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Background: New permanent pacemaker implantation (new-PPI) remains a compelling issue after Transcatheter
Aortic Valve Replacement (TAVR). Previous studies reported the relationship between a short MS length and the
new-PPI post-TAVR with a self-expanding THV. However, this relationship has not been investigated in different
currently available THV. Therefore, the aim of this study was to investigate the association between membranous
septum (MS)-length and new-PPI after TAVR with different Transcatheter Heart Valve (THV)-platforms.
Methods: We included patients with a successful TAVR-procedure and an analyzable pre-procedural multi-slice
computed tomography. MS-length was measured using a standardized methodology. The primary endpoint was
the need for new-PPI within 30 days after TAVR.
Results: In total, 1811 patients were enrolled (median age 81.9 years [IQR 77.2–85.4], 54% male). PPI was
required in 275 patients (15.2%) and included respectively 14.2%, 20.7% and 6.3% for Sapien3, Evolut and
ACURATE-THV(p < 0.01).
Median MS-length was signiﬁcantly shorter in patients with a new-PPI (3.7 mm [IQR 2.2–5.1] vs. 4.1 mm [IQR
2.8–6.0], p ¼ <0.01). Shorter MS-length was a predictor for PPI in patients receiving a Sapien3 (OR 0.87 [95% CI
0.79–0.96], p ¼ <0.01) and an Evolut-THV (OR 0.91 [95% CI 0.84–0.98], p ¼ 0.03), but not for an ACURATETHV (OR 0.99 [95% CI 0.79–1.21], p ¼ 0.91). By multivariable analysis, ﬁrst-degree atrioventricular-block (OR
2.01 [95% CI 1.35–3.00], p ¼ <0.01), right bundle branch block (OR 8.33 [95% CI 5.21–13.33], p ¼ <0.01),
short MS-length (OR 0.89 [95% CI 0.83–0.97], p < 0.01), annulus area (OR 1.003 [95% CI 1.001–1.005], p ¼
0.04), NCC implantation depth (OR 1.13 [95% CI 1.07–1.19] and use of Evolut-THV(OR 1.54 [95% CI 1.03–2.27],
p ¼ 0.04) were associated with new-PPI.
Conclusion: MS length was an independent predictor for PPI across different THV platforms, except for the
ACURATE-THV. Based on our study observations within the total cohort, we identiﬁed 3 risk groups by MS
length: MS length 3 mm deﬁned a high-risk group for PPI (>20%), MS length 3–7 mm intermediate risk for PPI

Abbreviations: AVB, Atrioventricular Block; ECG, Electrocardiogram; ICC, Intraclass correlation coefﬁcient; ID, Implantation Depth; LVOT, Left Ventricular Outﬂow
Tract; MS, Membranous Septum; MSCT, Multislice Computed Tomography; NCC, Non-Coronary Cusp; PPI, Permanent Pacemaker Implantation; RBBB, Right Bundle
Branch Block; STS-PROM, Society of Thoracic Surgeon's Predicted Risk of Mortality; TAVR, Transcatheter Aortic Valve Replacement; THV, Transcatheter Heart Valve;
TTE, Transthoracic Echocardiography.
* Corresponding author. Department of Interventional Cardiology, Thoraxcenter, ErasmusMC, Ofﬁce Nt 645, Dr Molewaterplein 40, 3015 GD Rotterdam, the
Netherlands.
E-mail address: n.vanmieghem@erasmusmc.nl (N.M. Van Mieghem).
@drnvanmieghem (N.M. Van Mieghem)

https://doi.org/10.1016/j.jcct.2022.07.003
Received 12 April 2022; Received in revised form 9 June 2022; Accepted 10 July 2022
Available online xxxx
1934-5925/© 2022 Published by Elsevier Inc. on behalf of Society of Cardiovascular Computed Tomography. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: Hokken TW et al., Impact of membranous septum length on pacemaker need with different transcatheter aortic valve
replacement systems: The INTERSECT registry, Journal of Cardiovascular Computed Tomography, https://doi.org/10.1016/j.jcct.2022.07.003

T.W. Hokken et al.

Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx

(10–20%) and MS length > 7 mm deﬁned a low risk for PPI (<10%). Anatomy-tailored-THV-selection may
mitigate the need for new-PPI in patients undergoing TAVR.

1. Introduction

program (Pie Medical Imaging, Maastricht, the Netherlands in 5 centers
and Merlin Diagnostic Workcenter, Ph€
onix-PACS, Freiburg, Germany) in
1 center). The MS length was deﬁned by the distance from the basal
aortic annulus at the level of the intersect of the right and non-coronary
cusp and the transition of the membranous to the muscular part of the
interventricular septum which often coincides with the hinge point of the
septal leaﬂet of the tricuspid valve (Fig. 1). Investigators from each center
were trained to perform the MS-length measurement according to a
standardized protocol. To check for inter-observer variability, 10
randomly selected CT-scans were analyzed by all imagers. The two-way
mixed Intraclass Correlation Coefﬁcient (ICC) for absolute agreement
was 0.81 ([95% CI 0.30–0.96], p ¼ <0.01) between all centers using
3mensio and 0.76 ([95% CI 0.21–0.93], p < 0.01) between 3mensio and
Merlin diagnostic workcenter.

The need for new permanent pacemaker implantation (PPI) remains a
compelling issue after transcatheter aortic valve Replacement (TAVR).
PPI rate post-TAVR varies between 2 and 35% based on established
patient-inherent risk factors, including age, male gender, conduction
disturbances at baseline (especially ﬁrst-degree Atrioventricular block
(1st degree AVB) and right bundle branch block (RBBB)), as well as
anatomical factors like the (membranous septum (MS)-length, left ventricular outﬂow tract (LVOT) and aortic valve calciﬁcations) and procedural factors (transcatheter heart valve (THV) design, oversizing,
postdilatation and implantation depth (ID)).1–3 Of these factors, THV
selection and ID can be controlled by the operator.
The His bundle pierces the membranous septum and surfaces in the
LVOT at the interleaﬂet triangle demarcated by the right and noncoronary cusp and the transition of the membranous to the muscular
part of the interventricular septum. As such it is subject to pressure
trauma by the THV frame that is expanded in the LVOT with TAVR.4 A
short MS length is associated with a high likelihood of interaction between a THV and the conduction system. Previous studies reported the
relationship between a shorter MS-length, ID and the need for PPI
post-TAVR with a self-expanding supra-annular functioning THV.5,6
The aim of this multi-center study was to evaluate the correlation between MS length and need for new PPI for different contemporary THV
platforms.

2.4. Outcomes and deﬁnitions
The primary clinical endpoint was the need for a new PPI within 30
days after TAVR. We also evaluated the correlation of new PPI with MS
length for the different THV platforms. High risk for new PPI post-TAVR
was deﬁned as a PPI-rate of >20%, intermediate risk 10–20% and low
risk as <10%.
2.5. Statistical analysis
Distribution of continuous variables were tested for normality with a
Shapiro-Wilk test. Continuous variables were reported as mean  standard deviation or median (25th–75th percentile) and analyzed with a
student’s T-test, ANOVA, Mann Whitney U- or Kruskal-Wallis-test as
appropriate. Categorical variables were reported as number and percentages and compared with Chi-Square.
The relation between MS-length and new PPI post-TAVR was investigated using a generalized linear mixed effect models (dependent variable: new PPI post-TAVR, independent variable: MS-length) with random
intercepts per center, to adjust for clustering of patients within centers.
First, a univariable model was applied. Subsequently, the model was
adjusted for potential confounders. To identify potential confounders, we
applied univariable generalized linear mixed effect models to identify

2. Methods
2.1. Study population
The “International Registry to investigate the INTerventricular
MEmbRanous SEptum length to Predict Abnormal Conduction after
TAVR” (INTERSECT)-registry is a retrospective, observational multicenter collaboration including all consecutive who underwent a successful TAVR between February 2014 and May 2021. Patient selection
for TAVR was performed per local standard practice. Permanent pacemaker prior to TAVR, failing surgical bio-prosthesis or suboptimal Multislice Computed Tomography (MSCT) imaging quality precluding MSlength measurement were formal exclusion criteria. This analysis
included only those contemporary THV platforms of which >100 were
implanted within the inclusion period of this registry. The study was
conducted in accordance with the declaration of Helsinki and did not fall
under the scope of the Medical Research Involving Human Subjects Act
per Institutional Review Boards’ review (MEC-2020-0807). Additional
informed consent for this study was waived by the Ethics Committee of
the Erasmus University Medical Center because of the retrospective and
anonymous nature of the research.
2.2. Study procedures
A dedicated database captured relevant patient demographics, medical history and comorbidities, Electrocardiogram (ECG), Transthoracic
Echocardiography (TTE), MSCT, procedural and clinical follow up data.
Final THV ID was measured on the ﬁnal angiogram from the nadir of the
non-coronary cusp (NCC) to the edge of the THV frame in the LVOT. Need
for PPI was assessed at 30 days of follow up.

Fig. 1. Membranous Septum measurement. Illustration of MS-length measurement (created with BioRender.com). AV-node ¼ Atrioventricular node, MS ¼
membranous septum, RBB ¼ right bundle branch, LBB ¼ left bundle branch, RA
¼ right atrium, RVOT ¼ right ventricular outﬂow tract, LA ¼ left atrium, LVOT
¼ left ventricular outﬂow tract.

2.3. Membranous septum measurement
MS length was measured on the pre-procedural MSCT in end-systole
using dedicated software packages (3mensio Structural Heart software
2
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other variables associated with new PPI. The following variables were
assessed in our model: gender, age, BMI, STS, baseline ECG with ﬁrstdegree AVB or RBBB, annulus area, aortic valve calciﬁcation, MSlength, ID and THV platform. A P-value <0.10 deﬁned the cut-off for
inclusion of these variables into the multivariable model. Missing values
for covariates were present in less than 4% of the cases, except for aortic
valve calciﬁcation (36.5% missing values), ﬁnal ID at the NCC site
(21.4% missing values), baseline ECG with ﬁrst-degree AVB (13.9%
missing values) and pre RBBB (13.4%). Missing data were imputed using
multiple imputation in the multivariable model by chained equations
using 30 iterations. Results from 20 imputed data sets were then pooled
using Rubin’s Rules. Finally, we applied a univariable generalized linear
mixed effect model in a subgroup analysis to ﬁnd the relation between
MS-length and new PPI per THV.
A 2-sided P < 0.05 was considered statistically signiﬁcant. All statistics were performed with SPSS software version 25.0 (IBM, Chicago IL,
United States) or R statistical software version 4.1.0 (Foundation for
Statistical Computing, Vienna, Austria, packages: mice, lme4).

Table 1
Baseline characteristics of the overall study population.

N
Male
Age
BMI
Hypertension
Diabetes Mellitus
COPD
PVD
History of ACS
History of PCI

3. Results
History of CABG

3.1. Study population

History of Stroke

Our study included 1811 patients with a successful TAVRprocedure between February 2014 and May 2021. Baseline characteristics of the overall population are depicted in Table 1. Median age
was 81.9 years [IQR 77.2–85.4], 54% were male and median Society
of Thoracic Surgeon's Predicted Risk of Mortality (STS-PROM) was
3.2% [IQR 2.1–5.0]. TAVR was performed using either the balloonexpandable Sapien3 (Edwards Lifesciences, Irvine, CA) (N ¼ 695),
the self-expandable Evolut R and Pro(Medtronic, Minneapolis, MN) (N
¼ 734) and ACURATE NEO(Boston Scientiﬁc, Marlborough, MA) (N ¼
382) THV. Baseline demographics of the different THV platforms are
displayed in Table 2. Patients receiving a Sapien3 were more often
male compared to those receiving an Evolut and ACURATE valve
(64.6% vs. 50.0% vs. 42.1%, p ¼ <0.01). Patients receiving a Sapien3
valve had a larger annulus area, compared to the Evolut and ACURATE
valve (496 mm2 [IQR 426–561] vs. 451 mm2 [IQR 390–451] vs. 432
mm2 [IQR 395–478], p ¼ <0.01), had more frequently a bicuspid
phenotype (8.6% vs. 6.3% vs. 3.4%, p ¼ 0.02) and had more often a
severely calciﬁed aortic valve (54.5% vs. 50.3% vs. 31.3%, p ¼
<0.01). Median MS-length varied from 4.0 mm [IQR 2.5–6.0] for the
Sapien3 valve to 4.0 mm [IQR2.6–5.5] for the Evolut and 5.0 mm [IQR
3.8–7.0] for the ACURATE valve, p ¼ <0.01. Predilatation was performed in 94.5% in the ACURATE group, compared to 35.9% in the
Sapien3 group and 34.8% in the Evolut group (p ¼ <0.01). Median ID
at the NCC was 5.0 mm [IQR 3.7–6.8] in the Sapien3 group, 5.0 mm
[IQR 3.0–8.0] in the Evolut group and 4.0 mm [3.0–5.0] in the
ACURATE group (p < 0.01).

NYHA 3/4
STS
Echocardiography
LVEF (%)
LVEDD (mm)
AV mean
(mmHg)
AV Velocity (m/
s)
AVA (cm2)
AR
None
Trace
Mild
Moderate
Severe
MR
None
Trace
Mild
Moderate
Severe
TR
None

3.2. Need for new pacemaker implantation
Trace

Overall, 275 patients (15.2%) received a PPI post-TAVR. Indications for PPI included high-degree AV block (90.9%), sick sinus
syndrome (7.3%) and new LBBB(1.8%). PPI-patients had a signiﬁcantly higher rate of pre-existing 1st-degree AVB (29.5% vs. 17.9%, p
< 0.01) and RBBB (32.5% vs. 6.7%, p < 0.01) as compared to those
not receiving a new PPI. The incidence of a new PPI varied per THV
design from 14.2% for the Sapien3, 20.7% for the Evolut and 6.3% for
the ACURATE valve.
Patients with a new PPI had a larger annulus (475 mm2 [IQR
409–551] vs. 457 mm2 [IQR 401–520], p ¼ <0.01) and a shorter MSlength (3.7 mm [IQR 2.2–5.1] vs. 4.1 mm [IQR 2.8–6.0], p ¼ <0.01)
and a deeper ID (6.0 mm [IQR 4.0–7.8] vs. 5.0 mm [IQR3.0–6.6], p ¼
<0.01).

Mild
Moderate
Severe
MSCT
Bicuspid aortic
valve
Annulus area
(mm2)
Annulus
perimeter
(mm)

Total

non PPI

PPI

1811
977/1811
(53.9)
81.9
[77.2–85.4]
26.5
[23.7–30.1]
1435/1811
(79.2)
511/1811
(28.2)
285/1811
(15.7)
389/1811
(21.5)
390/1811
(21.5)
499/1811
(27.6)
180/1811
(9.9)
261/1811
(14.4)
1095/1804
(60.7)
3.2 [2.1–5.0]

1536 (84.8)
815/1536
(53.1)
81.7
[77.0–85.2]
26.3
[23.6–30.0]
1211/1536
(78.8)
426/1536
(27.7)
235/1536
(15.3)
317/1536
(20.6)
319/1536
(20.8)
422/1536
(27.5)
147/1536
(9.6)
222/1536
(14.5)
902/1529
(59.0)
3.2 [2.1–4.9]

275 (15.2)
162/275
(41.1)
82.6
[78.4–86.0]
27.3
[24.1–30.5]
224/275
(81.5)
85/275 (30.9)

59 [50–65]
49 [43–55]
40 [31–48]

Pvalue
0.07
0.03
0.03
0.33
0.33

50/275 (18.2)

0.23

72/275 (26.2)

0.04

71/275 (25.8)

0.06

77/275 (28.0)

0.86

33/275 (12.0)

0.22

39/275 (14.2)

0.91

193/275
(70.2)
3.4 [2.2–5.7]

<0.01

58 [50–65]
49 [43–54]
40 [31–48]

60 [52–65]
49 [43–55]
40 [32–48]

0.2
0.08
0.82

4.1 [3.6–4.4]

4.1 [3.6–4.5]

4.1 [3.6–4.4]

0.56

0.77
[0.60–0.90]

0.77
[0.60–0.90]

0.78
[0.60–0.88]

0.57

519/1650
(31.5)
205/1650
(12.4)
697/1650
(42.2)
206/1650
(12.5)
23/1650 (1.4)

456/1397
(32.6)
168/1397
(12.0)
578/1397
(41.4)
177/1397
(12.7)
18/1397 (1.3)

63/253 (24.9)

267/1668
(16.0)
270/1668
(16.2)
798/1668
(47.8)
263/1668
(15.8)
70/1668 (4.2)

237/1411
(16.8)
233/1411
(16.5)
667/1411
(47.3)
222/1411
(15.7)
52/1411 (3.7)

356/1637
(21.7)
357/1637
(21.8)
716/1637
(43.7)
168/1637
(10.3)
40/1637 (2.4)

319/1384
(23.0)
291/1384
(21.0)
611/1384
(44.1)
132/1384
(9.5)
31/1384 (2.2)

119/1811
(6.6)
460 [403–522]

102/1536
(6.6)
457 [401–520]

17/275 (6.2)

0.78

475 [409–551]

<0.01

77.0
[72.0–82.0]

77.0
[72.0–82.0]

78.4
[73.0–84.7]

<0.01

0.045

0.1

37/253 (14.6)
119/253
(47.0)
29/253 (11.5)
5/253 (2.0)
0.03
30/257 (11.7)
37/257 (14.4)
131/257
(51.0)
41/257 (16.0)
18/257 (7.0)
<0.01
37/253 (14.6)
66/253 (26.1)
105/253
(41.5)
36/253 (14.2)
9/253 (3.6)

(continued on next page)
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Table 1 (continued )

Annulus mean
dm (mm)
LVOT mean dm
(mm)
SOV mean dm
(mm)
LCA height (mm)
RCA height (mm)
AV calciﬁcation
None
Mild
Moderate
Severe
Agatston score
males
Agatston score
females
MS Length (mm)
ECG at baseline
Rhythm
Sinus rhythm
Atrial
ﬁbrillation
PR-time (ms)
QRS-time (ms)
Pre 1st degree
AV block
Pre BBB
LBBB
RBBB
Procedure
Predilatation
Postdilatation
Final ID NCC
(mm)
Final ID LCC
(mm)

Table 2
Valve characteristics according to THV platform.

Total

non PPI

PPI

Pvalue

24.4
[22.9–26.0]
23.9
[22.0–25.7]
32.6
[30.0–35.1]
14.0
[11.9–16.0]
17.0
[15.0–19.3]

24.2
[22.9–25.9]
23.8
[22.0–25.6]
32.5
[30.0–35.0]
14.0
[11.9–16.0]
17.0
[14.9–19.3]

24.7
[23.0–26.6]
24.0
[22.0–26.0]
33.1
[30.5–35.8]
14.0
[12.0–16.0]
17.1
[15.0–19.4]

<0.01

11/1149 (1.0)
179/1149
(15.6)
383/1149
(33.3)
576/1149
(50.1)
2943
[1381–4347]
2032
[1281–2944]
4.1 [2.7–6.0]

11/954 (1.2)
158/954
(16.6)
318/954
(33.3)
467/954
(49.0)
2960
[2094–4225]
2008
[1278–1894]
4.1 [2.8–6.0]

0
21/195 (10.8)

COPD

65/195 (33.3)

PVD

109/195
(55.9)
2805
[2054–4478]
2286
[1234–3478]
3.7 [2.2–5.1]

History of ACS

0.24

N
Male

0.03

Age

0.12

BMI

0.08

Hypertension

0.06

Diabetes Mellitus

Evolut

ACURATE

695
449/695
(64.6)
81.5
[76.2–85.1]
26.9
[23.9–30.6]
537/695
(77.3)
211/695
(30.4)
112/695
(16.1)
145/695
(20.9)
141/695
(20.3)
197/695
(28.3)
81/695 (11.7)
91/695 (13.1)

734
361/734
(50.0)
82.0
[77.5–85.7]
26.0
[23.9–30.6]
593 (80.8)

382
161/382
(42.1)
82.0
[78.2–85.2]
26.6
[23.8–30.2]
305/382
(79.8)
101/382
(26.4)
41/382 (10.7)

<0.01
<0.01
<0.01

4.0 [3.6–4.5]
0.8 [0.6–0.9]

4.1 [3.7–4.4]
0.7 [0.6–0.9]

4.2 [3.7–4.6]
0.8 [0.6–0.9]

0.14

Trace

198/607
(32.6)
81/607 (13.3)

146/351
(41.6)
23/351 (6.6)

Mild

242.607 (39.9)
77/607 (12.7)
9/607 (1.5)

175/692
(25.3)
101/692
(14.6)
312/692
(45.1)
96/692 (13.9)
8/692 (1.2)

98/630 (15.6)

64/694 (9.2)

121/630
(19.2)
292/630
(46.3)
98/630 (15.6)

130/694
(18.7)
344/694
(49.6)
119/694
(17.1)
37/694 (5.3)

105/344
(30.5)
19/344 (5.5)

<0.01
NYHA 3/4

173/1569
(11.0)
169/1569
(10.8)

147/1323
(11.1)
89/1323 (6.7)

26/246 (10.6)

851/1769
(48.1)
472/1800
(26.2)
5.0 [3.1–6.9]

742/1501
(49.4)
394/1527
(25.8)
5.0 [3.0–6.6]

109/268
(40.7)
78/273 (28.6)

<0.01

6.0 [4.0–7.8]

<0.01

5.0 [3.6–6.8]

5.0 [3.4–6.5]

6.0 [4.1–8.7]

<0.01

STS-PROM
Echocardiography
LVEF (%)
LVEDD (mm)
AV mean
(mmHg)
AV Velocity (m/s)
AVA (cm2)
AR
None

<0.01

80/246 (32.5)

Moderate
Severe
MR
None

0.34

Trace
Mild

Baseline characteristics. BMI ¼ Body Mass Index, COPD ¼ chronic obstructive
pulmonary disease, PVD ¼ peripheral vascular disease, ACS ¼ Acute Coronary
Syndrome, PCI ¼ Percutaneous Coronary Intervention, CABG ¼ Coronary Artery
Bypass Graft, NYHA ¼ New York Heart Association, STS ¼ Society of Thoracic
Surgeons, LVEF ¼ Left Ventricular Ejection Fraction, LVEDD ¼ Left Ventricular
End Diastolic Diameter, AV ¼ Aortic Valve, AR ¼ Aortic Regurgitation, MR ¼
Mitral Regurgitation, TR ¼ Tricuspid Regurgitation, MSCT ¼ Multislice
Computed Tomography, dm ¼ diameter, LVOT ¼ Left Ventricular Outﬂow Tract,
SOV ¼ Sinus of Valsalva, LCA ¼ Left Coronary Artery, RCA ¼ Right Coronary
Artery, MS ¼ Membranous Septum, LBBB ¼ Left Bundle Branch Block, RBBB ¼
Right Bundle Branch Block, ID ¼ implantation depth, NCC ¼ non-coronary cusp,
LCC ¼ left-coronary cusp.

Moderate
Severe
TR
None
Trace
Mild
Moderate
Severe
MSCT
Bicuspid aortic
valve
Annulus Area
(mm2)
Annulus
Perimeter
(mm)
Annulus mean dm
(mm)
LVOT mean dm
(mm)

3.3. Multivariable analysis
Predictors for new PPI post-TAVR are found in Table 3. Baseline ECG
with ﬁrst-degree (OR 2.01 [95% CI 1.35–3.00], p ¼ <0.01) or RBBB (OR
8.33 [95% CI 5.21–13.33], p ¼ <0.01), short MS-length (OR 0.89 [95%
CI 0.83–0.97], p < 0.01), annulus area (OR 1.003 [95% CI 1.001–1.005],
p ¼ 0.04), NCC Implantation depth (OR 1.13 [95% CI 1.07–1.19] and use
of Evolut valve (1.54 [95% CI 1.03–2.27], p ¼ 0.04) were associated with
a higher need for PPI.
Table 4 shows the predictors for new PPI per THV design. A RBBB at
baseline ECG was the only consistent predictor across different THV

0.25

60 [55–65]
45 [41–50]
42 [33–51]

History of CABG
History of Stroke

<0.01
<0.01
<0.01

0.003

60 [50–65]
48 [42–53]
41 [32–50]

0.23

194/247
(78.5)
50/247 (20.2)

0.1

58 [48–65]
49 [43–55]
40 [31–48]

History of PCI

948/1201
(78.9)
251/1201
(20.9)
180 [160–200]
97 [88–110]
237/1322
(17.9)

<0.01

425/693
(61.3)
3.0 [2.1–4.6]

0.75

1142/1448
(78.9)
301/1448
(20.8)
180 [160–203]
98 [88–114]
307/1559
(19.7)

Pvalue

199/734
(27.1)
132/734
(18.0)
198/734
(27.0)
205/734
(27.9)
221/734
(30.1)
76/695 (10.4)
116/734
(15.8)
464/732
(63.4)
3.4 [2.2–5.4]

0.08

188 [164–220]
109 [92–135]
70/237 (29.5)

Sapien3

0.27
<0.01

46 (382 (12.0)

<0.01

44/382 (11.5)

<0.01

81/382 (21.2)

<0.01

23/382 (6.0)
54/382 (14.1)

0.01
0.34

206/379
(54.4)
3.2 [2.1–4.9]

0.013
<0.01

<0.01

143/351
(40.7)
33/351 (9.4)
6/351 (1.7)
<0.01

21/630 (3.3)

162/344
(47.1)
46/344 (13.4)
12/344 (3.5)
<0.01

127/620
(20.5)
157/620
(25.3)
262/620
(42.3)
62/620 (10.0)
12/620 (1.9)

94/675 (13.9)

60/695 (8.6)

46/734 (6.3)

13/3.4 (3.4)

0.02

496
[426–561]
80.0
[74.6–85.0]

451
[390–451]
76.2
[71.0–81.0]

432
[395–478]
75.0
[71.7–79.0]

<0.01

25.2
[23.4–26.8]
25.0
[23.0–26.5]

24.0
[22.4–25.6]
23.2
[21.5–24.9]

24.0
[22.7–25.0]
23.2
[22.0–24.7]

<0.01

167/675
(24.7)
313/675
(46.4)
80/675 (11.9)
21/675 (3.1)

135/342
(39.5)
33/342 (9.6)
141/342
(41.2)
26/342 (7.6)
7/342 (2.0)

<0.01

<0.01
<0.01

(continued on next page)
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Table 2 (continued )

SOV mean dm
(mm)
LCA height (mm)
RCA height (mm)
Severe AV
calciﬁcation
Agatston score
males
Agatston score
females
MS length (mm)
ECG at baseline
Rhythm
Sinusrhythm
Atrial
ﬁbrillation
PR-time (ms)

Sapien3

Evolut

ACURATE

33.5
[30.5–36.4]
14.5
[12.0–16.5]
17.8
[15.2–20.0]
253/464
(54.5)
3214
[2245–4549]
1986
[1210–2911]
4.0 [2.5–6.0]

32.0
[29.7–34.7]
13.2
[11.2–15.6]
17.0
[15.0–19.0]
288/573
(50.3)
2676
[1864–3884]
2033
[1271–2906]
4.0 [2.6–5.5]

32.0
[30.0–35.0]
13.9
[11.7–15.5]
16.0
[14.0–18.9]
35/112 (31.3)

464/596
(77.9)
527/668
(78.9)
181
[162–204]
102 [90–122]
114/588
(19.4)

128/596
(21.5)
140/668
(21.0)
178
[160–204]
98 [88–112]
133/653
(20.4)

151/184
(82.1)
33/184 (17.9)

65/651 (10.0)
64 (9.8)

26/319 (8.2)
29/319 (9.1)

254/730
(34.8)
216/732
(29.5)
5.0 [3.0–8.0]

361/382
(94.5)
157/378
(41.5)
4.0 [3.0–5.0]

<0.01

152/734
(20.7)

24/382 (6.3)

<0.01

Univariable

<0.01
<0.01
<0.01
<0.01
0.51

5.0 [3.7–6.8]
99/695 (14.2)

182
[164–202]
94 [82–107]
60/318 (18.9)

0.27

Multivariable

OR [95%CI]

pvalue

OR [95%CI]

pvalue

Male
Age
BMI
STS
Pre 1AVB
Pre RBBB

0.79
1.02
1.02
1.03
1.99
6.42

[0.61–1.00]
[1.00–1.04]
[0.99–1.05]
[0.99–1.07]
[1.43–2.72]
[4.48–9.12]

0.08
0.03
0.08
0.19
<0.01
<0.01

1.34 [0.85–2.12]
1.03 [0.99–1.05]
1.02 [0.99–1.06]

0.21
0.06
0.18
<0.01
<0.01

Annulus Area

1.002
[1.001–1.004]
1.32 [0.97–1.80]

<0.01
0.08

2.01 [1.35–3.00]
8.33
[5.21–13.33]
1.003
[1.001–1.005]
1.02 [0.70–1.46]

0.90 [0.84–0.95]
1.14 [1.08–1.20]

<0.01
<0.01

0.89 [0.83–0.97]
1.13 [1.07–1.19]

<0.01
<0.01

ref
1.63 [1.22–2.18]
0.44 [0.27–0.71]

<0.01
<0.01

ref
1.54 [1.03–2.27]
0.94 [0.45–1.97]

0.04
0.87

AV calciﬁcation >
severe
MS length
ID NCC
Valve platform
Sapien3
Evolut
ACURATE

0.54

QRS-time (ms)
PRE 1st degree
AVB
Pre BBB
LBBB
82/597 (13.7)
RBBB
76/597 (12.7)
Procedure & Outcomes
Predilatation
236/657
(35.9)
Postdilatation
99/690 (14.3)
Final ID NCC
(mm)
New PPI

3369
[2536–4083]
2175
[1378–3329]
5.0 [3.8–7.0]

Table 3
Multivariable analysis.

Pvalue

0.04
0.93

Multivariable analysis. BMI ¼ Body Mass Index, STS ¼ Society of Thoracic Surgeons, 1AVB ¼ First-degree atrioventricular block, RBBB ¼ Right Bundle Branch
Block, MS ¼ membranous septum, ID ¼ implantation depth, NCC ¼ non-coronary cusp.

<0.01
0.84
<0.01

with the high-risk phenotype (OR 6.96 [95% CI 2.45–29.28], p ¼ <0.01),
14% in the intermediate-risk phenotype (OR 4.88 [95% CI 1.75–20.37],
p < 0.01) and 3.3% in the low risk phenotype. In the Evolut-cohort, PPIrate was 25% with the high-risk phenotype (OR 3.14 [95% CI
1.45–7.87], p < 0.01), 20% with the intermediate-risk phenotype (OR
2.38 [95% CI 1.21–5.87], p ¼ 0.04) and 9.6% with a low-risk phenotype.
In the ACURATE cohort, PPI rate was <10% for all phenotypes (7.2% for
the high risk phenotype, OR 1.36 [95% CI 0.26–10.49], p ¼ 0.34, 6.8%
for the intermediate risk phenotype, OR1.75 [0.45–11.59], p ¼ 0.47 and
3.1% for the low risk phenotype).
Excluding patients with bicuspid AS from the analysis did not change
the overall ﬁndings (Supplemental Figure 1).

<0.01
<0.01

Baseline characteristics of the different transcatheter heart valves. BMI ¼ Body
Mass Index, COPD ¼ chronic obstructive pulmonary disease, PVD ¼ peripheral
vascular disease, ACS ¼ Acute Coronary Syndrome, PCI ¼ Percutaneous Coronary Intervention, CABG ¼ Coronary Artery Bypass Graft, NYHA ¼ New York
Heart Association, STS ¼ Society of Thoracic Surgeons, LVEF ¼ Left Ventricular
Ejection Fraction, LVEDD ¼ Left Ventricular End Diastolic Diameter, AV ¼ Aortic
Valve, AR ¼ Aortic Regurgitation, MR ¼ Mitral Regurgitation, TR ¼ Tricuspid
Regurgitation, MSCT ¼ Multislice Computed Tomography, dm ¼ diameter,
LVOT ¼ Left Ventricular Outﬂow Tract, SOV ¼ Sinus of Valsalva, LCA ¼ Left
Coronary Artery, RCA ¼ Right Coronary Artery, MS ¼ Membranous Septum,
LBBB ¼ Left Bundle Branch Block, RBBB ¼ Right Bundle Branch Block, ID ¼
implantation depth, NCC ¼ non-coronary cusp, LCC ¼ left-coronary cusp.

4. Discussion
Our study is the largest registry to date evaluating the impact of MSlength on the need of new PPI post-TAVR and involving different THV
concepts. Main ﬁndings are (1) MS length predicts new PPI post-TAVR.
(2) MS length <3 mm denotes a high-risk phenotype and MS > 7 mm
a low-risk phenotype for new PPI. (3) The need for a new PPI was
consistently lower with the ACURATE THV as compared to both Evolut
and Sapien3 and seemed not to be affected by MS length.
The MS is in conjunction with the right and non-coronary cusp of the
aortic valve. There is considerable individual variability in MS length and
its anatomical relationship with the AV node and the bundle of His.7
Typically, the His bundle penetrates the distal borders of the MS near the
transition to the muscular part of the interventricular septum and separates into a right and left bundle branch underneath the surface of the
LVOT.4 Not surprisingly prior studies have described the association of a
short MS with need for new PPI after TAVR because the valve frame
would more likely connect with the conduction system as opposed to a
longer MS. Jilaihawi et al. reported for the ﬁrst time a high need for new
PPI after TAVR with the self-expanding Evolut THV in the presence of a
short MS (<2 mm) but a low PPI rate with a MS > 5 mm.5 A single-center
experience extended these insights to other THV platforms and
conﬁrmed MS phenotypes at low, intermediate and high risk for PPI
based on MS length.8 The present multi-center study conﬁrmed the association of these different MS phenotypes with new PPI except for the
ACURATE THV. The new PPI rate with ACURATE THV remained low
across the bandwidth of MS lengths. The lower PPI risk with ACURATE
THV may be explained by a lower radial force than other THV platforms

designs. First-degree AVB, MS length and ﬁnal ID at NCC site were not
associated with new PPI after ACURATE THV implant.
3.4. Membranous septum
Fig. 2 shows the PPI-rate across the range of MS-lengths according to
THV platform. A shorter MS-length was a signiﬁcant predictor for PPI
post-TAVR in patients receiving a Sapien3 (OR 0.87 [95% CI 0.79–0.99],
p ¼ <0.01) or an Evolut-valve (OR 0.91 [95% CI 0.84–0.98], p ¼ 0.03),
but not in those receiving an ACURATE-valve (OR 0.99 [95% CI
0.79–1.21], p ¼ 0.91). When we added interaction terms to the model,
we could not demonstrate statistically signiﬁcant effect modiﬁcation by
THV of the association between MS-length and new PPI (Sapien3 vs.
Evolut: p ¼ 0.47 and Sapien3 vs. ACURATE: p ¼ 0.75).
Based on our study observations within the total cohort, we identiﬁed
3 risk groups by MS length: MS length 3 mm deﬁned a high-risk group
for PPI (>20%), MS length 3–7 mm intermediate risk for PPI (10–20%)
and MS length > 7 mm deﬁned a low risk for PPI (<10%). Fig. 2 shows
the odds ratio for a new PPI with each THV platform relative to the low
risk MS reference of 7 mm. In the Sapien3 cohort, PPI-rate was 20%
5
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Table 4
Risk factors per transcatheter valve platform.
Sapien3

Pre 1AVB
Pre RBBB
Annulus Area (mm2)
MS length (mm)
Final ID NCC (mm)
MS > ID
MS < ID

Evolut

Acurate

no PPI

PPI

P-value

no PPI

PPI

P-value

no PPI

PPI

P-value

92/504 (18.3)
43/507 (8.5)
494 [424–555]
4.1 [2.5–6.0]
5.0 [3.5–6.5]
209/223 (93.7)
245/300 (81.7)

22/84 (26.2)
33/91 (36.3)
504 [448–575]
3.5 [2.2–5.0]
5.7 [4.2–7.6]
14/223 (6.3)
55/300 (18.3)

0.88
<0.01
0.12
<0.01
<0.01
<0.01

90/519 (17.3)
26/517 (5.0)
449 [390–507]
4.0 [2.7–5.7]
5.0 [3.0–8.0]
207/240 (86.3)
283/365 (77.5)

43/134 (32.1)
38/135 (28.1)
461 [394–536]
3.7 [2.1–5.2]
6.0 [4.0–8.7]
33/240 (13.8)
82/365 (22.5)

<0.01
<0.01
0.11
0.04
<0.01
<0.01

55/299 (18.4)
20/299 (6.7)
430 [395–477]
5.0 [3.4–7.0]
4.0 [3.0–5.0]
186/195 (95.4)
92/99 (92.9)

5/19 (26.3)
9/20 (45.0)
465 [399–517]
4.2 [3.0–6.0]
4.3 [4.0–6.1]
9/195 (4.6)
7/99 (7.1)

0.39
<0.01
0.11
0.26
0.2
0.42

Risk factor per transcatheter valve platform. 1AVB ¼ First-degree atrioventricular block, RBBB ¼ Right Bundle Branch Block, MS ¼ membranous septum, ID ¼ implantation depth, NCC ¼ non-coronary cusp.

Fig. 2. Pacemaker rates per valve platform according to the MS length. A: PPI-rates as percentage with conﬁdence interval per millimeter MS-length per transcatheter
heart valve. B: cut-off points based on study observations per transcatheter heart valve. OR ¼ Odds ratio, CI ¼ conﬁdence interval.

PPI-rate.5 However, the relation between ID and MS length should be
interpreted with caution because ID was measured by 2D angiography as
opposed to MS length that was determined by 3D MSCT. Angiography
also consistently underestimated ID measurements as compared to MSCT
and it may be elusive to appreciate precise ID during TAVR.13,14
Anatomy tailored THV selection in the presence of a short MS may
help mitigate need for PPI after TAVR but should also take into consideration risks for THV underexpansion, prosthesis patient mismatch and
paravalvular leaks that may impact clinical outcome after TAVR.15–17

and its unique top-down deployment that minimizes interaction with the
LVOT and the conduction system. Patient selection bias may have partly
affected the difference in PPI among the different THV platforms. Indeed,
by multivariable analysis, there was no difference between the Sapien3
and ACURATE THV. The Sapien3 group featured anatomies with a larger
annulus, more severe aortic root calcium and a higher frequency of
bicuspid aortic phenotypes, whereas the ACURATE group presented with
longer MS and more shallow ID. Patient selection bias may at least partly
explain a higher PPI rate in the Sapien3 group as compared to other
publications.9–11 Consistent with existing literature our data upheld age,
pre-existing conduction disorders, annular area and ID as risk factors for
new PPI but also added MS length and THV design. Presence of RBBB at
baseline was the sole risk factor applicable to all THV platforms. Prophylactic PPI in the context of pre-existing RBBB may reduce hospital
stay and affect clinical outcome.12
Intuitively, ID and THV selection seem the only modiﬁable variables
from a procedure point of view. An ID within the MS length was associated with a lower new PPI rate after TAVR with Sapien3 or Evolut THV.
Jilaihawi et al. previously demonstrated that an ID < MS length reduced

4.1. Study limitations
All data and imaging derived measurements were site reported without
a central core laboratory. Still, local imagers were trained to perform MSCT
analyses according to a standardized protocol resulting in reasonable
correlations in MS length measurements across the different centers. THV
selection was per physician's discretion and reﬂected local practices. By
using generalized linear mixed models, we accounted for these center effects in the statistical analysis. Multiple imputations were used to account
6
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for missing data related to implantation depth, aortic valve calciﬁcations
and baseline ECG characteristics. We acknowledge the relative low event
rate in the ACURATE cohort. Still, our series represent among the largest
ACURATE data available. The Cusp Overlap implantation technique was
not routinely applied in our series. The Cusp Overlap method may result in
higher THV implants and lower new PPI-rates. However, so far this
promise of a lower rate of conduction disorders with Cusp Overlap has not
been validated in large prospective studies with no clear selection bias, and
therefore needs more robust research. Finally, local practices related to
new pacemaker implantation may have varied, but we would not expect
major differences because high degree AV block was the dominant indication for the implantation of a new pacemaker.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://do
i.org/10.1016/j.jcct.2022.07.003.
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TOC Summary
The aim of this study was to investigate the association between
membranous septum (MS)-length and new-permanent pacemaker implantation (PPI) after transcatheter aortic valve replacement (TAVR)
with different Transcatheter Heart Valve (THV)-platforms. 1811 patients
with a successful TAVR-procedure and an analyzable multi-slice
computed tomography were retrospectively included in this study. MSlength was measured using a standardized methodology. New-PPI
occurred in 15.2% of the patients and the MS length was signiﬁcantly
shorter in patients receiving a new-PPI. In conclusion, MS length was an
independent predictor for PPI across different THV platforms, except for
the ACURATE-THV. Anatomy-tailored-THV-selection may mitigate the
need for new-PPI in patients undergoing TAVR.
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