered” (IIb) in US and European guidelines 

but, importantly, there is no actual evidence to suggest any 

benefit in non-LBBB patients with QRS ,150 ms. Finally, 

there is currently consensus that CRT should not be implanted 

in patients with QRS ,120 ms.

Current status
CRT is recommended and beneficial in patients with LBBB, 

regardless of QRS duration when above 120 ms, with a 

pronounced effect in QRS .150 ms. Non-LBBB patients 

with QRS $150 ms may benefit and non-LBBB with 

QRS ,150 ms likely may not benefit. CRT in patients 

with QRS ,120 ms is not recommended.

Mechanical dyssynchrony –  
the echocardiogram
In the last 10 years, echocardiographic methods to bet-

ter characterize the underlying electrical and regional 

mechanical function have evolved.32 Intraventricular sys-

tolic (mechanical) dyssynchrony refers to differences in 

the timing of contraction between the different myocardial 

 segments. Traditionally, dyssynchrony has been defined as an 

increased time delay between the peak of shortening of tissue 

velocity between LV free wall and septal wall (annotated 

 time-to-peak), and several definitions and measurements exist 

by M-mode, tissue Doppler imaging, and speckle-tracking 

radial and longitudinal strain. The rationale in CRT was that 

dyssynchrony measurements could provide additional infor-

mation to the clinician for correct selection of patients for 

CRT, beyond QRS width. There is, however, no consensus 

on how ventricular dyssynchrony should be measured, nor 

has any definition yet been proven robust,33,34 and the search 

for simple and reproducible echocardiographic dyssynchrony 

measures to predict beneficial outcome of CRT is ongoing.35 

Practically, the echocardiographic CRT studies can be 

divided into QRS $120 ms and QRS ,120 ms.

The PROSPECT33 study of 426 patients with wide QRS 

failed to show any use of echocardiographic dyssynchrony 

measurements in the evaluation of CRT response, but this 

study was criticized for a number of technical shortcomings. 

Technical differences between echocardiography centers, 

vendors, and a variability in interpretation of measurements 

introduced confounding variables that likely affected the 

negative PROSPECT study results.36 Thus, it is currently 

unknown if a specific reproducible measurement of mechani-

cal dyssynchrony can provide additional selection of patients 

with QRS .120 ms specifically among non-LBBB. With 

implantation of many CRT devices, particularly in non-LBBB 

patients, a correct dyssynchrony-targeted approach may have 

the potential to improve the selection of CRT patients in the 

wide QRS HF population.35 Tissue-Doppler cross-correlation 

analysis may help answer this issue, but prospective studies 

are needed.35

In patients with narrow QRS, some single-center studies 

suggested that echocardiographic dyssynchrony criteria could 

identify patients who would respond to CRT.37,38 The random-

ized RethinQ39 trial from 2007 included 172 patients with 
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QRS ,120 ms and significant intraventricular  mechanical 

delay. However, it found no beneficial effects of CRT, 

compared to ICD, as measured by 6-month HF events and 

peak oxygen consumption. These results were subsequently 

confirmed in the larger and definitive outcome trial of 

 Echo-CRT40 that was stopped in 2013, for futility. The study 

included 809 patients and, during an average follow-up of 

19 months, found that CRT did not reduce death or HF 

hospitalization and could even be associated with increased 

mortality, with 11% deaths in the CRT group versus 6% in the 

ICD group (P=0.02). These results, along with the negative 

results from the LESSER-EARTH, in a sense, concluded that 

ECG dyssynchrony, wide QRS complex, and in particular, 

LBBB are excellent electric markers for identification of 

HF patients who are likely to benefit from CRT, while so 

far, patients with narrow QRS, mechanical dyssynchrony, 

or not, do not benefit from CRT. Finally echocardiographic 

imaging, of course, remains a valuable clinical assessment 

of the non-responder post-CRT implantation, for individual 

optimization of atrioventricular (AV) and interventricular 

(VV) dyssynchrony, as described below.

Current status
The role of echocardiographic-measured dyssynchrony to 

select CRT candidates has not been fully determined. There 

may be a role for speckle tracking to improve selection of 

candidates, specifically with wide complex QRS non-LBBB, 

while it currently cannot be used to guide CRT for dyssyn-

chronous, narrow QRS complex patients.

Myocardial substrate – specific 
clinical characteristics and patient 
comorbidities
Despite a significant number of patients having both per-

manent atrial fibrillation (AF) and HF, these patients have 

not been included in the main trials. More than 20% of 

CRT recipients in Europe have permanent AF,15 and these 

patients do not achieve optimal benefit. Studies comparing 

sinus rhythm patients to permanent AF patients have consis-

tently showed a reduced efficacy and increased rate of non-

responders among AF patients. This was shown in a recent 

meta-analysis41 compiling 23 of the observational studies 

(n=7,495), of which 25.5% had AF. Patients with AF had 32% 

increased risk of being a non-responder and a 50% increased 

mortality rate. The RAFT9 trial included 13% permanent AF 

patients and this subgroup did not show any benefit from 

CRT-D, as compared to ICD. On the other hand, the MUSTIC 

AF42 (n=59) trial indicated that CRT (compared to RV pac-

ing) could be beneficial in permanent, slow AF patients with 

wide QRS and NYHA III, when evaluating those achieving 

.85% biventricular (BIV) pacing. The APAF43 (n=186) 

and PAVE44 (n=184) studies further showed that AV nodal  

ablation and CRT improved symptoms and reduced hospi-

talizations, compared to RV pacing only, and implantation 

of CRT in AF patients is now a class IIa B recommendation 

in European guidelines.11 The large CERTIFY registry45 

(n=7,384) found no difference in mortality between CRT 

patients with sinus rhythm and AF patients with AV nodal 

ablation, while AF patients treated with drugs only had sig-

nificantly higher mortality, essentially advocating a higher 

level of recommendation for AV nodal ablation in AF patients 

undergoing CRT.

These considerations all concerned permanent AF, but 

it is undetermined what influence persistent or paroxys-

mal AF plays for CRT efficacy. A recent substudy from 

 MADIT-CRT46 showed that prior or in-trial paroxysmal or 

intermittent AF did not affect CRT outcomes, indicating that 

only permanent AF (and/or if BIV pacing percentages are 

substantially reduced) affects the long-term clinical  outcome. 

No randomized trial has, however, shown mortality benefit 

associated with AV nodal ablation for permanent AF patients, 

and the potential benefits of CRT must be balanced against 

the risks of performing AV nodal ablation, including periop-

erative infections and pacemaker dependency.

The PREVENT-HF47 trial (n=108) compared CRT to 

RV pacing in patients with no overt HF and AV block, and 

found no benefit and an insignificant trend towards reduc-

tion in HF events. This was somewhat in contrast to the 

PACE study48 (n=177), in which a preservation of LVEF 

was demonstrated in patients receiving a CRT, whereas RV 

pacing only led to a reduction in LVEF and an increase in 

left ventricular end-systolic volume (LVESV). Just recently, 

the  BLOCK-HF49 (n=691), however, further expanded CRT 

indications, evaluating patients with AV conduction distur-

bances and LVEF ,50%. The study showed a 28% reduction 

in a combined end point of mortality, HF events, and increase 

in LVESV, comparing CRT to RV pacing. The results of the 

BioPace trial,50,51 including more than 1,800 patients with 

similar characteristics as PREVENT-HF and BLOCK-HF, 

is underway and will help shed light on the indications for 

CRT in this population.

Current status
CRT in permanent AF patients should be considered in 

patients with severe HF and QRS .120 ms or with reduced 

LVEF if AV nodal ablation is performed in patients with 
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incomplete BIV pacing, or with incom plete rate control. 

CRT may reduce HF events and symptoms in patients with 

a traditional bradycardia indication for RV pacing and mod-

erately reduced LVEF, but at the cost of a higher complica-

tion rate.

Device details – lead positions
There is a substantial variability in what determines an 

optimal LV lead position. LV lead implantation is limited by 

constraints of the venous anatomy, phrenic nerve pacing, lead 

stability, and pacing threshold. Most implanting physicians 

battle these impediments and struggle, often unsuccessfully, 

to place the lead along the posterolateral and lateral walls. 

In MADIT-CRT52 and REVERSE,53 an LV lead position 

in the apical region was associated with adverse outcome, 

while an anterior position was associated with increased risk 

of ventricular arrhythmias.54 Thus, leads are, a priori, best 

placed in the non-apical region. The TARGET55 trial showed 

that speckle tracking-guided LV lead positioning can further 

improve LV reverse remodeling, as compared to standard LV 

lead placement, in LBBB patients. Similar and confirma-

tory results were found in the STARTER56 trial, including 

110 patients with echo-guided lead placement and 77 controls 

with standard lateral or posterior LV lead sites. This approach 

improved patient outcomes by reducing the combined risk 

of death or HF hospitalizations (HR: 0.48; P=0.006). The 

study included patients with QRS $120 ms, but information 

concerning QRS morphology was not provided. Results of 

a smaller trial, IMAGING-CRT,57 that uses a multimodality 

imaging approach, is underway but, again, only in LBBB 

patients where CRT responder rate is already known to be 

very good and even as high as 91% in MADIT-CRT.58

The individual parameters proposed to predict response 

to CRT, including LV dyssynchrony by strain imaging,32 

cross correlation analysis,35 the optimal LV lead position,59 

and myocardial scar burden60 may, in combination, add prog-

nostic value,61,62 but, so far, no definitive comparative studies 

have been able to select any one of these to be included in 

preselection of CRT candidates. The super-response of many 

LBBB patients is most likely due to the presence of a large 

anatomic sweet spot of potential response, particularly in 

non-ischemic patients. Probably, the exact LV lead place-

ment would matter more in non-LBBB and non-responder 

subgroup populations, such as ischemic patients (even with 

LBBB), if therapy were guided by imaging; but, importantly, 

the anatomy of the venous system remains the single most 

important limitation to obtaining this. Thus, it remains still 

to determine which non-LBBB patients are likely to respond, 

and prospective lead placement-guided CRT trials are needed 

in this population.

Current status
LV lead position should be placed in the non-apical region. 

The role of echo-guided placement is still undetermined and 

appears unnecessary for non-ischemic patients with wide 

QRS, but it could play an important future role among isch-

emic patients, with or without LBBB, for optimal response.

Device interrogation  
and programming
Optimal response to CRT depends on the ability of the device 

to deliver as close to 100% biventricular (BIV) pacing as 

possible. Effective delivery of CRT may be hindered by the 

presence of native ventricular conduction, by inappropriate 

long AV delay programming, by atrial or ventricular tachy-

cardia, atrial fibrillation, or frequent premature atrial and 

ventricular complexes.

The optimal BIV pacing percentage has been evaluated 

in two retrospective studies of 1,812 patients, by Koplan 

et al,63 and 36,935 patients, from the ALTITUDE study by 

Hayes et al.64 Koplan et al found 92%, while Hayes et al 

found 98.5% to be cut-offs, with the greatest magnitude of 

separation for total mortality. In particular, Hayes et al found 

that patients with AF had similar survival as sinus rhythm 

patients, as long as they achieved BIV pacing percent of 

98.5% or more. Finally, the MADIT CRT study65 found 

a cut-off of 97% to separate risks of HF events and death 

for CRT patients, while .90% defined the cut-off of CRT 

efficacy, when compared to ICD-only.65

A typical mechanism that leads to a reduction in BIV 

pacing is loss of LV pacing due to dislodgment or lack of 

capture of the LV lead. A second mechanism is an intrinsic 

conduction, faster than the programmed AV delay. A third 

important mechanism is atrial arrhythmias with native 

conducted beats and ventricular arrhythmias interfering 

with CRT delivery. Recently, it was shown that Holter-

measured preimplantation atrial and ventricular premature 

beats significantly reduces the chance of high BIV pacing 

percentage (above 97%), and patients with 0.1%–1.5% 

and .1.5% ectopic beats were associated with adverse 

outcome, as compared to those with ,0.1% ectopic beats.66 

Several approaches have been proposed to optimize the AV 

and VV delays, but no clear difference between automatic 

electrocardiographic algorithms and echocardiographic 

CRT optimization has been found in larger randomized 

trials, such as the SMART-AV trial (n=1014)67 and the 
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Adaptive CRT trial (n=522).68 The  Adaptive CRT trial68 

evaluated an automatic algorithm, adjusting the CRT pacing 

delivery by providing an automatic ambulatory dynamic 

optimization of AV and VV delays. Currently echocardio-

graphic AV and VV optimization of all patients, versus a 

fixed AV delay of 100–120 ms, results in limited benefit, 

while for the non-responder, echocardiographic AV and 

VV optimization remains an important follow-up measure-

ment and control parameter. Acute hemodynamic changes 

can be echocardiographically monitored, on a beat-to-beat 

basis, by the initiation or cessation of LV pacing. Several 

individual echocardiography Doppler parameters have been 

used for optimization of CRT.69,70 One method for AV delay 

optimization, recommended in guidelines, is by Doppler 

echocardiography of transmitral flow, using the iterative 

method (Figure 1).71 The AV delay found to provide maxi-

mum separation of the E and A waves can be programmed, 

but this method has, however, been criticized for high 

inter- and intraobserver variability.72 VV  optimization 

can be performed by a number of estimations of stroke 

volume.71,73–75 Non-randomized studies have shown benefit 

of VV optimization, and improved exercise capacity,74,76 

while randomized studies77,78 have failed to show an effect, 

when compared to a nominal setting. In clinical practice, 

however, many patients do not undergo the recommended 

echocardiographic optimization process, because of the 

lack of availability of skilled staff time. This may explain 

why optimization is low and only 45% of patients received 

AV delay optimization in a recent survey.79 Optimization 

is likely to remain low until a more technically convenient 

method is available, and since measurement of the CRT 

effect is of similar size as the variability of the measured 

MV closes

E

The AV delay is too short. The atria do not fully contribute to ventricular filling because of early
closing of MV. The A wave is truncated when measuring the mitral inflow by pulsed wave doppler.

EA A

MV closes

MV closes

E EA

The  AV delay is adequate. No truncation of A wave and E and A wave are separated.

The  AV delay is  too long. MV remains open during ventricular contraction and pre-
systolic mitral regurgitation is present

A

MV closes

MV closes

E EA A

MV closes

Figure 1 echocardiographic optimization of atrioventricular delay using the iterative method.
Abbreviations: Av, atrioventricular; Mv, mitral valve.
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echocardiographic parameter, a true effect is difficult to 

evaluate. Among studies underway to further define this 

area is the BRAVO study,80 which is a noninferiority 

trial, comparing echocardiographic optimization of AV 

and VV delay with simple, noninvasive blood pressure 

monitoring.

Current status
Correct AV delay programming is essential for optimal CRT 

response. BIV pacing percentage as close to 100% as possible 

should be a goal, and frequent interrogation and interpreta-

tion of a declining BIV pace percentage should result in 

optimization measures, such as AV nodal and ventricular 

premature complexes, antiarrhythmic drug prescriptions, 

and device parameter (AV and VV delays) reprogramming. 

Holter monitoring and echocardiograms are essential in the 

evaluation.

Pharmacological considerations
Since the early CRT trials, there has been continuously 

increasing use of evidence-based medications concomitantly 

with CRT implantations, with frequencies of angiotensin 

receptor blockers/angiotensin converting enzyme inhibitors of 

89%–90% in COMPANION (2004), to 96%–97% in RAFT 

(2010); beta blockers of 6% in COMPANION, to 70%–74% 

in CARE-HF (2005), to 93% in MADIT-CRT (2009); and 

mineralocorticoid receptor antagonists from 3%–5% in 

COMPANION, to 54%–59% in CARE-HF, and, naturally, 

somewhat lower in the lower NYHA studies: 31%–32% in 

MADIT-CRT and 42% in RAFT. Patients were typically on 

“optimal” guideline medications at time of implantation, but 

several subanalyses have shown that this was not the case 

with dosages. In fact, CRT has been associated with improved 

outcome in those on increased dosages, and less likelihood 

of being treated with diuretics, particularly in responders.81–86 

Whether or not this is because of increased neurohormonal 

blockade before CRT treatment or a result of the response to 

CRT allowing an increase in the tolerable dosages of these 

medications is not clear, and additional data are needed. Recent 

subanalysis from MADIT-CRT86,87 showed that patients on 

carvedilol had improved outcome, compared to patients on 

metoprolol (HR: 0.70; P=0.001), more pronounced in CRT-D 

(HR: 0.61; P=0.001), and in CRT-D with LBBB (HR: 0.51; 

P,0.001). Throughout the trial, an increase in dosages was 

seen, and there was a dose-dependent relationship with out-

comes found for carvedilol, but not metoprolol.

In short, all patients should be on optimized, fully-titrated, 

evidence-based HF medications at time of CRT implantation, 

and if not the case, it is important that those who respond are 

evaluated for further titration.

Current status
Patients should be on optimal HF medication therapy with 

evidence-based, derived maximum doses. If not, it is likely 

CRT can further enhance the chance of a further titration to 

maximal doses, particularly among super-responders.

Optimal responders versus  
classical non-responders
Several analyses have consistently shown that patients with 

LBBB QRS morphology (and QRS .150 ms, as discussed 

above), with non-ischemic cardiomyopathy, less scar bur-

den, females, and reduced disease burden (smaller atrial 

and ventricular volumes and higher baseline LVEF) derive 

a relatively greater benefit of CRT implantation. Figure 2 

shows the typical features identifying classical responders 

and non-responders. The chance of response (as measured 

by .15% decrease in LVESV) is typically reported to be 

around 70%, based on the historical CRT populations with 

less strict QRS morphology and QRS width inclusion  criteria. 

Simple selection of patients may increase this number sub-

stantially; alone in the MADIT-CRT,58 a 91% responder rate 

is achieved for all LBBB patients. Suboptimal response to 

CRT is multifactorial, thus relying on patient selection and 

CRT delivery techniques (AV delay, lead positions etc). 

Mullens et al88,89 showed that a protocol-driven assessment 

of CRT non-responders improves reverse remodeling by 

50%, and a 38% reduction in clinical outcomes has been 

shown in a retrospective analysis from a multidisciplinary 

Higher likelihood of beneficial effect of CRT

LBBB
QRS ≥150 ms

QRS <120 ms

Higher likelihood of negative effect of CRT

Apical LV position

Female

Male

Non-ischemic

Ischemic

Mechanical dyssynchrony
Smaller LAV

Larger LAV

Smaller LVEDVi

Larger LVEDVi

Reduced scar burden

Extensive scar burden

LV lead not in scar

LV lead in scar
High LV pacing threshold

Non-LBBB QRS 120–150 ms

Figure 2 Chance of successful CRT outcome by patient characteristics: factors that 
increase or decrease the likelihood of beneficial effect or cardiac resynchronization 
therapy.
Abbreviations: CRT, cardiac resynchronization therapy; LBBB, left bundle branch 
block; LAv, left atrial volume; LveDvi, left ventricular end-systolic volume index; 
Lv, left ventricular.
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care setting, compared to “conventional” care.90 Figure 3 

shows a practical approach for evaluation, assessment, and 

optimization of the non-responder.

CRT-P versus CRT-D
There is a wide variation in the use of CRT devices in indi-

vidual countries. In the United States, CRT-D was used in 

over 80% of patients implanted with CRT devices in 2004,91 

while in Europe, the use of CRT-D ranged from 9% to 92% 

(median 45%).92 The decision to include ICD backup for 

patients suitable for CRT has significant implications in 

terms of complications, inappropriate ICD therapies, health 

care costs, and cost-effectiveness ratio.11,93

Should ICD backup be added routinely to all patients 

considered suitable for CRT implantation? The case for 

CRT-D is good for secondary prevention of sudden cardiac 

death (SCD) by potentially-treatable ventricular arrhythmias, 

and SCD still accounts for about one-third of all deaths in 

patients treated with CRT-P.5,6 Many patients who are suit-

able for CRT also fulfill present indications for ICD.25 It may 

therefore be considered safer to implant a combined device 

to further reduce SCD. The survival benefit favoring CRT-D 

is, however, discussable, particularly since the evidence from 

COMPANION,5 as well as a meta-analysis,94 were unable to 

show this. The COMPANION5 study indicated that a  possible 

incremental benefit of ICD may be short-lived, since survival 

curves between CRT-D and CRT-P were parallel after 9 months 

of therapy. Furthermore, CRT-P induces reverse remodeling 

and improves left ventricular function, which potentially 

reduces the risk of subsequent SCD by a reduction in risk of 

ventricular arrhythmias.95 This is consistent with data from 

CARE-HF,6 suggesting that CRT-P alone reduces SCD, as well 

as total mortality. Recent data from MADIT-CRT96 further 

showed that, among those who experience a normalization of 

LVEF (.50%), the absolute and relative risks of ventricular 

arrhythmias are very low, while for those who recover LVEF 

to 36%–50%, ventricular arrhythmias remain a substantial 

issue. In MADIT-II,97 risk factors such as age .70, NYHA 

.II, reduced kidney function, QRS .120 ms, and AF were 

reported (in ischemic patients), where the benefit of ICD 

(compared to medical therapy) was attenuated if more than 

three factors were present. Further, a reduced benefit was 

Referral of CRT non-responder

Designated heart failure clinic

Initial examination

Device interrogation

Medication optimization

Lead positioning

•   Chest X-ray (lead positions)
•   Laboratory values and BNP

•   Sensing, and capture for all
     leads

•   BIV pace percentage
•   AV and VV delay settings
•   Physiologic sensors

•   Maximal tolerable doses of
    neurohormonal blockage

•   Fluoroscopy
•   Computed tomography

Heart failure education

Echocardiography

12-lead ECG ± 24 h Holter

•   Fluid/salt restrictions
•   Exercise programs

•   LVEF

•   ECG (baseline QRS duration and morphology)
•   ECG paced morphology (on/off)
•   Arrhythmias and ectopic beats quantification

•   Pseudofusion and fusion beat evaluation

•   Transmitral filling profile

•  AV and VV delay optimization

•   Repositioning LV lead

Re-evaluation and follow-up

Figure 3 Stepwise assessment of a non-responder to cardiac resynchronization therapy.
Notes: Management of the cardiac resynchronization therapy non-responder is a multimodality effort, with involvement of many diagnostic processes and procedures.
Abbreviations: CRT, cardiac resynchronization therapy; BNP, brain-type natriuretic peptide; eCG, electrocardiogram; Biv, biventricular; Av, atrioventricular; vv, 
interventricular; LVEF, left ventricular ejection fraction; LV, left ventricular.
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shown in NYHA III patients (ischemic and nonischemic) in 

the SCD-HeFT trial.98 Overall factors favoring CRT-P, besides 

lower cost and lower complication rate, are, therefore, more 

advanced HF patients, very elderly, severe renal insufficiency 

or other major comorbidities, and life expectancy less than 1 

year. The group of patients with no prior ventricular arrhyth-

mias, and those who are very likely to have major reverse 

remodeling or LVEF normalization (non-ischemic, baseline 

LVEF .30%–35%, females, LBBB QRS morphology)99 

(Figure 2) may not need the defibrillator, but this needs to 

be established in larger trials, and data is needed. The DAN-

ISH study (clinicaltrials.org: NCT00542945)100 may provide 

insights into the use of ICDs in nonischemic cardiomyopathy, 

with or without the biventricular pacemaker.

Current status
The potential incremental survival value of CRT-D, com-

pared to CRT-P, has not yet been demonstrated. If both ICD 

and CRT indications are present, the choice is easy, with a 

resolute reduction in SCD. CRT-P alone may be the preferred 

choice in selected patients, where the risk of sudden cardiac 

death (as compared to non-sudden death) is low, or where 

the chance of future appropriate ICD utilization is very low, 

or the life expectancy is short.

CRT complications
Implantation of CRT is successful in most patients (.90%) 

but is associated with a considerable rate of complications, 

according to large recent meta-analyses.101,102 The typical 

30-day complication rates are shown in Table 2. Most com-

plications occur in hospital or during the first 6 months,103 

and lower volumes of implanting center and individual 

operators are major determinants for higher complication 

rates.104–106 The analysis by Adabag et al101 showed a total 

30-day adverse event rate (including the 6.6% of nonsuccess-

ful implantations) of 18% for CRT implantation, versus 4% 

for ICD-only.

Current status
CRT implantation complication rates are relatively high, due 

to the complexity of the device and implantation  procedure. 

These risks are outweighed by the great benefit of the device 

but require thoughtful balance of risk versus benefit in indi-

vidual patients.

Conclusion
CRT has improved the clinical outcomes of selected HF 

patients significantly. However, considerable numbers of 

devices are being implanted in patients who do not meet 

conventional criteria, and even if strict criteria are used, 

a proportion of patients still do not respond to CRT. This 

review highlights the importance of patient selection and 

post-implantation CRT optimization, and discusses the 

contemporary clinical options available. The interplay of 

influencing factors is complex, and more research is needed 

for optimal usage of limited health care resources. Specific 

areas of research needed are within echocardiographic meth-

ods, or multi-modality imaging-guided LV lead placement, 

for non-LBBB patients, and for ischemic cardiomyopathy 

patients with large scar burden. Other areas to be defined 

in the near future are: indications for CRT in patients with 

permanent AF with AV nodal ablation, the use of CRT in non-

LBBB ,150 ms and $150 ms, the use of CRT in patients 

with more preserved LVEF, and specifying the optimal use 

of CRT-P versus CRT-D.
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