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The assessment of the neo-left ventricular outflow tract (neo-LVOT) area is an essential metric for pre-procedural
imaging when screening patients for transcatheter mitral valve replacement (TMVR) eligibility. Indeed, the
implantation of transcatheter heart valves for treating failed annuloplasty band ring (ViR), bioprosthesis (ViV)
and mitral valve calcification (VIMAC) can lead to a permanent obstruction of the implanted device (namely,
LVOT obstruction). In this study, in silico computational modeling and 3D printing were used to quantify the
neo-LVOT area and the resulting hemodynamic outcomes of TMVR. We first simulated the deployment of the
SAPIEN 3 Ultra device (Edwards Lifesciences, Irvine, CA) and then evaluated the pressure drop near the LVOT
obstruction using computational fluid dynamics. The neo-LVOT area was largest in patients with ViR (453.4 +
58.1 mmz) compared to patients with ViV (246.6 + 109.5 mmz) and VIMAC (155.6 & 46.1 mmz). The pressure
drop near the LVOT obstruction differed among patients with TMVRs and significantly correlated with the
magnitude of the neo-LVOT area (R = —0.761 and P-value = 0.047). The present study highlights the potential of
in silico and 3D printed models for planning TMVR procedures and for carrying out a risk evaluation of the
device protrusion into the left heart when treating failed mitral valves.

1. Introduction risk of narrowing the left ventricular outflow tract (LVOT) as the device

permanently displaces the native anterior mitral valve leaflet towards

Transcatheter mitral valve replacement (TMVR) has gained
increased interest as a novel and less invasive treatment for patients with
significant regurgitation and high risk of conventional mitral valve
surgery [1,2]. TMVR is currently carried out using transcatheter heart
valves designed for the non-invasive treatment of the aortic valve. A
spectrum of TMVR procedures is used in off-label applications in the
mitral space, including mitral valve-in-ring (ViR), valve-in-valve (ViV),
or valve-in-mitral annulur calcification (VIMAC) [3-6]. However, the
structure and function of the mitral valve are complex, being charac-
terized by a highly-dynamic, non-planar and non-circular annulus with
the subvalvular apparatus. TMVR consists of delivering a transcatheter
heart valve that allows for adequate sealing and anchoring whilst being
able to accommodate the failed mitral valve annulus and its motion
during the beating of the heart. The procedure carries the unfavorable

the intraventricular septum [7,8]. This protrusion of the device into the
original LVOT (LVOT obstruction) represents a potentially fatal
complication, with an incidence of approximately 7%-9% in TMVR
procedures [9]. Current clinical trials indicate that LVOT obstruction is
an exclusion criterion for nearly 50% of patient candidates for TMVR
[10].

The risk of LVOT obstruction is different among specific patient
populations [11]. In the setting of failed bioprosthesis (i.e. ViV), the risk
of LVOT obstruction may vary depending on the original implant, with
height rather than size playing an important role in the extension of the
obstruction. In this group, the risk of LVOT obstruction is in the range of
2.2%-2.6% in TMVR patient cases [12]. Similarly, mitral ViR is asso-
ciated with high rates of obstruction, occurring in 5%-8% of procedures
in a multicenter study [6]. The type of annuloplasty band ring (i.e. rigid
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versus flexible) can influence the level of device adaptation to the failed
mitral valve, but ring compliance appears not to change the patient
outcome [11]. In patients with VIMAC, LVOT obstruction is the most
important factor for adverse events and the mortality rate is reported to
be as high as 45% in post-TMVR clinical studies [11].

Pre-procedural computed tomography (CT) imaging is the only tool
available for risk stratification of patients with borderline anatomies at
high risk of developing LVOT obstructions. Successful predictions of risk
rely on the utilization of CT images to measure the minimal area
confined by the implanted device and the interventricular septum cor-
responding to the LVOT obstruction [8]. This region, called the “neo--
LVOT”, represents a good predictor of TMVR-related complications
[12]. While the value of converting the CT dataset into anatomically
accurate models for in vitro device bench testing has been demonstrated
[13], in silico predictions of neo-LVOT have been poorly investigated
[14-17]. Indeed, patient-specific simulations may address the short-
comings of a pure geometric analysis, like the approach proposed by
Blanke and collaborators [8] to estimate the neo-LVOT area from
pre-TMVR CT imaging.

In this context, this study aims to quantify the neo-LVOT area in
TMVRs and compare the biomechanical performance of implanted de-
vices among patients with ViR, ViV and VIMAC. The correlation of neo-
LVOT area measurements done by post-TMVR CT imaging with in silico
predictions and 3D printed models are assessed. Computational fluid
dynamics are also used to quantify the pressure drop near the narrowed
LVOT and, thus, the hemodynamic impairment induced by the device
obstruction.

2. Methods
2.1. Patient study population

The patient study group is represented by 7 patients who underwent
transapical TMVR procedures with the SAPIEN 3 Ultra device (Edwards
Lifesciences, Irvine, CA) at the organ-transplant institute ISMETT IRCCS.
The full spectrum of TMVR procedures in different types of failed mitral
valve were considered, including 2 patients with ViR, 3 patients with
ViV, and 2 patients with VIMAC. Patients with ViR had a previous his-
tory of annuloplasty with the Sorin Memo 3D ring (Sorin Group Italia
SrL, Italy), followed by multiple episodes of mitral valve failure (ViR-
Case#1) or left ventricular dysfunction (ViR-Case#2). Patients with ViV
presented with mitral valve failure of a previous bioprosthetic heart
valve (Carpentier-Edwards Perimount Magna, Edwards Lifesciences,
Irvine, CA) and had a high risk of re-do surgery. Severe mitral valve
calcification characterized elderly patients with VIMAC. Pre-operative
ECG-gated CT imaging was carried out in all patients to assess the
mitral valve annulus and, thus, evaluate the optimal size of the intended
SAPIEN 3 Ultra. The spatial resolution of the CT imaging was 0.488 x
0.488 x 0.625 mm. In all cases, the SAPIEN 3 Ultra was placed with 1/3
of the height in the left atrial position and the remaining part inside the
LVOT, as suggested by the manufacturer guidelines [18]. For 5 patients,
post-TMVR CT imaging was performed to measure the neo-LVOT area.
For the other patients, a second CT scan in the short follow-up period
was not feasible because of renal dysfunction in the context of advanced
age. In these cases, the neo-LVOT area was calculated using the Mimics
Enlight TMVR structural planning tool (Materialise, BE) and the
pre-TMVR CT images. The study was approved by the local ethical
committee, and all patients signed informed consent prior to enrollment.

2.2. Segmentation

For all patients, ECG-gated CT images at the end-systolic phase were
segmented using the medical imaging software Mimics (v21, Materi-
alise, BE) [19]. Semiautomatic thresholding using several colored masks
was used to reconstruct the left heart (i.e. both atrium and ventricle) and
the proximal aortic root. Segmentation was initiated by thresholding on
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the axial view and then fine tuning of the initial colored mask was
performed using both coronal and sagittal views. While the left
myocardial wall was segmented, solid models of both the left atrium and
aorta were obtained, protruding the luminal surface mask by 4 mm and
2 mm, respectively. Segmentation was also developed for the band ring
in ViR and the bioprosthesis in ViV cases. For VIMAC, the severe calci-
fication pattern near the mitral valve annulus was distinctly segmented
from the left heart mask. Smoothing and refinement were adopted to
improve mesh quality whilst preserving the native heart anatomy. For
ViR and ViIMAGC, the mitral valve was modeled using a parametric model
and anatomic measurements described previously by our group [20].
Specifically, the length of mitral valve leaflets was measured at CT scan
(see Table 1) and then used to model the free edges of the mitral valve in
the Grasshopper toolbox of Rhinoceros (v.7.1, McNeel & associates, WA,
USA). Thus, two surfaces interpolating the mitral valve boundaries were
realized to model both the anterior and posterior mitral valve leaflets.
All anatomic parts were then meshed with tetrahedral elements with
different refinements (see Table 1A) using the ICEM meshing tool
(v2021, Ansys Inc, PA, USA).

2.3. Patient-specific models

For the sake of simplicity, the left atrium and aorta were assumed to
be a quasi-incompressible Neo-Hookean material with descriptors of
C10 = 0.17 MPa and D1 = 0.3 MPa .. Linear elastic material properties
were used for calcification, as in other studies (E = 10 MPa and v =
0.475) [21,22]. Both active and passive material properties were used
for the myocardial wall, as in a similar study based on a Living Heart
Human Model [15,23]. The active stress in the cardiac fiber direction
was generated by a time-varying elastance model, which was activated
using a fictitious temperature field during the simulation of the cardiac
beat. The passive left-ventricular behavior was mimicked using the
Ogden and Holzapfel anisotropic hyperelastic constitutive law [24],
which has been used in several cardiac simulation studies [25,26].
Myocardial fiber direction was provided using a local coordinate system,
while a fiber angle of +60 deg from the epicardium (positive value) to
the endocardium (negative value) was implemented. For the mitral
valve, the anisotropic hyperelastic material model proposed by Hol-
zapfel-Gasser—-Ogden was adopted with material parameters based on
literature data and a fiber orientation of 13 deg [27]. Table 2A sum-
marizes the material descriptors for the myocardium and mitral valve.
For the myocardium and left atrium, a mesh resolution of 0.5 mm was
adopted to capture the complex geometrical shape of the patient
anatomy.

Table 1
Clinical demographic, device size and post-TMVR measurement of neo-LVOT.
Age Annulus Size  Mitral Valve Device neo-
(yrs) (mm) Length (mm) Size (mm) LVOT
(mm?)
ViR- 70 20.4-25.3 15.7-12.7 26 348.4
Case#1
ViR- 71 23.2-25.4 18.0-10.3 23 455.8
Case#2
Viv- 84 29.1-31.2 / 29 318.1
Case#1
ViVv- 74 24.5-25.2 / 26 462.1*
Case#2
Viv- 78 21.9-22.7 / 26 147.3
Case#3
ViMAC- 71 12.7-24.9 8.7-10.9 23 154.4
Case#1
ViMAC- 82 22.7-21.1 7.4-9.2 26 110.2*
Case#1

Note: for annulus size, the minimum and maximum dimensions are taken; for
mitral valve, the posterior and anterior leaflets are reported; *indicates mea-
surements based on pre-TMVR CT images and Mimics Enlight software.
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Table 1A
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Material parameters adopted for the device and isotropic materials; E = Young modulus; v = Poisson coefficient; C10 = material constant; D1 = incompressibility
factor oy, = yield stress; 6, = ultimate tensile stress; €, = plastic strain; p = viscosity; D = density.

E (MPa) v C10 (MPa) D1 (MPa™ 1) 6y (MPa) Gy (MPa) [ p (Pas) D (kg/m3) Element Number (thousand)
Left Atrium 0.49 0.17 0.3 1060 18.5-19.8
Aorta 0.17 0.3 18.4-24.5
Calcification 10 0.47 2000 11.1-19.7
Band Ring 8000 9.5-10.2
Bioprosthesis 1.7 0.65 1060 27.1-28.8
S3 Ultra - Stent Wire 233e+3 0.35 414 930 0.45 8000 59.2
Sealing Skirt 55 0.49 6.6 6.6 0.6 8000 3.5-3.7
Balloon 600 0.3 1060 62.8

Fluid

3.7 x 1073 1060 1.2e4+3-1.7e+3

2.4. Band ring, bioprosthesis and SAPIEN 3 ultra models

For patients with ViR, the band geometry was obtained by sweep
protrusion of a circular curve perpendicular to the band ring centerline
derived from ECG-gated CT images. The cross-section of the circular
curve had a diameter of 3 mm. The constitutive material descriptors
reported by Morganti et al. [28] were used to model the Nitinol material
of ViR cases. Tetrahedral elements with a size of 0.8 mm were used to
mesh the band ring geometries. Wire connections were developed to link
the band ring to the left heart anatomies.

For patients with ViV, the bioprosthesis stent wire was modeled
using a curve spline centered on the bioprosthesis mask seen at CT im-
aging and then modeled using beam elements with a circular cross-
section of 1 mm. The cobalt-chromium alloy of the stent wire was
modeled using Von Mises plasticity and isotropic hardening using
literature data [29]. Apart from the stent wire, the bioprosthesis was
assumed to be a fabric polyester material using a Neo-Hookean model
(C10 = 1.7 MPa and D1 = 0.65 MPa_l) [30]. The device was then
meshed with tetrahedral elements, with the beam elements describing
the stent wire tied to the bioprosthesis model.

The SAPIEN 3 Ultra and balloon delivery systems were used to mimic
the TMVR described previously by our group [14]. In brief, the metallic
frame of the 26 mm SAPIEN 3 Ultra was meshed with nearly 60,000
structured-hexahedral solid elements with reduced integration
(C3D8R). The 23 mm and 26 mm devices were obtained as scaled ver-
sions of the 26 mm model. As for the bioprosthesis, the cobalt-chromium
alloy of the stent frame was assumed to have Von Mises plasticity and
isotropic hardening. The sealing skirt was obtained by closing the struct
cell geometries with several surfaces modeled at mid-thickness of the
device frame at the crimped stage. These surfaces were meshed with
triangular shell elements assuming a thickness of 0.1 mm and then
connected to the device frame wusing tie contact conditions.
Elastic-plastic material properties were adopted to simulate the poly-
ethylene terephthalate material of the sealing skirt [30]. The balloon
delivery system was obtained by reverse engineering of photographic
images at a known scale to identify the outer profile of the balloon
system. Membrane elements (M3D4) with a thickness of 0.1 mm were
used for the balloon, which was assumed to be a linear-elastic material
(E = 600 MPa and v = 0.3).

2.5. Finite element model of TMVR

Simulations of the SAPIEN 3 Ultra deployment followed by the car-
diac beat were carried out using Abaqus/Explicit finite element solver
(v.2020, Dassault Systemes, FR). The SAPIEN 3 Ultra was crimped using
a rigid dodecahedral surface and gradually moved along the radial di-
rection from the nominal device diameter to the final diameter (e.g. 4.5
mm for the 26 mm device). A simulation step (0.1 s) was added to ac-
count for the elastic recoil induced by the elastic-plastic behavior of the
device frame. A similar approach was adopted to deflate the balloon
delivery system by constraining the distal ends in all directions. Once the
skirt was modeled, the system was assembled and then positioned in the

failed mitral valve. Both frictionless and “hard” normal behavior contact
conditions were used to account for the interaction between the device
and the balloon.

For deployment, the fluid-cavity approach was used to simulate a
volume-controlled device expansion realistically. The fluid material
properties were calibrated to ensure the filling of the balloon with the
nominal volume recommended by the manufacturer (e.g. 21 mL for the
26 mm device). As boundary conditions, the distal ends of the left atrium
and aorta were fixed in all directions. The deployment was carried out
with the mitral valve at the open stage and in steady-state conditions.
Tie contacts were defined among the anatomic parts, while the general
contact algorithm implemented in Abaqus/Explicit was used to account
for the anatomic part interactions. After the deployment step (0.5 s), an
additional step was added to allow for the elastic recoil of the device
caused by the hyperelastic behavior of soft tissue parts. Then a cardiac
beat starting from the diastole (0.5 s) and ending with systole (0.3 s) was
developed. A mass scaling approach was implemented to reduce the
computational cost whilst maintaining the ratio of kinetic energy to
internal energy at magnitudes <10%. A Rayleigh damping factor was
used to control the dynamic response of the anatomic models and device
delivery systems.

2.6. Computational flow analysis

Deformed geometries of the left heart and deployed devices were
exported at the end-systolic phase to generate the fluid domain. These
were then meshed with tetrahedral elements with a size of 0.6 mm.
Laminar flow conditions and non-Newtonian viscosity described by the
Carreau model were assumed [31]. Computational flow analyses were
carried out using an implicit algorithm in FLUENT (v21, ANSYS Inc.,
Canonsburg, PA, USA), with SIMPLE for pressure correction and the 2nd
order accuracy upwind scheme. For boundary conditions, a flow ve-
locity profile was set at the left atrium while a pressure outlet profile was
imposed at the aortic root [16]. Three cardiac beats were simulated to
reduce the effect of transient flow on the resulting hemodynamics, and
the last cycle was used for flow analysis.

2.7. 3D printing

The upper portion of the left ventricle of each patient was manu-
factured by 3D printing with the goal of fitting an ideal device and then
quantifying the neo-LVOT area by CT imaging. Only the upper portion of
the left ventricle was developed to facilitate the positioning of the
intended device. The left atrium and aorta were not included in order to
achieve an open geometry and, thereby, allow direct visualization of the
device obstruction For ViR and ViIMAC cases, the band ring and bio-
prosthesis were integrated in the left heart anatomy of each patient.
Stereolithography (SLA) rapid prototyping technology (Form 3B+,
Formlabs, MA, USA) was used to realize the model using a rigid grey-
colored resin. A layer thickness of 0.05 mm was used to capture the
changes in the curvature of the heart models. An ideal cylindrical sur-
face with dimensions similar to the SAPIEN 3 Ultra was manufactured
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Table 2A

material constants of isotropic

fiber dispersion parameter; a and b =

material constant of isotropic response; k; and k, = material constant of fiber response; k =

Material parameters of mitral valve and left ventricle; C10

response; as and by

material constants of stiffness in sheet direction.

material constants of stiffness in fiber direction; ag and b, =

Element Number (thousand)

D (kg/mg)

b as (MPa) bs ag (MPa) bys Cayo (pmol/L)

as (MPa)

b

a (MPa)

k

k; (MPa) ky, (MPa)

C10 (MPa)

19.8-22.3

1060
1060

1.2e-4 1.1e-3 8.4e-3 8.0e-2

Mitral Valve

171.4-185.6

2.66

2.0

1.1e-2

2.0

2.0e-1

5.0

5.0e-1

12.0

4.0e-1

Left Ventricle
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with an elastic resin (shore hardness of 50A and elongation at failure of
160%) and then manually placed in the stiff 3D printed anatomic parts.
A CT scan was then carried out on the 3D printed model to measure the
neo-LVOT area.

3. Results

Fig. 1 shows the end-systolic deformed shapes of the left heart with
implanted devices for three representative patients with ViR, ViV and
ViMAC. The neo-LVOT area was calculated using the approach proposed
by Blanke et al. [8]. Once the centerline of the aortic root and native
LVOT was created, the anatomic geometry was cut with a cross-sectional
plane normal to the centerline near the smallest neo-LVOT area seen
between the device frame and the myocardial wall. The view from the
aortic root clearly highlighted the obstruction induced by the protrusion
of the device frame and the permanently displaced mitral valve. Fig. 2
shows a detailed view of the neo-LVOT area for each patient. The pa-
tients with ViR had the largest values of neo-LVOT area (average of
453.4 +58.1 mmz, n = 2) compared to patients with severe mitral valve
calcification (155.6 + 46.1 mmz, n = 2). Patients with ViV had a
neo-LVOT area of 246.6 + 109.5 mm? (n = 3). F ig. 3 shows the changes
in neo-LVOT area over a cardiac cycle for three patients with ViR, ViV
and ViMAC. While a minimal neo-LVOT area was observed at
end-systole, the end-diastole had nearly a 48% increase in the magni-
tude of the neo-LVOT area.

Fig. 4 displays the end-systolic pressure distribution encompassing
the neo-LVOT obstruction for all patients who underwent TMVR. We
also calculated the pressure drop between the left ventricle and the neo-
LVOT region. Pressure distributions demonstrate that the device elon-
gation and displaced mitral valve lead to a narrowing of outflow regions
characterized by pressure drops with differences from patient to patient.

Imaging of actual post-TMVR and 3D printed models are shown for a
representative patients with ViR (Figs. 5 and 6). Linear regression and
Bland-Altman plots were adopted to establish the degree of concordance
and agreement of post-TMVR CT measurements of neo-LVOT with those
predicted by both in-silico and 3D printed models (Fig. 7). The corre-
lation coefficient was R = 0.992 between post-TMVR CT and compu-
tational measurements (95% confidence interval, CI = 0.990-0.996, P-
value<0.001) and R = 0.965 between post-TMVR CT and 3D printed
models (95% confidence interval, CI = 0.982-0.988, P-value <0.001).
Neo-LVOT measured by post-TMVR CT imaging had a bias of £37.1
units compared to computational predictions (limits of agreement =
2.9-71.3) and bias of +30.0 units compared to 3D printed replicas
(limits of agreement = —55.0 — 115.2).

A linear regression analysis was performed correlating pressure drop
predictions with neo-LVOT area as determined by post-TMVR CT im-
aging (Fig. 8). A negative relationship was found between the CT-related
neo-LVOT area and computational pressure drop estimations, with a
Pearson correlation coefficient of R = —0.761 and P-value of 0.047.

4. Discussion

The main finding of this study is a deep understanding of prosthesis
delivery in failed mitral valves and the resulting LVOT obstruction
individualized for each heart, which was determined by the use of in
silico modeling and the generation of 3D printed replicas. Accurate pre-
procedural assessment of patient suitability for TMVR still remains of
paramount importance in diminishing the occurrence of clinically-
relevant LVOT obstructions and ultimately adverse events. This study
presents the expansion and validation of in silico and in vitro methods
for predicting the impact of neo-LVOT area on the structure and he-
modynamics of the left heart in patients with TMVR.

In line with previous findings from both clinical studies and basic
science [12,32,33], the neo-LVOT area can be assessed using baseline CT
data sets in combination with advanced computer simulations and 3D
printing techniques. Ooms et al. [34] emphasize the utilization of
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Fig. 1. Different 3D views of LVOT obstruction and its neo-LVOT area for three TMVR patients with ViR, ViV and ViMAGC; the centerline and cross-section shows the

regions where the neo-LVOT areas are computed.

computational and 3D printed modeling as physicians can benefit from
patient-specific risk stratification strategies and hands-on procedural
planning. Computational modeling allows estimations of the neo-LVOT
area and complements 3D printing, which in turn offers the opportunity
to evaluate the device’s impact in life-size anatomic replicas. Major
findings from in silico report the feasibility of computational fluid dy-
namics for quantifying the stenotic flow induced by the protruded de-
vice into the left ventricular chamber [13,17,35]. Using computational
fluid dynamics, an increase in the left ventricular afterloads and the
presence of systolic flow disturbances are observed near the neo-LVOT
region in models with idealized shapes of LVOT obstruction [36].
Recently, Hill and collaborators [37] have demonstrated in three pa-
tients with VIMAC that computational flow analysis can predict the as-
sociation between the size of the neo-LVOT area and the increase in
pressure gradient across the obstruction. The higher the neo-LVOT area
is, the lower the pressure drop. They also highlight the potential for
thrombus formation near the device implanted in the calcified mitral
valve leaflets, as the combination of high shear stress magnitude and
long exposure time to shearing may lead to platelet activation and ul-
timately to early device failure. However, to the best of our knowledge,
this is the first study reporting computational findings of TMVRs with
degenerated bioprostheses, failed annuloplasty rings and mitral annular
calcification. The fact that we have found high values of neo-LVOT areas
for patients with ViRs with respect to those in patients with ViV and
ViMAC is in agreement with clinical findings [12]. In patients with and
without LVOT obstruction, imaging measurements highlight that pa-
tients with ViR have significantly higher values of neo-LVOT areas
compared to patients with VIMAC [11,12]. Patients with ViV also have
lower obstructions than ViR patients. Although there is no established

cutoff value that works for all transcatheter heart valves, a neo-LVOT
area ranging from 1.7 to 1.9 cm? represents a safe condition for deliv-
ering the SAPIEN 3 device in a failed mitral valve [11]. In all cases re-
ported here, the neo-LVOT area estimations are above the cutoffs for
adverse events associated with LVOT obstructions. We have also found
that the pressure drop varies markedly among different types of TMVR
procedures. For instance, the patient with ViR and a neo-LVOT area of
412.3 mm? had a pressure drop of 7.3 mmHg, which is higher than the
patient with ViMAC having an obstruction of 188.2 mm? and a pressure
drop of 5.6 mmHg. This suggests that factors other than the neo-LVOT
area alone may play an important role in the hemodynamic distur-
bances induced by the implanted device. An interplay between the
implanted device and the surrounding myocardial tissue is expected to
occur after TMVR. Recent data suggests that the annulus-to-septal dis-
tance, the dimension and mass of the left ventricle at end diastole, and
myocardial thickness are predisposing factors to a high risk of LVOT
obstruction [11]. If such factors are corroborated in a large patient
cohort, there will be clear evidence that patient-specific methodologies
for the screening of the anatomic suitability for TMVR are needed to
quantify the multifactorial risk of LVOT obstruction.

Using CT imaging, two pre-procedural methods for the estimation of
the minimum neo-LVOT area have been proposed [35]. In the first
method, the neo-LVOT area was assessed by embedding a virtual valve
in the CT images, and then the minimum value of the area confined by
the virtual valve and the tissue wall was computed by planimetry on the
cross-sectional image plane perpendicular to the aortic centerline. Using
this method, the cutoff for adverse events related to LVOT obstruction
was an area <170.0 mm? [12]. The second method relied on CAD
modeling, where a virtual device surface was implanted in the
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Fig. 2. Specific views from the aortic root showing the neo-LVOT area for each TMVR patients.
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Fig. 3. Profiles of neo-LVOT area changes over the cardiac beat for three
representative patients with ViR, ViV and VIMAGC; patient with ViR had cardiac
beat of 72 bpm, patient with ViV had 65 bpm and patient with ViMAC had
74 bpm.

CT-derived model of the left heart anatomy and was then virtually tested
on the screen for assessment of the device obstruction. The CT-derived
model was also 3D printed to facilitate the visual inspection of device
protrusion into the left heart, thereby overcoming the limitations of 2D
imaging and allowing the investigation of different depths and angles of
the device deployment. One study using this method revealed a cutoff
value of the neo-LVOT area of 189.4 mm? as an indicator for

complications [34]. While direct comparisons of the clinical accuracy of
neo-LVOT predictions in pre- and post-TMVR imaging have demon-
strated an excellent correlation with high reproducibility and accuracy
[34], the performance of neo-LVOT predictions with CAD virtual
manipulation and 3D printing needs to be assessed. In this study, we
tested the level of agreement of neo-LVOT area CT-related predictions
with both 3D printed models and numerical simulations. Although our
findings need to be validated in a large patient cohort, the direct com-
parison between 3D printed models and CT images allows us to better
understand the impact of candidate materials (i.e. rigid versus flexible)
for rapid prototyping on the development of accurate replicas. While the
calcified plaques, the annuloplasty and the ring can be considered rigid,
the heart anatomy is a soft and compliant tissue that ought to be man-
ufactured with flexible materials. It should be noted, however, that the
deformed shape of an LVOT obstruction is the result of a balance be-
tween the radial forces exerted by the device frame and the elastic recoil
of the myocardial tissue.

5. Limitations

This study is limited by the small group of patients undergoing
TMVR; indeed, the findings need to be validated in a large patient
cohort. TMVR is considered a potential treatment only for elderly pa-
tients at risk of conventional mitral valve surgery. A multicenter clinical
study is, therefore, recommended to increase the sample size and, hence,
the specific patient populations for ViR, ViV and ViMAC. Moreover,
post-TMVR CT imaging was not feasible for two of our patients, so the
neo-LVOT areas were computed using the pre-TMVR CT and a virtual
device model. This may have influenced the comparisons of neo-LVOT
areas across different methodologies. Segmentation of patient-specific
anatomies included morphological operations and smoothing, which
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Fig. 4. Map of end-systolic blood pressure showing the impact of LVOT obstruction: the pressure drop was calculated between the left ventricle and neo-

LVOT region.

may have altered the final model accuracy. From a computational point
of view, the biomechanical response of the left heart during cardiac
beating was not calibrated against clinical data. In cardiac simulations,
the material properties of both passive and active responses can be
iteratively adjusted so that the simulation output can match the end-
diastolic and end-systolic left ventricular volume seen by echocardiog-
raphy [26]. Computational modeling can be utilized to investigate the
impact of implantation depth on the risk of LVOT obstruction. However,
it should be noted that the manufacturer recommends an optimal im-
plantation depth of one-third the device length on the left ventricle to
prevent device migration and potential complications. Finally, 3D
printed models were fabricated using a rigid material which did not

consider heart compliance nor the deformation occurring when the
device is implanted manually. 3D printed model accuracy can be
influenced by process parameters such as the light curing, spot diameter
compensation and scanning speed and distance. Though the present
study represents a step towards the understanding of TMVR, further
studies on large patient cohorts and more comprehensive computational
models are needed to corroborate our findings. Using a large patient
cohort, patient subgroups can be arranged to generate more homoge-
nous patient population and thus reducing the potential bias among
TMVR types likely occurring in this study. Future studies should also
include a flexible material behavior for developing 3D printed models.



C. Catalano et al.

Fig. 5. 3D printed models and related CT imaging of the left heart for the
patient with ViR.

6. Conclusion

Using computational modeling and 3D printing, the LVOT obstruc-
tion resulting from TMVR was quantified and compared among patients
with ViR, ViV and ViMAC. The spectrum of TMVRs in failed bio-
prosthesis, band ring and mitral valve calcified leaflets can lead to dif-
ferences in the structural and hemodynamic indicators of an LVOT
obstruction. This study further demonstrates the need for patient-
specific simulations for pre-TMVR planning and for the assessment of
risk induced by the device obstruction in the left heart.

(A) Sagittal View
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