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Traditional right ventricular pacing (RVP) has been linked to the deterioration of both left ventricular diastolic and systolic function. This worsening
often culminates in elevated rates of hospitalization due to heart failure, an increased risk of atrial fibrillation, and increased morbidity. While biven-
tricular pacing (BVP) has demonstrated clinical and echocardiographic improvements in patients afflicted with heart failure and left bundle branch
block, it has also encountered significant challenges such as a notable portion of non-responders and procedural failures attributed to anatomical
complexities. In recent times, the interest has shifted towards conduction system pacing, initially, His bundle pacing, and more recently, left bundle
branch area pacing, which are seen as promising alternatives to established methods. In contrast to other approaches, conduction system pacing
offers the advantage of fostering more physiological and harmonized ventricular activation by directly stimulating the His—Purkinje network. This
direct pacing results in a more synchronized systolic and diastolic function of the left ventricle compared with RVP and BVP. Of particular note
is the capacity of conduction system pacing to yield a shorter QRS, conserve left ventricular ejection fraction, and reduce rates of mitral and tricuspid
regurgitation when compared with RVP. The efficacy of conduction system pacing has also been found to have better clinical and echocardiographic
improvement than BVP in patients requiring cardiac resynchronization. This review will delve into myocardial function in conduction system pacing
compared with that in RVP and BVP.
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Introduction

The conventional approach to pacing patients with bradyarrhythmias
involves right ventricular pacing (RVP). However, this method has
been associated with an elevated risk of heart failure-related hospitali-
zations and the development of pacing-induced cardiomyopathy, as in-
dicated by various studies.’ It has been suggested that the abnormal
electrical and mechanical activation patterns of the ventricles resulting
from RVP, commonly referred to as ventricular dyssynchrony, is the
main reason for pacing-induced cardiomyopathy.? In contrast, biventri-
cular pacing (BVP) has been designed to limit dyssynchrony, yielding
benefits such as reverse remodelling, enhanced exercise tolerance, re-
duced hospitalization rates and mortality in patients with systolic heart
failure, and a wide QRS with left bundle branch block (LBBB) morph-
ology.® BVP has also been proven effective for treating patients with
pacing-induced cardiomyopathy post-RVP.* However, this approach
suffers from limitations by cardiac venous anatomy, phrenic nerve
stimulation, and a notable rate of non-responders.>® Various clinical
trials have revealed that 20—40% of patients fail to respond to cardiac
resynchronization therapy (CRT) through BVP.”

Conduction system pacing has recently emerged as a novel pacing
method, wherein a pacemaker lead is implanted close to the cardiac
conduction system. Conduction system pacing encompasses His bun-
dle pacing (HBP) and left bundle branch area pacing (LBBAP), offering
a physiological alternative to BVP and RVP. A major advantage of

DISADVANTAGES
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conduction system pacing lies in its ability to nearly recover cardiac
electrical depolarization and repolarization in patients with intrinsic
conduction abnormalities.? Furthermore, conduction system pacing ex-
hibits superiority over BVP in terms of an incidence of sustained and
non-sustained ventricular arrhythmias and new onset of atrial
fibrillation.”

These various pacing methods elicit distinct myocardial activation
patterns. RVP causes regionally different contractions, characterized
by an early activation of the pacing site with a subsequent contraction
of weaker myocardial regions, followed by a stronger contractile work
of later-activated regions due to increased afterload.® RVP can induce
both systolic and diastolic dyssynchrony, as evidenced by an increased
dispersion of strain values throughout the cardiac cycle.'" Acute
RVP-induced dyssynchrony has been shown to adversely affect left ven-
tricular (LV) longitudinal function and torsional deformation, as ob-
served by speckle-tracking echocardiography.12 Another marker of
LV dyssynchrony, septal flash, has been observed in the majority of pa-
tients undergoing conventional RVP, with its magnitude correlating with
LV dysfunction and adverse remodelling.’® Alternative RVP strategies
have been developed in order to reduce the negative impacts asso-
ciated with traditional apical pacing. The most widely used strategies
have been right ventricular (RV) septal and outflow tract pacing.
Some clinical studies suggest that these alternative methods may im-
prove LV synchrony. However, the results of such studies have been
heterogeneous.'*'?
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While BVP mitigates dyssynchrony more effectively compared with
RVP, it still causes a certain degree of residual dyssynchrony due to the
merging of two non-physiological wavefronts.'® However, it has been
found that the degree of dyssynchrony measured by time-to-peak
shortening, strain patterns, or internal stretch fraction in conduction
system pacing is moderate and nearly similar to that in physiological
conduction and less than that observed in RVP."”

Computational remodelling studies have demonstrated that LBBAP
predominantly restores LV function but may lead to increased RV over-
load."® While several meta-analyses have reported improved LV ejec-
tion fraction (LVEF) with conduction system pacing compared with
BVP, only limited research has delved into the field of myocardial dys-
synchrony in patients undergoing conduction system pacing compared
with BVP."%

This article serves to provide an in-depth review examining the im-
pacts of conduction system pacing on myocardial function and clinical
outcomes in comparison with RVP and BVP. Through this exploration,
our aim is to illuminate the potential advantages of conduction system
pacing in the realm of cardiac pacing strategies. Most papers with avail-
able echocardiographic data have focused on LVEF, QRS duration, and
other traditional measurements of myocardial mechanics. We have
thoroughly discussed these findings in the article. Furthermore, we
have included more sophisticated approaches to evaluating LV function
that may be present in the literature. Our review aims to provide a
comprehensive overview, encompassing both established metrics and
emerging methodologies in assessing myocardial function in the context
of conduction system pacing.

Outline of conduction system
pacing (HBP and LBBAP)

Since the invention of pacemaker implementation, the direct capture
and pacing of conduction systems have consistently drawn the atten-
tion of specialists. Scherlag et al.* first described the method for pacing
in animal studies. However, permanent HBP in patients was first de-
monstrated in the year 2000 by Deshmukh et al. *> which has emerged
as a significant advancement in pacing via the conduction system. This
gap in the development of HBP and its utilization can be explained by
technical challenges with placing pacing leads. Later development of de-
livery systems, pacing leads, and mapping catheters and a better under-
standing of cardiac anatomy and physiology led to new interest in HBP.
HBP has demonstrated a lower all-cause mortality, reduced heart fail-
ure hospitalizations, and a less likely upgrade to cardiac resynchroniza-
tion therapy (CRT) in comparison with RVP.>*> HBP has also been
associated with elevated LVEF and improved mechanical synchrony in
a randomized clinical trial (RCT).24 However, HBP faces challenges, in-
cluding the risk of lead displacement, anatomical complexities due to
disease or other procedures, as well as increases in capture threshold
and loss of capture during short- and long-term follow-ups, necessitat-
ing more frequent lead revisions.”>*® LBBAP has emerged as an alter-
native conduction system pacing method. It has gained greater
acceptance since its first description in clinical practice in 2017 by
Huang et al?” This approach has exhibited stable pacing thresholds
and preserved LV synchrony in patients with traditional pacemaker in-
dications following bradycardia.”®*? Additionally, LBBAP has been pro-
posed as an alternative method to BVP for patients with heart failure
with reduced LVEF combined with either a wide or narrow QRS width,
demonstrating improved LV systolic function in several randomized and
observational studies.’® A major advantage of the method is that the
pacing site is distal to the His bundle and proximal LBBB, which are
the most pathological and vulnerable parts of the conduction system.31
LBBAP implantation is considered faster and less complex than HBP be-
cause of the widespread intraventricular septal localization of left

bundle branch fascicules. Moreover, LBBAP has been shown to have
a higher success rate, better sensing, and a lower capture threshold
compared with HBP.3> LBBAP has also been found to be a feasible
method with good and stable pacing parameters in CRT non-responder
patients. In these patients, LBBAP resulted in significant clinical im-
provements and echocardiographic remodelling, contributing to better
overall clinical outcomes.>* Moreover, LBBAP was found to lower the
incidence of sustained and non-sustained ventricular tachyarrhythmias
and new onset of atrial fibrillation in comparison with BVP.”

There are some clear advantages from an implanter’s point of view in
favour of LBBAP. Lower pacing thresholds and better sensing are fre-
quently observed compared with HBP, and the procedure is generally
regarded as easier to perform by most implanting physicians.
Importantly, HBP has exhibited a vulnerability with frequent incidents
of late pacing threshold increase. The fear of loss of capture has often
led to the implantation of a second ‘back-up lead’ in RV apex. This phe-
nomenon does not appear to be as prevalent with LBBAP. Additionally,
there is speculation about a higher likelihood of pacing from a site be-
low an intrinsic block with LBBAP. These differences have positioned
LBBAP as the preferred technique within conduction system pacing,
and HBP is now being largely abandoned.

Furthermore, conduction system pacing has emerged as a viable al-
ternative to BVP in patients requiring CRT, particularly demonstrating
superiority in cases of LBBB. This approach not only leads to shortened
QRS complexes but also enhances both systolic and diastolic function.
The lack of acute response parameters has been the Achilles heel of
CRT for over two decades, and several methods have been proposed
to guide the LV lead into an optimal position. However, their accuracy
may be compromised in patients with myocardial fibrosis, leading to
suboptimal outcomes. In contrast, intraprocedural measurements for
confirming left bundle branch capture offer better accuracy and can
aid the decision to employ alternative methods such as conventional
CRT or a combination of LBBAP and BVP known as left bundle branch
optimized CRT (LOT-CRT). This technique has been shown to be feas-
ible and safe for CRT.>* By utilizing the expertise of high-volume cen-
tres and skilled personnel, LOT-CRT enables swift conversion to
CRT without delay. Similarly, an unsuccessful LBBAP will immediately
be acknowledged and abandoned in favour of BVP. These might be po-
tential arguments for introducing LBBAP as a first-line therapy in pa-
tients with classic indications for CRT.

However, it is important to understand that conduction system pa-
cing has limitations and areas of uncertainty, leading to a knowledge
gap. One notable limitation is the scarcity of long-term prognostic
data beyond 12 months, particularly from RCTs, which are essential
for establishing the efficacy and safety profiles of these pacing modalities.
Moreover, while conduction system pacing offers promising alterna-
tives, it presents procedural challenges. For example, achieving stable
lead fixation with acceptable lead parameters can be challenging in
HBP procedures. LBBAP procedures carry a risk of septal perforation
with reported incidence rates between 0.3 and 13.9% in various stud-
ies.?** The concern with the late pacing threshold increase in HBP
clearly illustrates the need for long-term data when new methods are
introduced.?® In terms of cardiac electro-mechanics, LBBAP has been
associated with delayed RV activation and a tendency towards an incom-
plete right bundle branch block pattern. However, the long-term effects
of this delay are not well studied, as indicated by available literature.®”

Moreover, limitations in lead placement in patients with septal
fibrosis and enlarged cardiac chambers can also pose additional challenges
for LBBAP implantations.38 Notably, a lower scar burden has been identi-
fied as a strong predictor of LBBAP response, and pre-procedure cardiac
magnetic resonance scar evaluation is proposed as an informative tool
for assessing LBBAP CRT responders.?9 Additionally, intracardiac echocar-
diography—guided implantation during proximal LBBAP has been proposed
to reduce procedure time and improve success rates.*
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Guidelines recommendations

The significance of conduction system pacing has been acknowledged in
both European and American pacing guidelines.*'*? However, the 2018
American College of Cardiology/American Heart Association/Heart
Rhythm Society Guideline contained only one recommendation per-
taining to conduction system pacing. It stipulated that HBP and CRT
were preferred over RVP in patients requiring permanent pacing,
with an LVEF ranging from 36 to 50%, as a preventative measure against
heart failure. Since that time, additional data have been acquired regard-
ing conduction system pacing in patients requiring a conventional pace-
maker or CRT. This culminated in a guideline on cardiac physiologic
pacing for the avoidance and mitigation of heart failure by the Heart
Rhythm Society, Asia Pacific Heart Rhythm Society, and Latin
American Heart Rhythm Society.*® This guideline predominantly em-
ployed the term ‘cardiac physiologic pacing’, encompassing both con-
duction system pacing and biventricular pacing. Notably, this guideline
provided multiple recommendations favouring conduction system
pacing, including the use of physiologic pacing for patients with normal
LVEF but a high projected burden of ventricular pacing. LBBAP was also
recommended as an alternative to RVP for patients with normal LVEF
and an anticipated low burden of ventricular pacing. In patients with si-
nus rhythm, LVEF <35%, LBBB with a QRS duration >150 ms, and
New York Heart Association (NYHA) Classes II-IV symptoms, where
BVP was unsuccessful, conduction system pacing (HBP with LBBB cor-
rection or LBBAP) was deemed reasonable. Notably, the guideline in-
troduced the notion of revising cardiac implantable electronic devices
to conduction system pacing for patients with pacemaker-induced
cardiomyopathy.

The most recent European pacing guideline, published in 2021, re-
commended HBP as an alternative to BVP in patients in whom coronary
sinus lead implantation is unsuccessful.*! Additionally, HBP was recom-
mended as an alternative to RVP for patients with atrioventricular block
and LVEF >40%, according to the 2021 European Society of Cardiology
guidelines. However, all guidelines acknowledged the need for further
studies to better characterize the clinical benefits of HBP over RVP.

Conduction system pacing and
RVP: comparative studies

Studies comparing conduction system pacing and RVP have focused on
patients requiring pacemaker implantation following atrioventricular
nodal ablation and on patients with standard bradycardia indication.
Although HBP was first described in the 1960s, its first clinical use
was reported in the year 2000.>"*> HBP has been studied extensively
for its effects on myocardial function. In one of the earliest interpatient
acute comparison studies, Catanzariti et al® demonstrated that HBP
could prevent LV dyssynchrony, mitigating outcomes such as mitral re-
gurgitation and LV global function deterioration observed with RVP.
Other studies examined the feasibility, safety, and effects of permanent
para-Hisian pacing.** While no significant differences in LVEF were ob-
served between HBP and RVP groups during follow-up, reductions in
mitral and tricuspid regurgitation were noteworthy, potentially
mediated by less interventricular dyssynchrony demonstrated through
QRS shortening with HBP. Zanon et al.** found less myocardial dyssyn-
chrony in patients with HBP compared with RVP by tissue Doppler im-
aging. They did not find any differences in LVEF and LV dimensions in
both groups during follow-up, whereas mitral regurgitation was higher
in RVP. Another crossover study conducted by Kronborg et al.** aimed
to evaluate the long-term effects of HBP in LV function compared with
RVP in consecutive patients. They found that HBP preserves LVEF com-
pared with RVP, but there were no other clinical improvements. They
also found shorter differences in time to peak systolic velocity between

basal segments in patients with HBP. Another interesting point was that
HBP preserved LVEF and had benefits for patients with deteriorated
LVEF during RVP or hypertension. Similarly, Vijayaraman et al.* re-
ported LVEF preservation and less tricuspid regurgitation in HBP in
their retrospective case—control study. Furthermore, paced QRS was
significantly narrower in the HBP group and remained unchanged dur-
ing follow-up.

The focus on LBBAP has grown in recent years. Researchers have de-
monstrated its feasibility and superiority in terms of LV mechanical syn-
chrony over RVP.¥ Hou et al* compared LBBAP, HBP, and RVP
through a phase analysis of single-photon-emission computed tomography
myocardial perfusion imaging and demonstrated that the LV mechanical
synchrony of LBBAP patients was similar to that of HBP patients and better
than that of RVP patients. Likewise, Cai et al.*” reported LBBAP-induced
LV mechanical synchrony similar to native conduction and superior RVP.
Paced QRS in LBBAP was wider than native conduction due to the RV ac-
tivation delay, but narrower than RVP. Moreover, the systolic dyssyn-
chrony index in the LBBAP group was not statistically different from
native conduction, whereas it was significantly higher in the RVP group.
The standard deviation of time-to-peak contraction velocity in LV 12 seg-
ments also showed the same results. Das et al.*® also studied myocardial
synchrony and LVEF in LBBAP compared with RVP. They found that
LBBAP patients had a higher LVEF, a lower LV internal dimension in dia-
stole, and decreased interventricular delay compared with RVP recipients.
Additionally, intraventricular delay, as calculated by septal to posterior mo-
tion delay, was less pronounced in the LBBAP group. Similarly, Mao et al.
demonstrated better myocardial synchrony in patients with LBBAP com-
pared with those who received RVP. This was demonstrated by the LV glo-
bal longitudinal strain lateral wall to septal wall work difference and global
and lateral myocardial work.* Notably, the RVP group demonstrated a
significantly impaired septal work relative to lateral wall work, resulting
in large LW-SW work differences. In contrast, the LBBAP group demon-
strated a consistent and stable septal work, leading to significantly lower
lateral wall-septal wall differences. Importantly, this difference in the
LBBAP group was not significantly increased during follow-up, indicating
the enduring efficacy of LBBAP in maintaining myocardial synchrony
over time. Tricuspid regurgitation was significantly more prevalent in the
RVP group than in the LBBAP group after a 1-year follow-up period.
Ponnusamy and Vijayaraman compared LBBAP, HBP, and RVP in a two-
centre retrospective cohort study and found that LVEF improvement
was the same in both LBBAP and HBP, whereas RVP caused a significant
reduction in LVEF. They also found that LBBAP and HBP caused a signifi-
cant shortening of QRS compared with RVP. However, these changes
were not significantly different in both groups (LBBAP and HBP).*°

In summary, compared with RVP, HBP has been associated with pre-
served LVEF, less tricuspid and mitral regurgitations, and shorter QRS in
patients with pacemaker indication. Similarly, LBBAP has also shown
better LV mechanical synchrony and a higher LVEF compared with
RVP, as evidenced by a lower systolic dyssynchrony index and inter-
and intraventricular delays in these patients.

Table 1 summarizes studies comparing LV function in conduction sys-
tem pacing and RVP.

Conduction system pacing and
biventricular pacing: comparative
studies in CRT indication

BVP is a cornerstone pacing technique for patients requiring cardiac
CRT. However, conduction system pacing is gaining traction in this pa-
tient cohort. Numerous studies have demonstrated comparatively sub-
stantial improvements in ventricular ejection fraction for individuals
undergoing conduction system pacing vs. BVP. Lustgarten et al.>" con-
ducted a study illustrating that HBP can normalize QRS intervals in
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patients with bundle branch block and CRT indications, yielding a
6-month CRT response equivalent to that achieved by BVP. While
no significant LVEF differences were found between patients with
BVP and HBP, QRS duration was relatively shortened in selective
HBP recipients.’® Wu et al.>? compared the clinical outcomes of
HBP, LBBAP, and BVP in patients with typical LBBB requiring CRT.
Both HBP and LBBAP elicited structural and functional LV improve-
ments compared with BVP. Effective resynchronization was evident
in both conduction system pacing methods, as evidenced by reduced
QRS duration and improved LVEF, surpassing the effectiveness of BVP.

The His-SYNC pilot trial did not show significant electrocardio-
graphic or echocardiographic improvements in the HBP group com-
pared with BVP.>3 The notable crossover rate could, however, have
influenced their results. In contrast, Li et al.>* analysed LBBAP in pa-
tients with CRT indications, uncovering that LBBAP significantly nar-
rowed QRS intervals, improved LVEF, and marginally reduced LVEDd
relative to BVP. Similarly, Vinther et al,>” in a randomized clinical study
with the same inclusion criteria, found comparable echocardiographic
parameters, clinical symptoms, and physical capabilities between HBP
and BVP groups. Kato et al.>® explored acute haemodynamic effects,
echocardiographic features, and clinical outcomes of HBP and BVP in
patients with heart failure and LBBB over a 1-year follow-up period.
The study revealed that HBP improved LV relaxation, while BVP did
not. Both methods brought about clinical and echocardiographic en-
hancements, such as reductions in left atrial diameter, mitral regurgita-
tion, LV end-systolic volume, and improvement of LVEF, which were
more prominent and rapid in the HBP group. All HBP emerged as
CRT super-responders, contrasting with 60% of the BVP group.
Vijayaraman et al.>” observed greater LVEF improvement in the con-
duction system pacing group compared with the BVP group, with a
more pronounced effect seen in patients with LBBB. Chen et al.® ex-
panded on these findings, analysing more echocardiographic data over a
1-year follow-up. While the response rate (improvement of LVEF
>5%) remained consistent in the LBBAP and BVP groups after a year,
the improvement in LVEF and reduction of LVEDd were greater in pa-
tients who underwent LBBAP. Ezzeddine et al. extended their study to
encompass not only patients with CRT indication, but also those re-
quiring a permanent pacemaker. Their findings indicated that conduc-
tion system pacing recipients (both HBP and LBBAP) exhibited a
higher CRT response, characterized by an LVEF increase of >5% 6
months post-implantation, when compared with BVP recipients.>’ In
the |-CLAS study, which is one of the latest retrospective studies
with 1778 patients from 15 international centres, it was found that
LBBAP produced significantly higher rates of echocardiographic re-
sponse and hyper-response compared with BVP in all patients and in
patients with LBBB.®® Interestingly, in this study, echocardiographic re-
sponse rates (ALVEF >5%) were found to be significantly greater in the
LBBAP group than in the BVP group (81.7 vs. 68.2%; P < 0.001).

In the patient group with CRT indication, conduction system pacing
has shown superior LV mechanical function characterized by a higher
LVEF and narrower QRS. Conduction system pacings have also been
found to improve LV diastolic function compared with BVP.
Furthermore, the recipients of conduction system pacing showed a bet-
ter response than patients undergoing BVP.

Table 2 summarizes studies comparing LV function in conduction sys-
tem pacing BVP.

Advancements in conduction
system pacing and future
perspectives

In this comprehensive review, we have examined the existing literature
concerning conduction system pacing in contrast to conventional RVP

and BVP, with a particular emphasis on myocardial function. The ana-
lysis reveals that conduction system pacing, encompassing HBP and
LBBAP, might herald a new era of pacing strategies that offer a more
synchronous myocardial function compared with RVP. Through its
physiological approach, conduction system pacing demonstrates im-
portant advantages over traditional pacing methods. This is evidenced
by a narrower QRS, preserved LVEF, and reduced rates of mitral and
tricuspid regurgitation over extended periods. However, no direct,
large-scale comparison of the two different conduction system pacing
methods exists.

As conduction system pacing has gained increased attention in recent
years, ongoing clinical randomized trials will probably answer critical
questions regarding its safety and efficacy. However, more studies fo-
cusing on myocardial mechanics in patients with such a condition are
needed to understand the benefits and limitations of this pacing ap-
proach. Particularly, studies of the mechanical and clinical features of
delayed RV activation in LBBAP over extended periods will be essential
for clinical decision-making. For example, the ‘pace and ablate’ strategy
for patients with atrial fibrillation will appear much more attractive if
long-term results with conduction system pacing indicate a reduction
in pacing-induced cardiomyopathy. Additionally, exploring hybrid ap-
proaches of conduction system pacing, such as His optimized CRT
and left bundle branch optimized CRT, warrants attention to assess
their impact on myocardial work and clinical outcome. Future studies
such as these will not only enhance our understanding of conduction
system pacing but also offer insights into refining pacing strategies to
optimize patient outcomes.

Summary

LBBAP is a promising method in cardiac pacing. In patients with brady-
cardia and narrow QRS complexes, the goal of pacing is to cause as little
harm as possible. In contrast, the goal of pacing in heart failure patients
with LBBB is to improve electro-mechanic cardiac function. LBBAP
might be the solution for the majority of these patient groups.
However, as the field of conduction system pacing continues to evolve,
further investigations are warranted. Long-term RCTs and trials focus-
ing on myocardial mechanics are pivotal for a comprehensive under-
standing of the clinical benefits and long-term effects of innovative
pacing methods such as the ones mentioned in this article.
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