Evolution of Conduction System

Pacing

Fatima M. Ezzeddine, MD?, and Gopi Dandamudi, MD, MBA, FHRS?

ardiac pacing has evolved with time since the

first pacemaker implantation in 1958.! Right
ventricular (RV) apical pacing has been the stan-
dard site for pacing. However, RV apical pacing is
non-physiological in nature due to the conduction
of electrical wavefronts through the myocardium
rather than through the His-Purkinje conduction
system, leading to abnormal electrical and mechan-
ical activation of the ventricles. In some patients,
this abnormal activation of the ventricles can result
in heart failure (HF), mitral regurgitation, atrial
fibrillation (AF), and increased morbidity and
mortality due to inter, intra, and atrioventricular
(AV) asynchrony.?? Pacing at alternative RV sites,
such as the RV septum and outflow tract, have not
been shown to be superior to RV apical pacing.*”
Even though biventricular pacing (BiVP) has
been shown to improve morbidity and mortality
in advanced HF patients with left bundle branch
block, it is also non-physiological in nature with the
activation spreading between the RV endocardium
and the left ventricular (LV) epicardium. Over the
past 20 years, conduction system pacing (CSP)
has evolved in the field of cardiac pacing as it has
the possibility of mitigating the deleterious effects
of right ventricular pacing (RVP). In this review,
we summarize the evolution of CSP focusing on
His bundle pacing (HBP) and left bundle branch
area pacing (LBBAP).

His Bundle Pacing (HBP)

HBP was first described in humans in 1970 by
Narula et al.® It was first reported as an alternative
to RVP in 2000 by Deshmukh et al in patients with
AF and atrioventricular node ablation (AVNA)’
and as an alternative to cardiac resynchronization
therapy (CRT) in 2006 by Barba-Pichardo et
al.® HBP can be either selective or non-selective
depending on whether the His bundle (HB) is
captured alone or with surrounding myocardium,
respectively (Figure 1). In selective HBP, there is
an isoelectric segment between the pacing spike
and the paced QRS complex which is identical to
the His-ventricular (H-V) interval of the intrin-
sic rhythm in most cases. In non-selective HBP,
there is no isoelectric segment between the pacing
spike and the paced QRS onset. Instead, there is
a pseudo-delta wave due to local myocardial cap-
ture (fusion). When compared to selective HBP,
non-selective HBP was associated with similar
clinical outcomes.’ Depending on the anatomical
location of the HB, various responses can be seen
with HBP at varying pacing outputs.’ The HB
is most commonly located in the membranous
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septum between the septal and anterior leaflets of
the tricuspid valve on the right side and between
the right and non-coronary sinuses of Valsalva on
the left side. Three types of anatomy of the HB
have been described by Kawashima et al based
on macroscopic studies.! In patients with type
I anatomy, pure HB recruitment is seen at low
output and fusion with myocardial fibers is seen
at high output. In type II anatomy, the HB runs
intramyocardially in the interventricular septum."
In patients with type II anatomy, HB activation is
fused with local myocardial activation regardless
of the pacing outputs. Lastly, in type III anatomy,
the HB is subendocardial.'! In this case, pure
HB recruitment can be seen regardless of the
pacing outputs.
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Clinical Benefits

HBP activates the ventricles in a synchronous
way by using the native conduction system. Echo-
cardiographically, the synchronous ventricular
activation provided by HBP is supported by the
lack of paradoxical septal motion which is usual-
ly seen in patients with RVP or intrinsic LBBB.*?
HBP was shown to be clinically feasible and safe in
patients with bradycardia pacing indications due
to AV nodal block as well as infranodal block, in
patients with AF prior to AVNA, and in patients
with CRT indications. When compared to patients
with RVP, patients with HBP had fewer HF hos-
pitalizations and lower mortality.” In patients
with bundle branch blocks, HBP can result in
bundle branch recruitment and narrowing of the
QRS interval (Figure 2). This was first reported
by Narula et al in 1977 and was explained by the
longitudinal dissociation of the HB fibers which
are already predestined to become right and left
bundle branches (LBB), respectively.’* In patients
who are candidates for CRT, HBP was shown to
improve left ventricular function and reverse
cardiac remodeling in observational studies.'**®
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Figure 1. His bundle pacing demonstrating non-selective capture (A). The arrow indicates fusion between
local RV myocardial capture and His bundle capture. (B) There is selective His bundle capture with no local
myocardial recruitment (arrow). Also, at very low pacing output, there is selective recruitment of right bundle
branch fibers only, resulting in a left bundle branch block pattern (asterisk).
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Figure 2. A 58-year-old male with non-ischemic cardiomyopathy, EF 20%, and NYHA class II HF symptoms
with LBBB was referred for CRT (A). The patient underwent successful selective His bundle pacing with re-
cruitment of the underlying left bundle branch block (B). Notice the T wave changes related to cardiac mem-
ory that normalize over time.
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These beneficial effects were even seen in patients
with RBBB* and in those who did not respond to
conventional CRT with a CS lead.* His-SYNC, the
first randomized controlled trial comparing HBP
to coronary sinus pacing, showed that His-CRT
resulted in greater reduction in QRS duration
with a similar improvement in left ventricular
ejection fraction as compared to conventional
BiVP.* There was significant crossover between the
groups and the study was not powered to detect
significant differences. His-Alternative was another
randomized trial comparing His-CRT to BiVP. This
trial showed that His-CRT resulted in significant
improvement in LV function, QRS width, and HF
symptoms, similar to BiVP at the expense of higher
pacing thresholds.*

Procedural Success Rates

The success rates of His lead implantation have
improved with time and with increasing operator
experience, ranging from 60% to 95% based on
several observational studies.**? Most common
implantation tools to perform HBP at the present
time include the SelectSecure 3830 lead (Medtron-
ic), the SelectSite C304-HIS deflectable catheter
(Medtronic), and the C315HIS non-deflectable
delivery catheter (Medtronic). Recently, other
manufacturers such as Abbott, Boston Scientific,
and BIOTRONIK have also developed specific deliv-
ery tools to improve the success of the procedure.
Unlike RV lead placement, His lead implantation
relies on precise electrical mapping. The HB is
usually mapped using the pacing lead in a unipolar
configuration. Following lead fixation, a HB injury
current was recorded in around 37% of patients
undergoing HBP.”” The presence of injury current
was associated with favorable acute and chronic
pacing capture thresholds.?”

Challenges

His lead implantation may be challenging in
the case of anatomical variations such as right
atrial and/or right ventricular enlargement. Other
situations include congenital disorders in which
the HB is displaced (AV septal defects, double
inlet LV, and congenitally corrected transposi-
tion of the great arteries [ccTGA]) or in which
twin HB may be present (ccTGA and right atrial
isomerism). Furthermore, owing to the fibrous
structure of the HB, lead fixation may be prob-
lematic. Pacing thresholds in HBP are usually
higher than those in RVP, which results in higher
energy consumption and faster battery depletion.
An increase in pacing thresholds was reported
in 10% of patients with HBP.?® A higher rate of
lead revision (6.7%) was also observed due to
increased pacing threshold or loss of capture.?
Another problem pertaining to HBP is the lack of
device-based algorithms designed for HBP, which
may make device programming challenging in
some cases.*® For example, in pacing-dependent
patients receiving HBP CRT devices with the His
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lead in the LV port, capture management algo-
rithms should be turned off to avoid unintended
consequences such as ventricular asystole.*® In
patients with the His lead in the atrial port, the
lowest possible sensitivity should be programmed
to avoid oversensing atrial and His potentials.*

Left Bundle Branch Area Pacing (LBBAP)

LBBAP has emerged as an extension of CSP due to
concerns with HBP related to challenging lead fixa-
tion, higher pacing thresholds, lower sensed R wave
amplitudes, and potential to develop distal conduction
disease. LBBAP was first reported in 2017 by Huang
et al after failure of LV and His leads implantation in a
CRT-eligible patient.** LBBAP can be either selective
or non-selective depending on whether the LBB is
captured alone or with surrounding myocardium. In
selective LBBAP, there is a discrete local signal separate
from the stimulus artifact on the unipolar electro-
gram from the pacing lead, whereas in non-selective
LBBAP, there is no discrete local signal (Figure 3).
Selective LBBAP is characterized by a change in the
paced QRS morphology from qR to rSR in lead v1 with
fixed peak left ventricular activation time (pLVAT)
while doing unipolar threshold measurement. In
non-selective LBBAP, the QRS duration increases
with prolongation of pLVAT without a change in the
paced QRS morphology in lead v1 (qR).?2 Deep septal
pacing is another variation of LBBAP and recent data
have shown that screwing the lead in close proximity
to the LBB fascicles can also result in physiological
pacing.*® Uniform criteria to confirm LBB capture are
still lacking. Recently, Vijayaraman et al published a
new criterion for LBB capture confirmation which
relies on the R-wave peak times (RWPTs) measured
in lateral precordial leads. RWPTs are shorter in LB-
BAP compared to HBP because LBBAP is distal to the
site of HBP. An absolute value of 8 ms for ARWPT
(difference in RWPTs during HBP and non-selective
LBBAP/LV septal pacing) has a 100% sensitivity and
93% specificity to confirm LBB capture in patients
with LBBB.*

Clinical Benefits

As compared to HBP, LBBAP has the potential to
bypass distal conduction disease in the majority of
patients. In patients with bradycardia pacing indi-
cations, LBBAP was shown to be safe and clinically
feasible. A significant reduction in QRS duration was
noted as compared to patients with RVP.** LBBAP
has also been an attractive alternative pacing modal-
ity in patients who are eligible for CRT. It resulted
in significant QRS narrowing with improvement in
clinical and echocardiographic outcomes in several
observational studies.**! More data are emerging
touting the benefits of LBBAP as a routine form of CSP.

Procedural Success Rates

Due to the anatomy of the left bundle which forms
awider target for pacing, LBBAP has higher implant
success rates, better pacing thresholds and sensed R
wave amplitudes, and lower lead-related complications
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Figure 3. A 52-year-old female underwent left
bundle branch area pacing (LBBAP). (A) Shows ini-
tial morphology of V1 (asterisk) with initial notch-
ing with pacing on the RV septum. As the lead is
screwed further deep into the septum, the notch-
ing in V1 moves further into the QRS (B). Eventual-
ly, when the lead reaches close to the LBB, there
is non-selective LBBAP with a right bundle branch
block morphology (C). In its final position, there is
selective LBBAP (D). Notice that the R-wave peak
time (RWPT) shortens significantly to 63 ms in V5
with both non-selective and selective LBBAP.

as compared to HBP. Success rates have ranged from
80.5% to 97%.%2 Left bundle potentials were recorded
in 30% to 80% of patients undergoing LBBAP.***" In
alarge multicenter retrospective study, lead revision
was needed in only 1.04% of patients.*®

Challenges

Septal scarring or fibrosis may make the transeptal
lead implantation challenging. With manipulation of
the sheath at the basal septum, there is a risk of right
bundle branch injury. There is also a risk of septal artery
injury that can be avoided by ensuring lead placement
atleast 1 cm below the HB area.*” Lastly, a significant
portion of the pacing lead behind the helix is usually
inserted into the septum to achieve successful LBBAP.
With this degree of penetration, there may be long-term
adverse effects on lead integrity due to myocardial
contractility which have yet to be clinically manifested.

Conclusion

Both HBP and LBBAP have rapidly evolved in the
past few years to become alternative forms of perma-
nent pacing on a global scale. Evidence is mounting
showing the physiological and clinical benefits of
CSP. Recent bradycardia guidelines by the ACC/
AHA/HRS have given a class ITa recommendation for
HBP in patients with a LV ejection fraction between
36%-50% who require >40% ventricular pacing.*
Larger randomized trials are needed to elucidate the
benefits of CSP in various cohorts. Further advances
in the design of dedicated tools, leads, and devices
for HBP and LBBAP are welcomed to move the field
of CSP forward. H

Fatima M. Ezzeddine, MD?, and
Gopi Dandamudi, MD, MBA, FHRS?

www.eplabdigest.com



'Mayo Clinic, Rochester, Minnesota; *Center for Cardiovas-
cular Health, Virginia Mason Franciscan Health, Seattle,
Washington

Disclosures: Dr. Ezzeddine has no conflicts of interest to
report regarding the content hevein. Dr. Dandamudi veports
consulting fees with Medtronic and BIOTRONIK.

References

1.

10.

11.

12.

13.

Das A. Cardiac Pacing: A Physiological Approach. JP
Medical Ltd.; 2016.

Sweeney MO, Hellkamp AS, Ellenbogen KA, et al.
Adverse effect of ventricular pacing on heart failure
and atrial fibrillation among patients with normal
baseline QRS duration in a clinical trial of pacemak-
er therapy for sinus node dysfunction. Circulation.
2003;107(23):2932-2937.

Wilkoff BL, Cook JR, Epstein AE, et al. Dual-chamber
pacing or ventricular backup pacing in patients with
an implantable defibrillator: the Dual Chamber and
VVI Implantable Defibrillator (DAVID) Trial. JAMA.
2002;288(24):3115-3123.

Domenichini G, Sunthorn H, Fleury E, Foulkes H, Stettler
C, Burri H. Pacing of the interventricular septum versus
the right ventricular apex: a prospective, randomized
study. Eur J Intern Med. 2012;23(7):621-627.

de Cock CC, Giudici MC, Twisk JW. Comparison of the
haemodynamic effects of right ventricular outflow-tract
pacing with right ventricular apex pacing: a quantitative
review. Europace. 2003;5(3):275-278.

Narula OS, Scherlag BJ, Samet P. Pervenous pac-
ing of the specialized conducting system in man.
His bundle and A-V nodal stimulation. Circulation.
1970;41(1):77-87.

Deshmukh P, Casavant DA, Romanyshyn M, Anderson K.
Permanent, direct His-bundle pacing: a novel approach
to cardiac pacing in patients with normal His-Purkinje
activation. Circulation. 2000;101(8):869-877.
Barba-Pichardo R, Morifia-Vazquez P, Venegas-Gamero
J, Maroto-Monserrat F, Cid-Cumplido M, Herrera-Car-
ranza M. [Permanent His-bundle pacing in patients with
infra-Hisian atrioventricular block]. Rev Esp Cardiol.
2006;59(6):553-558.

Beer D, Sharma PS, Subzposh FA, et al. Clinical outcomes
of selective versus nonselective His bundle pacing. JACC
Clin Electrophysiol. 2019;5(7):766-774.

Dandamudi G, Vijayaraman P. The complexity of the
His bundle: understanding its anatomy and physiology
through the lens of the past and the present. Pacing
Clin Electrophysiol. 2016;39(12):1294-1297.
Kawashima T, Sasaki H. A macroscopic anatomical
investigation of atrioventricular bundle locational
variation relative to the membranous part of the ven-
tricular septum in elderly human hearts. Surg Radiol
Anat. 2005;27(3):206-213.

Barba-Pichardo R, Morina-Vazquez P, Fernandez-Go-
mez JM, Venegas-Gamero J, Herrera-Carranza M.
Permanent His-bundle pacing: seeking physiological
ventricular pacing. Europace. 2010;12(4):527-533.
Abdelrahman M, Subzposh FA, Beer D, et al. Clinical out-
comes of His bundle pacing compared to right ventricular
pacing. J Am Coll Cardiol. 2018;71(20):2319-2330.

www.eplabdigest.com

14.

15.

16.

17.

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Narula OS. Longitudinal dissociation in the His
bundle. Bundle branch block due to asynchronous
conduction within the His bundle in man. Circulation.
1977;56(6):996-1006.

Barba-Pichardo R, Manovel Sanchez A, Fernandez-Go-
mez IM, Morina-Vazquez P, Venegas-Gamero J, Herre-
ra-Carranza M. Ventricular resynchronization therapy by
direct His-bundle pacing using an internal cardioverter
defibrillator. Europace. 2013;15(1):83-88.

Lustgarten DL, Crespo EM, Arkhipova-Jenkins I, et al.
His-bundle pacing versus biventricular pacing in cardiac
resynchronization therapy patients: a crossover design
comparison. Heart Rhythm. 2015;12(7):1548-1557.
Vijayaraman P, Dandamudi G, Herweg B, Sharma P, El-
lenbogen K. Permanent His bundle pacing is an excellent
alternative to cardiac resynchronization therapy. Heart
Rhythm. 2016;13(5):539-540.

. Ajijola OA, Upadhyay GA, Macias C, Shivkumar K, Tung

R. Permanent His-bundle pacing for cardiac resynchro-
nization therapy: initial feasibility study in lieu of left
ventricular lead. Heart Rhythm. 2017;14(9):1353-1361.
Sharma PS, Dandamudi G, Herweg B, et al. Permanent
His-bundle pacing as an alternative to biventricular pac-
ing for cardiac resynchronization therapy: a multicenter
experience. Heart Rhythm. 2018;15(3):413-420.
Sharma PS, Naperkowski A, Bauch TD, et al. Permanent
His bundle pacing for cardiac resynchronization therapy
in patients with heart failure and right bundle branch
block. Circ Arrhythm Electrophysiol. 2018;11(9):e006613.
Shan P, SuL, Zhou X, et al. Beneficial effects of upgrading
to His bundle pacing in chronically paced patients with
left ventricular ejection fraction <50. Heart Rhythm.
2018;15(3):405-412.

Upadhyay GA, Vijayaraman P, Nayak HM, et al. On-treat-
ment comparison between corrective His bundle pacing
and biventricular pacing for cardiac resynchronization:
a secondary analysis of the His-SYNC Pilot Trial. Heart
Rhythm. 2019;16(12):1797-1807.

Vinther M, Risum N, Svendsen JH, Mggelvang R, Philbert
BT. A randomized trial of His pacing versus biventricular
pacing in symptomatic HF patients with left bundle
branch block (His-Alternative). JACC Clin Electrophysiol.
2021 Apr 25;52405-500X(21)00328-5.
Vijayaraman P, Chung MK, Dandamudi G, et al. His
bundle pacing. JAm Coll Cardiol. 2018;72(8):927-947.
Sharma PS, Vijayaraman P, Ellenbogen KA. Permanent
His bundle pacing: shaping the future of physiological
ventricular pacing. Nat Rev Cardiol. 2020;17(1):22-36.
Bhatt AG, Musat DL, Milstein N, et al. The efficacy
of His bundle pacing: lessons learned from im-
plementation for the first time at an experienced
electrophysiology center. JACC Clin Electrophysiol.
2018;4(11):1397-1406.

Vijayaraman P, Dandamudi G, Worsnick S, Ellenbogen
KA. Acute His-bundle injury current during permanent
His-bundle pacing predicts excellent pacing outcomes.
Pacing Clin Electrophysiol. 2015;38(5):540-546.
Vijayaraman P, Ellenbogen KA. Approach to permanent
His bundle pacing in challenging implants. Heart Rhythm.
2018;15(9):1428-1431.

Vijayaraman P, Naperkowski A, Subzposh FA, et
al. Permanent His-bundle pacing: long-term lead

30.

31.

32.

33.

34

35.

36.

37.

38.

39

40.

41.

42.

43.

EP REVIEW 23

performance and clinical outcomes. Heart Rhythm.
2018;15(5):696-702.

Burri H, Keene D, Whinnett Z, Zanon F, Vijayaraman P.
Device programming for His bundle pacing. Circ Arrhythm
Electrophysiol. 2019;12(2):e006816.

Huang W, Su L, Wu' S, et al. A novel pacing strategy with
low and stable output: pacing the left bundle branch
immediately beyond the conduction block. Can J Cardiol.
2017;33(12):1736.e1-1736.e3.

Ponnusamy SS, Arora V, Namboodiri N, Kumar V, Ka-
poor A, Vijayaraman P. Left bundle branch pacing: a
comprehensive review. J Cardiovasc Electrophysiol.
2020;31(9):2462-2473.

Heckman LIB, Luermans J, Curila K, et al. Comparing
ventricular synchrony in left bundle branch and left
ventricular septal pacing in pacemaker patients. J Clin
Med. 2021;10(4):822.

. Vijayaraman P, Jastrzebski M. Novel criterion to

diagnose left bundle branch capture in patients with
left bundle branch block. JACC Clin Electrophysiol.
2021;7(6):808-810.

Li Y, Chen K, Dai Y, et al. Left bundle branch pacing
for symptomatic bradycardia: implant success rate,
safety, and pacing characteristics. Heart Rhythm.
2019;16(12):1758-1765.

Hou X, Qian Z, Wang Y, et al. Feasibility and cardi-
ac synchrony of permanent left bundle branch pac-
ing through the interventricular septum. Europace.
2019;21(11):1694-1702.

Li X, LiH, Ma W, et al. Permanent left bundle branch area
pacing for atrioventricular block: feasibility, safety, and
acute effect. Heart Rhythm. 2019;16(12):1766-1773.
Vijayaraman P, Ponnusamy S, Cano O, et al. Left
bundle branch area pacing for cardiac resynchroni-
zation therapy: results from the International LBBAP
Collaborative Study Group. JACC Clin Electrophysiol.
2021;7(2):135-147.

. Strocchi M, Lee AWC, Neic A, et al. His-bundle and left

bundle pacing with optimized atrioventricular delay
achieve superior electrical synchrony over endocar-
dial and epicardial pacing in left bundle branch block
patients. Heart Rhythm. 2020;17(11):1922-1929.
Wu'S, SuL, Vijayaraman P, et al. Left bundle branch pacing
for cardiac resynchronization therapy: nonrandomized
on-treatment comparison with His bundle pacing and
biventricular pacing. Can J Cardiol. 2021;37(2):319-328.
Zhong C, Xu W, Shi S, Zhou X, Zhu Z. Left bundle branch
pacing for cardiac resynchronization therapy: a sys-
tematic literature review and meta-analysis. Pacing
Clin Electrophysiol. 2021;44(3):497-505.
Ponnusamy SS, Vijayaraman P. Aborted ST-elevation
myocardial infarction-an unusual complication of
left bundle branch pacing. HeartRhythm Case Rep.
2020;6(8):520-522.

Kusumoto FM, Schoenfeld MH, Barrett C, et al. 2018
ACC/AHA/HRS guideline on the evaluation and man-
agement of patients with bradycardia and cardiac
conduction delay: executive summary: a report
of the American College of Cardiology/American
Heart Association Task Force on Clinical Practice
Guidelines, and the Heart Rhythm Society. J Am
Coll Cardiol. 2019;74(7):932-987.

EP Lab Digest « September 2021





