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Abstract
Background: There are limited data on the association of membranous septum (MS) morphology and 
transcatheter heart valve (THV) implantation depth, and the development of new conduction abnormalities 
(CA) after transcatheter aortic valve implantation (TAVI).
Aims: The aim of this study was to describe the morphology of the MS and predict the risk of new CA after 
TAVI based on the MS morphology and THV implantation depth.
Methods: Based on preprocedural CT scans, the MS depth was measured for every 25% of the entire 
MS width in 272 TAVI patients without preprocedural bundle branch block (BBB) or pacemaker. Post-
procedural CT scans for THV implantation depth assessment were available in 130 of these patients.
Results: The MS depth was a median of 2.5 mm (IQR 1.4-3.8) deeper at the posterior edge when com-
pared to the anterior edge of the MS. New CA developed in 7.1% of patients in whom the THV did not 
cross the lower MS border at its anterior edge (3.6% with new BBB and high degree CA, respectively), in 
18.8% of patients (15.6% with new BBB and 3.1% with new high-degree CA) where the THV overlapped 
the lower MS border by <2.5 mm and in 47.1% of patients (24.3% with new BBB and 22.9% with new 
high-degree CA) with THV overlap of the lower MS border by ≥2.5 mm.
Conclusions: The difference of the MS depth and THV implantation depth measured at the anterior edge 
of the MS predicted new CA after TAVI.
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Abbreviations
AV atrioventricular
CA conduction abnormalities
CT computed tomography
L/RBBB left/right bundle branch block 
L/R/NCC left/right/non-coronary cusp
LVEF left ventricular ejection fraction
MS membranous septum
PPM permanent pacemaker
TAVI transcatheter aortic valve implantation
THV transcatheter heart valve

Introduction
New-onset conduction abnormalities (CA) involving the cardiac 
conductive tissue from the atrioventricular (AV) node to the bun-
dle branches remain a frequent complication after transcatheter 
aortic valve implantation (TAVI). The potential clinical impact of 
CA, such as the need for permanent pacemaker (PPM) implanta-
tion, ventricular dysfunction and heart failure, is a particular con-
cern with the expected expansion of TAVI to patients with longer 
life expectancy1.

The membranous interventricular septum (MS) is known to be 
an anatomical landmark visible by cardiac computed tomography 
(CT) scan2-5 functioning as a surrogate for the distance between 
the native aortic annulus and the AV conduction system6-9. The 
overlap with the lower border of the MS and the inflow portion of 
the transcatheter heart valve (THV) have been found to predict the 
risk of PPM implantation after TAVI with good accuracy in pre-
vious studies4,10,11. The difference of the mean MS depth between 
patients with and without the need for PPM after TAVI is in the 
order of 1-2 mm. However, as the lower border of the MS does not 
run parallel with the native aortic annulus, there is a risk that the 
MS depth varies within the same patient depending on the location 
of measurement along the width of the MS. The optimal site of 
measuring the MS depth and corresponding variation of the THV 
implantation depth have not been reflected in previous studies.

The aim of this study was to describe the morphology of the MS 
along the entire width of the MS and evaluate the risk of new-onset 
CA after TAVI based on the MS depth and THV implantation depth 
measured by preprocedural and post-procedural CT scans.

Methods
This retrospective study included all consecutive patients without 
preprocedural bundle branch block (BBB) or pre-existing PPM 
treated with TAVI at two Danish sites from 2015 to 2018. Patients 
with bicuspid aortic valve, previous aortic valve replacement, who 
died within 30 days after TAVI were excluded. Contrast in the 
right ventricle is necessary for visualisation of the MS during a CT 
scan but was not routinely planned due to the retrospective nature 
of the study. Patients where the MS could not be visualised on 
the preprocedural CT scan were excluded. Baseline and follow-
up data were collected from patient records. Preprocedural and 
post-procedural electrocardiogram (ECG) data were validated in 

all patients. The study was approved by the Danish Data Agency 
and Danish Patient Safety Authority.

CONDUCTION ABNORMALITY
A QRS interval ≥120 ms was defined as BBB and further clas-
sified into left (LBBB) or right (RBBB) bundle branch block12. 
High-degree CA (HD-CA) was considered developed if a PPM 
was implanted due to 2° AV block type 2, 3° AV block or atrial 
fibrillation with bradycardia, based on class I/II indications for 
pacing in case of intermittent bradycardia13.

Patients were classified into either 1) no CA (absence of BBB on 
a 12-lead ECG taken closest to 30 days after TAVI and absence of 
HD-CA diagnosed within 30 days of TAVI), or 2) new CA includ-
ing patients with 2a) new BBB (new-onset LBBB or RBBB on 
a 12-lead ECG taken closest to 30 days after TAVI) and 2b) new 
HD-CA (new-onset HD-CA within 30 days of TAVI regardless of 
the absence or presence of new BBB).

CT ACQUISITION
Preprocedural CT scans were performed as part of routine TAVI 
preparation whereas patients with post-procedural CT scans had 
been randomly selected due to participation in a previous regis-
try. Scans were performed using local protocols and contemporary 
single- or dual-source CT scanners with a minimum of 128 detec-
tor rows. All scans were ECG-gated with a slice thickness of 0.3-
0.8 mm. CT data were analysed using 3mensio Structural Heart 9.1 
(Pie Medical Imaging).

CT ANALYSIS
The analysis of CT data is described in Figure 1.

The MS was divided into several points of interest: MSNCC – pos-
terior edge of the MS closest to the non-coronary cusp (NCC); 
MSRCC – anterior edge of the MS closest to the right coronary cusp 
(RCC); MS25, MS50 and MS75 – at 25%, 50% and 75% of the MS 
width from the MSNCC to the MSRCC, respectively; MSdeepest – at 
the deepest point of the MS; and MSCV – measurements in coro-
nal view.

Based on the preprocedural and post-procedural CT analy-
sis, the difference in THV depth and MS depth was calculated, 
e.g., at the anterior border of the MS closest to the RCC: ΔTHV-
MSRCC = THVRCC depth – MSRCC depth. Calcifications of the native 
aortic leaflets and basal septum were assessed qualitatively and 
classified as either none, mild, moderate or severe.

STATISTICAL ANALYSIS
Categorical variables are presented as count and percentage and 
compared using the chi-squared test. Continuous variables are 
expressed as mean±standard deviation and compared using the 
Student’s t-test, or median (interquartile range [IQR]) and compared 
using the Wilcoxon rank-sum test. The risk of new CA in subgroup 
analysis was calculated with exact binomial confidence limits.

Preprocedural and post-procedural ECG and CT characteristics 
were investigated as predictors for new CA after TAVI in simple 
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logistic regression analysis. The MS depth was shortest and the 
THV implantation depth were greatest at the anterior edge of the 
MS, hence measurements at the MSRCC was chosen for further 
investigation. Odds ratio (OR) and area under the operating char-
acteristic curve (AUC) from multiple logistic regression analysis 
were reported. For multiple logistic regression analysis, the set of 

predictor variables included for new CA was prosthesis type and 
MSRCC or ΔTHV-MSRCC. Interobserver variability was tested in 
15 patients based on measurements of ΔTHV-MS along the entire 
width of the MS. The level of statistical significance was set at 
5%. All statistical analyses were performed using SAS Enterprise 
Guide, version 7.15 (SAS Institute, Inc.).

Figure 1. Measurement of the membranous septum depth and transcatheter heart valve implantation depth using preprocedural and 
post-procedural cardiac computed tomography (CT). The native aortic annulus was found as a virtual plane intersecting the nadir of the 
three native aortic cusps. The MS was visualised both in the aortic annular plane and in an orthogonal plane rotated around the centreline 
of the aortic annulus. A) & B) The MS (hollow structure in panel A, and pallid structure above the blue and yellow line in panel B) was 
divided into the different points of interest (blue dots), i.e., MSNCC - lower MS border closest to the NCC (yellow dot); MSRCC - lower MS 
border closest to the RCC (green dot); MS25, MS50 and MS75 - at 25%, 50% and 75% of the MS width from MSNCC to MSRCC, respectively; and 
MSdeepest (the MS at its deepest point). MS in coronal view (MSCV) is not shown in the Figure. Preprocedural CT analysis: C) Example of 
marking the location of the MSRCC in the aortic annular plane. Using the nadir of the NCC and centreline of the aortic annular plane as 
references the angle to the MSRCC was registered. D) Measurement of the MSRCC depth as the distance from the aortic annular plane to the 
lower MS border at MSRCC. Post-procedural CT analysis: E) Example of measuring the THVRCC implantation depth at MSRCC. The nadir of 
the native NCC and centreline of the native aortic annular plane on the post-procedural CT scan were again used as references, and the 
angle to the MSRCC registered from the preprocedural CT scan was used to mark the point of MSRCC on the post-procedural CT scan. The CT 
plane was moved so it would bisect the MSRCC. Then the C-arm positioning tool of the 3mensio Structural Heart 9.1 (Pie Medical Imaging) 
software was used, which brings the angiographic projection exactly perpendicular to the positioned plane that bisected the MSRCC (blue eye 
and arrow). F) Based on the view from panel E, the THV depth was then measured as the distance from the native aortic annular plane to 
the inflow edge of the THV lying on top of the MS point of interest. The THV depth was measured using the CT scan, simulating 
a periprocedural angiographic projection that would result in measurement of the THV implantation depth exactly on top of the MS point of 
interest (THVRCC depth in this example). The process of C to E was repeated for all points of interest mentioned in panel A (THVCV depth 
was not measured). LBB: left bundle branch; LCC: left coronary cusp (red dot); MS: membranous septum; NCC: non-coronary cusp; 
RCC: right coronary cusp; THV: transcatheter heart valve
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Results
New CA developed in 95 of 272 patients (34.9%; 61 patients 
[22.4%] with new BBB and 34 patients [12.5%] with new 
HD-CA) (Figure 2). Baseline characteristics showed no differ-
ences between patients without and with new CA, except for the 
type of THV implanted and more patients developing CA being in 
NYHA Class III-IV (Table 1). Baseline characteristics of patients 
with new BBB compared to patients with new HD-CA are shown 
in Supplementary Table 1. The median time to PPM implantation 
in patients with new HD-CA was 7 days (IQR: 4-8 days). In 16 
out of 29 patients who had a PPM implanted, a pacing percentage 
was available at a median of 167 days (IQR 42-305 days) after 
the TAVI procedure with a ventricular pacing percentage of 46.5% 
(IQR 1.8-91.5%). All had a back-up rate of 60 beats per minute. 
The median time from TAVI to the last available 12-lead ECG 
used for patient classification was 25 days (IQR: 3-33 days).

MEMBRANOUS SEPTUM MORPHOLOGY AND THV 
IMPLANTATION DEPTH
The lower MS border was most frequently deepest at the poste-
rior edge of the MS closest to the NCC (i.e., at the MSNCC) and 
was a median of 2.5 mm (IQR 1.4-3.8) deeper at the MSNCC when 
compared to the MSRCC (Figure 3A). On the other hand, the inflow 
portion of the THV was most frequently implanted deepest at the 
anterior edge of the MS closest to the RCC (i.e., at the MSRCC) and 
was a median of 0.5 mm (IQR 0.0-1.1) deeper at the MSRCC when 
compared to the MSNCC (Figure 3B). The overlap of the THV with 
the lower MS border was most frequently greatest at the anterior 

edge of the MS closest to the RCC (i.e., ΔTHV-MSRCC) and was 
a median of 3.2 mm (IQR 1.8-4.8) greater compared to the posterior 
edge of the MS closest to the NCC (i.e., ΔTHV-MSNCC) (Figure 3).

The median MS width was similar between the two groups. 
Patients with new CA had a significantly shorter MS depth and 
greater THV implantation depth for all points of interest (i.e., 
MSNCC, MS25, MS50, MS75, MSRCC, MSdeepest, MSCV) when compared 
to patients without CA (Figure 3A, Figure 3B).

The median ΔTHV-MS was greater in patients with new CA at 
all points of interest when compared to patients without new CA 
(Figure 3C).

LOGISTIC REGRESSION ANALYSIS OF PREDICTOR FOR 
NEW-ONSET CONDUCTION ABNORMALITY
In simple logistic regression analysis, the odds for new CA 
increased significantly with shorter MS depth, greater THV 
implantation depth and greater ΔTHV-MS at all of points of inter-
est except for MSCV depth (Supplementary Table 2).

A multiple logistic regression model of preprocedural charac-
teristics showed that the odds of new CA increased significantly 
with shorter MSRCC depth (OR 0.82, 95% CI: 0.71-0.93; p=0.003) 
with an AUC of 66% (95% CI: 59-73%); for post-procedural char-
acteristics the odds increased with greater THVRCC implantation 
depth (OR 1.71, 95% CI: 1.42-2.16; p<0.0001; AUC 82%; 95% 
CI: 75-90%), and for preprocedural and post-procedural charac-
teristics the odds for new CA increased with greater ΔTHV-MSRCC 
(OR 1.49, 95% CI: 1.28-1.79; p<0.0001; AUC of 81%; 95% CI: 
73-89%) (Table 2).

Total population
(n=1,142)

Study population with
preprocedural CT scan

(n=272)

Excluded 
– Preprocedural PPM (n=119)
– Preprocedural BBB (n=213)
– Bicuspid aortic valve (n=50)
– Valve-in-valve (n=25)
– Death within 30 days of TAVR (n=8)
– No preprocedural CT scan without contrast in

right ventricle (n=272)

No CA (n=177)

No post-procedural
CT scan (n=88)

No post-procedural
CT scan (n=54)

No CA −
with available post-
procedural CT scan

(n=89)

New CA −
with available post-
procedural CT scan

(n=41)

New CA (n=95)
 New BBB
  – LBBB (n=57)
  – RBBB (n=4)
 New HD-CA
  – 2nd degree AVB type 2 (n=6)
  – 3rd degree AVB (n=26) 
  – Afib with bradycardia (n=2) 

Figure 2. Study population. AVB: atrioventricular block; BBB: bundle branch block; CA: conduction abnormalities; CT: computed 
tomography; HD-CA: high-degree conduction abnormalities; PPM: permanent pacemaker; TAVI: transcatheter aortic valve implantation
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Interobserver measurement had a paired difference for 
ΔTHV-MS of –0.7 mm (95% CI: –1.3 mm to –0.08 mm; p=0.03).

RISK OF NEW-ONSET CONDUCTION ABNORMALITY
The risk of new CA was evaluated in intervals of 2.5 mm for ΔTHV-
MSRCC. The risk of new CA increased with greater ΔTHV-MSRCC 

(p=0.0001) (Central illustration). In 28 of 130 patients (21.5%), 
the THV did not cross the lower MS border at the point of the 
MSRCC (i.e., ΔTHV-MSRCC <0 mm) and 2 of these developed 
new CA (7.1%, 95% CI: 0-16.7, 1 with new BBB and 1 with 
new HD-CA [3.6%, 95% CI: 0-10.5]). New CA developed in 6 
of 32 patients (18.8%, 95% CI: 5.2-32.3; new BBB in 5 patients 

Table 1. Baseline and procedural characteristics.

Total (n=272) No CA (n=177) New CA (n=95) p-value

Baseline

Age, years 80 (76-85) 81 (76-86) 80 (77-83) 0.22

Male 129 (46.3) 85 (48.0) 44 (46.3) 0.79

Diabetes 51/258 (19.8) 31/165 (18.8) 20/93 (21.6) 0.60

Previous infarction 24 (8.8) 16 (9.0) 8 (8.4) 0.86

COPD 45 (16.5) 27 (15.3) 18 (19.0) 0.49

Known atrial fibrillation 79 (29.0) 54 (30.5) 25 (26.3) 0.47

Dialysis 4/271 (1.5) 1 (0.6) 3/94 (3.2) 0.09

Previous stroke 33 (12.1) 22 (12.4) 11 (11.6) 1.0

NYHA Class III-IV 174 (64.0) 123 (69.5) 51 (53.7) 0.01

STS score, % 2.7 (1.7-3.8) 2.8 (1.8-3.8) 2.6 (1.7-3.5) 0.48

Preprocedural LVEF, % 60 (50-60) 60 (50-60) 60 (50-60) 0.86

Preprocedural ECG PR interval, ms 174 (154-194) 174 (154-193) 174 (155-194) 0.70

1st degree AVB 39 (14.3) 25 (14.1) 14 (14.7) 0.98

QRS interval, ms 92 (84-102) 92 (84-100) 94 (84-104) 0.39

Procedural

Femoral access 244 (89.7) 154 (87.0) 90 (94.7) 0.05

Prosthesis type –  
row%

Balloon-expandable 101 76 (75.3) 25 (24.8)

0.002Self-expanding 158 97 (61.4) 61 (38.6)

Mechanically expandable 13 4 (30.8) 9 (69.2)

Post-dilation 66 (24.3) 45 (25.4) 21 (22.1) 0.54

Prosthesis size, mm 27 (26-29) 27 (26-29) 27 (26-29) 0.13

Oversizing, % 112 (104-118) 108 (103-118) 113 (106-118) 0.08

Values are median (IQR) or n (%). AVB: atrioventricular block; CA: conduction abnormality; COPD: chronic obstructive pulmonary disease; LVEF: left 
ventricular ejection fraction; NYHA: New York Heart Association; STS: Society of Thoracic Surgeons

Table 2. Multiple logistic regression of predictors for new-onset conduction abnormality.

Preprocedural Post-procedural
Preprocedural and 
post-procedural

OR  (95% CI) p-value OR  (95% CI) p-value OR  (95% CI) p-value

Depth of MSRCC – mm 0.82 (0.71-0.93) 0.003 – – – –

THVRCC depth – mm – – 1.71 (1.42-2.16) <0.0001 – –

ΔTHV-MSRCC – mm – – – 1.49 (1.28-1.79) <0.0001

Prosthesis 
type

Balloon-expandable vs 
self-expanding 0.56 (0.23-0.98)

0.005
0.75 (0.30-1.89)

0.14
0.85 (0.35-2.13)

0.17
Mechanically expandable vs 
self-expanding 4.11 (1.24-16.2) 6.73  (0.73-67.6) 5.79 (0.8-54.0)

AUC (95% CI) 0.66 (0.59-0.73) 0.82 (0.75-0.90) 0.81 (0.73-0.89)

MSRCC depth and the difference between the THVRCC depth and MSRCC depth (ΔTHV-MSRCC) measured at the anterior edge of the lower MS closest to the 
RCC. Preprocedural versus post-procedural model: p-value=0.0003. Preprocedural versus preprocedural and post-procedural model: p-value <0.0001. 
Post-procedural model versus preprocedural and post-procedural model: p-value=0.65. AUC: area under the receiver operating characteristic curve; 
CI: confidence interval; MS: membranous septum; OR: odds ratio; RCC: right coronary cusp; THV: transcatheter heart valve 
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Figure 3. Dimensions of the membranous septum and transcatheter 
implantation depth for patients with or without conduction 
abnormality. Median and interquartile range shown. A) The MS depth 
measured at the posterior (MSNCC depth) and anterior (MSRCC depth) 
edges of the lower MS border, at 25% (MS25 depth), 50% (MS50 depth) 
and 75% (MS75 depth) of the MS width and at the deepest point 
(MSdeepest depth). B) THV depth measured at the same points of interest 
as in panel A. C) The difference in MS depth and THV depth 
(ΔTHV-MS=THV depth–MS depth) calculated for the same points of 
interest as in panel A. *p<0.05 for comparison between patients with 
and without new CA at each point of interest. CA: conduction 
abnormality; MS: membranous septum; NCC: non-coronary cusp; 
RCC: right coronary cusp; THV: transcatheter heart valve
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12.5

10.0

7.5

5.0

2.5

0.0

−2.5

−5.0

−7.5

new BBB

new HD-CA

no CA+

Inferior border
of membranous
septum

Limit 
(mm)

 # of 
patients

● new  
CA

● new  
BBB

● new 
HD-CA

−7.5; −5.0 2 0 0 0

−5.0; −2.5 7 1 (14.3) 1 (14.3) 0

−2.5; 0 19 1 (5.3) 0 1 (5.3)

0; 2.5 32 6 (18.8) 5 (15.6) 1 (3.1)

2.5; 5.0 34 12 (35.3) 7 (20.6) 5 (14.7)

5.0; 7.5 27 13 (48.2) 7 (25.9) 6 (22.2)

7.5; 10.0 7 6 (85.7) 2 (28.6) 4 (57.1)

10.0; 12.5 2 2 (100) 1 (50.0) 1 (50.0)

Central illustration. Risk of conduction abnormality based on 
difference in membranous septum depth and transcatheter heart 
valve implantation depth. The risk of new CA based on the difference 
between the THV implantation depth and MS depth at the anterior 
edge of the MS closest to the RCC (ΔTHV-MSRCC). The risk was 
evaluated in intervals of 2.5 mm with the membranous septum as the 
reference. BBB: bundle branch block; CA: conduction abnormality; 
HD-CA: high-degree conduction abnormality; MS: membranous 
septum; RCC: right coronary cusp; THV: transcatheter heart valve

[15.6%, 95% CI: 3.0-28.2] and new HD-CA in 1 patient [3.1%, 
95% CI: 0-9.2]) with ΔTHV-MSRCC (≥ 0.0 mm; <2.5 mm), and in 
33 of 70 patients (47.1%, 95% CI: 35.5-58.8%) with ΔTHV-MSRCC 

≥2.5 mm (new BBB in 17 patients [24.3%, 95% CI: 14.2-34.3%] 
and new HD-CA in 16 patients [22.9%, 95% CI: 13.0-32.7%]).

TRANSCATHETER HEART VALVE INTERSECTION WITH THE 
MEMBRANOUS SEPTUM
The location where the THV first intersected the lower border 
of the MS along its width in the posterior-anterior direction 
(i.e., from the MSNCC to the MSRCC) is shown in Supplementary 
Figure 1. New CA developed in 34 of 85 patients (40.0%) where 
the THV first intersected the lower MS border within the first 
50% of the MS width from the NCC. In 45 patients, the THV 
first intersected with the lower MS border after more than 50% 
of the MS width from the NCC or the THV had no contact with 
the lower MS border. New CA developed in 7 of these patients 
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(15.6%); the THV intersected the lower MS border before the 
MSRCC in all these events except in one patient who developed 
new BBB.

Discussion
The depth of the MS varied depending on the site of measuring 
along the width of the MS and was a median of 2.5 mm shorter at 
the edge of the MS closest to the RCC when compared to the edge 
closest to the NCC. MS depth was shorter and the THV implanta-
tion depth and ΔTHV-MS were greater along the entire width of 
the MS for patients with new CA as compared to patients who did 
not develop CA. With greater overlap of the THVRCC and the lower 
border of the MSRCC the risk of new BBB and successively new 
HD-CA increased progressively.

VARIATIONS OF THE MEMBRANOUS SEPTUM
In accordance with previous studies, the depth of the lower MS 
border had a large variation between patients3,5, but was also 
found to vary along the MS width within the same patient. This 
should be considered, as the AV conduction system has been 
described as being located at the lower border of the MS along its 
entire width6-9. The penetrating part of the bundle of His emerges 
at the posterior edge of the lower border of the MS closest to the 
NCC (median MSNCC depth=4.8 mm in the current study) and 
continues as the branching part of the bundle of His after one 
half of the lower MS border (median MS50 depth=3.7 mm in the 
current study). The branching portion of the bundle of His gives 
off the fanned out strands of the left bundle branch as it contin-
ues towards the anterior edge of the lower MS border closest 
to the RCC (median MSRCC depth=2.0 mm in the current study) 
(Figure 1B)6-9.

The aim should be to avoid the need for PPM implantation and 
it is equally important to avoid the development of new-onset 
BBB (often LBBB and rarely RBBB) after TAVI, considering 
the increased risk of all-cause mortality and risk of heart failure 
hospitalisations associated with the development of LBBB or the 
need for PPM after TAVI14. Using the MS as a surrogate for the 
distance of the target THV implantation zone and to the AV con-
duction system, the most conservative depth to measure was at 
the lower MS border at the anterior edge closest to the RCC (i.e., 
the MSRCC), which in the current study was a median of 2.5 mm 
shorter than the depth measured at the posterior edge of the MS 
closest to the NCC (i.e., MSNCC).

The MS depth measured in coronal view has previously 
been reported to predict the development of new AV block4. 
However, this methodology implies some uncertainty. As the 
nadirs of the aortic leaflets are not definable in this unformat-
ted plane, there is a risk of including a variable section of the 
interleaflet triangle above the aortic annulus, which may result 
in overestimation of the MS depth. Moreover, depending on 
the aortic root angulation, the MS depth could be measured in 
an oblique direction not perpendicular to the aortic annulus2,5 
(Supplementary Figure 2).

DEPTH OF AORTIC TRANSCATHETER HEART VALVE 
IMPLANTATION
The increasing risk of new HD-CA mediated by greater ΔTHV-
MSRCC might be due to the THV interacting with more proximal 
parts of the AV conduction system. Further, it has been reported 
that greater ΔTHV-MS was correlated to a greater contact pres-
sure over the lower MS border, which was associated with the 
development of new CA after TAVI5. The AV conduction system 
is often only covered by a thin layer of endocardium at the lower 
MS border, but is also found to run several millimetres within 
the muscular septum in 12.5-32.4% of patients7,9. The padding of 
muscular septum might explain why some patients with a ΔTHV-
MSRCC ≥0.0 mm do not develop CA after TAVI. Conversely, in 
some cases the bundle of His has been found to be contained 
totally within the inferior border of the MS, locating the origin of 
the LBB more anteriorly than usual8,9, potentially causing some 
patients to be at risk of new HD-CA even though ΔTHV-MSRCC 
is <0 mm.

The small extent of the MSRCC depth might limit the usage of 
measuring the MS depth in a clinical setting, as the THV implan-
tation depth can be difficult to control within a few millimetres. 
Likewise, the abovementioned factors might result in too great 
complexity for the MS depth to be used reliably and which is the 
reason why we found the THV implantation depth to be an equal 
predictor for the development of CA after TAVI. However, in the 
MIDAS study the THV implantation depth was reduced from 
a mean of 3.3 mm in the retrospective group compared to a mean 
depth of 2.3 mm in the patient population where THV implanta-
tion depth was guided by the MS depth and the risk of new CA 
statistically significantly reduced (9.7% compared with 3.0%)10.

CLINICAL IMPACT
In the current study, the THV implantation depth measured at the 
edge of the MS closest to the RCC in general gave the most con-
servative distance between the inflow portion of the THV and the 
lower border of the MS. However, isolating this part of the MS 
tends to lead to C-arm angulations and greater tissue thickness, 
suboptimal for the THV implantation view. Alternatively, bringing 
the planes of the THV inflow portion and the native aortic annulus 
parallel would result in the THV implantation depth measured at 
a single location being equal to all measurements of THV implan-
tation depth along the circumference of the aortic annulus. Using 
the double S-curve approach for implantation gives the C-arm 
angulation point where the delivery catheter and the aortic annu-
lus appear perpendicular, but the method is cumbersome without 
the right software. However, the implantation view obtained with 
the double S-curve approach has recently been reported to be very 
similar to the implantation view obtained with the cusp-overlap 
method where the LCC and RCC are overlapping and the NCC is 
isolated inferiorly15.

Transient new CA after TAVI is common and thought to be 
due to inflammation and oedema in the tissue of the AV conduc-
tion system and often resolves within 30 days. In a recent study, 
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multiple regression analysis including preprocedural and post-
procedural characteristics showed that ΔTHV-MS ≥3 mm and 
LCC calcification predicted the development of persistent pacing 
dependency 30 days after TAVI in patients with PPM implantation 
after TAVI11. The increased risk of persistent CA in some patients 
after TAVI with greater overlap of the MS and lower inflow part 
of the THV is probably due to the struts of the THV crushing and 
causing permanent damage to the AV conduction system.

With an increased risk of heart failure and death in patients with 
BBB or the need for right ventricular pacing14, the development of 
new CA after TAVI is particularly problematic as the indication 
for TAVI moves to patients with longer life expectancy16. Perhaps 
patients with a high risk of persistent pacing dependency and long 
life expectancy might benefit from cardiac resynchronisation ther-
apy or bundle of His pacing, while patients with a transient need 
for a PPM could benefit from a lowered back-up rate so as to pro-
mote intrinsic conduction. However, the optimal follow-up therapy 
for patients with new CA after TAVI is still unknown. Whether 
measuring the THV implantation depth based on the cusp-overlap 
method, with or without the MSRCC depth as a guide, would result 
in a higher rate of THV repositioning and lower rate of new CA 
needs to be confirmed in future studies.

Limitations
Multiple types of THV were included in the study. The various 
THVs might exert different radial force at their ventricular part, 
which is known to be associated with the development of new 
CA5. There is a possibility that the preprocedural and post-pro-
cedural CT scans were not perfectly lined up, as alignment was 
dependent on several measurements. Further, the high exclusion 
rate and the retrospective nature of the study may have led to bias.

Conclusions
The MS is a small and irregular structure. The depth of the MS var-
ied between patients and also within the same patient depending on 
the site of measuring along the width of the MS and was shortest 
at the edge of the MS closest to the RCC. The difference between 
THVRCC depth and MSRCC depth at the edge of the MS closest to the 
RCC (ΔTHV-MSRCC) predicted the development of new BBB and 
successively new HD-CA after TAVI. Future studies should inves-
tigate the clinical impact of using the MSRCC depth as a patient-spe-
cific lower limit for THV implantation depth.

Impact on daily practice
The depth of the MS varies significantly within the same patient 
depending on the site of measurement along the width of the 
MS. This should be taken into consideration both in a scien-
tific and in a clinical setting when using MS depth as a predic-
tor for the development of new BBB or HD-CA after TAVI. 
Further, with greater overlap of the THV and the lower border 
of the MS, the risk of new BBB and new HD-CA increased 
progressively.
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Supplementary Table 1. Baseline and procedural characteristics of patients who 

developed conduction abnormalities. 

 New BBB 

(n=61) 

New HD-CA 

(n=34) 
p-value 

Baseline 

Age, years 80 (76–84) 80 (77–82) 0.81 

Male 32 (52.5) 19 (55.9) 0.75 

Diabetes 14 (23.0) 6 (18.8) 0.64 

Previous infarction 5 (8.2) 2 (8.8) 1.0 

COPD 15 (24.6) 3 (8.8) 0.06 

Known atrial fibrillation 16 (26.2) 9 (26.5) 0.98 

Dialysis 3 (4.9) 0 0.55 

Previous stroke 7 (11.5) 4 (11.8) 0.75 

NYHA Class III-IV 25 (41.0) 19 (55.9) 0.16 

STS score, % 2.6 (1.8–3.9) 2.6 (1.5–3.4) 0.54 

Preprocedural LVEF, % 55 (50–60) 60 (53–60) 0.23 

Preprocedural ECG 

     - PR interval, ms 

     - 1st degree AVB 

     - QRS interval, ms 

 

177 (162–194) 

9 (14.6) 

94 (84–104) 

 

164 (148–193) 

5 (14.7) 

91 (84–102) 

 

0.18 

0.72 

0.68 

Procedural 

Femoral access 57 (93.4) 33 (97.1) 0.65 

Prosthesis type – row% 

     - Balloon-expandable 

     - Self-expanding 

     - Mechanically expandable 

 

12 (48.0) 

42 (68.9) 

7 (77.8) 

 

13 (52.0) 

19 (31.2) 

2 (22.2) 

0.13 

Post-dilation 12 (19.7) 9 (26.5) 0.44 



 

 

Prosthesis size, mm 27 (26-29) 26.5 (26–29) 0.46 

Oversizing, %  115 (108–120) 112 (104-116) 0.062 

 

Values are median (IQR) or n (%).  

AVB: atrioventricular block; BBB: bundle branch block; COPD: chronic obstructive 

pulmonary disease; HD-CA: high-degree conduction abnormality; LVEF: left ventricular 

ejection fraction; NYHA: New York Heart Association; STS: Society of Thoracic Surgeons  

 

  



 

 

Supplementary Table 2. Simple logistic regression of predictors for new-onset 

conduction abnormality.  
 Odds ratio (95% CI) p-value 

MS depth – mm 

- MSNCC depth 

- MS25 depth 

- MS50 depth 

- MS75 depth 

- MSRCC depth 

- MSdeepest depth 

- MSCV depth 

 

0.90 (0.80–0.99) 

0.86 (0.76–0.96) 

0.84 (0.74–0.94) 

0.85 (0.75–0.96) 

0.82 (0.71–0.93) 

0.87 (0.78–0.97) 

0.99 (0.95–1.02) 

 

0.041 

0.011 

0.004 

0.008 

0.002 

0.014 

0.55 

MS width – mm 1.01 (0.99–1.02) 0.53 

Area of LVOT - cm2 1.08 (0.83–1.42) 0.55 

Area of aortic annulus – cm2 1.12 (0.83–1.48) 0.46 

Perimeter of aortic annulus/LVOT - % 1.04 (0.94–1.15) 0.42 

Preprocedural PR interval – ms 1.0 (0.99–1.01) 1.0 

Preprocedural QRS interval – ms 1.01 (0.99–1.03) 0.34 

Prosthesis type 

     - Balloon-expandable vs self-expanding 

     - Mechanically expandable vs self-expanding 

 

0.53 (0.30–0.92) 

3.64 (1.13–13.9) 

0.003 

0.026 

0.038 

Prosthesis with tapered inflow part 1.30 (0.73–2.28) 0.37 

Post-dilatation 0.84 (0.46–1.51) 0.57 

Calcification (moderate/severe vs none/minimal) 

     - NCC 

     - LCC 

     - RCC 

     - LVOT 

 

0.49 (0.27–0.90) 

1.01 (0.61–1.69) 

0.70 (0.42–1.17) 

1.34 (0.47–3.62) 

 

0.022 

0.98 

0.17 

0.56 

THV depth – mm 

     - THVNCC depth 

     - THV25 depth  

     - THV50 depth 

 

1.71 (1.40–2.15)  

1.67 (1.38–2.08) 

1.72 (1.41–2.15) 

 

<0.0001 

<0.0001 

<0.0001 



 

 

     - THV75 depth 

     - THVRCC depth 

     - THVdeepest depth 

1.71 (1.41–2.14) 

1.67 (1.38–2.08) 

1.72 (1.41–2.17) 

<0.0001 

<0.0001 

<0.0001 

ΔTHV-MS – mm 

     - ΔTHV-MSNCC 

     - ΔTHV-MS25  

     - ΔTHV-MS50 

     - ΔTHV-MS75 

     - ΔTHV-MSRCC 

     - ΔTHV-MSdeepest 

 

1.37 (1.19–1.60) 

1.35 (1.18–1.58) 

1.46 (1.26–1.73) 

1.43 (1.24–1.68) 

1.47 (1.27–1.74) 

1.40 (1.22–1.65) 

 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

 

MS depth, THV depth and ΔTHV-MS=THV depth – MS depth; measured at all points of 

interest (see Figure 1).  

LCC: left coronary cusp; LVOT: left ventricular outflow tract (measured 2 mm below the 

aortic annulus); MS: membranous septum; NCC: non-coronary cusp; RCC: right coronary 

cups; THV: transcatheter heart valve 

  



 

 

 

Supplementary Figure 1. Location of the transcatheter heart valve intersection with the 

lower border of the membranous septum. 

The location where the THV intersected the lower MS border along its width in the posterior-

anterior direction (from MSNCC to MSRCC). 

BBB: bundle branch block; CA: conduction abnormality; HD-CA: high-degree conduction 

abnormality; MS: membranous septum; THV: transcatheter heart valve 

  



 

 

 

Supplementary Figure 2. Measurement of the membranous septum depth in the coronal 

view. 

A) As the nadirs of the aortic cusps are not possible to locate in coronal view, measurements 

of the MS depth rely on using the hinge points of the cusps.  

B) This can result in including a varying segment of the interleaflet triangle depending on 

which section is used for measuring (e.g., sections 1 to 4 [S1 to S4]) and measuring the MS 

depth in an oblique direction depending on the angulation of the aortic root.  

MS: membranous septum 

 


