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Abstract: Transcatheter aortic valve implantation (TAVI) is an established alternative to surgery
in patients with symptomatic severe aortic stenosis and has expanded its indications to even low-
surgical-risk patients. Conduction abnormalities (CA) and permanent pacemaker (PPM) implanta-
tions remain a relatively common finding post TAVI due to the close proximity of the conduction
system to the aortic root. New onset left bundle branch block (LBBB) and high-grade atrioventric-
ular block are the most commonly reported CA post TAVI. The overall rate of PPM implantation
post TAVI varies and is related to pre- and intra-procedural factors. Therefore, when screening
patients for TAVI, Heart Teams should take under consideration the various anatomical, patho-
physiological and procedural conditions that predispose to CA and PPM requirement after the
procedure. This is particularly important as TAVI is being offered to younger patients with longer life-
expectancy. Herein, we highlight the incidence, predictors, impact and management of CA in patients
undergoing TAVI.

Keywords: aortic stenosis; conduction abnormalities; pacemaker; transcatheter aortic valve
implantation; TAVI

1. Introduction

Aortic stenosis (AS) is the third most frequent cardiovascular disorder in ages over
60 years, following atherosclerotic disease and hypertension [1]. Although rheumatic
valvulopathy is uncommon in developed countries, the global burden of AS is increasing
due to aging and population growth. Indeed, various epidemiological data describe an
exponential increase in AS prevalence with advancing age, ranging from 0.2% in the
50–59 year group, 1.3% in the 60–69 year group, 3.9% in of the 70–79 year group and up to
9.8% in those aged 80–89 years [2].

Transcatheter aortic valve implantation (TAVI) is the gold standard treatment approach
to symptomatic severe AS in patients deemed to be at high surgical risk and indications
have expanded to intermediate and low-risk patients [3]. However, despite recent ad-
vancements in TAVI implantation techniques and device technology, the occurrence of
new impulse conduction abnormalities (CA), including high-degree atrioventricular block
(HAVB) requiring permanent pacemaker (PPM) implantation, represents one of the main
procedural complications [4,5]. This is particularly relevant as TAVI is now being offered to
younger patients.
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2. Incidence of New Onset CA and PPM Implantation Post TAVI

The occurrence of new-onset CA post TAVI varies widely, ranging from 5% to 65%
depending on the implanted device and applied techniques [6]. Recently published data
from randomized trials and registries revealed that the risk of CA requiring PPM im-
plantation lies between 6.7% and 39.2%, with a mean incidence of 19% [7]. The highest
incidence of HAVB was observed in patients with preexisting right bundle branch block
(RBBB) (13.2%) and in those with new-onset first degree atrioventricular (AV) block (13.9%).
However, almost half of these conduction disturbances (CDs) may resolve over time, when
inflammation and edema due to tissue manipulation have subsided, regardless of the
prosthesis implanted. The prevalence of PPM implantation post TAVI ranged between
2% and 36% in a large meta-analysis comprising data from 17,139 patients. Of note,
significant differences were observed depending on which device was utilized; balloon
expandable valves ranged from 4 to 24%, whereas self-expanding ones were from 16.3 to
37.7% for the CoreValve™ (Medtronic, Minneapolis, MN, USA) and 14.7–26.7% for the
Evolut™ (Medtronic, Minneapolis, MN, USA) series [8].

The above reported wide-ranged rates of events may also, in part, reflect the hetero-
geneity of CA endpoints and the lack of standardized criteria for PPM implantation [6,9,10].
According to the VARC-3 definitions, CA are classified based on the time of onset, as early
(within 24 h of surgery) or late (>24 h of surgery) [11]. Regarding the timing of CA, the vast
majority (>90%) occurred within the first week after the procedure, with the median day of
PPM implantation being the third day. Based on recently published prospective multicenter
data, 76% of the PPM-requiring events were observed within 4–6 days post TAVI, with
similar timing patterns across the prespecified groups. On the other hand, in patients with
pre-existing RBBB, the vast majority of high-degree CA occurred within 3 days post TAVI,
and most of them had not recovered at the 1-month follow-up [12]. Moreover, compared to
surgical aortic valve replacement (SAVR), the occurrence of CA leading to PPM implanta-
tion seems to happen a couple of days later in TAVI cases. Delayed HAVB may occur in up
to 7% of the cases, being infrequent in patients with normal electrocardiogram (ECG).

3. Risk Factors for CA Post TAVI
3.1. Anatomic Factors

The AV node is located within the Koch’s triangle, which lies in the superficial parasep-
tal endocardium of the right atrium, and the emanating fibers subsequently form the bundle
of His within the infra-anterior portion of the membranous septum (MS), which is in turn
divided in the right and left bundle branches. The left bundle runs proximal to the base of
the commissure between the non and right coronary cusp. Interindividual variations in
the location of the bundle branches with respect to the membranous and muscular septum
may explain the different risks of CA among patients [13].

Additionally, in patients with shorter MS length and thus a short distance between
the His bundle and the aortic annulus, the risk of HAVB and PPM implantation was
higher compared to those with longer length [14]. According to the MIDAS (Minimizing
Depth According to the MS) technique, patients are classified into low (length > 5 mm),
medium (length 2–5 mm), or high risk (length < 2 mm). Observational data have shown
that patients with bicuspid aortic valves (BAV) have significantly shorter MS length and
thus a higher risk of developing new LBBB, or requiring PPM post TAVI [15]. Therefore,
MS is considered to be a surrogate marker for the location of the AV bundle; however, given
the aforementioned anatomic variability, it may not be a reliable approach in a significant
proportion of patients.

Another important predictor of PPM implantation after TAVI is an asymmetrically
calcified aortic valve. The presence of a high calcium load on the left and non-coronary
cusps is a potent factor for PPM implantation post TAVI [16]. This is likely attributable to
an unequal distribution of radial forces on the aortic annulus and its adjacent structures,
shifting the bio-prosthesis away from calcification, towards the RCC (where the bundle of
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His is located) [17]. The calcium distribution pattern is, thus, another important feature to
be considered pre-TAVI.

3.2. Baseline Electrocardiography (ECG)

ECG is a readily available and effective tool to assess and predict post-procedural CA
and the risk of PPM implantation, with baseline CA being the most powerful predictor.
A large meta-analysis including 239 studies with a total of 981,168 patients confirmed
that the most relevant predictors for PPM implantation were pre-existing RBBB (RR, 3.12;
p < 0.001), bi-fascicular block (RR, 2.40; p = 0.002) and isolated 1st-AVB (RR 1.44;
p < 0.001) [18]. A recent retrospective observational single-center study with 720 con-
secutive patients who underwent TAVI showed that R-wave amplitude in lead V1 during
baseline ECG in patients with normal QRS duration may predict the occurrence of HAVB
following new LBBB post TAVI [19]. Interestingly, post-procedural bradyarrhythmic events
are not necessarily TAVI-related and may be pre-existent. Twenty-four-hour ECG monitor-
ing on the preprocedural day can detect new arrhythmias in 16.1% of patients and, among
those who ultimately required post-procedural PPM, 31.4% had newly diagnosed HAVB or
severe bradycardia pre-TAVI [20]. PPM implantation at late post-TAVI is uncommon and is
associated with clinical symptoms in 50% of the cases [21].

Various scoring models for the prediction of PPM implantation post TAVI based on
ECG criteria have been verified. In 2019, the Emory Risk Score was developed for the
prediction of PPM implantation post TAVI [22]. Variables included were a history of
syncope, RBBB, QRS interval ≥ 140 ms, valve oversizing ≥16% with an area under the
receiver-operating characteristic (ROC) curve of 0.778 (p < 0.001) and an odds ratio of
2.2 per point increase (p < 0.001). More recently, another scoring system was introduced:
transfemoral approach, LBBB without bradycardia, sinus bradycardia without LBBB, RBBB,
LBBB with sinus bradycardia and 2nd -AVB taken into calculation with the area under the
curve of 0.6743 (95% CI: 0.618 to 0.729). The risk for PPM was stratified as follows: 7% risk
of PPM with a score ≤ 3, 19% with a score 4 to 6 and 38% with a score ≥ 7 [23].

3.3. Demographic Characteristics

Although divergent data have been reported, data from meta-analyses support the
concept of a sex-associated risk of PPM implantation post TAVI, with males at higher risk.
Although women have a higher risk of in-hospital mortality and vascular complications,
men are more likely to require PPM implantation [13,24]. However, recent data from a
retrospective study by the Netherlands Heart Registration contradicted the above, suggest-
ing a protective role for male sex against PPM implantation, possibly due to larger aortic
annuli and thus the reduced occurrence of oversizing [25].

The role of age as a predictor was studied in large national registries, such as in recent
reports from France and Switzerland, which reported that older age was associated with
higher PPM implantation risk [14,26]. Likewise, a sub-analysis of the PRAGMATIC registry
found age to be predictive of PPM implantation (OR 1.08, 95% CI: 1.04–1.12, p < 0.0001) [27].

3.4. Transcatheter Aortic device

There are significant differences between the transcatheter device and the risk of
PPM (Table 1). A recent network meta-analysis analyzing 46,000 patients with post-TAVI
PPM implantation revealed that (a) the implantation of balloon-expandable valves was
associated with 39% and 62% lower PPM implantation rates compared to self-expanding
and mechanically expanding ones, respectively; (b) the implantation of SEVs was associated
with a 38% lower PPM implantation rate compared to MEVs; and (c) the ACURATE
neo™ valve (Boston Scientific, MA, USA) was associated with the lowest post-TAVI PPM
implantation rates [28]. A large meta-analysis demonstrated only 7.7% new PPM for the
ACURATE neo due to its low radial force and predictable supra-annular deployment [29].
In the Evolut low-risk trial, 17.4% of patients received PPM, and the percentage was 6.6%
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in the PARTNER 3 trial [3]. Other large comparative meta-analyses confirm these notable
differences among valve types.

Table 1. The incidence of permanent pacemaker implantation after transcatheter aortic valve implan-
tation in major randomized clinical trials.

Clinical Trial Studied Valve Type STS Score,
(%) Age, (Years) 30-Day Pacemaker Rate, (%)

US CoreValve CoreValve 7.3 ± 3.0 83.2 ± 7.1 19.8

SURTAVI CoreValve, Evolut R 4.4 ± 1.5 79.9 ± 6.2 25.9

Evolut Low Risk CoreValve, Evolut
R/PRO 1.9 ± 0.7 74.0 ± 5.9 17.4

Notion CoreValve 2.9 ± 1.6 79.2 ± 4.9 34.1

Scope I ACURATE neo 3.7 (2.5–4.9) 82.6 ± 4.3 10

Scope II ACURATE neo 4.6 (3.0) 83.4 (4.2) 11

Partner Sapien 11.8 ± 3.3 83.6 ± 6.8 3.8

Partner 2 Sapien XT 5.8 ± 2.1 81.5 ± 6.7 8.5

Partner 3 Sapien 3 1.9 ± 0.7 73.3 ± 5.8 6.6

Portico IDE Portico 6.4 (3.4) 83.0 (7.6) 27.7

Other predisposing factors for PPM implantation post TAVI are valve oversizing
and high prosthesis/LVOT diameter ratio, leading to overstretching of the latter [5]. Pre-
dilatation has historically been considered a mandatory step during TAVI to facilitate
device crossing, deployment and optimal expansion. However, pre-dilation increases the
annular trauma, and its role is still debatable. Randomized trials with the Evolut and
Sapien 3 valves demonstrated non-inferiority of the direct TAVI with the pitfall of possibly
more post-dilatations for the former device [30]. Balloon post-dilatation, though, may be
potentially associated with PPM implantation and should be carefully considered [30].

3.5. Implantation Depth

Valve implantation depth is a well-known procedural risk factor for new-onset CA.
Jilaihawi et al. proposed an individualized, anatomically guided tool for minimizing
implantation depth according to a CT-measured MS (MIDAS strategy) as an important
strategy to reduce CDs during TAVI [24]. The researchers found that high valve implan-
tation at a depth shallower than the MS significantly reduced PPM implantation rates
(from 9.7% to 3%) and new onset LBBB (from 25.8% to 9%). Less CA with low-depth
deployment was also confirmed recently by Ochiai et al. with the drawback of higher
coronary ostia obstruction rates [31]. The cusp-overlap projection is another technique
facilitating a controlled implantation depth in case of SEVs. Cusp-overlap projection has
the advantage of LVOT “elongation”, gaining a higher implantation depth (<3 mm), thus
increasing the device positioning accuracy [24]. A recent propensity score analysis revealed
an almost 50% reduction in PPM implantation rates with the cusp overlap technique versus
the standard 3-cusp coplanar projection (p = 0.03) [32]. Data of the Optimize PRO study
revealed improved safety and lower PPM implantation rates (9.8%, at 30 days) when the
cusp overlap technique was used [33]. In addition, the deployment of balloon-expandable
devices using the cusp overlap technique led to a more than 50% reduction in new LBBB
occurrence and PPM implantation rates compared to standard projection (p < 0.001). On
the other hand, balloon-expandable valves, characterized by short frame height, are usu-
ally deployed perpendicularly to the aortic annulus when the standard 3-cusp coplanar
projection is used, thus minimizing the interference of the device with the anatomy of the
conduction system.
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3.6. Medication

Various medications may increase the risk of CDs and/or the need for PPM im-
plantation following TAVI. These include antiarrhythmics, antihypertensives, psychoac-
tives/neuroleptics and anticancer drugs (5-fluorouracil, cyclophosphamide, anthracycline,
etc.) [34]. Several publications address the topic of beta blocker (BB) discontinuation in pa-
tients undergoing TAVI, yet it has not been adequately clarified whether the periprocedural
continuation of BBs increases NOCDs and PPM implantation following TAVI, although
there is indeed a tendency to withdraw them or to reduce the dose for PPM implantation
prevention. In fact, the OCEAN registry showed similar rates of PPM implantation and
better cardiovascular outcomes for the BB arm [35]. Moreover, prospective data revealed
that the rate of periprocedural HAVBs and thus PPM implantation was lower among
patients who continued BB versus those who did not (20% vs. 13%; p = 0.02). Interestingly,
a multivariate analysis of the above-mentioned study revealed that the risk of peripro-
cedural arrhythmic events is double in those who discontinue BB [36]. The BETA TAVI
(NCT05721170), a prospective, multicenter RCT, will provide more solid data regarding the
role of BBs in TAVI population.

4. Impact of New LBBB, New CA and PPM Implantation

As TAVI is being offered to younger and lower-risk patients, the impact of PPM
implantation and dependency on overall mortality is becoming a matter of debate. Re-
cently, data from Sweden revealed that there was no significant difference in long-term
survival up to 10 years between patients with and without new PPM implantation (HR
1.03,95% CI 0.88–1.22; p = 0.692) [37]. Correspondingly, in a multicenter study including
1.020 patients undergoing TAVI, new LBBB was not associated with increased mortal-
ity after a median follow-up of 3 years [38]. Studies and meta-analyses revealed that
the 12-month all-cause mortality rate was similar among patients without PPM (18.0%),
patients with PPM before TAVI (22.9%) and patients with PPM after TAVI (19.4%) [39].
In contrast, a recent Danish single-center study showed higher 5-year mortality in pa-
tients with new LBBB (48.4%; HR 1.79, 95% CI 1.24–2.59) and new PPM implantation
(46.7%; HR 1.58, 95% CI 1.01–2.46) versus those without new CA [40]. A meta-analysis of
12 TAVI studies revealed that both new onset LBBB and PPM implantation may be asso-
ciated with an increased risk of all-cause death and heart failure hospitalization at 1-year
follow-up [10]. Similarly, in a propensity score analysis of a large SAVR study with a mean
age of 70 years, overall mortality was significantly higher in patients with new PPM implan-
tation versus those without (HR 1.14, 95% CI 1.01–1.29; p = 0.03) [41]. In another study, after
multivariable adjustment, the impact on all-cause mortality was statistically significant
for new LBBB, whereas the association did not reach the conventional level of statistical
significance for new PPM implantation [42]. Also, recent data from the STS/TVT Registry
encompassing 9.785 TAVI recipients revealed a higher risk in one-year all-cause mortality
among patients who had a PPM after TAVI (adjusted hazard ratio 1.31; 95% CI: 1.09–1.58;
p = 0.003) [43].

As shown above, data on the impact of CA and PPM implantation on patient out-
comes post TAVI remain conflicting. Both right ventricular apical pacing and LBBB
may cause LV dyssynchrony, resulting in adverse LV remodeling. This association be-
tween new LBBB/new PPM and adverse LV remodeling has also been suggested in TAVI
patients [44,45]. Biventricular, His-bundle or physiological pacing may decrease such
dyssynchronous ventricular pacing by attenuating the PPM-induced adverse effect post
TAVI [40,46]. LBBB-area pacing is an emerging technique that has demonstrated promising
results comparable to conventional epicardial biventricular pacing, constituting a possible
alternative [47].

5. Current and Future Strategies to Address CA and the Need for PPM Implantation

Currently, there is no defined universal ideal timing for PPM implantation post TAVI.
This could be challenging since some periprocedural CA are transient or present with
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delay. Systematic 2-week AECG monitoring following TAVI revealed that, although de-
layed HAVB/CHB post TAVI is rare in patients without ECG changes, baseline RBBB
and new-onset CAs suggest an increased risk, especially in deeper device implantations
and when predilating had occurred [12]. Based on the available clinical trials, expert
consensus documents with structured diagnostic and management approaches have been
published [10,34,48,49]. Herein, we propose such a management algorithm for new CDs
post TAVI (Figure 1).
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Figure 1. Proposed management algorithm of new-onset conduction abnormalities and need for
permanent pacemaker implantation after transcatheter aortic valve implantation.

Strategies for stratifying patients who may benefit from extended inpatient rhythm
monitoring, such as a rapid atrial pacing (RAP) test post TAVI, as well as from performing
an electrophysiologic study (EPS), have been described. Indeed, the absence of Wencke-
bach heart block upon RAP from 70 to 120 bpm was associated with a nearly 99% negative
predictive value for post-TAVI PPM requirement [50]. On the other hand, this approach
did not show any added predictive value in another observational study, leaving questions
about the proper application of these potentially promising tests, revealing the need for
further research [51]. This individualized approach allows for a degree of safety for early
post-TAVI discharge. EPS can be used to evaluate patients with uncertain indications of
PPM post TAVI. It is known that TAVI is a cause of post-procedural prolongation of the
His-Ventricular (H-V) intervals; however, there are no established cutoff H-V interval pro-
longation values that could predict the occurrence of a third-degree AV block. Recently, a
cutoff H-V interval > 100 ms with or without procainamide challenge for PPM implantation
has been proposed [52]. This EPS-guided strategy led to a 70% reduction in PPM rates in
the cohort of patients with equivocal indications without increasing the length of hospital
stay or mortality. Knecht et al. have shown that EPS can be used to identify patients with
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new LBBB post TAVI who will not develop third degree AV block if they had an H-V
interval < 55 ms with a negative predictive value of 90% [53]. Therefore, large random-
ized trials are needed to further evaluate the utility of EPS in identifying the proper HV
interval threshold.

Hybrid imaging approaches, allowing the fusion of transesophageal echocardiogram
and/or multislice computed tomography with fluoroscopy, can improve 3D imaging [54].
However, these approaches do not visualize the conduction system, which is character-
ized by great anatomical variation. Thus, imaging approaches demonstrating electrical
pathways and 3D soft tissue anatomy, in combination with new valve technologies, may
be beneficial.

6. Conclusions

New-onset CAs remain one of the main limitations of TAVI, despite the progress in
implantation techniques and device technology. Based on recent data, several predictors
of CAs and algorithms of management embracing an individualized approach have been
proposed. However, further research is warranted in order to minimize this “Achilles’ heel”
of TAVI. Until then, detailed screening and management approaches are needed in order to
eliminate the risk, as TAVI is being offered to younger patients with longer life-expectancy.

7. Key Points

• The occurrence of new-onset LBBB and conduction abnormalities, including high-
grade atrioventricular block requiring permanent pacemaker implantation, remain the
most common complications following TAVI.

• The Heart Team’s choice between SAVR and TAVI should also weigh the risk of a
temporary pacemaker, especially in young patients.

• The existence of RBBB is the strongest predictor of permanent pacemaker implantation
post TAVI.

• The risk of new-onset conduction abnormalities requiring pacemaker implantation is
related to the pre-procedural, intra-procedural and device characteristics.

• Post-procedural care requires a stepwise approach regarding temporary pacemaker
presence duration, arrhythmic monitoring and permanent pacemaker
implantation decisions.
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AV: Atrioventricular; AS: Aortic Stenosis; CA: Conduction Abnormalities; ECG: Elec-
trocardiogram; HAVB: High-Degree Atrioventricular Block; HV: His-Ventricular; LBBB:
Left Bundle Branch Block; MS: Membranous Septum; PPM: Permanent Pacemaker; RBBB:
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Right Bundle Branch Block; SAVR: Surgical Aortic Valve Replacement; TAVI: Transcatheter
Aortic Valve Implantation.

References
1. Otto, C.M.; Prendergast, B. Aortic-valve stenosis—From patients at risk to severe valve obstruction. N. Engl. J. Med. 2014, 371,

744–756. [CrossRef]
2. Ancona, R.; Pinto, S.C. Epidemiology of aortic valve stenosis (AS) and of aortic valve incompetence (AI): Is the prevalence of

AS/AI similar in different parts of the world? Am. J. Cardiol. 2020, 10, 10–12.
3. Mack, M.J.; Leon, M.B.; Thourani, V.H.; Makkar, R.; Kodali, S.K.; Russo, M.; Kapadia, S.R.; Malaisrie, S.C.; Cohen, D.J.; Pibarot, P.;

et al. Transcatheter Aortic-Valve Replacement with a Balloon-Expandable Valve in Low-Risk Patients. N. Engl. J. Med. 2019, 380,
1695–1705. [CrossRef] [PubMed]

4. Popma, J.J.; Deeb, G.M.; Yakubov, S.J.; Mumtaz, M.; Gada, H.; O’Hair, D.; Bajwa, T.; Heiser, J.C.; Merhi, W.; Kleiman, N.S.; et al.
Transcatheter Aortic-Valve Replacement with a Self-Expanding Valve in Low-Risk Patients. N. Engl. J. Med. 2019, 380, 1706–1715.
[CrossRef]

5. Siontis, G.C.M.; Overtchouk, P.; Cahill, T.J.; Modine, T.; Prendergast, B.; Praz, F.; Pilgrim, T.; Petrinic, T.; Nikolakopoulou, A.;
Salanti, G.; et al. Transcatheter aortic valve implantation vs. surgical aortic valve replacement for treatment of symptomatic
severe aortic stenosis: An updated meta-analysis. Eur. Heart J. 2019, 40, 3143–3153. [CrossRef]

6. Mangieri, A.; Montalto, C.; Pagnesi, M.; Lanzillo, G.; Demir, O.; Testa, L.; Colombo, A.; Latib, A. TAVI and Post Procedural
Cardiac Conduction Abnormalities. Front. Cardiovasc. Med. 2018, 5, 85. [CrossRef] [PubMed]

7. Auffret, V.; Puri, R.; Urena, M.; Chamandi, C.; Rodriguez-Gabella, T.; Philippon, F.; Rodes-Cabau, J. Conduction Disturbances After
Transcatheter Aortic Valve Replacement: Current Status and Future Perspectives. Circulation 2017, 136, 1049–1069. [CrossRef]

8. van Rosendael, P.J.; Delgado, V.; Bax, J.J. Pacemaker implantation rate after transcatheter aortic valve implantation with early and
new-generation devices: A systematic review. Eur. Heart J. 2018, 39, 2003–2013. [CrossRef]

9. Faroux, L.; Chen, S.; Muntane-Carol, G.; Regueiro, A.; Philippon, F.; Sondergaard, L.; Jorgensen, T.H.; Lopez-Aguilera, J.;
Kodali, S.; Leon, M.; et al. Clinical impact of conduction disturbances in transcatheter aortic valve replacement recipients: A
systematic review and meta-analysis. Eur. Heart J. 2020, 41, 2771–2781. [CrossRef]

10. Rodes-Cabau, J.; Ellenbogen, K.A.; Krahn, A.D.; Latib, A.; Mack, M.; Mittal, S.; Muntane-Carol, G.; Nazif, T.M.; Sondergaard, L.;
Urena, M.; et al. Management of Conduction Disturbances Associated With Transcatheter Aortic Valve Replacement: JACC
Scientific Expert Panel. J. Am. Coll. Cardiol. 2019, 74, 1086–1106. [CrossRef]

11. Varc-3 Writing, C.; Genereux, P.; Piazza, N.; Alu, M.C.; Nazif, T.; Hahn, R.T.; Pibarot, P.; Bax, J.J.; Leipsic, J.A.; Blanke, P.; et al.
Valve Academic Research Consortium 3: Updated endpoint definitions for aortic valve clinical research. Eur. Heart J. 2021, 42,
1825–1857. [CrossRef] [PubMed]

12. Muntane-Carol, G.; Okoh, A.K.; Chen, C.; Nault, I.; Kassotis, J.; Mohammadi, S.; Coromilas, J.; Lee, L.Y.; Alperi, A.; Philippon,
F.; et al. Ambulatory Electrocardiographic Monitoring Following Minimalist Transcatheter Aortic Valve Replacement. JACC
Cardiovasc. Interv. 2021, 14, 2711–2722. [CrossRef] [PubMed]

13. Hamdan, A.; Guetta, V.; Klempfner, R.; Konen, E.; Raanani, E.; Glikson, M.; Goitein, O.; Segev, A.; Barbash, I.; Fefer, P.;
et al. Inverse Relationship Between Membranous Septal Length and the Risk of Atrioventricular Block in Patients Undergoing
Transcatheter Aortic Valve Implantation. JACC Cardiovasc. Interv. 2015, 8, 1218–1228. [CrossRef] [PubMed]

14. Hamdan, A.; Nassar, M.; Schwammenthal, E.; Perlman, G.; Arow, Z.; Lessick, J.; Kerner, A.; Barsheshet, A.; Assa, H.V.;
Assali, A.; et al. Short membranous septum length in bicuspid aortic valve stenosis increases the risk of conduction disturbances.
J. Cardiovasc. Comput. Tomogr. 2021, 15, 339–347. [CrossRef]

15. Tretter, J.T.; Mori, S.; Anderson, R.H.; Taylor, M.D.; Ollberding, N.; Truong, V.; Choo, J.; Kereiakes, D.; Mazur, W. Anatomical
predictors of conduction damage after transcatheter implantation of the aortic valve. Open Heart 2019, 6, e000972. [CrossRef]

16. Toggweiler, S.; Kobza, R. Pacemaker implantation after transcatheter aortic valve: Why is this still happening? J. Thorac. Dis. 2018,
10, S3614–S3619. [CrossRef] [PubMed]

17. Ahmad, M.; Patel, J.N.; Loc, B.L.; Vipparthy, S.C.; Divecha, C.; Barzallo, P.X.; Kim, M.; Baman, T.; Barzallo, M.; Mungee, S.
Permanent Pacemaker Implantation After Transcatheter Aortic Valve Replacement: A Cost Analysis. Cureus 2019, 11, e5005.
[CrossRef]

18. Bhardwaj, A.; Ramanan, T.; Sawant, A.C.; Sinibaldi, E.; Pham, M.; Khan, S.; Qureshi, R.; Agrawal, N.; Khalil, C.; Hansen, R.; et al.
Quality of life outcomes in transcatheter aortic valve replacement patients requiring pacemaker implantation. J. Arrhythm. 2018,
34, 441–449. [CrossRef]

19. Yagel, O.; Belhassen, B.; Planer, D.; Amir, O.; Elbaz-Greener, G. The R-wave amplitude in V1 on baseline electrocardiogram
correlates with the occurrence of high-degree atrioventricular block following left bundle branch block after transcatheter aortic
valve replacement. EP Eur. 2023, 25, euad066. [CrossRef]

20. Novelli, L.; Jamie, G.; Regazzoli, D.; Reimers, B.; Frontera, A.; Mangieri, A. How to predict conduction disturbances after
transcatheter aortic valve replacement. Kardiol. Pol. 2023, 81, 330–337. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMra1313875
https://doi.org/10.1056/NEJMoa1814052
https://www.ncbi.nlm.nih.gov/pubmed/30883058
https://doi.org/10.1056/NEJMoa1816885
https://doi.org/10.1093/eurheartj/ehz275
https://doi.org/10.3389/fcvm.2018.00085
https://www.ncbi.nlm.nih.gov/pubmed/30018969
https://doi.org/10.1161/CIRCULATIONAHA.117.028352
https://doi.org/10.1093/eurheartj/ehx785
https://doi.org/10.1093/eurheartj/ehz924
https://doi.org/10.1016/j.jacc.2019.07.014
https://doi.org/10.1093/eurheartj/ehaa799
https://www.ncbi.nlm.nih.gov/pubmed/33871579
https://doi.org/10.1016/j.jcin.2021.08.039
https://www.ncbi.nlm.nih.gov/pubmed/34949396
https://doi.org/10.1016/j.jcin.2015.05.010
https://www.ncbi.nlm.nih.gov/pubmed/26292585
https://doi.org/10.1016/j.jcct.2020.10.002
https://doi.org/10.1136/openhrt-2018-000972
https://doi.org/10.21037/jtd.2018.06.103
https://www.ncbi.nlm.nih.gov/pubmed/30505543
https://doi.org/10.7759/cureus.5005
https://doi.org/10.1002/joa3.12065
https://doi.org/10.1093/europace/euad066
https://doi.org/10.33963/KP.a2023.0039
https://www.ncbi.nlm.nih.gov/pubmed/36745533


J. Cardiovasc. Dev. Dis. 2023, 10, 469 9 of 10

21. Elchinova, E.; Nozica, N.; Bartkowiak, J.; Ryffel, C.; Bernhard, B.; Elsmaan, M.; Asatryan, B.; Branca, M.; Okuno, T.; Lanz, J.;
et al. Permanent pacemaker implantation late after transcatheter aortic valve implantation. Heart Rhythm. 2021, 18, 2033–2039.
[CrossRef] [PubMed]

22. Spring, A.M.; Catalano, M.A.; Prasad, V.; Rutkin, B.; Koss, E.; Hartman, A.; Yu, P.J. Evaluating the Validity of Risk Scoring in
Predicting Pacemaker Rates following Transcatheter Aortic Valve Replacement. J. Interv. Cardiol. 2020, 2020, 1807909. [CrossRef]
[PubMed]

23. Sammour, Y.; Krishnaswamy, A.; Kumar, A.; Puri, R.; Tarakji, K.G.; Bazarbashi, N.; Harb, S.; Griffin, B.; Svensson, L.; Wazni, O.;
et al. Incidence, Predictors, and Implications of Permanent Pacemaker Requirement After Transcatheter Aortic Valve Replacement.
JACC Cardiovasc. Interv. 2021, 14, 115–134. [CrossRef]

24. Jilaihawi, H.; Zhao, Z.; Du, R.; Staniloae, C.; Saric, M.; Neuburger, P.J.; Querijero, M.; Vainrib, A.; Hisamoto, K.; Ibrahim, H.; et al.
Minimizing Permanent Pacemaker Following Repositionable Self-Expanding Transcatheter Aortic Valve Replacement. JACC
Cardiovasc. Interv. 2019, 12, 1796–1807. [CrossRef]

25. Kawashima, T.; Sasaki, H. A macroscopic anatomical investigation of atrioventricular bundle locational variation relative to the
membranous part of the ventricular septum in elderly human hearts. Surg. Radiol. Anat. 2005, 27, 206–213. [CrossRef] [PubMed]

26. Haddad, R.N.; Daou, L.; Saliba, Z. Device Closure of Perimembranous Ventricular Septal Defect: Choosing Between Amplatzer
Occluders. Front. Pediatr. 2019, 7, 300. [CrossRef]

27. Dhoble, A.; Zhao, Y.; Vejpongsa, P.; Loghin, C.; Smalling, R.W.; Estrera, A.; Nguyen, T.C. National 10-year trends and outcomes of
isolated and concomitant tricuspid valve surgery. J. Cardiovasc. Surg. 2019, 60, 119–127. [CrossRef] [PubMed]

28. Ravaux, J.M.; Di Mauro, M.; Vernooy, K.; Kats, S.; Mariani, S.; Ronco, D.; Actis Dato, G.; Simons, J.; Hof, A.W.V.; Maessen, J.G.; et al.
Permanent pacemaker implantation following transcatheter aortic valve implantation using self-expandable, balloon-expandable,
or mechanically expandable devices: A network meta-analysis. EP Eur. 2021, 23, 1998–2009. [CrossRef]

29. Koliastasis, L.; Doundoulakis, I.; Kokkinidis, D.G.; Milkas, A.; Kostopoulos, G.; Drakopoulou, M.; Latsios, G.; Synetos, A.;
Benetos, G.; Lampropoulos, K.; et al. Study Level Meta-Analysis of Transcatheter Aortic Valve Implantation With the ACURATE
neo Self-Expanding Transcatheter Heart Valve. Cardiol. Rev. 2023, 31, 108–114. [CrossRef] [PubMed]

30. Banerjee, K.; Kandregula, K.; Sankaramangalam, K.; Anumandla, A.; Kumar, A.; Parikh, P.; Kerrigan, J.; Khubber, S.;
Krishnaswamy, A.; Mick, S.; et al. Meta-analysis of the Impact of Avoiding Balloon Predilation in Transcatheter Aortic Valve
Implantation. Am. J. Cardiol. 2018, 122, 477–482. [CrossRef]

31. Ochiai, T.; Yamanaka, F.; Shishido, K.; Moriyama, N.; Komatsu, I.; Yokoyama, H.; Miyashita, H.; Sato, D.; Sugiyama, Y.;
Hayashi, T.; et al. Impact of High Implantation of Transcatheter Aortic Valve on Subsequent Conduction Disturbances and
Coronary Access. JACC Cardiovasc. Interv. 2023, 16, 1192–1204. [CrossRef]

32. Wienemann, H.; Maier, O.; Beyer, M.; Portratz, M.; Tanaka, T.; Mauri, V.; Ernst, A.; Waldschmidt, L.; Kuhn, E.; Bleiziffer, S.; et al.
Cusp overlap versus standard three-cusp technique for self-expanding Evolut transcatheter aortic valves. EuroIntervention 2023,
19, e176–e187. [CrossRef] [PubMed]

33. Grubb, K.J.; Gada, H.; Mittal, S.; Nazif, T.; Rodes-Cabau, J.; Fraser, D.G.W.; Lin, L.; Rovin, J.D.; Khalil, R.; Sultan, I.; et al. Clinical
Impact of Standardized TAVR Technique and Care Pathway: Insights From the Optimize PRO Study. JACC Cardiovasc. Interv.
2023, 16, 558–570. [CrossRef]

34. Glikson, M.; Nielsen, J.C.; Kronborg, M.B.; Michowitz, Y.; Auricchio, A.; Barbash, I.M.; Barrabes, J.A.; Boriani, G.; Braunschweig,
F.; Brignole, M.; et al. Corrigendum to: 2021 ESC Guidelines on cardiac pacing and cardiac resynchronization therapy: Developed
by the Task Force on cardiac pacing and cardiac resynchronization therapy of the European Society of Cardiology (ESC): With the
special contribution of the European Heart Rhythm Association (EHRA). EP Eur. 2022, 24, 699. [CrossRef]

35. Miyasaka, M.; Tada, N.; Taguri, M.; Kato, S.; Enta, Y.; Otomo, T.; Hata, M.; Watanabe, Y.; Naganuma, T.; Araki, M.; et al. Incidence,
Predictors, and Clinical Impact of Prosthesis-Patient Mismatch Following Transcatheter Aortic Valve Replacement in Asian
Patients: The OCEAN-TAVI Registry. JACC Cardiovasc. Interv. 2018, 11, 771–780. [CrossRef]

36. Younis, A.; Orvin, K.; Nof, E.; Barabash, I.M.; Segev, A.; Berkovitch, A.; Guetta, V.; Assali, A.; Kornowski, R.; Beinart, R. The
effect of periprocedural beta blocker withdrawal on arrhythmic risk following transcatheter aortic valve replacement. Catheter.
Cardiovasc. Interv. 2019, 93, 1361–1366. [CrossRef]

37. Maeno, Y.; Abramowitz, Y.; Kawamori, H.; Kazuno, Y.; Kubo, S.; Takahashi, N.; Mangat, G.; Okuyama, K.; Kashif, M.; Chakravarty,
T.; et al. A Highly Predictive Risk Model for Pacemaker Implantation After TAVR. JACC Cardiovasc. Imaging 2017, 10, 1139–1147.
[CrossRef]

38. Ruck, A.; Saleh, N.; Glaser, N. Outcomes Following Permanent Pacemaker Implantation After Transcatheter Aortic Valve
Replacement: SWEDEHEART Observational Study. JACC Cardiovasc. Interv. 2021, 14, 2173–2181. [CrossRef] [PubMed]

39. Chamandi, C.; Barbanti, M.; Munoz-Garcia, A.; Latib, A.; Nombela-Franco, L.; Gutierrez-Ibanez, E.; Veiga-Fernandez, G.; Cheema,
A.N.; Cruz-Gonzalez, I.; Serra, V.; et al. Long-Term Outcomes in Patients With New-Onset Persistent Left Bundle Branch Block
Following TAVR. JACC Cardiovasc. Interv. 2019, 12, 1175–1184. [CrossRef] [PubMed]

40. Jorgensen, T.H.; De Backer, O.; Gerds, T.A.; Bieliauskas, G.; Svendsen, J.H.; Sondergaard, L. Mortality and Heart Failure
Hospitalization in Patients With Conduction Abnormalities After Transcatheter Aortic Valve Replacement. JACC Cardiovasc.
Interv. 2019, 12, 52–61. [CrossRef] [PubMed]

41. Glaser, N.; Persson, M.; Dalen, M.; Sartipy, U. Long-term Outcomes Associated With Permanent Pacemaker Implantation After
Surgical Aortic Valve Replacement. JAMA Netw. Open 2021, 4, e2116564. [CrossRef]

https://doi.org/10.1016/j.hrthm.2021.08.010
https://www.ncbi.nlm.nih.gov/pubmed/34411717
https://doi.org/10.1155/2020/1807909
https://www.ncbi.nlm.nih.gov/pubmed/33149728
https://doi.org/10.1016/j.jcin.2020.09.063
https://doi.org/10.1016/j.jcin.2019.05.056
https://doi.org/10.1007/s00276-004-0302-7
https://www.ncbi.nlm.nih.gov/pubmed/15723154
https://doi.org/10.3389/fped.2019.00300
https://doi.org/10.23736/S0021-9509.18.10468-X
https://www.ncbi.nlm.nih.gov/pubmed/29969002
https://doi.org/10.1093/europace/euab209
https://doi.org/10.1097/CRD.0000000000000453
https://www.ncbi.nlm.nih.gov/pubmed/35358104
https://doi.org/10.1016/j.amjcard.2018.04.025
https://doi.org/10.1016/j.jcin.2023.03.021
https://doi.org/10.4244/EIJ-D-22-01030
https://www.ncbi.nlm.nih.gov/pubmed/37013922
https://doi.org/10.1016/j.jcin.2023.01.016
https://doi.org/10.1093/europace/euac023
https://doi.org/10.1016/j.jcin.2018.01.273
https://doi.org/10.1002/ccd.28017
https://doi.org/10.1016/j.jcmg.2016.11.020
https://doi.org/10.1016/j.jcin.2021.07.043
https://www.ncbi.nlm.nih.gov/pubmed/34620397
https://doi.org/10.1016/j.jcin.2019.03.025
https://www.ncbi.nlm.nih.gov/pubmed/31129090
https://doi.org/10.1016/j.jcin.2018.10.053
https://www.ncbi.nlm.nih.gov/pubmed/30621978
https://doi.org/10.1001/jamanetworkopen.2021.16564


J. Cardiovasc. Dev. Dis. 2023, 10, 469 10 of 10

42. Tomii, D.; Okuno, T.; Heg, D.; Pilgrim, T.; Windecker, S. Long-term outcomes of new-onset conduction abnormalities following
transcatheter aortic valve implantation. Arch. Cardiovasc. Dis. 2022, 115, 214–224. [CrossRef] [PubMed]

43. Fadahunsi, O.O.; Olowoyeye, A.; Ukaigwe, A.; Li, Z.; Vora, A.N.; Vemulapalli, S.; Elgin, E.; Donato, A. Incidence, Predictors,
and Outcomes of Permanent Pacemaker Implantation Following Transcatheter Aortic Valve Replacement: Analysis From the
U.S. Society of Thoracic Surgeons/American College of Cardiology TVT Registry. JACC Cardiovasc. Interv. 2016, 9, 2189–2199.
[CrossRef]

44. Tops, L.F.; Schalij, M.J.; Bax, J.J. The effects of right ventricular apical pacing on ventricular function and dyssynchrony implications
for therapy. J. Am. Coll. Cardiol. 2009, 54, 764–776. [CrossRef] [PubMed]

45. Mulla, W.; Etzion, S.; Elyagon, S.; Gillis, R.; Murninkas, M.; Konstantino, Y.; Mannhardt, I.; Eschenhagen, T.; Liel-Cohen, N.;
Etzion, Y. Prominent differences in left ventricular performance and myocardial properties between right ventricular and left
ventricular-based pacing modes in rats. Sci. Rep. 2017, 7, 5931. [CrossRef]

46. Hochstadt, A.; Merdler, I.; Meridor, Y.; Schwartz, A.L.; Ingbir, M.; Ghantous, E.; Havakuk, O.; Mazo, A.; Steinvil, A.; Finkelstein,
A.; et al. Effect of pacemaker implantation after transcatheter aortic valve replacement on long- and mid-term mortality. Heart
Rhythm. 2021, 18, 199–206. [CrossRef]

47. Tomii, D.; Okuno, T.; Praz, F.; Heg, D.; Wild, M.G.; Lanz, J.; Stortecky, S.; Reineke, D.; Windecker, S.; Pilgrim, T. Potential
Candidates for Transcatheter Tricuspid Valve Intervention After Transcatheter Aortic Valve Replacement: Predictors and
Prognosis. JACC Cardiovasc. Interv. 2021, 14, 2246–2256. [CrossRef]

48. Lilly, S.M.; Deshmukh, A.J.; Epstein, A.E.; Ricciardi, M.J.; Shreenivas, S.; Velagapudi, P.; Wyman, J.F. 2020 ACC Expert Consensus
Decision Pathway on Management of Conduction Disturbances in Patients Undergoing Transcatheter Aortic Valve Replacement:
A Report of the American College of Cardiology Solution Set Oversight Committee. J. Am. Coll. Cardiol. 2020, 76, 2391–2411.
[CrossRef] [PubMed]

49. Badertscher, P.; Knecht, S.; Zeljkovic, I.; Sticherling, C.; de Asmundis, C.; Conte, G.; Barra, S.; Jedrzej, K.; Kuhne, M.; Boveda, S.
Management of conduction disorders after transcatheter aortic valve implantation: Results of the EHRA survey. EP Eur. 2022, 24,
1179–1185. [CrossRef]

50. Krishnaswamy, A.; Sammour, Y.; Mangieri, A.; Kadri, A.; Karrthik, A.; Banerjee, K.; Kaur, M.; Giannini, F.; Pagliaro, B.; Ancona,
M.; et al. The Utility of Rapid Atrial Pacing Immediately Post-TAVR to Predict the Need for Pacemaker Implantation. JACC
Cardiovasc. Interv. 2020, 13, 1046–1054. [CrossRef]

51. Tan, B.E.; Hashem, A.; Boppana, L.K.T.; Mohamed, M.S.; Abbas, S.F.; Faisaluddin, M.; Thakkar, S.; Ahmed, A.K.; Hall, C.;
Abtahian, F.; et al. Utility of rapid atrial pacing before and after TAVR with balloon-expandable valve in predicting permanent
pacemaker implantation. Catheter. Cardiovasc. Interv. 2023, 102, 919–928. [CrossRef] [PubMed]

52. Rogers, T.; Devraj, M.; Thomaides, A.; Steinvil, A.; Lipinski, M.J.; Buchanan, K.D.; Alraies, M.C.; Koifman, E.; Gai, J.; Torguson, R.;
et al. Utility of Invasive Electrophysiology Studies in Patients With Severe Aortic Stenosis Undergoing Transcatheter Aortic Valve
Implantation. Am. J. Cardiol. 2018, 121, 1351–1357. [CrossRef] [PubMed]

53. Knecht, S.; Schaer, B.; Reichlin, T.; Spies, F.; Madaffari, A.; Vischer, A.; Fahrni, G.; Jeger, R.; Kaiser, C.; Osswald, S.; et al.
Electrophysiology Testing to Stratify Patients With Left Bundle Branch Block After Transcatheter Aortic Valve Implantation. J.
Am. Heart Assoc. 2020, 9, e014446. [CrossRef] [PubMed]

54. Agricola, E.; Ingallina, G.; Ancona, F.; Biondi, F.; Margonato, D.; Barki, M.; Tavernese, A.; Belli, M.; Stella, S. Evolution of
interventional imaging in structural heart disease. Eur. Heart J. Suppl. 2023, 25, C189–C199. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.acvd.2022.04.005
https://www.ncbi.nlm.nih.gov/pubmed/35537922
https://doi.org/10.1016/j.jcin.2016.07.026
https://doi.org/10.1016/j.jacc.2009.06.006
https://www.ncbi.nlm.nih.gov/pubmed/19695453
https://doi.org/10.1038/s41598-017-06197-w
https://doi.org/10.1016/j.hrthm.2020.10.013
https://doi.org/10.1016/j.jcin.2021.07.030
https://doi.org/10.1016/j.jacc.2020.08.050
https://www.ncbi.nlm.nih.gov/pubmed/33190683
https://doi.org/10.1093/europace/euac027
https://doi.org/10.1016/j.jcin.2020.01.215
https://doi.org/10.1002/ccd.30817
https://www.ncbi.nlm.nih.gov/pubmed/37698294
https://doi.org/10.1016/j.amjcard.2018.02.015
https://www.ncbi.nlm.nih.gov/pubmed/29598854
https://doi.org/10.1161/JAHA.119.014446
https://www.ncbi.nlm.nih.gov/pubmed/32089049
https://doi.org/10.1093/eurheartjsupp/suad044
https://www.ncbi.nlm.nih.gov/pubmed/37125282

	Introduction 
	Incidence of New Onset CA and PPM Implantation Post TAVI 
	Risk Factors for CA Post TAVI 
	Anatomic Factors 
	Baseline Electrocardiography (ECG) 
	Demographic Characteristics 
	Transcatheter Aortic device 
	Implantation Depth 
	Medication 

	Impact of New LBBB, New CA and PPM Implantation 
	Current and Future Strategies to Address CA and the Need for PPM Implantation 
	Conclusions 
	Key Points 
	References

