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Abstract

Background: Complete atrioventricular block (CAVB) following transcatheter aortic valve replacement (TAVR) is primarily attributed
to mechanical compression of the penetrating or branching portions of the His bundle, and less commonly, the atrioventricular (AV) node.
This study aimed to characterize the electrocardiographic features of stable escape rhythms (ERs) occurring during CAVB after TAVR.
Methods: This retrospective study analyzed 12-lead electrocardiograms (ECGs) obtained at three time points: before TAVR (ECG 1),
after TAVR but before CAVB (ECG 2), and during CAVB (ECG 3). The ERs on ECG 3 were classified as AV junctional if the rate was
40–60 beats per minute (bpm) and, compared with ECG 2, if the QRS morphology matched in ≥10/12 leads, the QRS duration differed
by <10 ms, and the frontal QRS axis differed by <30°. The ERs not meeting these criteria were considered ventricular in origin. Three
patients with ERs <40 bpm but matching AV junctional morphology were included in the AV junctional group. ECG 2 was unavailable
in 12 patients. Results: Among the 58 patients included, 56.9% had no conduction abnormalities on baseline ECG 1. Following TAVR
(ECG 2), left and right bundle branch blocks were observed in 69.6% and 17.4% of the patients, respectively. During CAVB (ECG
3), the ERs were presumed to originate from the AV junction in 23 patients (39.6%), from the ventricles in 28 (48.3%), and had an
undetermined origin in 7 (12.1%). Conclusions: Consistent with the anatomical regions commonly affected by the prosthetic aortic
valve during TAVR, a substantial proportion of patients exhibited ERs likely originating from the AV junction, suggesting a potential
role for conduction system pacing in managing CAVB in this setting of patients.

Keywords: transcatheter aortic valve replacement; complete atrioventricular block; left bundle branch block; right bundle branch block;
intra-Hisian block; escape rhythm

1. Introduction

Complete atrioventricular block (CAVB) occurs in
approximately 15% of patients within 30 days following
transcatheter aortic valve replacement (TAVR), particularly
among those with pre-existing right bundle branch block
(RBBB) or those who develop new-onset left bundle branch
block (LBBB) post-procedure [1]. The underlying mecha-
nism is primarily attributed to mechanical compression of
the penetrating or branching portions of the His bundle, and
less frequently, to injury of the atrioventricular (AV) node
[1–4].

While some cases necessitate immediate ventricular
pacing, many patients with post-TAVR CAVB present with
stable escape rhythms detected during routine electrocar-
diographic (ECG)monitoring. Characterization of these es-

cape rhythms may provide insights into the anatomical site
of conduction block.

In this study, we systematically evaluated the ECG
features of stable escape rhythms during CAVB in pa-
tients undergoing TAVR. To the best of our knowledge, this
represents the first study specifically addressing this phe-
nomenon in the TAVR population.

2. Methods
2.1 Population Cohort

This is a retrospective study involving patients who
underwent their first TAVR for severe aortic stenosis. The
study was approved by the Institutional Research Ethics
Board at Tel-Aviv Sourasky Medical Center and followed
the ethical norms and standards in the Declaration of

https://www.imrpress.com/journal/RCM
https://doi.org/10.31083/RCM43915
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-7468-2054


Helsinki. All patients undergoing TAVR in 3 Israeli institu-
tions (Tel-Aviv, Hadassah, and Shaare Zedek Medical Cen-
ters) provided informed consent for the procedure as well as
for the secondary use of clinical data for research. The data
that support the findings of this study are available from the
corresponding author upon reasonable request.

2.2 Study Group
Patients were eligible for inclusion if the following cri-

teria were met:
(1) A baseline 12-lead ECG obtained prior to TAVR

demonstrated 1:1 AV conduction during sinus rhythm or an
irregular ventricular response during atrial flutter or fibril-
lation (ECG 1);

(2) At least one intermediate ECG recorded after
TAVR but before the onset of CAVB was available (ECG
2). When multiple intermediate ECGs were present, the
most recent recording prior to CAVB documentation was
selected;

(3) A 12-lead ECG demonstrating CAVBwith a stable
escape rhythm lasting at least 10 seconds was obtained fol-
lowing TAVR (ECG 3). If a second stable escape rhythm
with a different morphology was documented, it was also
included in the analysis. Patients for whom only ECGs 1
and 3 were available were analyzed separately.

Patients with temporary or permanent pacemakers im-
planted before or after TAVR were not excluded, provided
the devices were inactive at the time ECGs 1, 2, and 3 were
recorded.

Demographic and clinical data were extracted from
the hospitals’ electronic medical records, including hospi-
talization summaries and TAVR procedure reports. Proce-
dural data included valve type.

2.3 ECG Analysis
Analysis of ECGs 1 and 2 included assessment of

the underlying rhythm (sinus rhythm vs. atrial fibrilla-
tion/flutter), sinus rate (beats per minute), PR interval (mil-
liseconds), QRS duration (milliseconds), frontal QRS axis
(degrees), corrected QT interval (QTc, calculated using
Bazett’s formula), and identification of any intraventricu-
lar conduction disturbances (IVCDs).

Analysis of ECG 3, recorded during CAVB, involved
evaluation of the atrial rhythm (sinus vs. atrial fibrilla-
tion/flutter), escape rhythm rate, QRS morphology (classi-
fied as LBBB or RBBB), QRS duration, frontal QRS axis,
and QTc.

All ECG measurements—including heart rate, PR in-
terval, QRS duration, frontal axis, and QTc—were obtained
using both manual and automated methods.

2.4 Definitions
The AV junction includes the AV node, its penetrating

portion, and the non-branching segment of the His bundle.
The subjunctional region refers to the branching portion of

the His bundle, extending from the origin of the first fibers
of the LBB to the takeoff of the RBBB [5,6].

The escape QRS rhythm observed on ECG 3 was de-
fined as “similar” to the QRS complex on ECG 2 if the fol-
lowing criteria were met: (1) QRS morphology was com-
parable in more than 10 out of 12 leads; (2) QRS dura-
tion differed by no more than 10 milliseconds; and (3) the
frontal QRS axis differed by no more than 30°. If ECG 2
was unavailable, the degree of similarity was recorded as
“unknown”.

The mechanism of the escape rhythm during CAVB
was classified as “AV junctional” if the heart rate was be-
tween 40 and 60 beats per minute [7] and the QRS com-
plexes in ECGs 2 and 3 were similar in morphology, du-
ration, and axis, as defined above. Additionally, three pa-
tients with escape rhythmsmeeting themorphological crite-
ria for an AV junctional origin but with slower rates (28–34
beats per minute (bpm)) were also included in the AV junc-
tional group.

Escape rhythms were classified as “ventricular” if the
QRS morphology, duration, or axis differed between ECGs
2 and 3. In cases where ECG 2 was unavailable, ECG 3
was compared with ECG 1. If the QRS complexes in ECG 3
matched those in ECG 1, the escape rhythm was considered
AV junctional in origin; otherwise, the origin was classified
as “unknown”.

Unspecified IVCD, LBBB, RBBB, and frontal QRS
axis were defined according to the AHA/ACCF/HRS Sci-
entific Statement [8]. A normal QRS axis was defined as
–30° to +90°, left axis deviation as –30° to –90°, and right
axis deviation as +90° to +180°. Left fascicular blocks were
classified according to the criteria proposed by Pérez-Riera
et al. [9].

2.5 Statistical Analysis
Categorical variables are reported as numbers (%) and

compared using Fisher’s exact test. Continuous variables
are reported as medians (IQR) and compared using Mann-
Whitney U tests, or as mean ± SD and compared using the
student’s t-test. Analysis of variance (ANOVA) was used to
compare means across multiple groups. Paired samples t-
tests were used to compare different variables for the same
patient. A two-tailed p-value less than 0.05 was consid-
ered statistically significant. Analyses were conducted us-
ing IBM SPSS (29.0, IBM Corp., Armonk, NY, USA).

3. Results
3.1 Baseline Demographic, Clinical, and Procedural
Characteristics

The study cohort included 58 patients who underwent
TAVR procedures between August 2010 and May 2024,
originating from three centers: 24 from Tel-Aviv Medical
Center, 22 from Hadassah Medical Center, and 12 from
Shaare Zedek Medical Center. The majority of patients
were female (n = 35, 60.3%), with a mean age of 80.7 ±
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6.5 years. The average body mass index (BMI) was 28.2±
5.2 kg/m2. A history of coronary artery disease, coronary
artery bypass grafting (CABG), and prior aortic valve inter-
vention was present in 24 (41.4%), 6 (10.3%), and 2 (3.4%)
patients, respectively.

The median left ventricular ejection fraction was 60%
(interquartile range [IQR] 55–60%). The mean peak aortic
valve velocity was 5.69 ± 9.25 m/s, the mean aortic valve
pressure gradient was 45.9 ± 17.5 mmHg, and the mean
aortic valve areawas 0.69± 0.18 cm2. Baseline clinical and
echocardiographic characteristics were comparable across
the three medical centers.

Most patients (n = 37, 63.8%) received a self-
expandable valve (SEV), predominantly from the
Medtronic company, while the remaining 21 patients
(36.2%) received a balloon-expandable valve (BEV),
primarily from the Edwards company.

3.2 Baseline ECG Characteristics (ECG 1)
Sinus rhythm was present in all patients except one,

with rates ranging from 46 to 92 (mean 68.7 ± 11.8)
beats/min. Mean PR interval was 187.7 ± 45.8 millisec-
onds, and 19 patients had a PR interval>200 milliseconds.
Mean QRS axis was –1.3 ± 38.6°, and the mean QTc in-
terval was 447.8 ± 53.6 milliseconds. No IVCDs were ob-
served in 33 patients (56.9%) (Figs. 1,2,3,4,5). RBBB was
identified in 10 (17.2%) patients (associated with left an-
terior, posterior, or septal fascicular blocks in 4, 1, and 1
patients, respectively) (Fig. 6). LBBB was observed in 5
(8.6%) patients (Fig. 7). An unclassified IVCD, a left an-
terior fascicular block (LAFB), and a suspected left septal
fascicular block (LSFB) were present in 3, 3, and 4 patients,
respectively (Fig. 8).

3.3 ECG Characteristics After TAVR but Before CAVB
(ECG 2)

Among the study population, ECG 2 was available
in 46 patients (79.3%). Sinus rhythm was present in 42
(91.3%) patients, with mean PR intervals of 213.9 ± 46.3
milliseconds. Mean QRS axis was –20.5± 36.9° and mean
QTc interval was 479.7 ± 32.3 milliseconds.

With the exception of one patient (2.2%), all ECG
2 recordings demonstrated an IVCD. The most frequently
observed was LBBB, present in 32 patients (69.6%)
(Figs. 2,3,5), followed by RBBB in 8 patients (17.4%), of
whom 5 also had LAFB (Figs. 1,6). Other types of IVCD
were identified in the remaining 5 patients (10.9%). Among
the 28 study patients who did not show any IVCD on base-
line ECG 1, and for whomECG 2was available, LBBBwas
the most frequently observed on ECG 2 (n = 25, 75.8%)
(Figs. 2,3,5), followed by RBBB (n = 2, 6.1%) (Fig. 1), and
LAFB in 1 patient.

The progression of conduction disturbances from
ECG 1 to ECG 2 for all patients is illustrated in the
flowchart (Fig. 9).

3.4 Number of Escape Rhythms Documented During
CAVB

A single morphological type of escape rhythm (ECG
3A) was documented in 50 patients (86.2%), while a sec-
ond, distinct escape rhythm (ECG 3B) was observed in the
remaining 8 patients (13.8%). No additional escape rhythm
types were recorded.

3.5 ECG Characteristics of the First Escape Rhythm
During CAVB (ECG 3A)

In 46 patients (79.3%), the QRS escape rhythms ob-
served during CAVB on ECG 3 could be compared with
the supraventricular rhythm (sinus or atrial fibrillation)
recorded on ECG 2. In the remaining 12 patients, such a
comparison was not possible due to the absence of ECG 2.
After excluding these 12 patients, and based on the similar-
ity in QRS morphology, duration, and axis, the first escape
rhythm was presumed to have an AV junctional origin in 18
(31%) study patients (Figs. 1,2,6) and a ventricular origin
in 28 (48.3%) (Figs. 3,5).

Of the 18 patients in whom the escape rhythmwas pre-
sumed to have an AV junctional origin, the QRS morphol-
ogy in ECG 2 had an LBBB pattern in 10 (55.6%) patients
(Fig. 2) and a RBBB pattern in 6 (33.3%) patients (associ-
ated with LAFB in 4 patients) (Figs. 1,6); in the remaining 2
patients, various conduction disturbances were present (un-
determined IVCD in 1 patient and incomplete RBBB plus
LAFB in another one).

Among the 28 patients whose escape rhythm was pre-
sumed to be of ventricular origin, the QRS morphology in
ECG 2 had an LBBB and RBBBmorphology in 22 patients
(Figs. 3,5) and 2 patients, respectively; in the remaining 4
patients, various conduction disturbances were present.

In 5 of 12 patients without an available ECG 2 (repre-
senting 8.6% of the study population), the escape rhythm
observed on ECG 3 was similar to that on ECG 1 and
was therefore classified as having an AV junctional ori-
gin. Among these 5 patients, the baseline QRS complex
was normal in 2 cases (Fig. 4) while the remaining 3 exhib-
ited LBBB (Fig. 7), suspected LSFB (Fig. 8), and RBBB
associated with left posterior fascicular block (LPFB), re-
spectively. In the remaining 7 patients who had no ECG
2 available (12.1% of the study patient group), the escape
mechanism was classified as unknown.

The progression of conduction disturbances from
ECG 2 to ECG 3A (first documented escape rhythm) is il-
lustrated in the flowchart (Fig. 9).

3.6 ECG Characteristics of the Second Escape Rhythm
During CAVB (ECG 3B)

Of the 58 patients, 8 (13.8%) had a second escape
rhythm that was markedly different from the first escape
rhythm. All the second escape rhythms were classified as
having a ventricular origin; none was classified as having
an AV junctional origin.
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Fig. 1. AV junctional escape rhythm with RBBB during CAVB in an 83-year-old woman exhibiting RBBB after TAVR. (ECG
1) Sinus rhythm with narrow QRS and poor R wave progression in V1-V3. (ECG 2) Sinus rhythm with slight PR increase and RBBB.
(ECG 3A) Recorded 8 hours after TAVR. CAVB with AV junctional rhythm (53/min), having QRS morphology similar to that on ECG
2. AV, atrioventricular; RBBB, right bundle branch block; CAVB, complete atrioventricular block; TAVR, transcatheter aortic valve
replacement; ECG, electrocardiographic.
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Fig. 2. AV junctional escape rhythm with LBBB during CAVB in an 81-year-old man exhibiting LBBB after TAVR. (ECG 1)
Sinus rhythm with narrow QRS, with slight ST elevation in V2-V3. (ECG 2) Sinus rhythm with PR increase and LBBB. Note two atrial
extrasystoles in leads I-II-III. (ECG 3A) Recorded 40 hours after TAVR. CAVB with AV junctional escape rhythm (57/min) having QRS
morphology similar to that on ECG 2. LBBB, left bundle branch block.
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Fig. 3. Ventricular escape rhythm with RBBB pattern during CAVB in a 73-year-old woman exhibiting LBBB after TAVR. (ECG
1) Sinus rhythm with narrow QRS. (ECG 2) Sinus rhythm with LBBB. (ECG 3A) Recorded 10 hours after TAVR. CAVBwith ventricular
escape rhythm (58/min), having an RBBB pattern.
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Fig. 4. Presumed AV junctional escape rhythm associated with narrow QRS complexes in an 83-year-old woman during CAVB
after TAVR. (ECG 1) Sinus rhythm with narrow QRS. (ECG 3A) recorded 24 hours after TAVR. CAVB with AV junctional escape
rhythm (53/min) having QRS morphology similar to that on ECG 1.

In the 8 patients having 2 types of escape rhythms doc-
umented (Fig. 10), the mean rates of the escape rhythms
were 54.9 ± 4.8 and 53.6 ± 8.8 beats/min (p = 0.68), the
mean QTc intervals were 477.4 ± 32.1 and 468.1 ± 44.2
milliseconds (p = 0.35) and the mean QRS durations were
129.4 ± 17.1 and 123.4 ± 14.3 milliseconds (p = 0.38) for
escapes #1 and #2, respectively.

3.7 Comparison of Rates, QRS Duration, QTc, and
Patterns of Escape Rhythms in Respect to Their Presumed
Site of AVB

The mean rate of escape rhythms presumed to have an
AV junctional origin (n = 23) or a ventricular origin (n =
28) were 50.4± 9.8 and 47.9± 9.0 beats/min, respectively
(p = 0.34); the mean QRS durations were 135.1± 16.7 and
141.5 ± 14.8 milliseconds, respectively (p = 0.152) while
the mean QTc values were 459.0 ± 46.4 and 463.6 ± 52.3
milliseconds, respectively (p = 0.746). For patients with

AV junctional escape rhythms, an LBBB pattern occurred
in 12 (52.2%) cases, an RBBB pattern in 9 (39.1%), and
two patients had a non-specific escape pattern. Of the 28
patients having a ventricular escape rhythm, an LBBB es-
cape pattern was prevalent in 7 (25%) cases and an RBBB
pattern in 21 (75%). In the latter group, normal QRS axis,
left axis, and right axis were present in 9, 8, and 4 patients,
respectively.

For both patients with presumed junctional or ventric-
ular escape rhythms, escape rates were significantly slower
than baseline sinus rhythm rates, and following TAVR,QRS
durations increased significantly compared to pre-TAVR
values, with no significant difference observed between
post-TAVR and escape rhythm QRS durations. QRS axis
exhibited significant deviation after TAVR in both groups,
while additional significant shifts between post-TAVR and
CAVB recordings occurred exclusively in patients with
ventricular rhythms. QTc intervals demonstrated primary
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Fig. 5. Ventricular escape rhythm during CAVB in a 76-year-old woman developing LBBB after TAVR. (ECG 1) Sinus rhythm
with narrow QRS. (ECG 2) Sinus rhythm with PR increase and LBBB. (ECG 3A) Recorded 24 hours after TAVR. CAVBwith ventricular
escape rhythm (47/min) having RBBB + LPFB morphology. LPFB, left posterior fascicular block.

prolongation following TAVR, with heterogeneous findings
in the third recording across comparisons.

3.8 Mechanism of First Escape Rhythm With Respect to
Demographics and TAVR Type

An AV junctional rhythm during CAVB was observed
in 15 of 35 (42.9%) females and in 8 of 23 (34.8%) males
(p = 0.54). The patients who had an AV junctional rhythm
and ventricular rhythm during CAVB were aged 81.5± 6.2
and 80.3 ± 7.0 years old, respectively (p = 0.54). An AV
junctional rhythm was observed in 13 of 30 (43.3%) pa-
tients who had an SEV implanted and in 10 of 21 (47.6%)

patients who had a BEV implanted (p = 0.76). A ventricu-
lar escape rhythmwas observed in 17 of 30 (56.7%) patients
who had an SEV implanted and in 11 of 21 (52.4%) patients
who had a BEV implanted (p = 0.76).

4. Discussion
Our study is the first, after more than 3 million TAVR

procedures performed and hundreds of thousands of pace-
makers implanted worldwide during the last 2 decades,
which analyzes the ECG characteristics of escape rhythm
during CAVB after TAVR in a relatively large series of pa-
tients. This is the first series assessing the demographic and
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Fig. 6. AV junctional escape rhythm with RBBB and LAFB pattern during CAVB in a 73-year-old man exhibiting the same
bifascicular block before and after TAVR. (ECG 1) Sinus rhythm with PR prolongation and RBBB plus LAFB. (ECG 2) Sinus rhythm
with a similar bifascicular block. (ECG 3A) CAVB with AV junctional rhythm (51/min) having QRS morphology similar to that on ECG
2.
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Fig. 7. AV junctional escape rhythm with LBBB during CAVB, similar to baseline LBBB in a 93-year-old woman after TAVR (no
ECG 2 available). (ECG 1) Sinus rhythm with prolonged PR and LBBB. (ECG 3A) Recorded 24 hours after TAVR. CAVB with AV
junctional escape rhythm (55/min), having QRS morphology similar to that on ECG 1.

procedural characteristics of patients exhibiting CAVBwith
stable escape rhythms after TAVR. In addition, this is the
largest collection of 12-lead ECG recordings during CAVB
in which a careful ECG analysis of the sequence of oc-
currence of AVB and the QRS morphology of the escape
rhythm enables us to postulate on the anatomical site and
pathophysiologic mechanism of the AVB for each patient.

4.1 Site of CAVB Following TAVR

CAVB after TAVR is explained by the proximity of
the conduction system (especially the His bundle and its
branching portion) to the prosthetic aortic valve deployed,
following direct mechanical compression or an indirect in-

jury by perivalvular inflammation or ischemia [1–3,10].
The His bundle courses from the inferior margin of the
membranous septum to the ventricular septal crest, near
the junction of the right and noncoronary aortic cusps,
making it particularly susceptible to injury during TAVR
[10]. In rare cases, the AV node—which is situated near
the aortic annulus—may also be affected [4]. To the best
of our knowledge, only a single necropsy report has de-
scribed a post-TAVR patient who developed CAVB requir-
ing transvenous pacemaker implantation [3]. The presumed
cause of death was right ventricular perforation due to the
pacing electrode. Notably, a localized hematoma was iden-
tified at the interventricular septum, the site of aortic valve
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Fig. 8. AV junctional escape rhythm with narrow QRS complexes during CAVB in a 73-year-old man after TAVR (no ECG 2
available). (ECG 1) Sinus rhythm with suspected LSFB. (ECG 3A) Recorded 24 hours after TAVR. CAVB with AV junctional escape
rhythm (60/min), having QRS morphology similar to that on ECG 1. (ECG 3B) Recorded 20 minutes after ECG 3A. CAVB with another
slower escape rhythm (50/min), which exhibits a RBBB morphology in leads V1 and V2 as compared to ECG 3A, and was classified as
having a presumed ventricular origin. LSFB, left septal fascicular block.

prosthesis expansion, which was found to compress the His
bundle. Based on the escape rhythm characteristics ob-
served during CAVB in our study, we estimate that the site
of block was located in the AV junctional region in approx-
imately 39.6% of patients.

Despite the large number of diagnostic electrophysi-
ological studies (EPS) conducted in post-TAVR patients to
assess the need for prophylactic pacemaker implantation,
a comprehensive review of the literature revealed only two
reports specifically addressing EPS findings in patients who
developed CAVB following TAVR. In one study, Vijayara-
man et al. [11] performed His bundle pacing in 100 patients

with advanced AV block or CAVB, classifying the block
as infranodal in 54% and intranodal in 46% of cases. Al-
though ECG characteristics and the proportion of patients
with intra-Hisian disease were not detailed, a representative
tracing was presented from a patient with 2:1 AV block and
RBBB, where both conduction disturbances were attributed
to a proximal His bundle lesion.

In a subsequent report, the same group described a co-
hort of 65 TAVR patients who underwent attempted per-
manent His–Purkinje conduction system pacing [12]. In-
franodal AV block was identified in 58 patients (89%), of
whom 39 (67%) had persistent CAVB and 19 (33%) had
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Fig. 9. Flowchart of the ECG findings before and after TAVRand duringCAVB.Abbreviations: AV, atrioventricular; CD, conduction
disturbances; ER, escape rhythm; IVCD, undetermined intraventricular conduction disturbance; LAFB, left anterior fascicular block;
LBBB, left bundle branch block; LSFB, left septal fascicular block; N.A, not available; RBBB, right bundle branch block.

intermittent or Mobitz II block. While the prevalence of
intra-Hisian disease was not specified, the authors included
a tracing from a patient with a 2:1 intra-His block and nor-
mal QRS duration that progressed to complete intra-His
block during His bundle mapping [12]. Additional isolated
reports of severe AV nodal involvement following TAVR
have also been documented [4,11].

In the absence of His bundle recordings in our study
cohort, the precise site of CAVB cannot be definitively
established. However, the presence of at least one es-
cape rhythm consistent with an AV junctional origin in
nearly 40% of patients suggests that the AV junctional area
may have been affected by the prosthetic valve. More-
over, the absence of significant PR interval prolongation or
Wenckebach-type second-degree AV block on ECG moni-
toring prior to the onset of CAVB [4] supports the notion
that the primary site of injury was more likely the His bun-
dle rather than the AV node.

4.2 Site of Origin of the Escape Rhythm

Likewise, the absence of His bundle recordings in our
study population precludes definitive identification of the
site of origin of the escape rhythms. Therefore, only spec-
ulative interpretations can be offered.

One possible explanation involves the concept of lon-
gitudinal dissociation within the His bundle, a phenomenon
well documented in both human and animal studies for over
a century [13–16]. It has been proposed that LBBB—the
most common conduction disturbance observed following
TAVR—may result from selective injury to the left-sided
fibers of a longitudinally dissociated His bundle [15–20].

Decades ago, Rosenbaum and colleagues [21], build-
ing on earlier findings by Singer et al. [22] in isolated
Purkinje fibers, demonstrated that in both canine and hu-
man hearts, escape rhythms tend to emerge below the level

of fascicular injury. Based on that, it is plausible to hypoth-
esize that in patients with post-TAVR LBBB, further exten-
sion of the mechanical injury to the right-sided His fibers
may result in CAVB, with the escape rhythm arising just
below the site of injury—presumably within the AV junc-
tion. In such cases, the escape rhythm would display a QRS
morphology similar to the LBBB pattern already present af-
ter TAVR (Fig. 11).

Similarly, in patients with RBBB prior to or following
TAVR who then develop CAVB due to damage to the left-
sided His fibers, the resultant escape rhythm would likely
arise below the site of the latest injury and exhibit a QRS
morphology consistent with RBBB—again resembling the
pre-block conduction pattern.

Our findings support this hypothesis, with 12 patients
exhibiting LBBB-pattern escape rhythms and 9 showing
RBBB-pattern escape rhythms. An alternative explanation
for our findings—independent of the theory of longitudinal
dissociation of the His bundle [23–25]—suggests that the
lesions induced by TAVR occur at the level of the branch-
ing portion of theHis bundle. Given the anatomical position
of this region and its close proximity to the aortic valve, it
is particularly susceptible to mechanical injury, which may
account for the development of escape rhythms. Damage to
this branching area, including the origin of the RBB, may
also explain the observed patterns of escape rhythms.

Lastly, it is noteworthy that in all 8 patients who exhib-
ited both AV junctional and ventricular escape rhythms, the
initial rhythm documented was consistently the AV junc-
tional rhythm. This temporal pattern suggests that the emer-
gence of a ventricular escape rhythm may reflect instability
or failure of the preceding AV junctional escape rhythm.
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Fig. 10. Same patient as in Fig. 1. Documentation of both AV junctional and ventricular escape rhythms after TAVR. (ECG 3A)
Recorded 4 hours after TAVR. CAVB with AV junctional rhythm (53/min) having RBBB morphology. (ECG 3B) Recorded 24 hours
after TAVR. CAVB with presumed ventricular escape rhythm (51/min) due to a marked difference in morphology with the previous AV
junction rhythm in limb leads (relative QRS axis shift to the right). Interestingly, the last QRS complex in leads V4-V6 looks slightly
different in morphology (especially in V4-V5) from the previous one and more similar to the escape rhythm in the same ECG leads on
ECG 3A.

4.3 Correlation Between CAVB, the Type of Valve, and
Patient Sex and Age

Most (63.8%) of our study patients received an SEV,
while the remaining 323 (36.7%) received a BEV. Although
the total number of SEVs and BEVs implanted in the whole
TAVR population is unknown, these results are consistent
with the higher likelihood of developing conduction distur-
bances with SEV as opposed to BEV [26]. In contrast, pa-
tient age and sex were not found to have a significant in-
fluence on the site of AVB or the type of presumed escape
rhythm during CAVB.

4.4 Study Limitations

First, this was a retrospective study, and post-
TAVR ECGs were not recorded systematically. Contin-
uous 12-lead ECG monitoring may have revealed addi-
tional or sequential escape rhythms, potentially clarifying
whether ventricular rhythms were preceded by AV junc-
tional rhythms—thus supporting His bundle involvement.

Second, ECG 2 was unavailable in approximately
20% of patients, limiting accurate classification of escape
rhythm origin. In these cases, comparisons between ECG 1
and ECG 3 were used as a surrogate.

Third, EPS were not performed, preventing definitive
localization of the conduction block. As such, the true
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Fig. 11. Potential mechanism for AV junctional rhythm following TAVR-induced LBBB relying on the theory of longitudinal
dissociation of the His bundle. (A) LBBB is created by a lesion in the left-sided fibers of the His bundle (red scalpel). (B) An additional
lesion in the right-sided fibers of the His bundle resulting in CAVB (red scalpel) and an AV junctional rhythm originating from below the
RBB (blue asterisk). Abbreviations: LBB, left bundle branch; LAF, left anterior fascicle; LSFB, left septal fascicle; LPF, left posterior
fascicle; RBB, right bundle branch.

prevalence of AV junctional escape rhythms may be un-
derestimated. Additionally, our classification system may
have misclassified some junctional rhythms (e.g., RBBB
morphology) as ventricular.

Fourth, only patients with stable escape rhythms per-
mitting 12-lead ECG documentation were included. There-
fore, escape rhythms occurring during the TAVR procedure
itself—particularly unstable or transient ones—may differ
in mechanism. Finally, ECG findings were not correlated
with cardiac CT imaging, which might have provided fur-
ther anatomical insight into the site of conduction system
injury [27].

4.5 Clinical Implications

Characterizing the escape rhythm during CAVB af-
ter TAVR is not merely descriptive but can help guide the
choice of permanent pacing modality. The majority of pa-
tients in our analysis either had a ventricular escape rhythm
(48%), and even in presumed cases of junctional origin, al-
most 90% displayed either LBBB or RBBB escape mor-
phologies, with the remaining also showing conduction sys-
tem abnormalities. This near-universal presence of intra-
ventricular conduction disturbances indicates that the me-
chanical injury from TAVR predominantly involves the dis-
tal His bundle and bundle branches, areas that may not be

effectively captured by His bundle pacing alone. His bun-
dle pacing is limited by lower success rates in infra-nodal
block (76% vs. 93% for nodal block), higher and less sta-
ble thresholds, as well as technical challenges in lead im-
plantation and fixation. Left bundle branch area pacing
(LBBAP) may offer a higher likelihood of restoring near-
normal conduction and avoiding chronic right-ventricular
dys-synchrony, with procedural success rates approaching
93%, and favorable sensing and pacing parameters across
the spectrum of AV conduction disease, including LBBB
and infra-Hisian block.

The temporal evolution of escape rhythms provides
additional support for LBBAP. Ten percent of our co-
hort demonstrated progression from junctional to ventric-
ular escape rhythms, indicating advancing conduction sys-
tem damage from proximal to distal sites. Given that de-
layed progression to advanced AV block (>48 hours post-
TAVR) is well-documented, reliance on proximal pacing
sites may prove inadequate as conduction disease advances.
Thus, LBBAP offers greater reliability. Importantly, even
in cases presumed to have a ventricular escape rhythm, the
site of block may still lie near the His bundle, and such
patients could also benefit from conduction system pacing
[11,12,28].
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5. Conclusions
Analysis of ECG characteristics during CAVB pro-

vided insights into the likely site of conduction block fol-
lowing TAVR. Consistent with anatomical regions com-
monly affected by the prosthetic valve, at least 40% of pa-
tients exhibited escape rhythms suggestive of an AV junc-
tional origin. These findings represent a working hypoth-
esis derived from retrospective data and warrant confirma-
tion through prospective studies incorporating electrogram
recordings from the proximal conduction system, including
the His bundle and its branches.

Availability of Data and Materials
The datasets used and analyzed during the current

study are available from the corresponding author on rea-
sonable request.

Author Contributions
BB designed the research study. IL, OY, and BB per-

formed the research. GEG, JBS, DP, and MK performed
the TAVR procedures, first analyzed the data, reviewed the
ECG tracings, and also individualized and managed the pa-
tients who exhibited AV conduction disturbances. IL, OY,
MS, OTB, DP, YM, DL, and BB reviewed the ECG trac-
ings. IL and BB analyzed the whole data and drafted the
manuscript. All authors contributed to the critical revision
of the manuscript for important intellectual content. All au-
thors read and approved the final manuscript. All authors
have participated sufficiently in the work and agreed to be
accountable for all aspects of the work.

Ethics Approval and Consent to Participate
This multicenter retrospective analysis was coordi-

nated by Tel-Aviv Sourasky Medical Center and approved
by its institutional Helsinki committee (TLV-0409-11);
the two other participating centers obtained independent
Helsinki approvals for this research (HMO-1002-20 and
SMZC-0052-25). All patients undergoing TAVR in 3 Israeli
institutions (Tel-Aviv, Hadassah, and Shaare Zedek Medi-
cal Centers) provided informed consent for the procedure as
well as for the secondary use of clinical data for research.

Acknowledgment
The authors thank Marcelo Elizari, MD (Academia

Nacional de Medicina de Buenos Aires, Buenos Aires, Ar-
gentina) for his helpful comments.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Lilly SM, Deshmukh AJ, Epstein AE, Ricciardi MJ, Shreeni-

vas S, Velagapudi P, et al. 2020 ACC Expert Consensus Deci-
sion 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. Journal of the American College of Car-
diology. 2020; 76: 2391–2411. https://doi.org/10.1016/j.jacc
.2020.08.050.

[2] Piazza N, de Jaegere P, Schultz C, Becker AE, Serruys PW, An-
derson RH. Anatomy of the aortic valvar complex and its im-
plications for transcatheter implantation of the aortic valve. Cir-
culation. Cardiovascular Interventions. 2008; 1: 74–81. https:
//doi.org/10.1161/CIRCINTERVENTIONS.108.780858.

[3] Moreno R, Dobarro D, López de Sá E, Prieto M, Morales C,
Calvo Orbe L, et al. Cause of complete atrioventricular block
after percutaneous aortic valve implantation: insights from a
necropsy study. Circulation. 2009; 120: e29–30. https://doi.or
g/10.1161/CIRCULATIONAHA.109.849281.

[4] Belhassen B, Tovia-Brodie O, Elizari M, Michowitz Y. Un-
common Conduction Disturbances After Transcatheter Aortic
Valve Replacement. JACC. Clinical Electrophysiology. 2025;
11: 458–469. https://doi.org/10.1016/j.jacep.2024.10.022.

[5] Hecht HH, Kossmann CE, Childers RW, Langendorf R, Lev M,
Rosen KM, et al. Atrioventricular and intraventricular conduc-
tion. Revised nomenclature and concepts. The American Jour-
nal of Cardiology. 1973; 31: 232–244. https://doi.org/10.1016/
0002-9149(73)91036-9.

[6] Sanchez-Quintana D, Cook AC,Macias Y, Spicer DE, Anderson
RH. TheAtrioventricular ConductionAxis Revisited for the 21st
Century. Journal of Cardiovascular Development and Disease.
2023; 10: 471. https://doi.org/10.3390/jcdd10110471.

[7] Surawicz B, Knilans T. Chou’s electrocardiography in clinical
practice: adult and pediatric (pp. 387). 6th edn. Elsevier Health
Sciences: Amsterdam, Netherlands. 2008.

[8] Surawicz B, Childers R, Deal BJ, Gettes LS, Bailey JJ, Gorgels
A, et al. AHA/ACCF/HRS recommendations for the standard-
ization and interpretation of the electrocardiogram: part III: in-
traventricular conduction disturbances: a scientific statement
from the American Heart Association Electrocardiography and
Arrhythmias Committee, Council on Clinical Cardiology; the
American College of Cardiology Foundation; and the Heart
RhythmSociety: endorsed by the International Society for Com-
puterized Electrocardiology. Circulation. 2009; 119: e235–40.
https://doi.org/10.1161/CIRCULATIONAHA.108.191095.

[9] Pérez-Riera AR, Barbosa-Barros R, Daminello-Raimundo R, de
Abreu LC, Nikus K. The tetrafascicular nature of the intraven-
tricular conduction system. Clinical Cardiology. 2019; 42: 169–
174. https://doi.org/10.1002/clc.23093.

[10] Raad M, Greenberg J, Altawil M, Lee J, Wang DD, Oudeif A,
et al. The Transcatheter Aortic Valve Replacement-Conduction
Study: The Value of the His-Ventricular Interval in Risk Stratifi-
cation for Post-TAVR Atrioventricular-Block. Structural Heart.
2024; 8: 100296. https://doi.org/10.1016/j.shj.2024.100296.

[11] Vijayaraman P, Naperkowski A, Ellenbogen KA, Dandamudi G.
Electrophysiologic Insights Into Site of Atrioventricular Block:
Lessons From Permanent His Bundle Pacing. JACC. Clinical
Electrophysiology. 2015; 1: 571–581. https://doi.org/10.1016/
j.jacep.2015.09.012.

[12] Vijayaraman P, Cano Ó, Koruth JS, Subzposh FA, Nanda S,
Pugliese J, et al. His-Purkinje Conduction System Pacing Fol-
lowing Transcatheter Aortic Valve Replacement: Feasibility and
Safety. JACC. Clinical Electrophysiology. 2020; 6: 649–657.
https://doi.org/10.1016/j.jacep.2020.02.010.

[13] Kaufmann R, Rothberger CJ. Beiträge zur entstehungsweise ex-
trasystolischer llorhythmien. Zeitschrift für die Gesamte Exper-

15

https://doi.org/10.1016/j.jacc.2020.08.050
https://doi.org/10.1016/j.jacc.2020.08.050
https://doi.org/10.1161/CIRCINTERVENTIONS.108.780858
https://doi.org/10.1161/CIRCINTERVENTIONS.108.780858
https://doi.org/10.1161/CIRCULATIONAHA.109.849281
https://doi.org/10.1161/CIRCULATIONAHA.109.849281
https://doi.org/10.1016/j.jacep.2024.10.022
https://doi.org/10.1016/0002-9149(73)91036-9
https://doi.org/10.1016/0002-9149(73)91036-9
https://doi.org/10.3390/jcdd10110471
https://doi.org/10.1161/CIRCULATIONAHA.108.191095
https://doi.org/10.1002/clc.23093
https://doi.org/10.1016/j.shj.2024.100296
https://doi.org/10.1016/j.jacep.2015.09.012
https://doi.org/10.1016/j.jacep.2015.09.012
https://doi.org/10.1016/j.jacep.2020.02.010
https://www.imrpress.com


imentelle Medizin. 1919; 9: 104–122. https://doi.org/10.1007/
BF03002904.

[14] James TN, Sherf L. Fine structure of the His bundle. Circulation.
1971; 44: 9–28. https://doi.org/10.1161/01.cir.44.1.9.

[15] Narula OS. Longitudinal dissociation in the His bundle. Bun-
dle branch block due to asynchronous conduction within the
His bundle in man. Circulation. 1977; 56: 996–1006. https:
//doi.org/10.1161/01.cir.56.6.996.

[16] El-Sherif N, Amay-Y-Leon F, Schonfield C, Scherlag BJ, Rosen
K, Lazzara R, et al. Normalization of bundle branch block pat-
terns by distal His bundle pacing. Clinical and experimental ev-
idence of longitudinal dissociation in the pathologic his bundle.
Circulation. 1978; 57: 473–483. https://doi.org/10.1161/01.cir.
57.3.473.

[17] Sharma PS, Ellison K, Patel HN, Trohman RG. Overcoming left
bundle branch block by permanent His bundle pacing: Evidence
of longitudinal dissociation in the His via recordings from a per-
manent pacing lead. HeartRhythm Case Reports. 2017; 3: 499–
502. https://doi.org/10.1016/j.hrcr.2017.08.002.

[18] Vijayaraman P, Chung MK, Dandamudi G, Upadhyay GA, Kr-
ishnan K, Crossley G, et al. His Bundle Pacing. Journal of the
American College of Cardiology. 2018; 72: 927–947. https:
//doi.org/10.1016/j.jacc.2018.06.017.

[19] Upadhyay GA, Cherian T, Shatz DY, Beaser AD, Aziz Z, Oz-
can C, et al. Intracardiac Delineation of Septal Conduction in
Left Bundle-Branch Block Patterns. Circulation. 2019; 139:
1876–1888. https://doi.org/10.1161/CIRCULATIONAHA.118.
038648.

[20] Marinaccio L, Vetta F, Ignatiuk B, Giacopelli D, Patrassi LA,
Marchese D. His-Purkinje system longitudinal dissociation:
From bench to bedside. A case of output-dependent fascicular
capture. Journal of Cardiovascular Electrophysiology. 2021; 32:
1174–1177. https://doi.org/10.1111/jce.14964.

[21] Rosenbaum MB, Elizari MV, Chiale P, Levi RJ, Nau GJ,
HalpernMS, et al. Relationships between increased automaticity

and depressed conduction in the main intraventricular conduct-
ing fascicles of the human and canine heart. Circulation. 1974;
49: 818–828. https://doi.org/10.1161/01.cir.49.5.818.

[22] Singer DH, Lazzara R, Hoffman BF. Interrelationship between
automaticity and conduction in Purkinje fibers. Circulation Re-
search. 1967; 21: 537–558. https://doi.org/10.1161/01.res.21.4.
537.

[23] Lazzara R, Yeh BK, Samet P. Functional transverse interconnec-
tions within the His bundle and the bundle branches. Circulation
Research. 1973; 32: 509–515. https://doi.org/10.1161/01.res.32.
4.509.

[24] Bailey JC, Spear JF,Moore EN. Functional significance of trans-
verse conducting pathways within the canine bundle of His. The
American Journal of Cardiology. 1974; 34: 790–795. https:
//doi.org/10.1016/0002-9149(74)90698-5.

[25] De Almeida MC, Anderson RH, Sanchez-Quintana D, Macias
Y. Lack of evidence for longitudinal dissociation of the atrioven-
tricular conduction axis. Clinical Anatomy. 2023; 36: 787–794.
https://doi.org/10.1002/ca.24022.

[26] Rodés-Cabau J, Ellenbogen KA, Krahn AD, Latib A, Mack M,
Mittal S, et al. Management of Conduction Disturbances As-
sociated With Transcatheter Aortic Valve Replacement: JACC
Scientific Expert Panel. Journal of the American College of
Cardiology. 2019; 74: 1086–1106. https://doi.org/10.1016/j.ja
cc.2019.07.014.

[27] Tretter JT, Bedogni F, Rodés-Cabau J, Regueiro A, Testa L,
Eleid MF, et al. Novel cardiac CT method for identifying the
atrioventricular conduction axis by anatomic landmarks. Heart
Rhythm. 2025; 22: 776–785. https://doi.org/10.1016/j.hrthm.
2024.12.022.

[28] De Pooter J, Gauthey A, Calle S, Noel A, Kefer J, Marchandise
S, et al. Feasibility of His-bundle pacing in patients with conduc-
tion disorders following transcatheter aortic valve replacement.
Journal of Cardiovascular Electrophysiology. 2020; 31: 813–
821. https://doi.org/10.1111/jce.14371.

16

https://doi.org/10.1007/BF03002904
https://doi.org/10.1007/BF03002904
https://doi.org/10.1161/01.cir.44.1.9
https://doi.org/10.1161/01.cir.56.6.996
https://doi.org/10.1161/01.cir.56.6.996
https://doi.org/10.1161/01.cir.57.3.473
https://doi.org/10.1161/01.cir.57.3.473
https://doi.org/10.1016/j.hrcr.2017.08.002
https://doi.org/10.1016/j.jacc.2018.06.017
https://doi.org/10.1016/j.jacc.2018.06.017
https://doi.org/10.1161/CIRCULATIONAHA.118.038648
https://doi.org/10.1161/CIRCULATIONAHA.118.038648
https://doi.org/10.1111/jce.14964
https://doi.org/10.1161/01.cir.49.5.818
https://doi.org/10.1161/01.res.21.4.537
https://doi.org/10.1161/01.res.21.4.537
https://doi.org/10.1161/01.res.32.4.509
https://doi.org/10.1161/01.res.32.4.509
https://doi.org/10.1016/0002-9149(74)90698-5
https://doi.org/10.1016/0002-9149(74)90698-5
https://doi.org/10.1002/ca.24022
https://doi.org/10.1016/j.jacc.2019.07.014
https://doi.org/10.1016/j.jacc.2019.07.014
https://doi.org/10.1016/j.hrthm.2024.12.022
https://doi.org/10.1016/j.hrthm.2024.12.022
https://doi.org/10.1111/jce.14371
https://www.imrpress.com

	1. Introduction
	2. Methods
	2.1 Population Cohort
	2.2 Study Group
	2.3 ECG Analysis
	2.4 Definitions 
	2.5 Statistical Analysis

	3. Results
	3.1 Baseline Demographic, Clinical, and Procedural Characteristics 
	3.2 Baseline ECG Characteristics (ECG 1)
	3.3 ECG Characteristics After TAVR but Before CAVB (ECG 2)
	3.4 Number of Escape Rhythms Documented During CAVB
	3.5 ECG Characteristics of the First Escape Rhythm During CAVB (ECG 3A)
	3.6 ECG Characteristics of the Second Escape Rhythm During CAVB (ECG 3B) 
	3.7 Comparison of Rates, QRS Duration, QTc, and Patterns of Escape Rhythms in Respect to Their Presumed Site of AVB
	3.8 Mechanism of First Escape Rhythm With Respect to Demographics and TAVR Type

	4. Discussion
	4.1 Site of CAVB Following TAVR
	4.2 Site of Origin of the Escape Rhythm
	4.3 Correlation Between CAVB, the Type of Valve, and Patient Sex and Age
	4.4 Study Limitations
	4.5 Clinical Implications

	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

