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Abstract

Purpose—Transcatheter aortic valve replacement (TAVR) is
a minimally invasive treatment for high-risk patients with
aortic diseases. Despite its increasing use, many influential
factors are still to be understood and require continuous
investigation. The best numerical approach capable of
reproducing both the valves mechanics and the hemodynam-
ics is the fluid—structure interaction (FSI) modeling. The aim
of this work is the development of a patient-specific FSI
methodology able to model the implantation phase as well as
the valve working conditions during cardiac cycles.
Methods—The patient-specific domain, which included the
aortic root, native valve and calcifications, was reconstructed
from CT images, while the CAD model of the device, metallic
frame and pericardium, was drawn from literature data.
Ventricular and aortic pressure waveforms, derived from the
patient’s data, were used as boundary conditions. The
proposed method was applied to two real clinical cases,
which presented different outcomes in terms of paravalvular
leakage (PVL), the main complication after TAVR.
Results—The results confirmed the clinical prognosis of mild
and moderate PVL with coherent values of regurgitant
volume and effective regurgitant orifice area. Moreover, the
final release configuration of the device and the velocity field
were compared with postoperative CT scans and Doppler
traces showing a good qualitative and quantitative matching.
Conclusion—In conclusion, the development of realistic and
accurate FSI patient-specific models can be used as a support
for clinical decisions before the implantation.

Keywords—Transcatheter aortic valve replacement (TAVR),
Transcatheter aortic valve implantation (TAVI), Fluid-
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structure interaction simulation (FSI), Aortic valve, Pa-
tient-specific numerical model, Finite-element analysis (FE).

INTRODUCTION

Transcatheter aortic valve replacement (TAVR) is a
minimally invasive procedure that is being increasingly
adopted in the valvular diseases treatment (e.g., aortic
stenosis) as it constitutes a solution for patients with
adverse indications for standard surgery.”® Recently,
TAVR has been shown to represent a non-inferior
alternative to classical surgical aortic-valve replace-
ment (SAVR) not only for high-risk patients but also
for intermediate-risk ones.®> TAVR consists of the
insertion of a stented valve in the aortic root using a
catheter through the femoral, the subclavian or the
carotid artery. In some cases, due to severe aortic
stenosis, it is necessary to perform a balloon valvulo-
plasty to predilate the aortic annulus.

Nowadays, there are two families of transcatheter
aortic valves approved by the Food and Drug
Administration (FDA), namely balloon-expandable
and self-expandable transcatheter aortic valves.*> The
former consists of a stent made by an elasto-plastic
metal, the latter by a Nitinol super-elastic alloy. Both
types of transcatheter aortic valves are equipped with
tri-leaflet porcine or bovine pericardial tissue valve and
an internal and/or external skirt to facilitate the leaflet
anchoring to the stent and to reduce paravalvular
leakage.
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Despite transcatheter aortic valves are a proven
technology since the first implantation in 2006,%° many
influential factors are still to be understood and require
deeper investigation. In fact, TAVR procedure pre-
sents a different pattern of adverse events with respect
to the SAVR.”

From a hemodynamic viewpoint, the most common
complication after TAVR is the presence of leaks,**
which undermines the long-term success of the
implant.> In particular, paravalvular leaks (PVLs)
appear due to the gap between the stent and the aortic
wall, while supra-skirt leaks (SSL) happen when the
prosthesis is placed too proximal with respect to the
valvular annulus.”” Post-procedural leaks are evalu-
ated by means of echocardiography. PVLs are classi-
fied by the Valve Academic Research Consortium
(VARC)-2*° in no leaks, mild (< 30 mL/beat of
regurgitant volume (RV) and 0.10 cm® of effective
regurgitant orifice areca (EROA)), moderate (30-59
mL/beat of RV and 0.10-0.29 cm? of EROA) and
severe (more than 60 mL/beat of RV and 0.30 cm? of
EROA).>* The post-procedural leaks have been eval-
uvated in several experimental works for the most
common commercially available devices.”'”%” Addi-
tionally, valve regurgitation can trigger other impor-
tant complications after TAVR, such as hemolysis and
thrombosis.”” Recently, a high incidence of leaflets
thrombosis following TAVR has been reported,” in
addition to dyspnea and increased gradients.”® In this
regard, the governing international standard for the
development of transcatheter prosthetic heart valve
(ISO 5840) requires the thrombus evaluation by using
an integrated in-vitro, in-silico and ex-vivo approach.
As a matter of fact, the FDA indicated the hemody-
namics as key in the development of the Ileaflet
thrombosis.*’ Leaflets thrombosis is also correlated
with flow stagnation'’; indeed, non-physiologic
hemodynamic condition in Valsalva sinuses after
transcatheter aortic valve implantation was detected
with particle image velocimetry tests and was associ-
ated with stagnation zones at the base of the sinus in a
reconstructed aortic root.””

From a structural viewpoint, TAVR is associated
with other complications. The transcatheter aortic
valve position is a critical aspect because the device
could migrate into the ventricle or in the aorta if it is
deployed too low or too high with respect to the aortic
annulus.'' This issue, which is scarcely controlled
during valve implantation, has obvious important
consequences. Furthermore, the conduction system,
situated in the interventricular septum, could be com-
promised after TAVR leading to an atrioventricular
block with consequent permanent pacemaker require-
ment.®® The eccentric distortion of the implanted de-
vice is strictly correlated with the dynamic leaflet
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deformations®’ and with the asymmetric opening of
the leaflets, which could compromise the long-term
valve durability.®® Another complication is the coro-
nary arteries occlusion, which could be caused by a
misplacement of the device or by calcified native leaf-
lets blocking the coronary inlets.”' Finally, an impor-
tant complication related to TAVR is the potential
vascular damage provoked by the large-caliber sheaths
used during the procedure, which can cause endothelial
dysfunction and elevated circulatory levels of
microparticles.*

The previously mentioned complications are diffi-
culty predictable by the clinicians because of the sig-
nificant patient-to-patient variability in terms of
geometry and morphology of the pathological valve.
In this context, the development of tools able to
reproduce the clinical procedure is crucial. Numerical
simulations allow obtaining predictive information
about the behavior of a medical device and
understanding the interaction with the anatomical
structures. The approach followed in the numerical
studies on transcatheter aortic valves can be divided
into idealized and patient-specific. The idealized
approach aims at the investigation of numerical
methodologies, technical aspects and specific clinical
questions, with simplified models of complex struc-
tures,|:3241:4247.52.53.1274757882 The  patient-specific
approach is characterized by the segmentation and
reconstruction of the anatomical geometry from com-
puted tomography (CT) or magnetic resonance imag-
ing. 47 11-13-T6.18.21123.28,35.37.48.56.57.61.65.66.79.81 This
approach is more labor-intensive and time-consuming
as compared to the first one but in favor of a more
realistic representation of the clinical situation.

Numerical investigations include structural finite
element (FE), computational fluid dynamics (CFD)
and fluid-structure interaction (FSI) analyses. Table 1
concisely summarizes the main numerical studies per-
formed on TAVR until now.

FE analyses allow the investigation of the structures
to be performed, by solving the continuum mechanical
equations. The crimping and release steps of the
TAVR procedure were analyzed in terms of generated
radial forces,”* by evaluating also the influence of the
pericardium leaflets and skirt.">* The presence of soft
tissues in the numerical models involves the appropri-
ate choice of the material constitutive law. This influ-
ences the resulted stress fields, which could be
associated with clinical parameters, like the risk of
inflammatory processes or annulus injuries.’” In the
literature, different material models for the aorta have
been considered, from linear elastic to isotropic or
anisotropic hyperelastic.>*>” Moreover, the presence of
calcification has a relevant impact on the TAVR out-
come. In several studies,?***">" calcium deposits and



439

On the Modeling of Patient-Specific Transcatheter Aortic Valve Replacement

BAJeA OlJo. Joleyleosuel |

Jopow oyoads-juaned

- ad ‘leusre JH ‘leusiely
(ewely a8y} Ajuo) JuswAojdeq 34 - - ‘Wl oug 3s N N ‘wae youg 1918 18 0uBIeyOAQ
s|oiselq ad ‘[eusieiy 37 ‘[eusiey
(sweuy ay} Ajuo) JuswAhojdeq 34 - Y. ‘wae youg 3s V. N ‘wee youg o5 [E 10 nuebiop
sloiseiq
- 34 - A - - - - - ¢gUNS pue ule
9[040 |In4
- IS4 pue 34 - A - - - - - sy 1B 18 OB\
s|oiseiq
- 34 - A - - - - - 2yUNS pue 17
aloiselq
- ado A A ‘wae pidiy 3S N A ‘wae pidiy g, 18 19 2i8bver oQ
- 3d ‘[eusieN 37 ‘[eusiey
(swreuy ay} Ajuo) JuswAhojdeq 34 - - ‘wele weag 3s N N ‘wold |1vUS . Ie 19 suewsog
- d3 ‘[eusie 3H ‘[eusiey
(90108p |Iny) Juswhoideg 34 N N ‘wiale xoug 3d N N ‘wele |eipsyelioL ., 12 18 1youeig
8joAko |In4 37 [eusre
- 1S4 - - pibry 3d - - ‘wale |Ivys ,1e 18 liseg
= d3 ‘[eusie 3H ‘[eusiey
(92108p |INy) Juswhoideg 34 N N ‘weld xoug 3d - N ‘weld xoug ;e 19 Aojeg
- d3 ‘[eusieN JHYV :[eusiey
(aweuy ay} Ajuo) JuswAhojdeq a4 - - ‘wele youg a9 N N ‘wee youg 6,18 19 Buep
9J0A0 |In4
- 34 - A - - - - - 2cUNS pue uiep
sjo1shg 3s
- ado A A ‘waje pIdiy 3d - - ‘wae piby ¢ B 19 sipluedoy
9J0A0 |In4
- 34 - N - - - - — ,luepezy pue Iseqqy
sjoiselq d3 [eusieiy 3H :[eusiey
(swely ayy Ajuo) uswAholdeq 34 N N ‘wiaje oug 3g y) . ‘wiale youg L5818 nuebiop
sjoiselq ad ‘[eusieiy 3H ‘[eusiey
(swely 8y} Ajuo) uswAoldeq 34 - N ‘wiaje oug 3s - - ‘wiale Moug gz B 18 Buluuny
sjoiselq d3 ‘[eusieiy JHYV :[eusiey
(swely ayy Ajuo) uswAoldeq 34 - N ‘wiale oug ag - - ‘wiale Moug & 18 oyoouny
- 3d pue 43 :[eusiey 34
(swesy ayy Aluo) JuswAojdep ooi4 34 - - ‘wole [elpayena] 3s - - - v, 1 18 sizjwez]
- 37 :[eusre 3IH ‘37 ‘pibu feusre
(awreuy a8y} Ajuo) JuswAhojdeq a4 - - ‘wele weag 3s - N ‘wiaje aueIqUIBIN 9018 18 SSNY
- d3 ‘[eusie 3H :[eusiey
(swreyy ayy Ajuo) Juswhojdeq 34 - N ‘wele xoug 3d N A ‘wele |IBys o, B $O ljode)
aloiselq
- 34 - A - - - - - ,xUNS pue 1N
sdais HAV.L sisAjeue jo adA]  uUBS  sio|jes] awel adA]  uoneoyiole)  BABA BAllBN V1HOv SHIOM

*ainjeJa)l] 8y} ul salpnjs [eoLIBWINU YAV L 9Y} JO M3IASY

‘L 3navi

ENGINEERING

BIOMEDICAL
SOCIETY

BMES



LURAGHTI ef al.

440

"UOHOBIBIUL BINJONIIS—PINY} 1S4 Solweudp-piny [euoneindwo) :g40 usWald ajul [eInjonis (34 SISATYNY 40 IdAL
-onsejaiadAy-osiue :gHy (Aojje Alowsw adeys) onseje-opnasd :34 onse|d-0lse|a :d3 onsejaiadAy :3H onsele Jeaul| 137 [eusiep
"AVL 9|qepuedxe-j|os :3S AV.L djgepuedxe uoojieq 39 IdAL

‘pauodal ale sdejs uoneyuedwi pajepow 8y} pue uoiebisaAul [eouswnu Jo adA} ay; ‘Ajjeuly

‘UDIS pue sio|jes| ‘sjusuodwod wnipseouad ay) Jo 8ouasqe 1o aduasald syl yum pauodal aie awel) 8yl JO [9pOW [elBiewW pue anbiuyosal uonezinalosip ‘uoisuedxs Jo adA} ay} ‘[lopow a9IAsp
ay) Buipsebal ‘uoieolIo[ed puB BA[BA BAIRU BUj} JO 109|Bau Jo aoussaid ay) yum panodal aie eLOR 8y} JO [opow [elsiew pue anbiuyos) uoiiezialosip ‘urewop oioads-jusied ay) Buipieboy

81942 |In4 ad :[eusien JHV :[eusien
(21n8p |Iny) BWAO|dBQg 1S4 Y. N ‘wiee Youg 3s V. N ‘wele youg yiom pasodoid
91940 |In4 3d pue 43 ‘[eusie|y 3s JH ‘[eusie|
(eweyy ayy Ajuo) yuswiholdeq ado pue 34 N Vel "wisld youg 3d N A ‘wele |eipsyens L 2, 18 19 1youelg
91042 ||In4
- 1S4 A A ‘waje pIbiy - - - ‘wae pIbiy gz /€ 19 Usoyn
8[oho |In4 3d :[eusren
(e21n8p |Iny) WBWAO|dEQ [SE| Ve A "wale oug s - - ‘wae pibiy s € 19 llepuey
- 37 ‘[euseN
(swresy ay) Ajuo) JuswAhojdeq 34 - - mouMun - V. N umouMun oo B 10 OJ|eresoy
s|o1selg 3d ‘leusiey JHY :[eusieiN
(eweyy ayy Ajuo) Juswiholdeq a0 pue 34 A N ‘wield youg 3Ss A Vel ‘wale |IvpyYs gy [E 18 OB\
- d3 ‘[eusie 37 ‘[eusieiN
(swresy ayy Ajuo) JuswAhojdeq 34 - - ‘wele weag aq V. V. ‘wole |1pys ¢ 18 18 1s0g
- d3 ‘[eusiep
(201n8p |IN}) WBWAOC|dEp B8.4 34 Y. N ‘wiee Youg aq - - - g€ 10 uenx
910Ao |In4
- 1S4 - A - - - - ‘wae pIbiy g, 18 18 PIEM
910Ao ||In4
- ado - A - - - - ‘wepe pIblY ¢, 78 10 YBYIPIYEA
9|0]SEIp pUE 9]01SAS 3d :[eualepy
(swresy ay1 Ajuo) JuswAhojdeq 34 - - ‘weje weag 3s - — — ¢ 1B 10 JdoH
- 3d ‘[eusie IHY ‘IH ‘T ‘PIBiY :[eusrep
(swreuy ayy Aluo) JuswAoldeq 34 - - ‘wale Moug 3s - y ‘wiele [elpayena] ¢z 1B 18 o||elouly
a|olselq
(mouun) yuswhojdeqg Q4o pue 34 N N mouxun - N y umuoMun ,z 18 18 Jinbeq |3
- 3d ‘[eusie JH [eusiey
(sweuy ayy Aluo) JuswAoldeq 34 - - ‘wae youg 3s - - ‘wiale youg .18 19 BI18IqRD
sjoiseig d3 :[eusie 3H ‘[euereiN
(e21n0p |Iny) JuBWAoldeq EE| Ve A "weld Youg El V. A ‘wele Youg ole 1o folreg
81940 |In4 ad ‘leusiepy 37 [eusieiN
(e21n0p |Iny) JBWAo|deg 1S4 A Vel ‘wele »oug 3s - - ‘wie|e youg g8 18 NM
919Ao |In4 d3 ‘leusiey 37 :[eusiei
(swely ayy Aluo) JuswAoideq 34 - y ‘wale youg 3g N y ‘wiale oug 2,18 18 'umg
sdais HAV.L sisAleue jo adA] uUMS  slepea] awelq adA]  uoneoyole)  BABA 9AEN V14OV SHIOM

BAJeA OJlo. Jojeyleosuel |

|opow oioads-juaned

panuiuoo

‘L 3navi

ENGINEERING

BIOMEDICAL
SOCIETY

BMES



On the Modeling of Patient-Specific Transcatheter Aortic Valve Replacement 441

stenotic native valve were included in the numerical
model of TAVR with various material models and
approaches. In different FE works, the deployment of
the transcatheter aortic valves in complete patient-
specific models, including the aortic root, the native
valve and the calcification, was simulated.>® 13141
With similar complete models, TAVR positioning
strategy and its consequences were investigated.'®2%:6
In fact, prosthesis positioning in TAVR procedure is a
critical aspect; in particular, stent configuration,
deformation and leaflets coaptation are affected by the
device deployment zone, with affected post-operative
valve performance. The best position, implantation
depth and angle,*'"*!-°° size.!> and elliptical configu-
ration*' were analyzed in previous studies.

CFD simulations give information on the pressure
and velocity field within the fluid domain by solving
the continuity and Navier—Stokes equations. PVL was
numerically evaluated after FE deployment simula-
tions with steady-state'® or transient'>*® CFD analy-
ses. The variation of flow patterns in the aortic root-
induced by transcatheter aortic valves®’ and the rela-
tion between valve thrombosis and reduced leaflets
motion in case of TAVR” were investigated. In this
latter, a CFD model with a moving boundary tech-
nique was implemented by exporting the valve kine-
matic from an FE analysis.

Finally, the FSI algorithm, which couples both FE
and CFD analyses, represents the best numerical
approach capable of reproducing the loading on the
valve leaflets due to the fluid coupling.** In fact, the
coupled solving of the structural kinematics and the
blood fluid dynamics allows a physiological loading to
be modeled. In the first FSI studies on TAVR,”* only
the coupling between blood and the aorta or blood and
the valve was considered. On the one hand, the design
of different transcatheter aortic valves was considered
in the aorta geometry, neglecting the native valve
leaflets and related calcifications.” On the other one, a
comparison between structural FE and FSI approach
on a generic tri-leaflets transcatheter aortic valves was
performed, confirming the more realistic representa-
tions of the valve behavior when applying the FSI
method.*” TAVR was also compared to the conven-
tional surgical valve replacement with FSI simulations
in terms of leaflet stresses and thromboresistance
profile.?

To the best of our knowledge, there are only two
FSI works on the complete TAVR procedure.*>*! In
both studies, the deployment of the complete device,
frame, leaflets, and skirt was performed. However, the
patient-specific domain was simplified by considering
the aorta as a rigid part® or with a linear elastic
material law.?! In both cases, the native valve and
calcification were neglected, and the boundary condi-

tions applied to the fluid domain were not patient-
specific, in particular idealized pressure curves®' or
from specific lumped-parameter models.

In this context, the aim of this work is the devel-
opment of a robust framework to perform patient-
specific FSI simulations of self-expandable tran-
scatheter aortic valves. The proposed method was
applied to two real clinical cases, which presented
different outcomes, with mild and moderate PVL after
TAVR. The purpose of this work is not to provide
specific clinical indications for the patient-specific
procedure, but to present a new and versatile numeri-
cal methodology to study the TAVR in its whole.

Furthermore, the patient-specific domain includes
an anisotropic hyperelastic model for the aorta and the
presence of the native valve and calcifications. In
particular, in this work (i) a parametrical CAD model,
similar to the real design of the implanted valve with
the frame and the pericardium tissue, was created; (ii)
the morphology of the native aortic root and calcifi-
cations was reconstructed from CT images of the
patients, while native valves were manually drawn; (iii)
all the components of the TAVR model were dis-
cretized and the material properties were assigned; (iv)
two FSI simulations were carried out, by applying
patient-specific boundary conditions; finally (v), the
results of the simulations were compared with the
available post-procedural clinical data.

METHODS

Patient Data

Data on two patients (A and B) undergoing the
same aortic bioprosthetic valve implantation but who
experienced different procedural outcomes were
obtained retrospectively. Both patients were symp-
tomatic for severe aortic stenosis and considered eli-
gible for TAVR through femoral access.

Prior medical history of patient A was relevant for
ischemic cardiomyopathy for which he underwent
surgical and percutaneous myocardial revasculariza-
tion in the past. Conversely, patient B did not have any
previous cardiovascular event.

Preoperative assessment by means of transthoracic
echocardiography confirmed the severity of the aortic
stenosis with mild to moderate left ventricular systolic
dysfunction in both patients. Mean aortic transvalvu-
lar gradient of patient A and patient B was 42 mmHg
and 46 mmHg respectively. CT scans, regularly per-
formed before TAVR, showed almost equivalent aortic
valve annular measurements and an annular perimeter
of 80 mm in both cases. Hence, the same aortic valve
bioprosthesis, Medtronic CoreValve Evolute R size 29
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(Medtronic Inc, Minneapolis, Minnesota), was selected
for implantation in patient A and B.

The two TAVR procedures were successfully per-
formed at the same institute (Humanitas Research
Hospital, Milan, Italy), and no major complication
occurred.

At the time of intervention, patient A underwent
balloon predilation of the aortic stenosis followed by
transcatheter valve implantation. Postprocedural
angiography of patient A showed good bioprosthesis
expansion and sealing with only mild PVL. At a heart
rate of 70 bpm, invasive aortic and ventricular pressure
in patient A was 123/50 mmHg and 126/7 mmHg
respectively, meaning no residual transvalvular gradi-
ent. The patient was discharged home on life-long as-
pirin monotherapy.

Conversely, Patient B underwent direct tran-
scatheter valve implantation without prior predilation
of the stenotic valve. Postprocedural angiography
showed acceptable although slightly low valve
implantation across the aortic annulus and a moderate
PVL due to a double regurgitation jet located anteri-
orly and posteriorly to the prosthesis. No evidence of
significant antegrade transvalvular gradient was shown
by aortic and ventricular pressure curves, being 160/55
mmHg and 169/9 mmHg respectively. Patient B agreed
on participating in a clinical randomized study and was
discharged home on an experimental dual antithrom-
botic therapy.

Clinical follow-up at 2 years was available for both
patients and none of them reported any significant
adverse event, such as hospital readmission for car-
diovascular cause or persistence of symptoms after
intervention. Device migration was not observed in the
two patients. Echocardiographic findings at 3 months
for patient A and at 12 months of patient B remained
overall unchanged compared to early postoperative
assessment. The two patients were both included in a
prospective registry, approved by the Institutional
ethics committee.

Prosthesis Model

A high-fidelity model of the CoreValve Evolute R
(Medtronic, Minneapolis, MN, USA) was created
using the illustrations in the literature®®; in particular,
a complete parametric CAD model of the frame,
leaflets, and skirt was realized by means of SolidWorks
2018 (Dassault Systémes SolidWorks Corp., Waltham,
MA, USA). For the metallic frame, a constant-diam-
eter stent was obtained by replicating the elementary
unit cell 15-times (Fig. 1a). A deform function was
then applied to reach the final non-constant diameter
shape, by following the profile of the device. The
leaflets and the skirt were built in accordance with the
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final stent configuration (Fig. 1b). Sewing suture
between the frame and pericardial tissue and between
leaflets and skirt were neglected.®® The stent was dis-
cretized with 159,435 hexahedral linear elements
(Fig. 1c) with reduced integration formulation and
Puso hourglass control.*> After a sensitivity analysis, 3
elements in both the width and the thickness of the
stent were found to be enough to capture the strain and
stress fields. In fact, the difference in terms of first
principal stress between meshes with three or four
elements in selected elements during the crimping
phase was less than 4%. In accordance with the stent
grid, the leaflets were meshed with 5706 Belytschko—
Lin-Tsay quadrilateral linear shell elements’ with one-
point integration and viscosity hourglass control.*® In
our previous work,* we demonstrated the best per-
formance of this formulation for shell heart valve
models. 32,388 Belytschko-Tsay'® triangular mem-
brane elements with viscosity hourglass control were
used to discretize the thin skirt (Fig. 1c¢). The thickness
of the pericardium tissue for both the leaflets and the
skirt was of 0.4 mm.* The meshing procedure of all
the prosthesis components was done by means of
ANSA Pre Processor v19.0 (BETA CAE Systems,
Switzerland).

The mechanical properties of pseudo-elastic NiTi
were taken from the literature.”® Due to the weak
hyperelastic behavior of the porcine pericardium found
in the literature,” the leaflets and skirt were modeled
with a linear elastic Young’s modulus of 1 MPa, a
Poisson’s ratio of 0.45, and density of 1100 kg/m>.%*
Moreover, for the working strain range, the material
behavior is well represented with the initial tangent
modulus of the hyperelastic characteristic curve.

The stent and the pericardium were fixed together
with a node-to-node connection in the grids, although
the sewing sutures were not modeled. A penalty self-
contact was defined between the three leaflets.

Patient-Specific Models

To obtain 3D reconstructions of the aortic root and
the calcium deposits, the pre-operative CT scans of the
two patients were processed using the software Mimics
(Materialise, Leuven, Belgium). In particular, the CT
images corresponding to the end-diastolic phase of the
cardiac cycle were segmented using grey-value thresh-
olding followed by morphologic operations. The
obtained segmented masks were then used to derive
triangulated meshes representing the 3D models of the
aortic root and the calcium deposits.

A quantitative comparison between the clinical
measurements of the aortic annulus and the segmented
one was performed. The estimated diameters of the
segmented models, 26.5 mm in case A and 25.1 mm in
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FIGURE 1. Numerical model of the CoreValve Evolute R (Medtronic): (a) CAD model of the constant-diameter stent; (b) final
configuration of the device with stent (gray) and pericardium tissue (brown); (c) detail of the numerical grids of the stent
(hexahedral solid elements in grey), the leaflets (quadrilateral shell elements in brown) and the skirt (triangular shell elements in
brown); (d) kinematics of implantation of the transcatheter aortic valve (TAV) by catheter lifting, from the crimped to the released

configuration.

case B, were within the clinical dimensions of 21 mm x
29 mm. These results confirmed the correct choice of
the device size 29 mm, which is indicated for annulus
size of 23-27 mm.*?

The surface lumen of the aorta was extruded in the
radial direction to obtain a constant thickness of 2
mm.'® The aorta was discretized into 35,640 hexahe-
dral linear fully integrated solid elements with hybrid
formulation to avoid pressure locking.®® A hex-block
method, developed in ANSA Pre Processor v19.0.x
platform (BETA CAE Systems, Switzerland) permitted
the generation of a fully mapped hexahedral grid. To
draw the native valve, the leaflet surfaces were gener-
ated by following reference points identified at the
commissures and basal leaflet attachment lines on the
aortic lumen.”” The native valve leaflets were then
meshed with 1,859 Belytschko—Lin—-Tsay quadrilateral
linear shell elements ? with one-point integration and

viscosity hourglass control®® (Figs. 2c and 2d). The
thickness of the native valve was fixed as 0.5 mm.'®
The segmented calcium deposits, after smoothing and
wrapping process, were discretized with 38,429 one-
point nodal pressure tetrahedral elements (Figs. 2c and
2d).

The aorta material was modeled using a user-de-
fined material to describe an anisotropic hyperelastic
constitutive law. The strain energy function consisted
of a modified Holzapfel-Ogden function®*** in which
the isotropic term has been augmented:

Y = Dl[CXp{Dz(jl — 3)} — 1]

+2"—kl2 exo{ka@ =17} = 1]+ S0 -1* ()

where D; and k; are stress-like material constant,
whereas D, and k, are dimensionless material param-
eters, and « is the bulk modulus. 7 is the first invariant
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(b)

FIGURE 2. Image-based aorta models: (a) principal directions of stress obtained through a pre-analysis on the aorta; the two
arrows highlight the first a and the second b principal directions, based on which the local coordinate systems are defined. (b)
Computed local directions for the model; the longitudinal directions are marked in red, whereas the axial ones are marked in blue.
(c, d) Reconstructed aorta model of patients A and B respectively: (left) complete view with the native valve and calcification,
(center) frontal view of the native valve with the reconstructed calcifications; (right) fluid domain discretized with hexahedral

elements where the structures of each patient are immersed in.

of the modified right Cauchy—Green strain tensor,
I = trC, and I, is the pseudo-invariant of the right
Cauchy-Green strain tensor, Iy = ag - Cag, with ay a
unit vector along the direction of anisotropy coincident
with the circumferential direction of the artery. We
adopted this formulation do to the lack of histologic
evidence regarding the fiber distribution in aortic tis-
sue. In addition, biaxial tests conducted on aorta’®
indicated the circumferential direction as the stiffer.
The material parameters for the strain energy function
in Eq. (1) were obtained by means of a nonlinear
regression analysis of the mean biaxial test for aortic
tissue reported in,’® resulting in Dy = 0.214 kPa, D, =
41.3, k; = 0.212 kPa, k, = 130 and x = 10* kPa.**
To obtain a homogenous and smooth distribution
of the fibers, a specific local coordinate system was
defined for each finite element of the aorta, according
to the two principal stress directions obtained with a
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pre-analysis™'? (Fig. 2a). The two directions overall

drew the circumferential and the axial directions®
(Fig. 2b).

The native valve and calcifications were modeled as
linear elastic materials with a density of 1100 kg/m?,
Young’s modulus of 4 MPa and Poisson’s ratio of
0.45"7 for the valve; and a density of 2000 kg/m?,
Young’s modulus of 12.6 MPa and Poisson’s ratio of
0.45%" for the calcifications. A node-to-surface tied
contact was defined between the commissural edges of
the native valve and the internal surface of the aorta,
whereas a surface-to-surface tied contact was defined
between the calcifications and the leaflets.

FSI Set-Up Simulation

The finite element simulations were performed on
computer node with 4 CPU Xeon E5-4627 v3 with 10
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cores per CPU and 256 GB of RAM memory using the
commercial finite element solver LS-Dyna 971 Release
10.1 (LSTC, Livermore CA, USA). A damping coef-
ficient sensitivity analysis was performed for each step
of the simulations for each structural part in order to
smooth the frequency vibration without introducing
numerical artificial viscosity.*

A quasi-static condition in each step was achieved
as the ratio between the kinetic and the internal energy
was found to be less than 5% during all the simulated
cardiac cycles.”™®

A selective mass-scaling was adapted to keep the
time-step at a constant 10~® s during the simulations.

1st Step. Insertion of the Crimped Device in the Stenotic
Native Valve

To create the space to insert the catheter with the
crimped device in the stenotic valve, a pre-dilatation of
the valve was carried out within a rigid catheter with a
diameter of 10 mm.

2nd Step: Transcatheter Aortic Valves Implantation

The diameter of the valve was uniformly crimped
down to 9 mm by twelve rigid planes (not shown in
Fig. 1) in 0.7 s. The crimped diameter value was en-
ough to allow the following positioning into the pa-
tient’s domain; lower values lead to numerical
instability of the crimped structures.®> Once the device
was crimped, it was released in a 10 mm diameter ca-
theter, which was positioned coaxially to the aorta.
The rigid catheter was slowly lifted from the annulus to
the ascending aorta (Fig. 1d). The prosthesis valve
annulus was positioned on the same plane of the native
one, following the indication of the interventional
cardiologist. A penalty contact with friction coefficient
of 0.1° was defined between the device and the aorta,
the native valve and the calcifications. As boundary
conditions, the aorta was fixed at the two external ends
in all directions.

3rd Step: Two Cardiac Cycles After TAVR

The  “operator  split”  Lagrangian—Eulerian
approach,*” a non-boundary fitted method imple-
mented in the solver LS-Dyna, was adopted to define
the interaction between the solid structure (valve) and
the fluid (blood). In this approach, the structural forces
calculated on the actual nodes are distributed to the
fluid, whose equations are “split” into Lagrangian and
advection steps.

A fluid domain was built in order to immerse all the
structural parts of the model and meshed with the
same element size of the aorta to prevent any leak-
age,” with a total number of 113,216 hexahedral

Eulerian one-point elements (Figs. 2c and 2d). An
appropriate number of coupling nodes was set to
prevent any numerical leakage through the structures.

The fluid domain consisted of a main volume, inlet,
outlet, and external parts. The patient-specific ven-
tricular and aortic pressure curves were applied at the
inlet and outlet sections, respectively (Figs. Sa and 6a).
The external parts were used to ensure a zero-pressure
condition outside the aorta. The blood was modeled as
a Newtonian fluid, with a density of 1060 kg/m® and a
dynamic viscosity of 3.5 c¢P.*® During the first 0.3 s of
the simulation, when the device crimping took place,
the blood was pressurized to reach the end-diastolic
pressure of 50 and 55 mmHg for patient A and B
respectively. Finally, two cardiac cycles were simulated
with 69.8 bpm and 71.4 bpm for patient A and B
respectively.

RESULTS

The results of the transcatheter aortic valves
implantation are shown in terms of stress field on the
aorta, native valve and calcifications, and contact
pressure on the inner surface of the aorta due to the
contact with the stent. The final configuration of the
transcatheter aortic valves in the patients is qualitative
compared with the corresponding post-implantation
CT scan or angiography acquisition.

For the FSI simulations, results were shown at the
mid-(t1) and peak-(t2) systolic phase and at the mid-
(t3) and peak-(t4) diastolic phase of the second cardiac
cycle in terms of stress field on the device pericardium
and blood velocity field. RV and EROA* were cal-
culated by post-processing the simulations and com-
pared with the  post-implantation  Doppler
echocardiography prognosis for both patients.

Once the device had reached its released configura-
tion in the aortic root, the final configuration of the
stent was qualitatively checked with that acquired in-
vivo after the implantation. In relation to case A, the
comparison between post-operative CT-scan and the
numerical model exhibited a good positioning of the
device in the reconstructed patient (Figs. 3a and 3b).
For case B, the comparison was done with the image
from the angiographic exam, showing a good qualita-
tive positioning (Figs. 4a and 4b).

The contact pressure field was examined in the inner
surface of the aorta roots to analyze the interaction
between the self-expandable valve and the vessel. In-
deed, the self-expandable valves remain anchored to
the aorta as a result of the radial force that they exert
to the inner vessel wall due to the shape memory
material properties. For both cases, the areas with a
non-zero contact pressure were located at the stent
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FIGURE 3. Structural results of Case A: Post-operative CT coronal plane scan without (a) and with (b) the numerical model
overlapped. (c) Contour map of the contact pressure (MPa) on the aorta inner surface due to the device contact at the beginning of
the cardiac cycle; (d) contour map of the first principal stress (MPa) in the native valve and calcifications and (e) in four planes of

the aorta at the beginning of the systolic phase.

contact areas, with a maximum value of 0.37 MPa for
case A (Fig. 3c) and 0.29 MPa for case B (Fig. 4c). The
maximum pressure changed by a maximum of 5%
during the cardiac cycle.

The first principal stress field was evaluated for all
the patient-specific aortic root components. The max-
imum stress areas of the native leaflets resulted near
the calcifications for both cases with a maximum value
of 1.13 and 1.22 MPa during the systolic phase and
0.95 and 1.17 MPa during diastole for case A (Fig. 3d)
and B (Fig. 4d) respectively. The corresponding max-
imum values for the calcifications were 2.73 and 7.96
MPa during systole and 2.34 and 7.79 MPa during
diastole for case A (Fig. 3d) and B (Fig. 4d) respec-
tively. Nevertheless, it should be noticed that these
maximum stress values were limited to the area of
connection between the native leaflets and the calcifi-
cation deposits. In fact, the mean stress values for case
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A and B on the valve were 0.23 and 0.24 MPa, whereas
on the calcifications the mean stress reached 0.12 and
0.21 MPa respectively. On the aortic roots, the stress
field was rather different between case A and B. In fact,
in case B, where the calcification obstruction prevented
the full stent release, stress values were higher. How-
ever, similar behavior was recognized in both cases.
The maximum stress areas were located where the
contact with the stent and the calcifications took place,
with a maximum value of 1.27 and 1.32 MPa during
systole, and 0.64 and 0.78 MPa during diastole for case
A (Fig. 3e) and B (Fig. 4e) respectively. Moreover,
both cases showed unreliable stress results on the aorta
next to its ends, where the boundary conditions were
applied. In these figures, the section of the stent struts
is also shown at different planes to better depict the
release configuration of the device inside the patients’
aorta. In general, the stent contacted the aorta only in



On the Modeling of Patient-Specific Transcatheter Aortic Valve Replacement 447

Contact p
[MPa]

0.3
|

1t Princ o
[MPa]

0.6

W Plane 4

FIGURE 4. Structural results of Case B: Post-operative angiography without (a) and with (b) the numerical model overlapped.
Contour map of the contact pressure (MPa) on the aorta inner surface due to the device contact at the beginning of the cardiac
cycle; (d) contour map of the first principal stress (MPa) in the native valve and calcifications and (e) in four planes of the aorta at

the beginning of the systolic phase.

its proximal (plane 2) and distal portion (plane 4),
whereas in the central area of the Valsalva sinus con-
tacts were not detected (plane 3).

The first principal stress field was also evaluated for
both pericardium parts of the device, the leaflets and
the skirt. In general, the maximum stress areas resulted
close to the commissure lines, where the leaflets con-
nect the skirt and where the skirt is attached to the
metallic frame. The maximum-mean stress values on
the pericardium leaflets were, for case A (Fig. 5b) and
case B (Fig. 6b), 0.73-0.13 and 1.07-0.14 MPa during
systole and 0.82-0.24 and 2.1-0.36 MPa during dias-
tole respectively.

Regarding the hemodynamics results, the velocity
field was evaluated in the second cardiac cycle. The
maximum velocity curves obtained from the numerical
models were overlapped to the post-operative Doppler
traces (Fig. 7a); the estimated maximum velocity val-

ues at the systolic peak were 2.3 m/s in case A and 3.1
m/s in case B, in agreement with the Doppler values.
Regarding the case A, the velocity contour map in
different planes (Fig. 5¢) shows a mean central jet
through the open leaflets during systole and a complete
closure of the valve with two minor PVLs during
diastole. On the other hand, case B (Fig. 6¢) was
characterized by two jets during systole, the main
through the open leaflets and the other one outside the
valve, and by a complete closure of the valve with a
main significant PVL during diastole. Blood flow rate
curves were calculated for both cases (Fig. 7b) and RV
values were calculated by integrating the curves over
the regurgitant period with a resulting value of 26.88
mL for case A and 43.73 mL for case B. Regurgitant
jet time-velocities were calculated by integrating the
regurgitant velocity over the regurgitant period and the
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<FIGURE 5. Results of Case A: (a) Patient-specific pressure
curves imposed as boundary conditions at the inlet and outlet
sections of the fluid domain (1) with the time points where
results are analyzed. (b) Contour maps of the first principal
stress in the pericardium parts of the device. (c) Contours of
velocity magnitude in four planes of the blood domain.

consequent EROA values resulted of 0.097 cm?® for
case A and 0.146 cm? for case B (Table 2).

DISCUSSION

Despite TAVR has been increasingly used in the last
twenty years, many factors affecting the vasculature-
stent interaction are still unknown and the procedure is
not free of complications and non-predictable adverse
events.® Each patient has a different anatomy and
morphology, but also a different clinical course which
makes the TAVR outcomes hard to predict. In this
context, numerical analyses are a powerful tool able to
obtain some guidelines in the pre-operative stage. In
particular, the presence of structures that interact with
blood entails the FSI method to be the best numerical
analysis procedure.***” In this study, we modeled the
TAVR procedure of two real clinical cases by a strong,
two-way, segregated FSI algorithm. A high-fidelity
CAD model of the device was created, and patient-
specific domains were segmented from preoperative
CT scans. Once the appropriate discretization of all the
components was done, the different material properties
were modeled with the most advanced constitutive
laws from the literature, based on the available
experimental data. All the steps of the procedure were
considered, including the pre-dilatation of the stenotic
native valve, the crimping of the device and its in situ
release through a catheter pulling-out maneuver. Pa-
tient-specific pressure curves were applied as boundary
conditions to the FSI simulations to reproduce a highly
realistic response of the device. In the literature, several
numerical studies on TAVR can be found, most of
which were here reported and classified. To the best of
our knowledge, the novelty of this work is precisely the
segregated 2-ways FSI methodology, which combines
the main strengths of the structural and CFD analyses.
It constitutes a novelty also compared to the few pre-
vious FSI studies,” 8! especially regarding the pa-
tient-specific domain modeling. For all these reasons,
the presented model provided useful results to inves-
tigate the main complications after TAVR.

From a structural viewpoint, the in-silico model al-
lows investigating the optimal positioning of the de-
vice, as well as to study other complications related to
the intervention such as device migration and atri-
oventricular block.®® The modeling of the anisotropic

hyperelastic nature of the aorta,?® the native valve and
the calcifications®®’? provides an accurate representa-
tion of the release phase of the device. Further, con-
sidering the pericardium device components during the
release phase, it has already been proven to be
important when evaluating the performance of the
device.” Moreover, the inclusion of the pericardium
parts in the crimping phase allows estimating the stress
field on the leaflets to investigate their degeneration
and, therefore, their long-term durability.1 The com-
parison of the two different patients, case A and B,
with different calcification configurations, demon-
strated also how the calcification location and size
influence the final configurations of the device and its
eccentric distortion.?” Calcifications also influence the
stress field on the leaflets, which resulted maximum
near the commissure tips, as in a previous work.®”> The
maximum stress value on the leaflets resulted higher in
case B, in which the calcifications were bigger. This
result suggests the existence of an optimal orientation
of the device with respect the patient-specific calcifi-
cation configuration.® The potential vascular damage
could be evaluated from the stress field, as well as from
the pressure contact area coming from the radial forces
that the device exerts on the vessel. The entities of the
stress distributions resulted appropriately comparable
with a previous structural study,”® as well as the con-
tact pressure.®> The contact pressures can also be used
as a surrogate quantity to evaluate potential device
migration problems.

Moreover, the main hemodynamic complication
after the procedure is the presence of leaks during
diastole. Some evaluations of this problems have al-
ready been performed using structural simulations.
These evaluations indicate a correlation between the
final configuration after implantation and the presence
of PVL.>*® CFD studies, following or not structural
analyses, were also carried out to quantify PVL.'"®* In
this regard, the FSI modeling provides a unified
methodology, enabling the investigation of structural
aspects and the quantification of hemodynamic quan-
tities at the same time. The calculation of velocity fields
and flow rate curves allows the quantification of the
most common clinical parameters used to assess the
presence of PVL, such as the regurgitation volume and
the EROA.*® These parameters, calculated for both the
considered patients, confirmed the postoperative
prognosis of mild and moderate PVL. In particular, we
had selected these two patients especially because
presented different outcomes with the same implanted
valve and this allowed us to show the versatility of the
methodology and its ability to represent different sit-
uations.
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<«FIGURE 6. Results of Case B: (a) Patient-specific pressure
curves imposed as boundary conditions at the inlet and outlet
sections of the fluid domain (1) with the time points where
results are analyzed. (b) Contour maps of the first principal
stress in the pericardium parts of the device. (c) Contours of
velocity magnitude in four planes of the blood domain.

LIMITATIONS

Our FSI simulations are not absent from limita-
tions. The assumption of linear elasticity to model the
porcine pericardium is justified by the restricted
working strain range and by its weak hyperelastic
behavior.”' However, a more sophisticated hyperelas-
tic material might be incorporated. Pre-stress field on
the aorta should be included in future works to repli-
cate the real end-diastole configurations of patients,
especially in works focused on arterial wall damage
induced by TAVR. Moreover, data from pathological
aortic root should be considered for the material

1

TABLE 2. Comparison between clinical and model outputs
regarding the PVL post-implant for both studied cases.

Case A Case B
PVL Post-TAVR prognosis Mild Moderate
Regurgitant volume (mL) 26.88 43.73
EROA (cm?) 0.097 0.146

properties of the patient domain. A longer model of
the segmented aorta should be also considered.
Regarding the fluid domain, the inclusion of the
coronary arteries could give additional indications to
better foresee clinical outcomes. Indeed, the inclusion
of the coronary arteries with appropriate Windkessel-
type boundary conditions®> may be included in future
FSI models. Furthermore, turbulence model was not
considered in this work. Finally, an important limita-
tion of this model is its high computational cost. In-
deed, even if this kind of simulation cannot claim,

3
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FIGURE 7. PVL estimation: (a) post-operative Doppler trace for case A and B with overlapped (yellow) maximum velocity curves
from the numerical model; (b) blood flow rate curves from the numerical model for case A and B and the computed RV and EROA.
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nowadays, to be real-time in the clinical application as
its duration is around 7 days (computer node with 4
CPU Xeon E5-4627 v3 with 10 cores per CPU and 256
GB of RAM memory). In the future, this limitation
can be tackled by adopting different modeling tech-
niques, such as reducing the complexity of the stent
with beam elements.

CONCLUSION

In conclusion, in this study the potentiality of the
proposed methodology in terms of available results by
reproducing two real clinical outcomes after TAVR
implantation was shown. The comparison between the
calculated, not estimate, PVL and the clinical diagnosis
is taken as an example to show the impact of this work.
This kind of numerical methodology is, in our opinion,
very useful to guide clinical decision making before
and after the procedure.
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