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Background: Transcatheter mitral valve replacement (TMVR) offers a valuable treatment option for inoperable
patients suffering from a degenerated mitral valve after previous ring annuloplasty. Dynamic obstruction of
the left ventricular outflow tract(LVOT) is a procedural riskwith detrimental consequences and can be estimated
upfront using a multi-slice computed tomography(MSCT) derived 3D computational model(3DCM). This study
explored the accuracy of pre-procedural neo-LVOT prediction in TMVR using 3DCMs of multiple cardiac phases.
Methods: We obtained both pre- and post-procedural MSCT scans of a patient who underwent uncomplicated
TMVR and derived 3DCMs from each cardiac phase. Virtual implantations of the deployed valve were performed
and neo-LVOT dimensions were semi-automatically calculated in the pre-procedural models and matched with
the post-procedural models. Predicted and post-procedural neo-LVOTs were compared between 3DCMs.
Results: Fromcardiac phases 20–70%, 11matched3DCMpairswere generated. Themeandifference between pre-
dicted and post-TMVR neo-LVOT areawas 3± 23mm2. The intra-class correlation coefficient for absolute agree-
ment between predicted and post-procedural neo-LVOT area was 0.86 (95%CI 0.56–0.96, p < 0.001).
Conclusion:3DCMs could accurately predict post-TMVRneo-LVOTdimensions in a patientwith a pre-existingmi-
tral annular ring. Prospective research is warranted to demonstrate the accuracy of these models in larger sam-
ples and different mitral annular phenotypes.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Transcatheter mitral valve replacement(TMVR) is maturing into a
viable treatment option for mitral valve disease in patients at high/pro-
hibitive operative risk [1]. Prosthesis anchoring and the risk for left ven-
tricular outflow tract obstruction(LVOTO) remain formidable
challenges both in the context of native mitral valve disease and after
prior mitral surgery. A CT-derived 3D computational model(3DCM)
can predict the risk for LVOTO by procedure simulation with different
prosthesis sizes at various implantation depths and as such optimize
TMVR patient selection and overall safety [2]. So far, neo-LVOT estima-
tions relied on static multi-slice computed tomography(MSCT) recon-
structions [3]. A recent study suggested improved accuracy to predict
LVOTO through a multi-phase assessment [4]. We examined the accu-
racy of pre-procedural neo-LVOT prediction in a patient undergoing
nal Cardiology, Thoraxcenter,
D Rotterdam, the Netherlands.
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TMVR with 3DCMs using dedicated software by comparing it with the
post TMVR 3DCMs, both derived from a multi-cycle MSCT.
2. Methods

To evaluate the accuracy of 3DCMs in TMVR, we retrospectively
evaluated the pre- and post-procedural 3DCMs of a 66 year-old Jeho-
vah's witness with a prior history of open mitral valve repair surgery
and cerebrovascular disease, who underwent a transseptal mitral
valve replacement in a degenerated surgical ring(Carpentier-Edwards).
A 26 mm Sapien3(Edwards Lifesciences Ltd., Irvine,CA) transcatheter
heart valve(THV) was successfully implanted within the surgical ring
with a final atrioventricular protrusion depth of 25%:75%(Supplemen-
tary Fig. S1). Discharge transthoracic echocardiogram confirmed ab-
sence of LVOTO(LVOT Vmax 1 m/s, peak gradient 4 mmHg) and no
residual mitral regurgitation. The patient provided written informed
consent for the TMVR procedure and subsequent anonymized data col-
lection for research purposes.
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2.1. MSCT acquisition and creation of 3D computational models

Pre- and post-procedural, ECG-synchronized, contrast-enhanced
(intravenous injection rate ≤4 cc/s), MSCT scans obtained with a dual
source CT scanner(Somatom Force, Siemens Healthcare, Forchheim,
Germany) were used to derive 3DCMs. MSCT image reconstruction
was performed throughout the cardiac cycle at 5% increments of the
R-R interval. The reconstructed slice thickness was 0.6 mm. Each
MSCT was stored in Digital Imaging and Communications in Medicine
(DICOM) files and loaded in dedicated, commercially available segmen-
tation software(Mimics Enlight, Materialise, Leuven, Belgium) which
allowed semi-automated segmentation of the left atrium(LA), left ven-
tricle(LV), proximal aorta and implanted material in each cardiac
phase. The segmented anatomies were converted into 3D mesh struc-
tures, which ultimately comprised the patient-specific 3DCMs of the
left-sided heart(Fig. 1).

2.2. Assessment of LVOT

In the pre-procedural 3DCM, a TMVR simulation was performed in
which a virtual 26 mm Sapien3 valve was fitted in the mitral annular
ring with an atrioventricular implantation depth of 25%/75%(Fig. 2A).
Valve size was selected based on 3D annulus measurements(i.e. mitral
orifice area and derived diameter), depth was set to achieve optimal
neo-LVOT and device sealing/anchoring. Neo-LVOTs in all 3DCMs were
semi-automatically calculated with tracing of the annular ring, THV
Fig. 1. Pre- and post-procedural CT and corresponding 3D computational models. A–B) Pre- an
3DCM of the end-systolic phase with segmented ring(yellow). D) Post-procedural 3DCM of th

94
size, implantation depth and location of aortic valve as the only manual
input. Theminimal neo-LVOT areawas defined by the cross sectionwith
the smallest area. In the post-procedural 3DCM, the virtual THV was
manually projected over the segmented THV to match its position and
perform semi-automated measurements. Subsequently, the neo-LVOT
was semi-automatically calculated(Fig. 2B). The pre-procedural 3DCM
of each cardiac phase wasmatched with their post-procedural counter-
parts based on both R-R interval(%) and visual assessment of both aortic
and mitral valve opening/closing. The manual tracings of the neo-LVOT
areawere also compared with the semi-automated LVOT assessment to
check for concordance and reproducibility.

2.3. Statistics

Continuous variables were presented asmean± standard deviation.
Accuracy of neo-LVOT prediction was explored using an intra-class cor-
relation coefficient(ICC) in a two-way mixed-effects model. Similarly,
the ICC was used to assess reproducibility. Statistical analyses were per-
formed with either SPSS 25.0(IBM, Armonk, New York).

3. Results

Pre- and post-procedural MSCT studies covered cardiac phases
20–70% and 0–100% at a heart rate of 72/min and 82/min respectively.
The isovolumetric relaxation phase (both aortic and mitral valve closed)
was selected as the landmark phase for matching the 5% interval cardiac
d post-procedural three chamber CT images in the end-systolic phase. C) Pre-procedural
e end-systolic phase with segmented valve-in-ring(yellow).



Fig. 2. Prediction of neo-LVOT area after transcatheter mitral valve replacement using computed tomography derived 3D computational models. A) 3DCMs of the pre-procedural CT in
three cardiac phases with a virtual 26 mm valve implanted in the mitral ring(yellow) and predicted neo-LVOT(enclosed by a white dotted line). B) 3DCMs of the post-procedural CT,
matched with the cardiac phases of (A), with the implanted valve in ring(yellow) and actual neo-LVOT(within white dotted line). C) Neo-LVOT areas of the pre-procedural/predicted
(orange) and post-procedural(blue) models. Data points in the dotted ellipses correspond to Figs. 2A–B. The cut-off for neo-LVOT obstruction was 189mm2 [2]. *Models were matched
based on cardiac phase with the mid-isovolumetric relaxation period(visually assessed) as the reference point(45%).
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phases between scans. As we were limited to the scan with the least
amount of scanned phases, a total of 11 matched 3DCM pairs could be
generated (20–70% at 5% intervals equals 11 image sets). The 3DCMs
were completed in ±8 min. Fig. 2C shows the predicted and post-
procedural neo-LVOTs in each cardiac phase. The mean difference be-
tween predicted and post-TMVR neo-LVOT was 3 ± 23 mm2 (through-
out the cardiac cycle) (Supplementary Fig. S2), which was a difference
of 1 ± 8% (range−13%, 11%) from the predicted area. The ICC for abso-
lute agreement between predicted and post-procedural neo-LVOT area
was 0.86 (95%-CI 0.56–0.96, p < 0.001). The smallest neo-LVOT was ob-
served at the end of the isovolumetric relaxation phase in both pre- and
post-procedural models. Mean difference between semi-automated and
manually measured neo-LVOT area was −0.5mm2(Supplementary
Fig. S3) with an ICC for absolute agreement of 0.96 (95%-CI 0.85–0.99,
p < 0.001).

4. Discussion

This report demonstrated excellent accuracy of post TMVR neo-
LVOT prediction throughout the cardiac cycle by means of 3DCMs. The
annuloplasty ring facilitated detailed three-dimensional annulus
95
segmentation and enabled reproducible virtual valve fitting for each
cardiac phase. Repeated semi-automated calculation and measurement
of the neo-LVOT, minimized user error. A previous study reported
greater differences between predicted and post-procedural neo-LVOT
dimensions but applied a different(non-automated) method for LVOT
prediction and excluded patients with prior mitral ring annuloplasty
[4]. The current report is the first to incorporate semi-automated
3DCMs to obtain neo-LVOTdimensions pre- and post-TMVRwhilemak-
ing a comparison throughout the cardiac cycle. Previous reports used
(manual) planimetry to determine the smallest neo-LVOT [4,5] or com-
pared only a limited number of cardiac phases [2].

The smallest neo-LVOTwas observed at the end of the isovolumetric
relaxation phase andmight be explained by a physiologic delay inmyo-
cardial relaxation of the basal segments. This was the only cardiac phase
in which the neo-LVOT was below the cut-off for obstruction [2]. How-
ever, as the ejection phase had already passed, this did not have clinical
consequences. A previous report describing post-TMVR neo-LVOT di-
mensions throughout the cardiac cycle of 38 patients also found the
smallest neo-LVOT areas at 50% of the R-R interval [5].

For thesemodels to be implemented into clinical practice it is impor-
tant to note that the intended implantation depths may not always be
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achieved procedurally, therefore margins should be taken into account
when assessing potential obstruction in 3DCMs. Further caution is war-
ranted for 3DCM-guided neo-LVOT prediction in other mitral valve
morphologies such as a calcified native mitral valve. As these models
do not fully incorporate tissue/device properties, the predicted THV po-
sition might differ from the post-procedural THV position.

Comparison of semi-automated with manual measurements
showed excellent reproducibility and could be an incentive for broader
clinical application because this automated neoLVOT assessment could
be timesaving, especially in the setting of full cardiac cycle modeling.
However, verification of this finding in a larger sample is required.

This report was limited by its design in which actual/implanted THV
protrusion height was retrospectively used in the 3DCM of the pre-pro-
cedural scan. Statements on accuracy of neoLVOT prediction assume
that the estimated target protrusion height of the transcatheter heart
valve would be achieved de facto. Furthermore, with data derived
from a single patient, our findings should be considered preliminary.
However, it shows that 3DCMs could accurately predict post-TMVR
neoLVOT dimensions and its dynamic changes throughout the cardiac
cycle in a patient with a pre-existing mitral annular ring. Further, pro-
spective, research is required to demonstrate the accuracy of these
models in larger samples and different phenotypes of the mitral
annulus.
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