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IMPORTANCE Transcatheter aortic valve replacement (TAVR) to treat aortic stenosis is
complicated by heart block requiring permanent pacemaker implantation in at least 10%
of cases.
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OBJECTIVES To better understand mechanisms underlying heart block complicating TAVR
and improve prediction of intraprocedural and delayed heart block.

DESIGN, SETTING, AND PARTICIPANTS This cohort study was conducted at a single academic
medical center in Boston, Massachusetts, from May 2021 to January 2024 among all patients
undergoing TAVR, except those with preexisting pacemakers. A total of 409 consecutive
patients undergoing TAVR were prospectively studied. An electrophysiologic study was
performed at the beginning and end of the TAVR procedure. An electrophysiologist
monitored the electrocardiogram (ECG) and His bundle recording continuously during the
procedure. Patients were followed up for 1year. Occurrence of high-grade atrioventricular
(AV) block was related to ECG and electrophysiological, anatomic, and procedural variables.
Data analysis was performed from March 2023 to May 2025.

EXPOSURES An electrophysiologist monitored the ECG and intracardiac electrograms
continuously during the valve implant; patients with preexisting right bundle-branch block
(RBBB) or periprocedural conduction abnormalities were discharged with an ECG monitor.

MAIN OUTCOME AND MEASURES The primary outcome was Mobitz type Il or complete heart
block.

RESULTS A total of 409 consecutive patients were enrolled, among whom median (IQR)

age was 78.5 (73.1-83.5) years and 182 patients (44.5%) were female. Forty patients

(9.7%) developed heart block requiring permanent pacemakers: block developed during
the TAVR procedure in 15 patients and after TAVR in 25. Block was persistent in all patients
developing block during the TAVR but paroxysmal in 20 of 25 patients with post-TAVR block.
Block localized to the AV node during TAVR in 6 cases (all resolved) and in 3 patients (7.5%)

with delayed block. In the remaining 9 patients that developed intraprocedural block and
Author Affiliations: Division of

22 patients developing postprocedural block, the block was infranodal. Preexisting RBBB
was the only ECG or electrophysiological predictor for intraprocedural block, but preexisting
RBBB did not predict postprocedural block. The best predictors of delayed heart block were
His-ventricular interval of 80 milliseconds or longer at the end of the implant procedure, PR
interval longer than 300 milliseconds, and AV Wenckebach cycle length of 500 milliseconds
or longer post-TAVR.

CONCLUSIONS AND RELEVANCE In this cohort study, the characteristics and mechanisms
causing AV block during TAVR differed from delayed block. Both AV nodal and infranodal
block contributed to heart block accompanying TAVR procedures.
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herapy of aortic stenosis has changed radically since the

advent of transcatheter aortic valve replacement (TAVR)

as an alternative to surgery. While TAVR is highly effec-
tive and safe, it is complicated by heart block in 10% or more
of cases. This risk has remained fairly constant in spite of in-
creasing case volume.!

While pacing is indicated in patients with persistent
heart block, management of patients with prolongation of
the PR or His-ventricular (HV) intervals, transient heart
block, or new bundle-branch block during the procedure is
unsettled. Published studies have evaluated the contribution
of electrocardiographic (ECG) and intracardiac atrioventricu-
lar (AV) conduction measures, as well as anatomic and proce-
dural variables. However, reported studies are limited by rela-
tively small size and inconsistent end points. Most observers
believe AV block is due to impingement on the His bundle.*
However, the contribution of the AV node to AV block remains
unclear.

The purposes of this study were to better delineate the
mechanisms and prognosis attending conduction abnormali-
ties in patients undergoing TAVR procedures. We sought to
reevaluate the prognostic utility of intracardiac measure-
ment of AV conduction during TAVR procedures.

Methods

We prospectively studied consecutive patients undergoing
TAVR at Beth Israel Deaconess Medical Center in Boston,
Massachusetts. Patients with preexisting pacemakers or
implantable cardioverter-defibrillators were excluded. One
patient was excluded when their TAVR procedure was aborted
after coronary angiography at the beginning of the procedure
revealed the need for surgical revascularization. A second pa-
tient was excluded when the ECG and intracardiac recordings
performed at the beginning of the TAVR revealed previously
unrecognized 2:1 AV conduction block. Two additional pa-
tients refused participation, and 3 could not be enrolled be-
cause of language barriers. The study was approved by the
Beth Israel Deaconess Medical Center Institutional Review
Board, and written informed consent was obtained from all pa-
tients. Race and ethnicity were defined by study participants
and were assessed to determine if they affected outcomes.

Patients underwent TAVR with either a balloon-expandable
valve (SAPIEN 3 Ultra or RESILIA valves [Edwards LifeSciences])
or a self-expandable valve (Evolut PRO+ valve [Medtronic])
after review by the heart team.

A12-lead ECG was recorded before and after the TAVR pro-
cedure, then daily until discharge. An electrophysiologic study
(EPS) was performed immediately before and after the valve
replacement.® Intracardiac electrical recording and stimula-
tion were performed using a portable system with 10 bipolar
channels (EP-Tracer [Schwarzer Cardiotek]). Intracardiac bi-
polar signals were filtered at 40 to 500 Hz. ECG leads I, II, III
and V1 and intracardiac electrograms were monitored by the
electrophysiologist. Various quadripolar and hexapolar cath-
eters were used in the first 26 cases. We then used 6F steer-
able octapolar or decapolar catheters (Abbott Inquiry [Abbott
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Key Points

Question What are the site(s) of heart block in patients
undergoing transcatheter aortic valve replacement (TAVR), and
what are markers of risk for heart block?

Findings In this cohort study of 409 patients undergoing TAVR,
His bundle studies identified block in both the atrioventricular (AV)
node and His bundle and were predictive of delayed block. These
observations suggest mechanisms underlying intraprocedural
block differ from those causing postprocedural block.

Meaning Differing prediction models are necessary to identify
patients at risk for heart block occurring during vs following
TAVR implants.

Medical]). The catheter was inserted and manipulated by the
structural heart team cardiologists or cardiac surgeons as pre-
viously described.® The catheter was inserted through a fem-
oral vein and initially advanced to the lateral right atrium. We
performed incremental atrial pacing to AV Wenckebach, or a
minimal paced cycle length of 350 milliseconds. The catheter
was then advanced to the tricuspid valve annulus to record the
most proximal His bundle electrogram (HBE) possible. Stable,
reproducible atrio-His (AH) and HV intervals were recorded.
The catheter was then advanced to the mid-right ventricular
septum. Retrograde (VA) conduction was assessed at paced
cycle length of 600 milliseconds. This catheter was used to per-
form rapid pacing during valve deployment. We attempted
to record ventricular electrograms with the distal poles and a
continuous His bundle recording with the proximal poles, but
this was not always possible (stability of the catheter for right
ventricular [RV] pacing was prioritized over the His record-
ing). The electrophysiologist monitored the ECG, catheter po-
sition, and intracardiac electrograms continuously through-
out the procedure. After valve deployment, EPS was repeated:
VA conduction, recording HBE, and determination of AV
Wenckebach cycle length.

Patients that developed persistent high-grade heart block
during the procedure had either a temporary pacing catheter
placed via the internal jugular vein or a permanent pace-
maker placed following the TAVR procedure, per standard
institutional protocol. EPS observations did not influence the
determination to implant permanent pacemakers.

Patients were monitored on telemetry after the TAVR.
If no new conduction disturbance occurred during the
TAVR procedure, patients were discharged 1 day after implan-
tation. Patients with new conduction disturbances were
observed at least 1 additional day, until AV conduction was
stable. Patients with right bundle-branch block (RBBB) or new
conduction disturbances were discharged with a mobile
telemetry monitor for 2 weeks (Zio AT [iRhythm] or 5-in-1
Mini Patch Monitor [First-Call Medical]). Initial follow-up
was at 1 month, with final follow-up at 1 year.

Patients who developed persistent complete heart
block (CHB), or Mobitz II AV block, after the procedure had
permanent pacemakers implanted. For patients not in per-
sistent CHB, the pacemakers were programmed initially to a
rate below their intrinsic sinus rate (usually 60 beats per

jamacardiology.com

© 2025 American Medical Association. All rights reserved, including those for text and data mining, Al training, and similar technologies.

Downloaded from jamanetwork.com by GABRIELA MENDONCA on 02/05/2026


http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.4442

Mechanisms Underlying Alterations in Cardiac Conduction After Transcatheter Aortic Valve Replacement

minute) with long AV intervals to minimize unnecessary
ventricular pacing.

Original Investigation Research

Table 1. Baseline Patient Characteristics

The primary end point was the development of new high- . ?l\lll gaf;g)tlsm )
grade AV conduction block, defined as either CHB, or Mobitz Age, median (IGR), y 785 (73.1.83.5)
II second-degree AV block. e

Female 182 (44.5)
Implant Depth Assessment Vale )
Angiography after valve deployment was performed to con- ‘
firm implant depth, except in patients with advanced kidney Race and ethnicity®
failure. Using a Picture Archiving and Communication Sys- Asian 507
tem (PACS), a straight line was traced at the bottom of the Black 7QL.7)
left coronary cusp and noncoronary cusp to define the annu- Hispanic 6(1.5)
lar plane. The implant depth was determined by measuring White 390(95.4)
the perpendicular distance from the annulus to the intraven- Other? 3(0.7)
tricular valve end under the left coronary cusp and noncoro- Body mass index, median (IQR)® 28.2 (24.4-33.0)
nary cusp (eFigure 1in Supplement 1).° Diabetes 137 (33.5)
Hypertension 362 (88.5)
Computed Tomography Measurements Hyperlipidemia 344 (84.1)
3mensio software (Pie Medical Imaging) was used toobtainall 5. sibrillation 107 (26.2)
standard TAVR measurements and membranous septum CKD (€GFR <60 mL/min/1.73 m?) 118 (28.9)
length, except for 4 patients who had a noncontrast com- - o
i i Receiving hemodialysis 7 (5.9)
puted tomography (CT) scan only due to advanced kidney fail- AD e
ure. Annular and left ventricular outflow tract (LVOT) cal- :
cium burden were quantified in the following grades: grade O, Prior PCl 77(18.9)
indicating no calcification; grade 1, small, nonprotruding ~ 1or crdiacsurgery Sl
calcifications; grade 2, protruding (>1 mm) or extensive (>50% Prior CABG 40(9.8)
of cusp sector) calcifications; and grade 3, protruding (>1 mm) Prior AVR/r 34(8.3)
and extensive (>50% of cusp sector) calcifications. Prior MVR/r 3(0.7)

LVEF, median (IQR), %

60.0 (57.0-65.0)

Definitions AVA, median (IQR), cm? 0.78 (0.62-0.90)

We used standard criteria for recognition of RBBB and Straus Mean gradient, median (IQR), mm Hg 42 (36-54)

Criteria for left BBB (LBBB).”#® Peak AoV velocity, median (IQR), m/s 4.2 (3.9-4.7)
Bicuspid valve 62 (15.2)

Statistical Analysis TAVR-in-SAVR (valve-in-valve) 34(8.3)

Categorical variables were described as number and percent- Length of membranous septum, 3.7(23-5.3)

age of the total and compared with the x? test. Continuous vari- ~ median (IQR), mm

ables were described as median and interquartile range and  LVOT calcium burden

compared with the Wilcoxon rank sum test. STATA version 17 None 250 (61.3)

(StataCorp) was used for all analyses. Logistic regression was Mild 112 (27.5)

performed to associate clinical and electrophysiologic param- Moderate 35 (8.6)

eters with the outcomes of intraprocedural and late AV block - 11Q2.7)

separately. Sensitivity and specificity were calculated based 5 s calcium burden

on clinically meaningful cut points. Due to the small number None 226 (55.5)

of intraprocedural and late AV blocks, multivariable model- o 143 (35.1)

ing was not performed. Pvalue tests were 2-tailed, and P < .05

was considered statistically significant. Moderate A

Severe 6(1.5)

. |
Results

We enrolled 409 consecutive patients undergoing TAVR,
among whom median (IQR) age was 78.5 (73.1-83.5) years and
182 patients (44.5%) were female. A balloon-expandable valve
was used in 368 cases (90.0%) and a self-expanding valve in
41 cases (10.0%). Thirty-four of the procedures (8.3%) were
valve-in-valve (VIV) (10 with self-expanding valves).
Patient characteristics are typical of reported TAVR
populations (Table 1). Few patients had a history of syncope.

Abbreviations: AVA, aortic valve area; AoV, aortic valve; AVR/r, aortic value
replacement or repair; CABG, coronary artery bypass graft; CAD, coronary
artery disease; CKD, chronic kidney disease; eGFR, estimated glomerular
filtration rate; LVEF, left ventricular ejection fraction; LVOT, left ventricular
outflow tract; MVR/r, prior mitral valve replacement or repair;

PCl, percutaneous coronary intervention; SAVR, surgical aortic valve
replacement; TAVR, transcatheter aortic valve replacement.

2 Defined by study participants.

® Calculated as weight in kilograms divided by height in meters squared.

< Atrial fibrillation refers to rhythm in operating room prior to TAVR.

9Includes those identifying as Native Hawaiian or Other Pacific Islander or

those who chose not to disclose.
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Table 2. Atrioventricular (AV) Conduction Changes During
the Transcatheter Aortic Valve Replacement (TAVR) Procedure

No.?
Type of Intraprocedural Postprocedural
conduction disturbance block block
PR prolongation 4 0
Second-degree block 3 0
(AV Wenckebach)
Second-degree block 5 3
(Mobitz I1)
Complete heart block 55 22

2 Number of patients developing conduction abnormalities during or after
the TAVR procedure. No patient developed >1 conduction disturbance.

Patients had severe aortic stenosis; median (IQR) peak aortic
valve velocity was 4.2 (3.9-4.7) meters per second. Thirty-
four patients had undergone prior surgical aortic valve
replacement. The median (range) length of hospitalization
after TAVR was 1 (1-10) days. Longer hospitalizations were
due primarily to persistent heart failure. Atrial fibrillation
was present in 10% of patients before the procedure. The
baseline PR interval was prolonged (>200 milliseconds) in
24% of patients. RBBB or LBBB were present in 13% and 5%,
respectively.

AV Conduction Disturbances

During the TAVR procedure 63 patients (15.4%) developed
AV block (Table 2): AV Wenckebach in 3 patients, Mobitz II
second-degree AV block in 5, and CHB in 55. Four additional
patients developed markedly prolonged PR intervals with-
out block. AV block was present at the end of the procedure
in 19 patients: AV Wenckebach in 2, Mobitz II block in 3, and
CHB in 14. The median duration of transient AV block was
2 minutes, with a mean (range) duration of 17 minutes
(5 seconds-150 minutes). Pacemakers were placed at the end
of the procedure in 24 patients: 20 temporary and 4 perma-
nent. Heart block that developed during the valve implant
persisted in 11 cases in which a temporary pacemaker was
placed. Thus, a total of 15 patients (3.7%) received perma-
nent pacemakers due to persistent heart block developing
during the TAVR procedure.

High-grade block developed postprocedure in 25 pa-
tients (6.3%) (Table 2). In 4 patients, the heart block occurred
prior to hospital discharge, while heart block occurred after dis-
charge in 21 patients. Postprocedure heart block occurred a me-
dian (range) of 4 days (1-10 days) after the procedure. Delayed
AV block occurred in only 3 of 48 patients that had transient
AV block during the TAVR procedure. In contrast to patients
developing intraprocedural block, 19 of 25 patients (76.0%)
that developed complete or Mobitz II block after the proce-
dure had self-limited episodes of paroxysmal block lasting,
on average, 11.5 seconds (median: 6 seconds), or more pro-
longed periods of episodic block lasting 56 minutes to 11 hours
(comparing percentage of persistent AV block developing
during [100%] or after [20%] TAVR: P < .001) (eFigure 2 in
Supplement 1). Three patients experienced syncope; the
remaining patients reported no symptoms or only transient
lightheadedness.
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Site of AV Conduction Block

Most patients (58 of 63) with AV block during the TAVR pro-
cedure developed intra- or infra-His block. However, we docu-
mented changes in AV nodal conduction in 5 patients during
the procedure: marked increase in the PR/AH interval, 2:1 AV
node block, AV node Wenckebach, and 1 case with CHB, which
resolved after 11 minutes without recurrence (no pacemaker
was implanted). In 3 patients, we documented complete AV
node block, confirmed by EPS, following the procedure (1 of
these patients also developed AV nodal block during TAVR).
The high-grade or CHB occurred in these cases 1, 3, and 5 days
post-TAVR (eFigure 3 in Supplement 1). Thus, of the 40 pa-
tients with AV block leading to a pacemaker, 3 (7.5%) were
localized to the AV node.

Variables Associated With Conduction Block

During TAVR

Several factors correlated with risk of intraprocedural heart
block (Table 3). Almost one-fifth of patients with baseline
RBBB developed persistent AV block requiring permanent pace-
makers. No other baseline ECG parameter predicted intrapro-
cedural block. New LBBB developing during the procedure
was associated with increased risk for intraprocedural block,
although only 2 of 170 patients exhibiting new LBBB during
the procedure developed persistent heart block. New-onset
RBBB was observed in 5 patients (1.2%). In 3 cases, the block
appeared due to catheter manipulation, and in 2 of these
3 cases, the RBBB resolved by the first postoperative day. The
third patient developed persistent CHB during the proce-
dure. No baseline electrophysiologic parameter was associ-
ated with intraprocedural heart block. In contrast to prior re-
ports, patients with a longer membranous septum had higher
risk of AV block (Table 3). Additionally, greater amounts of
calcium in the LVOT and aortic annulus were associated with
increased AV block risk, as were larger prosthetic valves and
oversizing of balloon-expandable valves.

Variables Associated With Delayed Conduction Block
Predictors of delayed AV block differed from factors associ-
ated with intraprocedural AV block (Table 4). Increasing
age was associated with delayed AV block. Preexisting RBBB
was not associated with risk for delayed AV block. One pa-
tient with new-onset RBBB developed CHB 2 days postproce-
dure. New LBBB at any time during or after TAVR was not as-
sociated with delayed AV block.

Marked prolongation of the HV interval at the end of the
TAVR was significantly associated with delayed AV block, as
were longer PR intervals and longer Wenckebach-paced cycle
length at baseline and at the end of the procedure.(Table 4)
Neither transient AV block during the procedure nor the
duration of intraprocedural block correlated with risk for de-
layed AV block.

One patient undergoing VIV developed delayed AV block.
Valve size did not influence occurrence of delayed AV
block. The presence of coronary disease was associated
with delayed but not intraprocedural block. Although depth
of implant was not related to intraprocedural heart block, pa-
tients developing delayed AV block had greater noncoronary
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Table 3. Factors Associated With Intraprocedural Atrioventricular Block (AVB)

No. (%)
All patients No persistent AVB Persistent AVB
Variable (N =409) (n=394) (n=15) Pvalue
Age, median (IQR), y 78.5(73.1-83.5) 78.4(73.1-83.5) 80.0(71.2-86.6) .53
Sex
Female 182 (44.5) 174 (44.2) 8(53.3)
48
Male 227 (55.5) 220 (55.8) 7 (46.7)
Bicuspid valve 62 (15.2) 62 (15.7) 0 .10
Valve-in-valve 34 (8.3) 34 (8.6) 0 23
LBBB pre-TAVR 21(5.1) 21(5.3) 0 .36
LBBB peri-TAVR? 170 (41.6) 168 (42.6) 2(13.3) .02
RBBB pre-TAVR? 52(12.7) 43(10.9) 9 (60.0) <.001
New RBBB post-TAVR 5(1.2) 4(1.0) 1(6.7) .05
Pre-HV, median (IQR), ms 59.0 (53.0-65.0) 59.0 (53.0-65.0) 62.0 (54.0-68.0) .48
Pre-AH, median (IQR), ms 92.0(75.0-115.0) 93.0(76.0-115.0) 76.0 (70.0-86.0) .07
Baseline PR, median 177.0 178.0 164.0 .37
(IQR), ms (158.0-200.0) (158.0-200.0) (153.0-196.0)
Pre-TAVR AVWB CL, 420.0 420.0 430.0 .51
median (IQR), ms (370.0-480.0) (370.0-490.0) (360.0-450.0)
Balloon-expandable vs 368 (90.0) 356 (90.4) 12 (80.0) .19
self-expanding valve
Pre-valve dilatation 72 (17.8) 69 (17.7) 3(20.0) .82
Post-valve dilatation 78 (19.3) 75(19.3) 3(20.0) .94
Depth of implant,
median (IQR)
NCC 3.6(2.7-4.4) 3.6 (2.6-4.4) 4.0 (3.3-4.9) 13
LCC 3.0(1.5-4.0) 3.0(1.5-3.9) 4.0(2.3-4.4) .06
Length of membranous 3.7 (2.3-5.3) 3.7(2.3-5.2) 5.3(3.5-6.0) .02
septum, median (IQR), mm?
Annulus area, median 461.3 460.8 464.5 .83
(IQR), mm? (402.7-530.8) (402.7-532.3) (391.9-513.6)
Annulus perimeter, median 77.4(72.4-83.3) 77.4(72.4-83.3) 77.2 (71.3-81.5) .84
(IQR), mm
LVOT area, median (IQR) 453.9 455.2 435.2 .38
(393.7-528.1) (393.8-531.1) (370.6-484.3)
LVOT calcium score, 1730.3 1624.5 3958.5 .08
median (IQR) (670.0-5707.4) (650.6-5660.7) (1477.5-7760.8)
Annulus calcium burden® <.001
None? 226 (55.5) 222 (56.6) 4(26.7) .02
Mild 143 (35.1) 137 (34.9) 6 (40.0) .69 Abbreviations: AH, atrio-His
Moderate 32(7.9) 29 (7.4) 3(20.0) .08 interval; AVWB CL, atrioventricular
Severe? 6(1.5) 4(1.0) 2(13.3) <.001 Wenckebach cycle length (in
- milliseconds); HV, His-ventricular
LVOT calcium burden® <.001 interval; LBBB, left bundle-branch
None? 250 (61.3) 246 (62.6) 4(26.7) .005 block; LCC, left coronary cusp:
- LVOT, left ventricular outflow
Mild 112 (27.5) 108 (27.5) 4(26.7) .94 tract; NCC, noncoronary cusp;
Moderate? 35 (8.6) 28(7.1) 7 (46.7) <.001 PR, PRinterval; RBBB, right
bundle-branch block;
Severe 11(2.7) 11(28) 0 51 TAVR, transcatheter aortic
Oversized balloon-expandable 143 (35.0) 133 (33.8) 10 (66.7) .009 valve replacement.

valve?

2 Indicates significance.

cusp implant depth. In contrast to intraprocedural block,
patients with delayed block had shorter lengths of the mem-
branous septum (Table 4).

Optimal ECG and electrophysiological parameters to pre-
dict delayed AV block are summarized in Table 5. Only
marked prolongation of the HV (=80 milliseconds) and PR
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longer than 300 milliseconds after implant significantly cor-
related with risk for delayed heart block. Intraprocedural
changes in AH, HV, or Wenckebach cycle length were not
associated with delayed block. We analyzed the PR interval
and AV Wenckebach cycle length at the end of the implant
procedure as continuous variables for all patients, as well as
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Table 4. Factors Associated With Postprocedural Atrioventricular (AV) Block®

No. (%)
All patients No AV block AV block + pacemaker P

Variable (N =394) (n =369) (n=25) value
Age, median (IQR), y* 78.4(73.1-83.5) 78.0(73.1-83.4) 81.7 (74.3-86.7) .048
LBBB

Pre-TAVR 21(5.3) 20(5.4) 1(4.0) .76

Peri-TAVR 168 (42.6) 155 (42.0) 13 (52.0) .33

Post-TAVR 124 (31.5) 117 (31.7) 7(28.0) .70

At discharge 60 (15.2) 53(14.4) 7 (28.0) .07

Postdischarge 8(2.0) 8(2.2) 0 46

New LBBB anytime predischarge 179 (45.4) 165 (44.7) 14 (56.0) 27
RBBB pre-TAVR 43(10.9) 41(11.1) 2(8.0) .63
New RBBB post-TAVR 4(1.0) 3(0.8) 1(4.0) 12
Pre-HV, median (IQR), ms 59 (53-65) 59 (53-65) 63 (55-70) .10
Post-HV, median (IQR), ms? 65 (58-76) 64 (58-75) 70 (60-93) .02
Post-HV, ms

270 146 (39.2) 133 (38.1) 13 (56.5) .08

280° 67 (18.0) 58 (16.6) 9(39.1) .007

290* 36 (9.7) 29 (8.3) 7(30.4) <.001

70-89 110 (29.6) 104 (29.8) 6(26.1) 71
Marked peri-TAVR AV delay? 2(0.5) 1(0.3) 1(4.0) .01
Peri-TAVR AVWB 2(0.5) 2(0.5) 0 71
Peri-TAVR Mobitz Il 5(1.3) 5(1.4) 0 .56
Peri-TAVR CHB 40 (10.2) 38(10.3) 2(8.0) 71
Peri-TAVR CHB or Mobitz I 45 (11.4) 43 (11.7) 2(8.0) .58
Transient AV block 38(9.6) 36(9.8) 2(8.0) 77
Time in AV block if transient, 2.0(0.5-6.0) 1.8 (0.5-6.0) 2.0(0.8-8.0) .82
median (IQR), min
Baseline QRS, median (IQR), ms 98 (90-116) 98 (88-116) 100 (94-108) .48
Pre-AH, median (IQR), ms 93 (76-115) 92 (76-114) 109 (76-133) .10
Post-AH, median (IQR), ms 95 (76-118) 94 (74-117) 118 (81-150) .07
Baseline PR, median (IQR), ms® 178 (158-200.0) 176 (158-200) 200 (172-240) .007
Post-TAVR PR, median (IQR), ms® 200 (177-230) 200 (177-226) 230(200-278) .004
Pre-TAVR PR >200 ms® 85(24.4) 75(22.9) 10 (47.6) .01
Pre-TAVR PR >300 ms? 3(0.9) 2(0.6) 1(4.8) .046
Post-TAVR PR >200 ms 165 (49.3) 152 (48.4) 13(61.9) 23
Post-TAVR PR >300 ms? 15 (4.5) 12 (3.8) 3(14.3) .03
Post-TAVR PR >400 ms® 3(0.9) 0 3(14.3) <.001
Pre-TAVR AVWB CL, median (IQR), ms® 420 (370-490) 420 (370-480) 470 (400.0-550) .02
Post-TAVR AVWB CL, median (IQR), ms® 440 (380-510) 430 (380-510) 495 (395.0-640) .045
Change in AVWB CL, median (IQR), ms 10.0 (0.0-30.0) 10.0 (0.0-30.0) 20.0 (-5.0t0 55.0) .20
Valve-in-valve 34 (8.6) 33(8.9) 1(4.0) .39
Bicuspid valve 62 (15.7) 57 (15.4) 5(20.0) .55
CAD? 215 (54.7) 196 (53.3) 19 (76.0) .03
Depth of implant, median (IQR)

NCC? 3.6 (2.6-4.4) 3.6 (2.6-4.3) 4.4 (3.3-4.7) .03

LCC 3.0(1.5-3.9) 3.0(1.5-3.9) 3.0 (2.4-4.6) .19
Length of membranous septum, 3.7(2.3-5.2) 3.7 (2.3-5.3) 2.8(1.9-3.6) .04
median (IQR), mm?
LVOT calcium score, median (IQR) 1624.5 (650.6-5660.7) 1620.0 (648.4-5697.7) 2144.2 (861.2-5410.4) 74
Annulus calcium burden .19

None 222 (56.6) 211(57.5) 11 (44.0) .19

Mild 137 (34.9) 125(34.1) 12 (48.0) .16

Moderate 29(7.4) 28.0(7.6) 1.0 (4.0) .50

Severe 4(1.0) 3.0(0.8) 1.0 (4.0) 13

(continued)
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Table 4. Factors Associated With Postprocedural Atrioventricular (AV) Block® (continued)

No. (%)
All patients No AV block AV block + pacemaker P
Variable (N =394) (n =369) (n=25) value
LVOT calcium burden .62
None 246 (62.6) 230(62.5) 16 (64.0) .88
Mild 108 (27.5) 102 (27.7) 6(24.0) .69
Moderate 28.(7.1) 25 (6.8) 3(12.0) 33
Severe 1(2.8) 11(3.0) 0 .38
Oversized balloon-expandable valve 133 (33.8) 125 (33.9) 8(32.0) .85

Abbreviations: AH, atrio-His interval; AVWB CL, atrioventricular Wenckebach
cycle length (in milliseconds); CAD, coronary artery disease; CHB, complete
heart block; HV, His-ventricular interval; LBBB, left bundle-branch block;

LCC, left coronary cusp; LVOT, left ventricular outflow tract; NCC, noncoronary
cusp; PR, PR interval; RBBB, right bundle-branch block; TAVR, transcatheter
aortic valve replacement.

2 Values in this Table exclude the 15 patients that developed persistent
intraprocedural AV block and received permanent pacemakers. Values for
electrocardiogram and intracardiac variables labeled “post-" refer to values
measured at the end of the TAVR procedure.

®|ndicates significance.

Table 5. Predictive Utility of Electrocardiogram (ECG) and Electrophysiologic (EP) Measures for Delayed Atrioventricular (AV) Block®

Measure OR (95% Cl) Pvalue Sensitivity, % Specificity, % PPV NPV
Post-HV 280 ms 3.28(1.36-7.95) .008 39.13 83.62 0.14 0.95
Post-TAVR PR >300 ms 4.19(1.09-16.21) .04 14.29 96.18 0.20 0.94
Post-AVWB 2500 ms 2.43(0.97-6.03) .06 50.00 70.81 0.10 0.95

Abbreviations: AVWB, longest-paced atrial cycle length at which AV
Wenckebach block occurred; NPV, negative predictive value; OR, odds ratio;
PPV, positive predictive value.

2 Sensitivity, specificity, and positive and negative predictive values for ECG
and EP parameters. "Post-" values refer to measurements made at the
conclusion of the TAVR procedure.

those with new LBBB (eFigures 4-11 in Supplement 1). This
analysis did not appreciably improve our ability to identify
patients at highest risk.

Effect of VIV Cases on Results

We analyzed associations with AV block after excluding the 34
patients that underwent VIV TAVR (eTables 1and 2 in Supple-
ment1). Thisresulted in 2 changes. Excluding patients who un-
derwent VIV TAVR, implant depth measured at the left coro-
nary cusp was significantly greater in patients developing
intraprocedural block (eTable 1 in Supplement 1). Analysis
of postprocedural block excluding patients who underwent
VIV TAVR found no significant association with depth of
implant (eTable 2 in Supplement 1).

Mortality and Follow-Up

One periprocedural death occurred due to left ventricular per-
foration by the transcatheter valve guidewire, with pericar-
dial tamponade and subsequent hemodynamic decompensa-
tion. One death attributed to progressive heart failure occurred
19 days after TAVR. There were 8 later deaths within the first
year, none of which were sudden.

One patient developed CHB 8 months after TAVR. They
had no periprocedural conduction abnormality. They were in
persistent atrial fibrillation with chronically slow ventricular
rates and presented with fatigue 8 months after the proce-
dure. We judged this related to progressive intrinsic conduc-
tion disease, not the TAVR.

Consistent with the observation that 80% of patients with
AV block developing after the procedure had paroxysmal block,
while AV block was persistent in those developing intrapro-

jamacardiology.com

cedural block, we observed differences in pacing depen-
dence at 1 month and 1 year. Patients that developed block dur-
ing TAVR exhibited a median of 97.4% ventricular pacing
at 1 month and median of 93.5% ventricular pacing at 1 year.
In contrast, patients that developed block after TAVR demon-
strated significantly less ventricular pacing at both 1-month fol-
low-up (median: 5.8%) and 1-year follow-up (median: 9.2%)
(eFigure 12 in Supplement 1). There was no significant differ-
ence in the programmed lower rate or AV delays for these
2 patient groups.

|
Discussion

Several novel observations in this study may increase our un-
derstanding of mechanisms causing heart block complicat-
ing TAVR and improve utilization of pacemakers in these pa-
tients. It is generally assumed that AV block is due to injury to
the His bundle.® We have demonstrated that AV node as well
as His bundle block may occur. We show that most cases of
intraprocedural AV delay and block resolve and that this not a
risk factor for delayed heart block. Preexisting RBBB was clearly
the most significant risk factor for intraprocedural block, but
it was not associated with delayed AV block. New-onset RBBB
was very uncommon (5 patients [1.2%]). Two of these 5 pa-
tients developed CHB. Thus, as reported recently, new-onset
RBBB is uncommon but appears to carry high risk for progres-
sion to CHB.!° New LBBB was not associated with delayed heart
block. In this series of predominantly balloon-expandable
valves, anatomic and procedural variables made relatively mi-
nor contributions to risk for delayed heart block. We did not
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observe any significant difference in outcome related to the
type of valve used. However, since only 10% (n = 41) self-
expanding valves were used, we cannot exclude an effect of
valve type. Finally, baseline electrophysiologic measure-
ments did not predict risk for delayed heart block, but mea-
surements of AV Wenckebach and HV interval at the end of the
procedure were associated with delayed block.

The explanation why block may occur within the AV node
is likely anatomic variation in location of the specialized con-
ducting system. An anatomic, fluoroscopic, and electrophysi-
ology study found the His bundle located within the triangle
of Koch in more than one-third of cases. In 48% of cases, the
largest His deflection was found to be on the ventricular as-
pect of the septal leaflet of the tricuspid valve, meaning that
the distal portions of the AV node are very close to the mem-
branous septum and noncoronary cusp. The compact AV node
was located at the apex of the triangle of Koch in 46% of hearts,
thus potentially vulnerable to aortic prosthesis placement.!!

Our observations suggest that the mechanisms underly-
ing intraprocedural block differ from those causing delayed
heart block: preexisting RBBB was associated with intrapro-
cedural but not delayed block; prolonged PR interval and AV
Wenckebach cycle length pre-TAVR predicted delayed but not
intraprocedural block. Length of the membranous septum was
directly related to intraprocedural heart block, whereas de-
layed block was inversely associated with membranous sep-
tallength.'?'* Aortic annular calcium and LV outflow tract cal-
cium burden were associated with intraprocedural block but
not delayed block. Finally, the nature of block differed be-
tween the 2 types; block during the procedure was persis-
tent, whereas most delayed blocks were paroxysmal and rela-
tively brief. As a result, models to predict delayed block will
have to incorporate different variables than those identifying
patients at risk for intraprocedural block.

Prior studies of patients undergoing TAVR have identi-
fied a variety of ECG and electrophysiologic abnormalities
associated with delayed AV block (eTable 3 in Supplement 1).
Isolated PR prolongation before and/or after the procedure has
been associated with risk for AV block in some studies, but not
others.'*!> We found no predictive value of the baseline PR in-
terval for intraprocedural block, but baseline PR intervals lon-
ger than 200 milliseconds and end-of-procedure PR intervals
longer than 300 milliseconds were associated with signifi-
cantly increased risk for delayed block.

Baseline RBBB s generally acknowledged as a risk for heart
block, but most studies do not compare risk for intraproce-
dural vs delayed block.’:!® As expected, we observed persis-
tent intraprocedural heart block in 20% of patients with pre-
existing RBBB.!” However, RBBB did not predict delayed block,
as reported once previously in a small study of 6 patients.'®
This is an important consideration for postprocedure moni-
toring and use of temporary pacing.

New-onset LBBB has been associated with increased risk
for delayed heart block or pacemaker implantation.'®°2! Using
our end point of Mobitz Il or CHB, we found no association be-
tween new LBBB and delayed CHB. The 2020 American Col-
lege of Cardiology (ACC) Expert Consensus Decision Pathway
document proposes that new LBBB or increase in PR/QRS
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duration of 20 milliseconds or longer in patients without pre-
existing RBBB warrants continued transvenous pacing for
at least 24 hours.* We did not follow this suggestion and ob-
served no deleterious effects on outcomes.

The reported utility of electrophysiologic studies in pa-
tients undergoing TAVR has been variable (eTable 3 in Supple-
ment 1). Some studies report no utility.'®22-2> Other studies
found electrophysiologic studies provided useful prognostic
information.®-26-32 One study used atrial pacing to assess
AV Wenckebach cycle length only at the end of the TAVR
procedure.>® These investigators used an arbitrary cutoff of
Wenckebach cycle of 500 milliseconds or longer to deter-
mine need for a pacemaker. Unfortunately, the end points in
that study are not defined clearly, nor was use of pacemakers
consistent. Most studies have been small (<200 patients).
Furthermore, most have used variable criteria to implant pace-
makers, such as absolute HV interval (<55, <60, or <70 milli-
seconds) or percentage increase in HV (25%), rather than
actual spontaneous CHB (eTable 3 in Supplement 1),26-28-30
The 2021 European Society of Cardiology Guidelines suggest
it is reasonable to consider pacing in patients with HV of
70 milliseconds or longer in patients with new LBBB and QRS
duration longer than 150 milliseconds or PR longer than
240 milliseconds.?* If we had followed the proposed criteria
for implanting pacemakers proposed by these publications,
we would have implanted multiple pacemakers unnecessar-
ily (eg, using criteria of an HV of 70-79 milliseconds at proce-
dure end) in more than 50 patients.

Limitations
This is a single-center study. Although this is the largest pro-
spective study we are aware of utilizing continuous ECG and
electrophysiologic monitoring, the number of end pointsisrela-
tively low. Most valve implants in this series involved a balloon-
expandable valve; observations may not apply equally to self-
expanding valves

Another limitation common to most published studies of
conduction abnormalities after TAVR is interpretation of the
amount of pacing after discharge. Percentage pacing is virtu-
ally meaningless if pacemaker programming is not specified
and controlled. The amount of ventricular pacing may be af-
fected by the lower programmed rate, as well as programmed
AV delays. We programmed pacers to the lowest clinically
appropriate pacing rate (usually 60 beats per minute) and the
longest appropriate AV delays in order to minimize ventricu-
lar pacing dependence.

. |
Conclusions

In conclusion, according to the results of this cohort study, mul-
tiple anatomic, procedural, electrocardiographic, and electro-
physiologic factors influence the development of heart block
after TAVR. It is clear that electrophysiologists can guide in-
terventional cardiologists to place catheters to record His
bundle electrograms with minimal prolongation of the TAVR
procedure. Electrophysiologic measurements at the end of
TAVR procedures may guide permanent pacemaker implan-
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tation beyond those provided by the ECG alone.” ECG mea-
surements combined with His bundle studies can provide
physiologic data to predict delayed heart block. While these
measurements have high negative predictive value, the posi-
tive predictive values remain relatively low. Our observa-
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Editor's Note

Mechanistic Insights Into Post-TAVR Atrioventricular Block

Kristen K. Patton, MD; Stephan Windecker, MD

Heart block is one of the more frequent adverse events of aor-
tic valve replacement therapy, in both surgical aortic valve re-
placement and transcatheter aortic valve replacement (TAVR).
Data from the Society of Thoracic Surgeons/American Col-
= lege of Cardiology Transcath-
eter Valve Therapy Registry
report a 30-day permanent
pacemaker (PM) implantation rate of 11.3%, with extensive site-
level variation (0%-36%).! Current guidance from the 2020
American College of Cardiology Expert Consensus Decision
Pathway recommends PM implantation for symptomatic bra-
dycardia or complete heart block (CHB) and monitoring with
consideration of electrophysiology study (EPS) for new or pro-
gressive conduction disturbances.? Yet more than 2 decades
after the introduction of TAVR, uncertainty remains regard-
ing which conduction changes truly warrant permanent pac-
ing, and different strategies have been proposed for conduc-
tion disturbance management.>

In this issue of JAMA Cardiology, Waks et al* provide im-
portant mechanistic insight from 409 patients who under-
went EPS at the beginning and end of TAVR. Conduction ab-
normalities were common: 13% developed intraprocedural
CHB, but only 3% had persistent block by the end of the case.
Transient atrioventricular (AV) block (AVB) typically resolved
within minutes and was not associated with delayed high-
grade block. Overall, 3.7% required PM implantation for in-
traprocedural block, and 6.3% developed delayed heart block
necessitating a PM; in most, this was after discharge. Unlike
the persistent AVB in intraprocedural cases, most delayed epi-
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sodes were brief, self-limited, and asymptomatic, although
3 patients presented with syncope.

Several key observations are worthy of focus. First, the
site of intraprocedural block was localized to the AV node in
8% of patients, and of the 40 patients ultimately receiving a PM,
7.5% had AV nodal block and not infrahisian block. Second, most
intraprocedural AV block resolves and does not predict de-
layed CHB, suggesting that transient conduction injury need
not trigger reflexive PM implantation or prolonged temporary
pacing. Although no electrophysiological parameter was asso-
ciated with intraprocedural block, a longer membranous sep-
tum, greater amounts of calcium, larger prosthetic valves, and
oversizing were. Third, baseline right bundle-branch block in-
creases risk of intraprocedural but not delayed heart block.
Fourth, new left bundle-branch block, while frequent, was not
associated with delayed heart block, offering reassurance
that extended monitoring may be unnecessary in such cases.
Last, delayed heart block correlated instead with specific
electrophysiological parameters at the end of TAVR (HV inter-
val >80 milliseconds, PR interval >300 milliseconds, longer
AV Wenckebach), not with transient intraprocedural block.

Concordant with differences in presentation between
intraprocedural and delayed heart block, at 1 year, patients with
persistent intraprocedural AVB were far more pacing depen-
dent than those with delayed block (94% vs 9%), emphasiz-
ing distinct mechanisms and prognoses. These findings chal-
lenge the instinctive caution that has characterized post-
TAVR management of AVB. The data support consideration
of a more selective, physiology-guided strategy, which may
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