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Abstract

Achieving Cardiac resynchronization therapy (CRT) with Biventricular pacing(BiVP) pacing for patients with moderate-to-

severe heart failure (HF), left ventricular (LV) systolic dysfunction and ventricular dyssynchrony is well established and is

currently the standard of care. Multiple studies have demonstrated significant improvement in quality of life, functional status,

and exercise capacity in patients with New York Heart Association (NYHA) class III and IV heart failure who underwent

resynchronization therapy1,2. In addition, resynchronization therapy is associated with survival benefit3. However, one third

of patients do not respond to BIVP. New modalities for resynchronization have emerged namely His bundle pacing (HBP) and

left ventricular septal pacing (LVSP). In this paper, we will review the benefits and limitations of BiVP and also the role of

new pacing modalities such as HBP and LVSP in patients with HF with reduced left ventricular ejection fraction (LVEF) and

electrical dysynchrony.

Introduction:

Approximately, one third of patients with heart failure and reduced ejection fraction (EF) have left bundle
branch block (LBBB)4. Clark et al5 have shown that this proportion increased from 34.0% at baseline to
36.7%, 37.7% and 42.3% at 1, 2 and 3 years follow up, respectively. Baseline LBBB was associated with a
worse outcome and development of new LBBB was an independent adverse prognostic feature. CRT with
BiVP plays an important role in the management of HF patient with LBBB. By reestablishing synchrony
between the left and right ventricle, BIV pacing improves clinical parameters (NYHA class, 6-minute walk
test, quality-of-life, and hospitalization rate) and echocardiographic indicators such as LVEF, LV end di-
astolic and diastolic volumes6. Importantly, CRT with BIV pacing trials with7 or without ICD8 decreases
hospitalization and mortality. Furthermore, patients with narrowing of the QRS on ECG with BIV pacing
had a better survival rate and rapidly recovering left ventricular systolic function9. New pacing modalities
for CRT are being assessed in clinical trials. HBP pacing has been shown to circumvent proximal LBBB
and restore electrical resynchronization in patients with HF. LVSP has emerged as an alternative method
for delivering CRT particularly in patients with infranodal atrioventricular block and LBBB. In this review
article, we will discuss the options of CRT in HF and LBBB with BiVP, HBP and LVSP.

In LBBB, the onset of electrical activation occurs in the RV and then slowly propagates through the inter-
ventricular septum towards the lateral wall of the LV10. In patients with HF and LBBB, LV endocardial
breakthrough is heterogenous and may occur at different septal regions11,12. . Auricchio et al have demon-
strated that patients with LBBB morphology have a specific “U-shaped” activation sequence that turns
around the apex and inferior wall of the LV. This activation pattern is generated by a functional line of
block that is oriented from the base toward the apex of the LV11. The altered electrical activation of the
ventricles results in a significant delay between the onset of LV and RV contraction13. This dyssynchrony re-
sults in reduction of LVEF and is associated with decrease in cardiac output and mean arterial pressure14,15.
In addition, LBBB induced dyssynchrony causes redistribution of circumferential shortening and myocardial
blood flow and that leads to LV remodeling16.
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CRT restores coordinated contraction and improves net systolic performance within one beat17, and increases
ejection. Interestingly, this is achieved without a rise in myocardial oxygen consumption18,19. Moreover,
Kyriacou et al. have shown that CRT improves coronary blood flow and flow velocity predominantly by
increasing the dominant diastolic backward decompression (suction) wave20.

Clinical trials in CRT :

To date, more than 4000 patients have been enrolled in randomized controlled trials for CRT. Benefits have
been demonstrated for patients with New York Heart Association (NYHA) class III HF, in particular, and,
to some degree, for those with class IV HF. These trials have demonstrated consistent improvements in
quality of life, functional status, exercise capacity and mortality, with the weight of evidence supporting
current practice and guideline recommendations21.

BIV pacing in moderate-to-severe HF

For patients with moderate-to-severe HF (NYHA class III– IV), CRT has been shown in 4 trials (MUSTIC
SR, MIRACLE, CONTAK-CD, MIRACLEICD1,2,22,23) to provide improvements in NYHA functional class,
exercise capacity (measured by the 6-minute hall walk distance) and peak oxygen consumption and quality
of life.

The CARE-HF study randomized patients to either CRT plus optimal medical therapy or CRT alone. It was
the first trial showing that CRT without an ICD prolonged survival and reduced both morbidity and mor-
tality, with the effect sustained over 37 months of follow up24. Similarly, in the COMPANION trial, Bristow
et al have shown that BiVP decreased the combined risk of death from any cause or first hospitalization
and, when combined with an implantable cardioverted defibrillator (ICD), significantly reduces mortality7.
A meta-analysis of 6 randomized, controlled trials of CRT for more severe, chronic, symptomatic LV systolic
dysfunction found that CRT was associated with a 28% reduction in all-cause mortality and a 37% reduction
in new hospitalizations for exacerbation of HF25.

In the COMPANION trial, patients with advanced heart failure (NYHA III or IV) due to ischemic or
nonischemic cardiomyopathies and a QRS interval of at least 120 msec were randomly assigned to receive
optimal pharmacologic therapy alone or in combination with CRT with either a pacemaker or a pacemaker–
defibrillator. The primary composite end point was the time to death from or hospitalization for any
cause. As compared with optimal pharmacologic therapy alone, CRT with a pacemaker or a defibrillator
significantly decreased the risk of the primary end point. The risk of the combined end point of death
from or hospitalization for heart failure was also significantly reduced in the pacemaker and the defibrillator
groups7. The CARE-HR trial enrolled patients with NYHA class III or IV heart failure due to left ventricular
systolic dysfunction and cardiac dyssynchrony to receive standard pharmacologic therapy alone or with
cardiac resynchronization. The primary end point was the time to death from any cause or an unplanned
hospitalization for a major cardiovascular event. The principal secondary end point was death from any cause.
As compared with medical therapy alone, CRT significantly decreased the risk of the primary endpoints.
Also, CRT significantly reduced the interventricular mechanical delay, the end-systolic volume index, and
the area of the mitral regurgitant jet; increased the left ventricular ejection fraction; and improved symptoms
and the quality of life8.

BIV pacing in less severe HF

While the benefits of CRT in moderate to severe HF patients has been well established, it has been more
controversial in less severely ill HF patients (NYHA class II or even I). A series of randomized clinical
trials (REVERSE26, MADIT-CRT27, Resynchronization/Defibrillation for Ambulatory Heart Failure Trial
[RAFT]28) have enrolled nearly 5000 patient with NYHA I-II heart failure.

In MADIT-CRT, patients in NYHA I or II and an LVEF less than or equal 30 % with either LBBB,
RBBB or nonspecific intraventricular conduction delay were randomized to either an implantable cardioverter
defibrillator (ICD) or CRT with a defibrillator. The hazard ratios for the primary end point (a composite
of death from any cause and nonfatal HF-related adverse events) for comparisons of CRT-D patients versus
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patients who only received an ICD were significantly lower in LBBB patients than in non-LBBB patients.
The risk of ventricular tachycardia, ventricular fibrillation, or death was decreased significantly in CRT-D
patients with LBBB but not in non-LBBB patients. Echocardiographic parameters showed significantly
greater reduction in left ventricular volumes and increase in ejection fraction with CRT-D in LBBB than in
non-LBBB patients.

In the REVERSE trial, patients who received CRT pacemakers or defibrillators, with QRS more than or
equal 120 ms and LV ejection fraction less than or equal 40% were assigned to active (CRT ON) versus
control (CRT OFF) treatment. All patients were in sinus rhythm and receiving optimal medical therapy.
The primary study end point was the proportion worsened by the heart failure (HF) clinical composite
response. Compared with those of control subjects, clinical outcomes and LV function were improved and
LV dimensions were decreased.

The RAFT trial, randomly assigned patients with New York Heart Association (NYHA) class II or III heart
failure, a left ventricular ejection fraction of 30% or less, and an intrinsic QRS duration of 120 msec or more
or a paced QRS duration of 200 msec or more to receive either an ICD alone or an ICD plus CRT. The
primary outcome was death from any cause or hospitalization for heart failure. A significantly less primary
outcome occurred in the ICD–CRT group compared with the ICD group.

Benefit of CRT:

It is not completely understood how cardiac resynchronization therapy improves mechanical LV function in
patients with heart failure and LBBB. Electrical resynchronization can reduce the LBBB-induced mechanical
interventricular dyssynchrony between the right and the left ventricle and the intraventricular dyssynchrony
within the left ventricle. Minimizing dyssynchrony has been shown to improve global LV function, in-
crease LV filling time, decrease septal discordinated activity and reduce mitral regurgitation, thus improving
hemodynamic17,29. To assess the impact of CRT on LV remodeling, three CRT studies have been conducted.
In these studies, serial transthoracic Doppler echocardiography were used to assess reverse LV remodeling in
advanced systolic heart failure. Patients were randomized to receive CRT with optimal medical therapy or
medical therapy alone1,30. CRT resulted in a significant decrease in LV size, assessed as LV end-diastolic and
end-systolic diameters or as LV volumes as early as 1 month8,31,32, compared with control patients. There is
further progressive reduction in LV diameter and LV volume at 6 months, which are sustained at 1 year in
65–75% of patients33–35. The progressive reduction in LV volume with CRT is associated with restoration of
mitral valve annular diameter and mitral subvalvular geometry towards normal. The changes in LV cavity
shape and geometry of the mitral valve apparatus are associated with reduction in the severity of mitral
regurgitation. In the MIRACLE study, the severity of mitral regurgitation had decreased significantly with
CRT at 3 months, and this improvement was maintained at 6 and 12 months36. There is some evidence that
the decrease in the severity of mitral regurgitation precedes the reduction in LV volume and the associated
changes in LV and mitral valve apparatus architecture37. Reverse LV remodeling requires continuous CRT.
This was demonstrated clearly when CRT was discontinued after 3 months in one small open-label study37.
After 3 months of CRT-induced reverse LV remodeling, cessation of CRT resulted in rapid abolition of the LV
volume reduction with concomitant recurrent LV dilatation, progressive deterioration in LVEF and recurrent
mitral regurgitation.

Non responders to BIV pacing

The most important question to address about non response to CRT is how to define non responders. Some
studies define non responders based on absence of LV remodeling, whereas other studies define non responders
based on lack of symptom improvement.

Moreover, achievement of hemodynamic stability, even in the presence of persistent dyspnea or absence of
significant reverse remodeling, as demonstrated by Mullens et al38, might be also a desirable goal of CRT.
Definition of response to CRT can also be challenged by patients’ expectations. Patients in advanced heart
failure are looking for symptoms’ relief and as they feel significantly better after CRT, their attention would
be directed toward less frequent admission to the hospital, greater need for social life and activities, and
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finally prolongation of life39.

Assessment of CRT response

Yu et al40 first demonstrated that a better outcome is achieved with a reduction of left ventricular (LV)
end-systolic volume (ESV) of at least 10% after CRT; patients who showed a significant reverse remodeling
had survival rate close to 90% at 3 year follow-up compared to a survival rate of about 50% of the remaining
patients. Similarly, Ypenburg et al41,showed that both hospitalization and mortality were related to the
magnitude of change in LVESV; patients who showed further dilatation of LVESV had the highest event
rate (about 70% at 3 years follow-up) compared to those who showed impressive reduction (near normal-
ization) of LVESV (about 6%). It needs to be kept in mind that measuring reverse remodeling has several
technical problems. The assessment of LV volume and LVEF using 2-dimensional echocardiography (the
most frequently used technique) has a relatively large inter-observer variability39. The Predictors of Re-
sponse to CRT (PROSPECT) study used 2-dimensional echocardiography for quantifying LV volumes42; the
coefficient of variation for LVESV measurement was 3.8% for intra-observer variability but was as high as
14.5% for inter-observer variability.

Predictors of CRT Response

Patients with LBBB morphology have demonstrated the best response to CRT, whereas those with non-
LBBB morphology generally have responded poorly. In a meta-analysis of COMPANION, CARE-HF, RAFT,
and MADIT-CRT, Sipahi et al.43 found that patients with RBBB or IVCD did not benefit from CRT (relative
risk for the composite primary outcome: 0.97; 95% confidence interval: 0.82 to 1.15; p = 0.75).

Birnie et al.44 analysed data from the RAFT trial. A total of 1,483patients in sinus rhythm with QRS
durations >120 ms were examined. A LBBB was present in 1,175 patients (79.2%), 141 patients had an
RBBB (9.5%), and the remainder (11.3%) had an IVCD. Patients with RBBB and IVCD were more likely
to have an ischemic etiology of HF. Among the patients with LBBB, the benefit of CRT increased directly
as QRS duration increased. In contrast, the benefit of CRT only began to emerge in the non-LBBB patients
once the QRS duration was >160 ms and only after 2 years of follow-up. Sundaram V et al.45 has shown from
the analysis of the Medicare registry that the improvements in both survival and HF hospitalization with
CRT-D were greatest in patients with QRSD [?]180 ms with or without LBBB. The presence of electrical
resynchronization leading eventually to mechanical resynchronization predicts a good response to CRT. This
can be determined by observing the reduction in QRS duration46 and by a change in the shape of the
QRS complex (indicating fusion of right ventricular and LV originating activation waves)47. A sequence of
right-to-left electrical and mechanical activation that is present in LBBB or RV pacing is detrimental11,17,48.
Thus, proper fusion of RV and LV activation waves requires proper positioning of the pacing leads. Also, the
amount of scar tissue appears to be a predictor of CRT-non-response49. Bleeker et al. have shown that CRT
does not reduce LV dyssynchrony in patients with transmural scar tissue in the posterolateral LV segments,
resulting in clinical and echocardiographic nonresponse to CRT.

Considering that location of the pacing lead is of paramount importance, it is preferred for the LV lead to
be placed in non-apical areas50. A posterolateral scar should be avoided and the areas of maximal electrical
delay should be targeted51. Patients are more likely to be responders if the qLV at implant is more than 95
ms52. Alternatively, , LV can be paced from more than one site either by multipoint pacing (pacing from
multiple sites from the same lead) or from multisite LV pacing 53. In multisite LV pacing, the first LV lead
is inserted into a postero-lateral or lateral vein. The second LV lead is placed as far as possible from the first
lead, in the anterior vein, a high antero-lateral vein, or the middle cardiac vein. Another modality for LV
pacing is LV endocardial pacing with transventricular delivery of an active-fixation lead to the endocardial
wall of the lateral LV 54. Advantage of LV endocardial pacing is easy access to all LV endocardial surface
but the disadvantages are requirement for lifelong anticoagulation and the risk for lead extraction. One
interesting new technique is the LV pellet that can be delivered retrogradely via the aorta into an LV site.
In the select LV study, Reddy et al. applied this technology to non-responders and showed an improvement
of EF at 6 months55.
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Role of His pacing: Better option than BiV pacing?

His bundle pacing (HBP) has been considered as an alternative to RV pacing and in patients with bundle
branch block with indication for BIV pacing or as a rescue strategy in failed LV lead implantation. It is
frequently possible with HBP to recruit the native conducting system. The mechanisms for the reduction in
QRS duration with HBP remain to be fully elucidated but may include recruitment of fibers distal to the
site of delay, longitudinal dissociation, capture attributable to higher pacing outputs, and hyperpolarizing
dormant His bundle tissue56. In the His Resynchronization Versus Biventricular Pacing in Patients With
Heart Failure and Left Bundle Branch Block trial57, Arnold et al. have conducted a study on patients with
heart failure and left bundle branch block referred for conventional BIV pacing and using noninvasive epicar-
dial electrocardiographic imaging to identify patients in whom His bundle pacing shortened left ventricular
activation time. In these patients, the authors compared the hemodynamic effects of His bundle pacing
against biventricular pacing. In 18 of 23 patients, left ventricular activation time was significantly shortened
by His bundle pacing. In the 17 patients who had a complete electromechanical dataset, His bundle pacing
was more effective than biventricular pacing at delivering ventricular resynchronization: greater reduction in
QRS duration (-18.6 ms; 95% confidence interval [CI]: -31.6 to -5.7 ms; p = 0.007), left ventricular activation
time (-26 ms; 95% CI: -41 to -21 ms; p =0.002), and left ventricular dyssynchrony index (-11.2 ms; 95%
CI: -16.8 to -5.6 ms; p < 0.001). His bundle pacing also produced a greater acute hemodynamic response
(4.6 mm Hg; 95% CI: 0.2 to 9.1 mm Hg; p = 0.04). The authors concluded that His resynchronization
delivers better ventricular resynchronization, and greater improvement in hemodynamic parameters, than
biventricular pacing.

Lustgarten et al58, in his crossover comparison study between HBP and BiV pacing, HBP have shown that
the effect of His pacing is equivalent to BIV pacing.

Twenty-nine patients were enrolled and were implanted with RA pacing lead, RV defibrillation lead, LV lead
via the coronary sinus, and HBP lead. His and LV leads were plugged into the LV port via a Y-adapter.
After successful implant, patients were randomized in single patient-blinded fashion to either HBP or BIV
pacing. There was no difference between the two groups. After 6 months, patients were crossed over to
the other pacing modality and followed for another 6 months. 21 patients (72%) in the HIS pacing group
demonstrated QRS narrowing at implant. Clinical outcomes (quality of life, New York Heart Association
functional class, 6-minute hall walk test, LV ejection fraction) were significantly improved for both pacing
modes compared with baseline measures. The HIS Sync trial59 is the first trial that compared His pacing to
BIV pacing in patients with heart failure and LBBB. In this trial the average LVEF was 28%, and QRS width
168 +/-18 ms with 35 patients having left bundle branch block pattern,2 patients with right bundle branch
block and 3 patients with RV paced rhythm. 21 patients were randomized to His-CRT and 20 patients to
BiV-CRT. Baseline characteristics were pretty much similar between the two groups except that LVEF was
significantly lower among patients in the His-CRT group (median 26.3%) compared with patients in the BiV
group (30.5%) with a p value of 0.011. 48% of patients in the His-CRT group and 26% of patients in the BiV
group crossed over. The most common reasons for crossover were inability to correct QRS width (5 patients)
in the His pacing group and suboptimal venous anatomy (4 patients) in BiV group. Using intention-to-treat
analysis, the QRS duration was significantly reduced with His pacing (172+/- 16 ms to 144+/- 30 ms; p =
0.002) but not with BiV pacing (165 +- 18 ms to 152 +-30 ms; p=0.11). This difference was not significant
when comparing both groups (p= 0.42). There was similar improvement in LVEF at a median follow up of
6.2 months (26.3% to 31.9%; p < 0.001 in the His pacing group) and (30.5% to 34.0%; p<0.001 in the BIV
pacing group). The HIS SYNC trial did not show any difference between HIS pacing and BIV pacing in
terms of electrical and echocardiographic parameters keeping in mind that the cross over rate was high and
that could have impacted treatment efficacy.

Role of Left Bundle Branch Pacing: will it replace other pacing modality for CRT?

LVSP has emerged as an alternative method for delivering physiological pacing particularly in patients with
infranodal atrioventricular block and left bundle branch block (LBBB). Though HBP can correct classic
LBBB in 97% of patients60, the site of block is often located within the His or proximal left bundle61.
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The proximal left bundle branches run through the LV septum and fan out proving a wider target for
pacing. Huang et al have reported a technique for left bundle pacing using a transseptal approach62. Left
bundle pacing has been reported to have low pacing thresholds, larger R waves and, by targeting the distal
conduction system, a lower theoretical risk for developing distal conduction block63. The LVSP could be an
attractive way to overcome the majority of the limitations of HBP. These include difficulty in identifying
the adequate location of the His bundle, high and unstable threshold in up to 10% of patients, damage to
the His bundle during implantation, heart block distal to the His bundle, undersensing R wave amplitude
and oversensing atrial signals and lower success rate in patients with left bundle branch block (LBBB)
and heart failure due to high pacing output required to correct LBBB58,60,64–68. The rationale behind
correcting LBBB by HBP is that increased pacing output captures the left bundle branch (LBB) beyond
the area of block. El-Sherif et al.69 showed that HBP required 20 V to capture the LBB. Huang et al.62

first reported direct left bundle branch pacing in patients with LBBB and heart failure. HBP at 10 V
failed to correct LBBB but after advancing the pacing tip towards the left ventricle LBBB resolved at a
low pacing capture threshold (0.5V). The heart failure symptoms improved, LV ejection fraction improved
and adjustment of pacing parameters led to normalization of QRS. Chen et al.70 used a transventricular
septal approach for left bundle pacing in patients with bradycardia. In their study, ECG configuration
changing from LBBB pattern to RBBB pattern was observed as the pacing tip was advanced from the right
interventricular septum to capture the left bundle branch. Demonstration of left bundle potential during
intrinsic rhythm provided strong evidence of successful left bundle pacing. Notably, paced ECG QRS duration
was significantly shorter (111.85±10.77 ms) compared with either RV septal pacing (154.80±9.85 ms) or RV
apical pacing (165.50±17.80 ms) with comparable capture threshold. Interestingly, both left and right bundle
branch block could be corrected by left bundle pacing at low capture threshold. Interestingly, both left and
right bundle branch block could be corrected by LVSP at a low capture threshold. Additionally, the QRS
in LVSP is typically <130ms instead of complete RBBB. It is also significantly shorter than during RV
pacing70,71. This may be explained by retrograde activation of the right bundle during pacing or connection
between the main right and left bundle branches72,73 or cell to cell conduction74. The LVSP procedural
success is 80.5-93% in small studies71,75,76. Vijayaraman et al76. reported periprocedural lead dislodgement
in 3 of 97 patients who underwent LVSP. Potential complications for left bundle pacing procedure include
right bundle branch (RBB) injury during the procedure, lead dislodgement, septal perforation and coronary
artery injury especially the septal perforators77.

Conclusion

BiV pacing has shown to improve symptoms and reduce hospitalizations and mortality in large randomized
controlled trials and remains the standard of care for patients with HF and significant electrical dysynchrony.
New modalities such as HBP and LVSP has shown to be equal or superior to BiV pacing in regards to the
surrogate measures such as improvement in hemodynamics as well as with LV remodeling. There are no large
clinical trials comparing BiV pacing with other pacing modalities such as HBP and LVSP for hard efficacy
endpoints such as hospitalization and mortality and are unlikely to be performed in the future. Currently,
HBP and LVSP has an important role to play in patients who are unable to receive BiV pacing for one
reason or the other. Future of HBP and LVSP looks promising and only time will tell if it will replace the
conventional BiV pacing.
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