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Abstract

Transcatheter aortic valve replacement (TAVR) offers a minimally invasive alternative to traditional surgical aortic valve replacement
(SAVR) for the treatment of severe aortic stenosis. Notably, TAVR was once reserved for patients at high surgical risk but is now a
viable option even for those at low surgical risk. Despite the widespread adoption and favorable outcomes of TAVR, this technique
presents several challenges, including conduction disturbances such as new-onset left bundle branch block (LBBB) and high-grade
atrioventricular (AV) block, which may require permanent pacemaker (PPM) implantation. These complications arise from the close
anatomical relationship between the aortic valve and the cardiac conduction system and are influenced by factors such as valve design,
implantation depth, and individual anatomical variations. This review aims to explore the structural and physiological intricacies of
the aortic valve and conduction system. Additionally, this review explores pre-procedural risk stratification, monitoring protocols, and
emerging strategies to mitigate these complications and enhance procedural safety and long-term patient outcomes.

Keywords: transcatheter aortic valve replacement; aortic valve stenosis (therapy); heart conduction system (injuries); atrioventricular
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1. Introduction

Transcatheter aortic valve replacement (TAVR) is a
minimally invasive procedure to treat severe and symp-
tomatic aortic stenosis [1]. Aortic stenosis can develop
due to various etiologies, including age-related calcifica-
tion, congenital valve abnormalities (e.g., bicuspid aortic
valve (BAV)), or theumatic heart disease [2,3]. To classify
aortic stenosis as severe, both valve anatomy and hemody-
namics must be considered. Severe aortic stenosis is di-
agnosed when the aortic velocity is >4.0 m/s, the mean
transaortic gradient is >40 mmHg, and the aortic valve
area is <1.0 cm?, with an indexed valve area of <0.6
cm?/m? [1,2]. According to a 2021 review published in
the Journal of the American Medical Association (JAMA)
on transcatheter treatment of valvular heart disease, ap-
proximately 78,000 TAVR procedures are performed an-
nually. Notably, in 2019, TAVR surpassed surgical aortic
valve replacement (SAVR), with 77,991 procedures com-
pared to 57,626 [4]. TAVR was initially approved for pa-
tients deemed intermediate- to high-risk or inoperable for
conventional open-heart surgery. However, it is now con-
sidered a viable first-line treatment for low-risk patients, al-
though an individualized heart team approach remains es-
sential for all cases [1,4].

Multiple clinical trials have demonstrated that TAVR
is noninferior or even superior to SAVR in certain popula-
tions [5-7]. However, SAVR may be preferred in patients
with a thoracic aortic aneurysm requiring repair, severe
coronary artery disease necessitating surgical revascular-
ization, or significant left ventricular outflow tract (LVOT)
calcification (which increases the risk of annular rupture
during TAVR). Conversely, TAVR may be favored in pa-
tients with morbid obesity, severe pulmonary, hepatic, or
renal disease, or those with prior chest irradiation [4].

The decision to undergo TAVR involves shared
decision-making between the patient and a multidisci-
plinary heart team. Pre-procedural evaluation includes
transthoracic echocardiography (TTE), coronary artery as-
sessment, TAVR-specific computed tomography (CT), and
dental examinations [1,8]. The procedure typically in-
volves transfemoral or carotid delivery of a prosthetic aor-
tic valve, which is advanced over a guidewire and deployed
across the native aortic valve [1,4,9]. Deployed prosthetic
valve may be balloon-expandable or self-expanding, often
performed during rapid ventricular pacing to reduce cardiac
output. The placement of the valve is confirmed via fluo-
roscopy and echocardiography. Most procedures are con-
ducted under monitored anesthesia, and patients are usually
discharged within 1-3 days [4].
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Despite its minimally invasive nature, TAVR carries
risks such as stroke, paravalvular leak, myocardial infarc-
tion, and bleeding [8,10,11]. One particularly significant
complication is conduction disturbances [10,11]. These dis-
turbances may include new persistent left bundle branch
block (LBBB) or disturbances requiring permanent pace-
maker implantation, which have been associated with in-
creased heart failure hospitalizations and all-cause mortal-
ity at one year [12]. While some conduction disturbances
resolve within 30 days, others persist and contribute to mor-
bidity and mortality [13].

Latest technological advancements have reduced
complications like paravalvular leak, but conduction distur-
bances remain prevalent. These are believed to result from
mechanical trauma or compression and the depth of valve
implantation. Newer-generation self-expanding valves and
deeper implantation are associated with higher risk, al-
though the ACURATE Neo valve has not shown increased
risk with deep placement [14,15]. Notably, the clinical pre-
sentations of aortic stenosis and bradyarrhythmia, such as
fatigue, lightheadedness, and syncope, can overlap. Al-
though routine cardiac monitoring prior to TAVR is not
standardized, undiagnosed bradyarrhythmia may contribute
to post-procedural conduction disturbances [10].

This review aims to explore the anatomy and physiol-
ogy of the aortic valve and its anatomical variations, mech-
anisms of injury during TAVR, and the types of conduc-
tion disturbances that may occur. It will examine the inci-
dence and clinical implications of conduction disturbances
by valve type and generation, summarize pre-procedural
risk factors, predictors, and monitoring guidelines, and dis-
cuss the role of permanent pacemaker (PPM) implantation
and future directions for the TAVR procedure. A compre-
hensive literature search was conducted using institutional
databases, including PubMed, Scopus, Embase, and Web
of Science, focusing on peer-reviewed studies published be-
tween 2010 and 2025. Search terms included “transcatheter
aortic valve replacement”, “aortic stenosis”, “conduction
disturbances”, “left bundle branch block”, “atrioventric-
ular block”, “pacemaker implantation”, “valve implanta-
tion depth”, and “procedural complications”. Studies were
selected based on relevance to TAVR-related conduction
injury, procedural mechanisms, valve-specific outcomes,
and peri-procedural risk stratification. This review was
conducted as a narrative, non-systematic review. Studies
were prioritized based on clinical relevance, methodolog-
ical rigor, sample size, and applicability to contemporary
TAVR practice. When conflicting evidence was identified,
greater weight was given to large registries, randomized tri-
als, meta-analyses, and guideline statements, while single-
center observational studies were used to provide mechanis-
tic insight and hypothesis-generating data. Formal risk-of-
bias tools and quantitative evidence weighting were not ap-
plied. Data extraction focused on reported incidence, pre-
dictors, valve-specific outcomes, and clinical implications
of conduction disturbances following TAVR.

2. Anatomy and Pathophysiology of the
Conduction System

The anatomical proximity of the native conduction
system to the aortic valve complex underlies the most
common conduction-related complications associated with
TAVR. During valve manipulation and expansion, impinge-
ment on adjacent conduction tissue can result in perma-
nent injury. The American College of Cardiology (ACC)
highlights the risk of compressing the membranous septum
(MYS), in particular its most inferior portion, which contains
the His bundle as it courses from the atrioventricular (AV)
node to the ventricular conduction system [10,11]. Fig. 1
illustrates the close proximity of the AV node, His bun-
dle, and left bundle branch to the aortic valve annulus and
LVOT, demonstrating the conduction system’s vulnerabil-
ity during TAVR.

The mechanism of injury is typically multifactorial,
which involves mechanical trauma, edema, ischemia, and
occasionally hematoma formation. The 2020 ACC Expert
Consensus notes that direct injury contributes to a 10%—
15% incidence of complete heart block requiring perma-
nent pacemaker (PPM) implantation [10]. Valve deploy-
ment may compromise microvascular supply, which can
lead to ischemia of the AV node; one of the most common
causes of high-grade AV block [10,11]. Edema resulting
from procedural manipulation may also transiently disrupt
conduction.

Several anatomical and procedural factors increase
susceptibility to conduction compromise. These include a
short MS, aortic annular calcification, and a narrow LVOT
[12,13]. A shorter MS brings the aortic annulus closer to the
conduction system and is frequently observed in patients
with BAVs. While TTE often lacks sufficient resolution
to assess septal length, TEE, cardiac CT, and cardiac mag-
netic resonance imaging (MRI) may provide more accurate
evaluation [13]. Multidetector cardiac CT has emerged as
the preferred pre-procedural imaging modality due to its
great spatial resolution and reproducibility. Several CT-
based analyses have demonstrated that a short membranous
septal length (as <6—7 mm) is strongly associated with in-
creased risk of new-onset LBBB and PPM following TAVR.
Membranous septal lengths >8 mm appear to show rel-
ative protection, in particular when implantation depth is
maintained above the inferior margin of the septum. There-
fore, implantation extending beyond the measured septal
length substantially increases the likelihood of His bundle
or proximal left bundle branch compression. While TTE
lacks sufficient resolution for reliable septal measurement,
CT allows simultaneous assessment of membranous septal
length, LVOT diameter, annular geometry, and prosthesis—
LVOT interaction [14—-16]. Additionally, variations in the
trajectory of the AV bundle within the septum can influence
risk. In some cases, the AV bundle runs superficially along
the MS, making it more susceptible to injury from minimal
trauma [17].
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Fig. 1. Anatomy of the conduction system and its close proximity to the aortic valve. SA, sinoatrial; AV, atrioventricular. Figure

created with Canva.

Calcification of the aortic annulus, especially beneath
the non-coronary cusp, can serve as a focal point for in-
creased compression [10,18]. The ACC also emphasizes
the importance of LVOT size in risk stratification. A nar-
row LVOT or a high prosthesis-to-LVOT ratio inherently
increases the risk of conduction system compression, re-
gardless of valve type [10]. Moreover, asymmetric cal-
cium deposition may alter radial force vectors by result-
ing in localized stress concentration and disproportionate
injury to conduction tissue. This explains the conduction
disturbances that may occur even in cases with modest over-
all annular calcification. Incorporating calcium distribution
patterns into pre-procedural CT assessment may therefore
enhance individualized risk prediction and procedural plan-
ning [19].

3. Types of Conduction Disease
3.1 Left Bundle Branch Block

TAVR has the potential to cause various forms of con-
duction disturbances. In a physiologically normal heart,
electrical conduction begins in the sinoatrial (SA) node and
progresses sequentially through the AV node, His bundle,
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bundle branches, fascicles, Purkinje fibers, and ultimately
to the ventricular myocardium [20]. The most frequently
observed conduction disturbance following TAVR is new-
onset LBBB, which has been reported in 19%—-55% of pa-
tients post-procedure [20]. The diagnostic criteria for com-
plete LBBB on electrocardiogram (ECG) in adults include
a QRS duration >120 ms, broad notched or slurred R waves
in leads I, aVL, V5, and V6, absence of Q waves in leads I,
V5, and V6 (with possible Q waves in aVL), R peak time
>60 ms in leads V5 and V6, and ST-T wave discordance
relative to the QRS direction. Incomplete LBBB is defined
similarly, but with a QRS duration between 110-119 ms,
possible left ventricular hypertrophy pattern, R peak time
>60 ms in leads V4-V6, and absence of Q waves in leads
I, V5, and V6 [20].

While isolated LBBB or incomplete LBBB rarely
causes overt physical symptoms, persistent LBBB can lead
to long-term complications. Its incidence varies depending
on valve type and generation. According to a meta-analysis
and systematic review by Alzu’bi et al. [21], larger valves
(e.g., 29 mm) are associated with an increased risk of LBBB
(relative risk [RR] 1.59). A study by Isogai et al. [22] found
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that newer-generation valves, such as the SAPIEN 3, have
a reduced but still notable risk of LBBB, potentially due to
improvements in technique or valve design.

Despite procedural advancements, LBBB remains a
significant concern, particularly with valves known to have
higher associated rates. Alzu’bi ef al. [21] reported that
the self-expanding CoreValve had the highest incidence of
LBBB (26%-30%), with a RR of 2.25. Similar findings
were noted by Auffret ef al. [23] in a review published in
Circulation, where the incidence of new-onset LBBB with
the CoreValve ranged from 18%—65%. In contrast, balloon-
expandable valves such as the Edwards SAPIEN XT and
SAPIEN 3 showed lower LBBB incidence, ranging from
4%-30% [23]. In two separate analyses of the PARTNER 11
trial by Nazif et al. [24,25], the incidence of new LBBB was
reported to be 3%—-30% for the SAPIEN XT and SAPIEN
3 valves.

New-onset LBBB may appear immediately after valve
deployment or up to one-year post-procedure, though it
most commonly occurs peri-procedurally [21,23]. While
LBBB may resolve spontaneously within 2448 hours, es-
pecially with the SAPIEN 3 valve, persistent LBBB beyond
24 hours is associated with a 30.6% risk of developing high-
grade AV block within 12 months, according to a prospec-
tive multicenter study published in Heart Rhythm by Mas-
soullié et al. [26].

3.2 High-Degree Atrioventricular Block

Another conduction disturbance that can result from
the TAVR procedure is high-degree atrioventricular block
(HAVB). On ECG, HAVB is defined as two or more consec-
utive non-conducted P waves occurring at a constant physi-
ological rate with some evidence of normal conduction else-
where [20]. This type of block can lead to significant brady-
cardia and symptoms such as lightheadedness or syncope.
HAVB is typically less responsive to pharmacologic inter-
ventions like atropine and has the potential to progress to
complete heart block [20].

According to the ACC, American Heart Association
(AHA), and Heart Rhythm Society (HRS), the overall in-
cidence of high-grade AV conduction disturbances follow-
ing TAVR is approximately 10% [10,20]. However, stud-
ies such as Rao et al. [27] (a prospective observational
study from the CONDUCT-TAVI trial), El-Sabawi et al.
[28] (a single-center retrospective study), and Reiter ef al.
[29] (a single-center, prospective, nonrandomized cohort
trial) report incidence rates as high as 21%, with most cases
occurring within the first 48 hours post-procedure. Im-
portantly, late-onset HAVB is defined as occurring more
than two days after the procedure and has been observed
in 8%—12% of cases. This highlights the need for close
clinical monitoring, especially in patients with preexisting
right bundle branch block (RBBB), who are at increased
risk [26,29,30]. According to the ACC, the development of
sustained or recurrent HAVB often necessitates PPM im-
plantation. Furthermore, new persistent LBBB and con-

duction disturbances requiring PPM placement after TAVR
have been associated with increased rates of heart failure
hospitalization and all-cause mortality at one year [31].

3.3 Right Bundle Branch Block

An additional, though relatively rare, conduction dis-
turbance that can develop following the TAVR procedure
is RBBB. While the 2020 ACC guidelines do not specify
the exact incidence of new-onset RBBB post-TAVR, data
from a large-scale registry at the Mayo Clinic and a single-
center retrospective observational study by Kikuchi et al.
[32] published in Journal of the American Heart Associa-
tion suggest an incidence of approximately 4%—5% [10,33].

RBBB is defined on an ECG by a QRS duration >120
ms, an rsR’ or rSR’ pattern in leads V1-V2, and a broad S
wave in leads I and V6. Incomplete RBBB presents with
similar QRS morphology but with a QRS duration between
110-119 ms [20]. RBBB results in delayed right ventricu-
lar activation, as the electrical impulse must travel through
the left bundle branch and then across the interventricular
septum. Like isolated LBBB, isolated RBBB typically does
not produce specific physical symptoms [20].

In the study by Kikuchi et al. [32] involving 407 pa-
tients undergoing TAVR, the rate of PPM placement was
higher in patients who developed new-onset RBBB com-
pared to those with new-onset LBBB or no bundle branch
block [29]. Additionally, the ACC notes that preexisting
RBBB is a strong independent predictor of post-TAVR con-
duction disturbances, with rates of high-grade AV block
reaching as high as 24% in this population [10]. These find-
ings suggest that although new-onset RBBB is relatively
uncommon, it represents a high-risk complication that may
necessitate PPM implantation.

Michowitz et al. [34] evaluated over 7700 TAVR pa-
tients and reported a 0.5% (5.3/1000) incidence of new-
onset RBBB, nearly half of whom required permanent pace-
maker implantation, primarily within the first week post-
procedure. A PR interval >230 ms or APR >24 ms were
robust predictor for pacing need. These findings rein-
force the importance of prolonged telemetry (up to 7 days),
mainly in patients presenting post-TAVR PR prolongation,
to identify high-grade conduction disturbances requiring in-
tervention [34].

3.4 Other Arrhythmias

Atrial fibrillation (AF), which is a common arrhyth-
mia among the severe aortic stenosis population, can also
develop or be unmasked following the TAVR procedure.
The overall incidence of post-TAVR AF is estimated to be
approximately 8%—10%, as supported by an analysis of the
Society of Thoracic Surgeons/American College of Cardi-
ology Transcatheter Valve Therapy (STS/ACC TVT) reg-
istry by Vora et al. [35] and a systematic review and meta-
analysis by Ryan et al. [36] published in JACC: Cardiovas-
cular Interventions.
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Table 1. The overall incidence of conduction disturbances as a result of TAVR.

Conduction disturbance

Overall incidence [Reference]

19%-55% [20]

Self-expanding CoreValve: 26%-30% [21]

Left Bundle Branch Block (LBBB)

Self-expanding CoreValve: 18%—65% [23]

Edwards SAPIEN XT/SAPIEN (3): 4%—-30% [23]
Edwards SAPIEN XT/SAPIEN (3): 3%-30% [24,25]

High-Degree Atrioventricular Block (HAVB)

10% [10,20]

21% [27-29]

Right Bundle Branch Block (RBBB)

4%-5%[10,32,33]

Atrial Fibrillation (AF)

8%-10% [35,36]

2% [39]
9.6% [38]

Ventricular Tachycardia (VT)

Premature Ventricular Contractions (PVC)

16% [38]

48.6% [40]

TAVR, transcatheter aortic valve replacement.

AF is defined as a supraventricular tachyarrhythmia
characterized by chaotic electrical activity in the atria, lead-
ing to ineffective atrial contraction and an irregular ventric-
ular response. The ectopic electrical activity often origi-
nates near the pulmonary veins. On ECG, AF is typically
identified by the absence of distinct P waves and an irregu-
lar R-R interval. The development of AF post-TAVR is clin-
ically significant, as it increases the risk of ischemic stroke,
heart failure, and all-cause mortality [37].

A Premature ventricular contraction (PVC) is defined
by a wide QRS complex (>120 ms), abnormal morphol-
ogy compared to a normal QRS complex, absence of a pre-
ceding P wave, and is typically followed by a compen-
satory pause. Frequent PVCs, defined as more than 10,000—
20,000 per day, can lead to a reversible form of cardiomy-
opathy if the ectopic activity is suppressed. Sustained VT
is defined as a ventricular-origin arrhythmia consisting of
three or more consecutive complexes at a rate >100 beats
per minute lasting >30 seconds or requiring termination
within 30 seconds due to hemodynamic compromise [38].
Table 1 (Ref. [10,20,21,23-25,27-29,32,33,35,36,38—40])
provides a comprehensive overview of the overall incidence
of various conduction abnormalities seen in TAVR.

Ventricular arrhythmias have also been observed fol-
lowing TAVR. PVCs were reported in approximately 16%
of patients within one year post-procedure, according to a
review by Nuche et al. [38] published by the HRS. Sus-
tained ventricular tachycardia (VT), though less common,
was observed in about 2% of cases [38]. Tempio ef al. [39]
performed 24-hour Holter monitoring in 146 high-risk se-
vere AS patients undergoing TAVR and found complex ven-
tricular arrhythmias (non-sustained ventricular tachycardia
(NSVT), multifocal PVCs, couplets) in ~49% pre-TAVR.
Remarkably, arrhythmia burden fell significantly by one
month and continued to decrease by one year post-TAVR
(VT prevalence from 9.6% to ~2%) [39]. Moreover, Mar-
tinek et al. [41] recently reviewed the pathophysiological
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mechanisms driving ventricular arrhythmias in severe AS
prior to intervention, namely LV hypertrophy, fibrosis, is-
chemia, and conduction disturbances, and emphasized that
these arrhythmias should be viewed as markers of advanced
disease requiring prompt valve replacement.

A rare but clinically significant arrhythmia post-TAVR
is bundle branch reentry (BBR) VT, as described by Bel-
hassen et al. [42] in a 74-year-old patient who developed
alternating bundle branch block patterns and intermittent
wide-complex tachycardia at 187—200 bpm starting three
days after valve implantation. Electrophysiological study
(EPS) identified a macro-reentrant circuit involving the
His—Purkinje system, likely facilitated by conduction sys-
tem injury during TAVR. Recognition of this phenomenon
is crucial, given its rapid rate, hemodynamic impact, and
requirement for targeted catheter ablation [42].

The wide range of reported incidence rates for post-
TAVR conduction disturbances reflects substantial hetero-
geneity across published studies. Differences in patient se-
lection, baseline conduction disease, valve platforms and
generations, implantation techniques, definitions of con-
duction abnormalities, and duration and method of post-
procedural monitoring limit direct comparison across co-
horts. In addition, follow-up intervals vary widely, ranging
from in-hospital telemetry to extended ambulatory moni-
toring, which may underestimate or overestimate late-onset
events. As such, the authors recommend reviewers interpret
reported incidence as estimates rather than precise event
rates.

4. Incidence and Clinical Impacts

Valve types used in TAVR are broadly categorized into
balloon-expandable and self-expanding valves. Balloon-
expandable valves include early-generation SAPIEN and
newer-generation SAPIEN 3 valves, which are generally
associated with lower rates of conduction abnormalities.
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PPM implantation rates for the SAPIEN 3 valve range from
4.0% to 24.0%, while early-generation SAPIEN valves
have reported rates as high as 28% [43].

Self-expanding valves include the early-generation
CoreValve, newer-generation Evolut R/Pro, and the more
recent ACURATE Neo valves. These valves are associ-
ated with a higher risk of significant and persistent con-
duction disturbances. The CoreValve has the highest re-
ported PPM requirement, ranging from 16.3% to 37.7%,
while the Evolut R/Pro valves show rates between 14.7%
and 26.7% [12,43]. Self-expanding valves have also been
linked to prolonged PR intervals and widened QRS com-
plexes. Notably, the ACURATE Neo valve has demon-
strated lower rates of conduction disturbances and PPM re-
quirements compared to other self-expanding valves.

When determining patient candidacy for TAVR, the
potential negative clinical consequences and procedural
risks must be carefully considered in all cases. Among
the most common and significant adverse outcomes are the
need for PPM implantation and heart failure-related hospi-
talizations. PPM placement post-TAVR has been reported
in up to 23% of cases within 30 days, depending on valve
type [44]. As an invasive procedure, PPM implantation car-
ries additional risks and often necessitates rehospitalization
for close cardiac monitoring.

Arrhythmias requiring PPM placement contribute sig-
nificantly to heart failure-related hospitalizations. These
hospitalizations have been reported in 16%—-22% of pa-
tients within 1-4 years post-TAVR and are primarily at-
tributed to conduction disturbances, paravalvular leak, and
procedure-related myocardial injury [45]. A meta-analysis
further demonstrated a 32% increased risk of heart failure-
related hospitalization in TAVR patients who required PPM
implantation [46].

5. Risk Factors and Predictors of Permanent
Pacemaker Implantation

The ACC highlights several key risk factors and pre-
dictors for conduction abnormalities following TAVR. Pre-
procedural evaluation is essential for identifying and risk-
stratifying patients. ECG serves as a critical first step,
and reviewing recent ambulatory cardiac monitoring can
help detect bradyarrhythmias or transient AV blocks [10].
Among the most notable predictors, pre- RBBB is strongly
associated with the need for PPM implantation post-TAVR.
In a multicenter registry, patients with pre-existing RBBB
had a 40.1% rate of PPM implantation at 30 days, com-
pared to 13.5% in those without RBBB [47]. These pa-
tients also demonstrated higher all-cause and cardiovascu-
lar mortality rates (10.2% vs. 6.9%, respectively) [10,47].
While RBBB is correlated with peri-procedural heart block
(up to 24%), its association with delayed heart block (be-
yond 7 days post-TAVR) has been observed primarily with
self-expanding valves [41]. At 18- and 24-month follow-
ups, pre-existing RBBB remained the strongest predictor of
PPM requirement and was independently associated with

increased risk of all-cause and cardiovascular mortality
[47,48].

The role of pre-existing LBBB has also been explored.
However, current evidence does not support a correlation
between LBBB and increased risk of immediate or de-
layed cardiovascular or all-cause mortality. Research on
new-onset LBBB post-TAVR presents conflicting findings
regarding the necessity of PPM implantation. No statis-
tically significant differences in cardiovascular mortality,
hospitalizations, or heart failure development have been ob-
served at 1-, 6-, and 12-month intervals [49,50]. Further
data is needed to assess long-term safety in patients with
new-onset LBBB, with or without pacemaker placement.

Evidence regarding standardized PPM placement at
the time of TAVR for patients with pre-existing conduction
abnormalities such as variable AV block, prolonged PR in-
terval, or prolonged HV interval (>55 ms or >70 ms) is less
robust. Emerging studies suggest that intraoperative mon-
itoring and post-TAVR measurements of these conduction
parameters may correlate with mortality risk and pacemaker
necessity.

Valve type also plays a role in conduction disturbance
risk. Pre-dilation has shown a modest association with
heart block, but self-expanding valves consistently demon-
strate higher PPM implantation rates compared to balloon-
expandable valves. For example, the CoreValve prosthe-
sis has a PPM rate of 25.8% versus 6.5% for the Edwards
SAPIEN valve, with an odds ratio of 4.91 (95% confidence
interval (CI): 4.12-5.86; p < 0.001) [10,51-53]. Mul-
tiple studies, including prospective and retrospective tri-
als, meta-analyses, and large registries, report RRs ranging
from 1.8 to 3.0, attributed to the greater radial force and
deeper implantation depth of self-expanding valves [53—
55].

An elevated prosthesis-to-LVOT diameter ratio has
been associated with increased PPM implantation risk.
However, this correlation should be interpreted cautiously
in studies involving balloon-expandable valves due to the
lack of reported implantation depth [10,56]. When implan-
tation depth exceeds the length of the MS, the odds of con-
duction disturbance rise significantly. The MS is located at
the aortic root between the right coronary and non-coronary
cusps and houses the penetrating bundle of His, making it
a high-risk site for injury during TAVR due to its small size
and critical anatomical location. Patients with an MS length
<2 mm are at significantly increased risk for PPM implan-
tation [57]. In a retrospective study by Hamdan ef al. [58],
MS length was identified as a strong predictor of PPM re-
quirement prior to TAVR. Post-TAVR, the most powerful
predictor was the ratio of MS length to implantation depth
[58].

Other anatomical variables, including calcifications
and annulus perimeter/eccentricity, also correlate with in-
creased risk of conduction disturbances. Specifically, cal-
cifications at the right coronary and non-coronary cusps,
LVOT, basal septum, and aortic root are independent imag-
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Table 2. Overview of PPM incidence based on different valve types.

Valve type/Device PPM incidence = Models Notes
range (%)
Balloon-expandable (BE) 4%—-14% SAPIEN XT, SAPIEN 3, PART- Lower risk; SAPIEN 3: 12.5% (PARTNER 2

NER 2 S3

Self-expanding (SE) 11%-25%
rate Neo

Mechanically expandable (ME) 25%-35%

Valve-in-valve (ViV) TAVR 3.7%—7.4%

All TAVR (overall pooled) 10%—-22% All models

CoreValve, Evolut R/PRO, Acu-

Lotus, Direct Flow

Evolut R/Pro, CoreValve, VIVID

S3); anatomical and procedural factors matter
Higher risk; CoreValve: up to 30%; Evolut
R/PRO: 14%—17%; Acurate Neo: 8%—-9%
Highest risk; Lotus: up to 34%; ME valves OR
3.48 vs BE valves for PPM implantation
New-generation THVs: 4.7%; Evolut R/Pro:
3.7%; CoreValve: 9.0%

Meta-analyses, wide range due to device, pa-
tient, and center variability

PPM, permanent pacemaker; THV, transcatheter heart valves; VIVID, Valve-in-Valve International Data Registry.

ing biomarkers associated with higher risk of conductive
injury [48,54,57]. While multivariable risk models can
help estimate pacemaker risk after TAVR, they are often
difficult to apply in everyday clinical practice. In real-
ity, clinicians typically rely on a stepwise assessment us-
ing readily available information, including baseline ECG
findings (such as pre-existing RBBB or PR prolongation),
pre-procedural cardiac CT measurements of membranous
septal length, LVOT size, and calcium distribution, as well
as careful attention to implantation depth during the proce-
dure. Rather than using formal algorithms, these factors are
often considered with each other to guide shared decision-
making, procedural planning, and the intensity of post-
TAVR rhythm monitoring. In patients felt to be at higher
risk, this approach may favor closer surveillance or early
electrophysiology involvement rather than routine prophy-
lactic pacemaker implantation. Table 2 shows a compre-
hensive overview of PPM rates after TAVR that vary sig-
nificantly by valve type, with self-expanding and mechan-
ically expandable valves generally associated with higher
rates than balloon-expandable valves. New-generation de-
vices have reduced, but not eliminated, this risk. Interpreta-
tion of valve-specific pacemaker implantation rates should
account for temporal trends and operator learning curves.
Earlier-generation devices were frequently implanted dur-
ing the initial adoption phase of TAVR, when implantation
techniques, depth control, and imaging integration were
less standardized. Subsequent refinements in device de-
sign, delivery systems, implantation strategies, and oper-
ator experience have been associated with progressive re-
ductions in pacemaker rates, even within the same valve
platform. These factors should be considered when extrap-
olating historical data to contemporary clinical practice.

6. Risk Stratifications and Monitoring

Continuous rhythm monitoring plays an important
role in evaluating both peri-procedural and delayed heart
blocks following TAVR. As previously discussed, pre-
existing conduction abnormalities are important consider-
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ations in all TAVR patients. The strongest predictors for
eventual PPM implantation include:

-Prolonged PR interval following valve deployment

-HV interval duration >80-90 ms post-TAVR

-Prolonged AV nodal conduction

-Lower atrial pacing rates required to induce second-
degree Mobitz I (Wenckebach) AV block [10]

Multivariable analyses and retrospective studies have
identified prolonged PR interval as a significant predictor
of pacing requirement, including the development of de-
layed advanced conduction abnormalities occurring more
than 48 hours post-procedure [58—60]. One of the most ef-
fective tools for predicting the need for PPM implantation
is rapid atrial pacing. Among all risk factors, this method
has the highest negative predictive value (NPV). In a study
by Krishnaswamy et al. [61], 284 patients underwent rapid
atrial pacing (70-120 bpm) via a temporary pacemaker lead
placed in the right atrium following valve deployment. Pa-
tients who developed Wenckebach AV block during pacing
had a significantly higher rate of PPM implantation (13.1%)
compared to those who did not (1.3%, p < 0.001) [61]. The
NPV for patients who did not develop Wenckebach was
98.7%. This predictive value remained consistent across
valve types, including both self-expanding and balloon-
expandable valves. The study also included patients with
pre-existing and newly diagnosed RBBB and LBBB.

The 2020 ACC Expert Consensus Panel recommends
a risk-stratified approach to post-operative monitoring for
conduction disturbances, based on pre-TAVR risk factors
and peri-procedural findings. Three clinical scenarios are
outlined:

-No new or worsened conduction disturbances (e.g.,
<20 ms change in PR/QRS intervals)

-New bundle branch block or >10% increase in
PR/QRS interval duration

-Peri-operative transient or persistent complete heart
block [10]

For patients with new or worsened conduction dis-
turbances, the panel recommends a minimum of 48 hours
of inpatient monitoring, extending up to 7 days if ambula-
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tory monitoring is not planned. If ambulatory monitoring is
used, a minimum duration of 14 days post-discharge is ad-
vised, along with specific criteria for response and patient
safety.

For patients without new or worsened conduction
disturbances, 48 hours of inpatient monitoring is recom-
mended, with discharge considered if the ECG remains sta-
ble, as the risk of delayed heart block is <1%. In cases
of perioperative transient or persistent AV block, especially
in patients with pre-existing RBBB, the panel recommends
placement of a temporary pacemaker lead for at least 24
hours, with strong consideration for PPM implantation prior
to discharge [10].

7. Indications for PPM Following TAVR

PPM implantation after TAVR is primarily indicated
in cases of persistent HAVB, recurrent transient HAVB, or
new conduction abnormalities in patients with pre- RBBB.
Current guidelines recommend PPM placement for patients
who develop sustained or recurrent HAVB during or af-
ter TAVR, regardless of symptom presentation. In patients
with baseline RBBB, the threshold for pacing is particu-
larly low, as transient or persistent AV block in this popu-
lation carries a substantial risk of long-term pacing depen-
dence. Emerging evidence also suggests that new or per-
sistent LBBB may be a marker for increased late PPM re-
quirement, although some cases may resolve within 6—12
months [10,20].

Most PPMs are implanted within the first week fol-
lowing TAVR, with a median time of approximately 3 days.
Over 60% of cases occur intra-procedurally or within the
first 24 hours, while the remainder typically occur within 7
days of valve implantation [62,63]. A minority of patients,
particularly those with new LBBB or pre-existing RBBB,
may present with delayed HAVB requiring pacing weeks
after hospital discharge [20]. To address transient conduc-
tion disturbances, the ACC recommends temporary pacing
and close rhythm surveillance for at least 24 hours before
committing to PPM implantation. Ideally, TAVR and PPM
procedures should be separated to allow for informed con-
sent and procedural optimization [10,20].

There is substantial variability in PPM implantation
practices across institutions. Reported rates for new-
generation valves range from as low as 2% to over
30% [35]. This variability reflects differences in institu-
tional thresholds, monitoring protocols, operator experi-
ence, valve selection, and procedural techniques such as
implantation depth and valve oversizing. For example,
balloon-expandable valves (e.g., SAPIEN 3) are associated
with lower PPM rates (6%—13%), whereas self-expanding
valves (e.g., CoreValve, Evolut PRO) have higher rates
(15%-25%) [62,63]. Although high-volume centers with
standardized protocols may achieve more consistent out-
comes, no single strategy has proven universally superior.
Professional societies emphasize tailoring protocols to local
expertise and available resources [10,64].

Long-term ventricular pacing dependence is common
among patients who receive a PPM post-TAVR, with rates
ranging from 50% to 80% in follow-up studies [62—64].
The likelihood of persistent dependence is highest in pa-
tients with pre-existing conduction disease or those who
develop sustained AV block after valve implantation [10].
While PPM implantation does not consistently correlate
with increased long-term mortality, it has been associated
with subtle adverse cardiac remodeling. This includes a
modest reduction in left ventricular ejection fraction. In
some cohorts, higher one-year mortality has been observed,
particularly among patients with impaired baseline systolic
function [62,63]. These findings underscore the importance
of careful patient selection and vigilant follow-up.

Management of conduction disturbances post-TAVR
is guided by society recommendations and supported by an
expanding body of clinical evidence. The ACC emphasizes
PPM implantation for patients with persistent or recurrent
HAVB, regardless of symptoms. Patients with pre-existing
RBBB who develop new or worsening conduction distur-
bances are considered high-risk and warrant early pacing
consideration. The ACC also stresses the importance of
shared decision-making, patient counseling, and individ-
ualized assessment, especially in those with impaired left
ventricular ejection fraction, given the unpredictable course
of conduction disease following TAVR [10]. Electrophys-
iologic study-guided strategies, including assessment of
HV interval prolongation or inducible infra-Hisian block,
may further refine risk stratification and help identify pa-
tients who can safely defer PPM implantation. Importantly,
shared decision-making is central in borderline cases, bal-
ancing the risks of delayed high-grade block against the po-
tential for recovery of conduction and avoidance of lifelong
pacing.

The HRS, in collaboration with the ACC and AHA,
similarly recommends PPM implantation for symptomatic
bradycardia or HAVB after TAVR. These guidelines also
highlight the role of physiologic pacing techniques, such as
His-bundle or LBB area pacing, to reduce the long-term risk
of pacing-induced cardiomyopathy in patients expected to
require frequent ventricular pacing by bringing back syn-
chronized ventricular contraction [20]. The European So-
ciety of Cardiology (ESC) aligns closely with these prin-
ciples, supporting PPM implantation in cases of persistent
high-grade AV block or high-risk conduction abnormalities,
while endorsing close monitoring and individualized care
for transient or less severe conduction disturbances [65,66].
Table 3 presents a summary of societal recommendations
regarding PPM indications.

Recent studies reinforce the importance of risk strati-
fication. Patients with baseline conduction disease, includ-
ing RBBB or bifascicular block, are at increased risk of
post-TAVR PPM, particularly when self-expanding valves
or deep implantations are used [67]. For patients with bor-
derline indications (e.g., transient high-grade AV block or
new-onset LBBB), extended inpatient telemetry for 24—72
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Table 3. Summary of PPM indication based on various societal guidelines.

Society Indication for PPM Timing Special considerations Rationale

ACC Persistent or recurrent high-grade ~ Usually within 7  Shared decision-making, pre-  Prevent sudden death, man-
AV block; new/worsening con-  days post-TAVR procedure counseling, and in-  age unpredictable conduction
duction in pre-existing RBBB dividualized risk disease

HRS (with  Symptomatic bradycardia or Early post-TAVR if Prefer physiological pacingif Reduce pacing-induced heart

ACC/AHA)  high-grade AV block; frequent persistent block >40% ventricular pacing ex-  failure, patient-centered care
pacing needs pected

ESC Persistent high-grade AV block; Early post-TAVR if Close monitoring for tran-  Prevent progression to com-

high-risk conduction disturbances  persistent block

sient/less severe cases plete block, sudden death

hours and ambulatory ECG monitoring are recommended
to detect delayed progression [62]. EPS-guided strategies
can further refine decision-making, demonstrating good ac-
curacy in identifying patients who may safely avoid PPM
[68].

Valve selection and implantation techniques are in-
tegral to minimizing conduction disturbances. Balloon-
expandable valves and attention to shallow implantation
depth are consistently associated with lower PPM rates
compared with self-expanding valves and deeper deploy-
ment [67,69]. In high-risk patients, consideration of valve
type and procedural modification may mitigate subsequent
pacing requirements. Given the potential for late-onset con-
duction disease, particularly in patients with new or persis-
tent LBBB, long-term rhythm follow-up is essential. Am-
bulatory monitoring, coupled with patient education regard-
ing symptoms of bradycardia, forms the basis of extended
surveillance [62,70]. Across guidelines and consensus doc-
uments, a recurring theme is the importance of a heart
team multidisciplinary approach that incorporates individu-
alized risk assessment, procedural planning, and structured
post-procedural monitoring. This multidisciplinary strat-
egy is considered best practice to optimize patient outcomes
[19,62]. Fig. 2 presents a stepwise algorithm for evaluating
and managing conduction disturbances following TAVR.

8. Future Directions

Current practice for PPM implantation after TAVR
varies considerably among institutions, particularly regard-
ing the management of new bundle branch block and tran-
sient high-grade AV block. The ACC consensus path-
way aims to address this heterogeneity and emphasizes
the importance of developing evidence-based, standard-
ized algorithms in order to minimize unnecessary PPM
implantation while ensuring patient safety in TAVR pa-
tients [10,30]. Cardiac CT and ECG-gated CT angiogra-
phy have become essential for pre-procedural risk stratifi-
cation, enabling detailed evaluation of factors such as mem-
branous septal length, annular and LVOT calcification, and
valve-anatomy relationships, which are all strong predic-
tors of post-TAVR conduction disturbances [52,54,71,72].
Patient-specific computational modeling is also advancing
the field. The GUIDE-TAVI trial is assessing whether
pre-procedural simulations of device—anatomy interactions
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can improve prediction of conduction risk and optimize
valve implantation strategy [73]. Adapting management
to an individual’s anatomy and risk profile is an essential
step towards addressing this procedural complication con-
cern. By integrating clinical characteristics, ECG findings,
and CT-derived anatomical markers, clinicians can adjust
valve selection, implantation depth, and pacing strategy to
reduce PPM rates [27,54,67,70]. Such personalized ap-
proaches will be particularly important as TAVR expands
to younger and lower-risk populations with newer studies
[54,67]. These trials are expected to support a more stan-
dardized and evidence-based post-TAVR monitoring proto-
col by refining patient selection for early versus deferred
pacemaker implantation as well.

Al-based tools are being explored to enhance pre- and
intra-procedural decision-making. Early models applying
machine learning to imaging and ECG data show poten-
tial for improving the prediction of conduction disturbances
and enabling real-time procedural adjustments [72]. While
still in development, Al-driven risk stratification could pro-
vide reproducible and individualized guidance for pacing
decisions. Several prospective trials aim to inform future
practice. The GUIDE-TAVI trial is evaluating the clinical
utility of patient-specific computer simulation, while the
CONDUCT-TAVI study is prospectively testing invasive
electrophysiology, CT, and ECG predictors of high-grade
AV block with continuous monitoring for delayed events
[27,73]. Although not focused specifically on conduction
disturbances, recent multicenter work by Wang et al. [74]
demonstrates how explainable machine learning models in-
tegrating imaging, electrocardiographic, and clinical data
can enable early post-TAVR risk stratification and progno-
sis prediction. Such frameworks may be adaptable to future
conduction-specific prediction models and support individ-
ualized rhythm surveillance and management strategies af-
ter TAVR [74].

These efforts are expected to shape standardized, per-
sonalized pathways for managing conduction disturbances
post-TAVR. From a regulatory perspective, many Al-driven
decision-support tools are likely to require formal evalua-
tion as medical devices. These will require oversight from
regulatory agencies such as the U.S. Food and Drug Admin-
istration. Therefore, demonstration of clinical benefit, re-
producibility, and safety will be essential before widespread
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Fig. 2. Algorithmic approach to post-TAVR conduction disturbances. Figure created with Canva.

adoption. As such, near-term implementation is most likely
to occur at high-volume centers with established imaging
infrastructure and multidisciplinary expertise.

As TAVR expands into younger and lower-risk popu-
lations, an increasing proportion of these patients have BAV
anatomy. BAV is characterized by asymmetric annular and
LVOT calcification, elliptical annular geometry, and fre-
quent raphe involvement. These factors can alter valve ex-
pansion and increase mechanical stress on the conduction
system. These anatomical differences raise the question of
whether conduction disturbances after TAVR occur more
frequently or behave differently in BAV compared with tri-
cuspid aortic valve (TAV) disease. Available data suggest
that overall rates of new conduction abnormalities and PPM
implantation in BAV patients are often similar to those seen
in TAV patients when contemporary valve platforms and
optimized implantation techniques are used [75,76]. Fu-
ture prospective studies using standardized imaging metrics
and uniform definitions of conduction outcomes are needed
to clarify whether BAV anatomy independently modifies
conduction risk and long-term pacing dependence. A bet-
ter understanding of these differences may help refine pa-
tient selection, procedural planning, and post-TAVR rhythm
surveillance in this growing population.

10

The cost implications of managing conduction distur-
bances after TAVR also deserve consideration. Approaches
such as extended inpatient monitoring, ambulatory rhythm
surveillance, electrophysiology testing, and PPM implanta-
tion differ substantially in both cost and resource use. Al-
though closer monitoring may improve safety in higher-risk
patients, it may offer limited added value in lower-risk in-
dividuals while increasing overall healthcare costs. Future
studies that specifically examine the cost-effectiveness of
different monitoring and pacing strategies will be impor-
tant to guide practice guidelines and support more efficient,
value-based care in structural heart disease.

9. Limitations

Several limitations should be acknowledged. As a
narrative review, this work does not employ a formal sys-
tematic review methodology or meta-analytic techniques,
which limit quantitative comparison across studies. Ad-
ditionally, the rapid evolution of TAVR technologies, de-
livery systems, and implantation techniques introduces sig-
nificant temporal heterogeneity across the literature. Ear-
lier studies frequently reflect first- or second-generation de-
vices and implantation strategies that are no longer repre-
sentative of contemporary practice. As a result, reported
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incidence rates of conduction disturbances and pacemaker
implantation from older cohorts may overestimate risk rel-
ative to current-generation valves and refined procedural
techniques

10. Conclusion

TAVR has revolutionized the management of severe
aortic stenosis by offering a less invasive option with com-
parable or superior outcomes to SAVR in many patient pop-
ulations. However, conduction disturbances remain a sig-
nificant concern with implications for morbidity, mortal-
ity, and long-term cardiac function. These complications
arise from the close anatomical relationship between the
aortic valve and the conduction system and are exacer-
bated by procedural factors such as valve type and implan-
tation depth. While advancements in valve design have re-
duced some risks, persistent conduction issues highlight the
need for improved pre-procedural assessment, individual-
ized valve selection, and post-procedural monitoring. Fu-
ture research should focus on refining risk prediction mod-
els, developing conduction-sparing valve technologies, and
establishing consensus guidelines for monitoring and man-
aging conduction disturbances.

Product and Device Identification

The THV referenced in this review include balloon-
expandable valves such as the SAPIEN XT and SAPIEN
3 (Edwards Lifesciences; Irvine, CA, USA) and self-
expanding valves, including the CoreValve and Evolut
R/Pro systems (Medtronic; Minneapolis, MN, USA), as
well as the ACURATE Neo valve (Boston Scientific; Marl-
borough, MA, USA). Device and product specifications
are reported as described in the original cited studies. No
manufacturer-specific comparisons beyond published data
were performed by the authors.
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