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Abstract

Transcatheter aortic valve implantation (TAVI) is a minimally invasive interven-

tion for the treatment of severe aortic valve stenosis. The main cause of failure is

the structural deterioration of the implanted prosthetic leaflets, possibly inducing

a valvular re-stenosis 5–10 years after the implantation. Based solely on pre-

implantation data, the aim of this work is to identify fluid-dynamics and structural

indices that may predict the possible valvular deterioration, in order to assist the

clinicians in the decision-making phase and in the intervention design. Patient-

specific, pre-implantation geometries of the aortic root, the ascending aorta, and

the native valvular calcifications were reconstructed from computed tomography

images. The stent of the prosthesis was modeled as a hollow cylinder and virtually

implanted in the reconstructed domain. The fluid-structure interaction between

the blood flow, the stent, and the residual native tissue surrounding the prosthesis

was simulated by a computational solver with suitable boundary conditions.

Hemodynamical and structural indicators were analyzed for five different patients

that underwent TAVI – three with prosthetic valve degeneration and two without

degeneration – and the comparison of the results showed a correlation between

the leaflets' structural degeneration and the wall shear stress distribution on the

proximal aortic wall. This investigation represents a first step towards computa-

tional predictive analysis of TAVI degeneration, based on pre-implantation data

and without requiring additional peri-operative or follow-up information. Indeed,

being able to identify patients more likely to experience degeneration after TAVI

may help to schedule a patient-specific timing of follow-up.
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1 | INTRODUCTION

Aortic Stenosis (AS) is the most frequent pathology involving cardiac valves, and it is a typical consequence of aging,
due to valvular cusps calcification.1 It affects about 50% of subjects over 85 years old in the western world, with a classi-
fication as severe AS in 4% of the cases and a 2-year mortality rate of 80% for untreated patients.2–5 The treatment for
this pathology is the replacement of the aortic valve, either by open-heart Surgical Aortic Valve Replacement (SAVR) or
by Transcatheter Aortic Valve Implantation (TAVI). The latter is a minimally invasive technique consisting in the
deployment of a stented prosthesis inside the native aortic valve, by means of a percutaneous catheter, possibly associ-
ated with a balloon expansion to restore the patency of the aortic orifice. This procedure, introduced in 2002, was ini-
tially designed for patients with high surgical risk, but it has recently been extended to low-risk patients: in 2019, TAVI
procedures in the United States exceeded the number of SAVR by more than 25%,5 and the PARTNER 3 clinical trial6

showed how TAVI entails a shortened hospitalization time, strongly reduced post-intervention risks, and improved
quality of life.

The currently expected durability of TAVI is about 5–10 years,7 after which different complications may arise: an
irregular or eccentric native annulus may yield paravalvular leak, stent migration, hemolysis or an asymmetric defor-
mation of the prosthetic leaflets8; the balloon expansion may damage the vascular wall9; Structural Valve Deterioration
(SVD), namely the degeneration of the prosthetic leaflets tissue, can induce transvalvular regurgitation or stenosis.10

The latter, provoked by the irreversible development of pannus, fibrosis, and calcification, yields a thickening, delami-
nation, and possibly perforation of the leaflets, resulting in the main cause of TAVI failure.11,12

Since many of the aforementioned complications manifest only years after the implantation, anticipating their onset
would help to set up preventive measures to avoid or reduce their negative effects. Recent clinical studies have investi-
gated the onset of SVD: a 5-year follow-up analysis has identified some possible patient-related factors such as gender,
body surface area, and native annulus diameter,10 and other studies conjectured that the cause is to be looked for in
alterations in the flow-induced stress on the prosthesis.12,13 However, nowadays the long-term assessment of TAVI has
two strong limits: first, it is a relatively new technology, therefore little follow-up data is available after 10–15 years; sec-
ond, the available data regards older generation devices implanted on elderly patients, usually presenting additional
comorbidities and having a limited life expectancy.14

In this respect, computational analysis can help providing insight on TAVI function and limitations, as well as
allow the study of actual and potential scenarios, in order to support the clinician's decisions in the pre-intervention
design phase and in the post-intervention timing of follow-up. The computational study of TAVI has undergone a
very strong increase in recent years.15 Structural analysis by the Finite Element Method (FEM) has been mainly
employed to simulate the implantation and assess the stress induced on the native valve and aortic root, the genera-
tion of gaps between the stent and the wall, and stress-induced electrophysiological abnormalities.16–18 Computa-
tional Fluid Dynamics (CFD) investigations have provided a detailed description of the blood flow, and it has mainly
focused on the evaluation of paravalvular regurgitation, Wall Shear Stress (WSS) and the associated thrombogenicity
and SVD, and turbulent characteristics.19–21 Combining the two approaches, Fluid-Structure Interaction (FSI) ana-
lyses can complete and improve the accuracy of the results mentioned above, in particular in terms of the stress
exchanged between the blood flow, the prosthesis, and the surrounding native structure. FSI works on TAVI have
been carried out both in the case of realistic7,22 and patient-specific geometries,8,23 however, no correlation of compu-
tational results with SVD, with the aim of assessing the role of hemodynamics in the deterioration of TAVI, is cur-
rently available in the literature.

The main objective of this paper is to propose predictive hemodynamic indices able to provide indications about
the degeneration in patients undergoing TAVI. Our approach is to avoid the direct modeling of valve dynamics and
degeneration process, rather to identify quantities that correlate with SVD, albeit not directly causing it. To this aim,
we carry out FSI simulations able to account for the interaction between blood, stent graft, leaflets and aortic annu-
lus. Our goal is to describe hemodynamics and structural behavior in the early post-implantation scenario, virtually
designed starting from the pre-operative case. The setup of the computational model is based only on data available
before the implantation, with no need for peri-operative or follow-up data, and it encompasses the segmentation of
the patient-specific aortic root and ascending aorta, a geometric virtual implantation of the prosthesis'
stent – including the cluttering effect of calcifications on the native leaflets – and an analysis of hemodynamical
quantities and the stresses exchanged among the prosthesis and the native tissue. The classification of the results is
then compared with the information on the different patients' 5–10 years follow-up outcome in terms of valve
degeneration.
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The paper is organized as follows. In Section 2, we describe the segmentation and virtual implantation procedure
for the geometry reconstruction and the generation of the computational mesh (Section 2.2), as well as the numerical
model (Section 2.3). In Sections 3 and 4 we present the results of the application of the reconstruction procedure on five
patients and of the corresponding FSI simulations, respectively, and we discuss their significance as indicators for SVD.

2 | MODELS AND METHODS

In this section, we present the medical images at disposal, the image-processing procedure for the reconstruction of the
patient-specific geometries, and the mathematical and numerical model for the description of the aortic blood flow and
its interaction with the prosthesis stent and the tissue surrounding the prosthesis. These represent the building blocks
of our computational investigation, which encompasses the following steps:

Reconstruction of the patient-specific pre-implantation geometry (see Section 2.2 – Step 1), based on CT data
(Section 2.1);

1. Virtual implantation of the valve prosthesis (Section 2.2 – Steps 2–3);
2. Simulation of the fluid-structure interaction in the resulting virtual post-intervention settings (Section 2);
3. Analysis of the results and comparison among the patients at disposal (Sections 3 and Section 4);
4. Identification of predictive indices to discriminate the degenerate cases, based only on pre-operative data (ibidem).

One of the main assumptions of the present work consists in the belief that the physical processes determining SVD
are more likely associated with the high flow velocity and the high shear stress sustained by the valve leaflets during
the systolic phase.19,24 Although this assumption should be supplemented by observations on the diastolic flow and on
the high pressure gradients exerted on closed leaflets, in this first work we aim at understanding if the systole alone
could provide useful predictive indications about the degenerative cases. Moreover, by addressing just the systolic
phase, we can assume that the prosthetic leaflets adhere to the stent: this assumption simplifies the reconstruction of
the patient-specific geometry (cf. Section 2.2 – Step 3).

We also assume that most of the mechanisms leading to prosthesis degeneration are due to the interaction between
the blood and the prosthesis. Under this assumption, the aortic wall can be considered as being rigid (cf. Section 2.3).

Our study is based on data concerning only pre-operative conditions, with the aim of providing clinical indications
about the TAVI implantation before the procedure, during the decision-making process.

2.1 | Patients data

Preoperative CT images of five patients that underwent TAVI were collected at Centro Cardiologico Monzino in
Milano, Italy. The identification of patients has been made anonymous for the publication of the present work. The data
were acquired at late diastole, with a spacing of .4 mm in the three directions. Three of the patients under investigation
experienced SVD, while the other two did not: in what follows, we will thus refer to the former patients as DEG
patients, and to the latter ones as NODEG patients. A balloon-expandable Edwards SAPIEN XT valve (Edwards
Lifesciences) was implanted in all the analyzed subjects: it consists of a trileaflet valve made of bovine pericardium
mounted on a balloon-expandable cobalt-chromium stent with an external diameter of 23 mm and a height of
14.5 mm. On the ventricular side of the stent frame, an inner polyethylene terephthalate fabric skirt is applied.25,26

2.2 | Domain reconstruction from clinical imaging data

For each patient, we reconstructed her/his specific geometry of the aortic root, ascending aorta and calcium deposits
starting from the CT images described in Section 2.1. In such geometries, we proceeded with a virtual implantation of
the Biological Heart Valve (BHV). The entire procedure, outlined in Figure 1, was carried out using the Vascular
Modeling Toolkit (vmtk, http://www.vmtk.org27) and the ParaView (https://www.paraview.org) visualization software,
and its steps are described in what follows.
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2.2.1 | Step 1: Reconstruction of the aortic lumen and the calcifications

The aortic lumen was reconstructed by means of a level-set segmentation based on a marching cubes algorithm,28 with
a colliding-front initialization as proposed in Ref. 27 for vascular structures. The positions of the coronary ostia were
identified, but the coronary arteries were not segmented, as we assume a negligible outgoing flow through them during
systole. On the segmented aortic wall, we determined the intersection between the leaflets and the aortic wall by manu-
ally tracing via VMTK, over the imaging data, the ventricle-facing border of such intersection. Then, we isolated a ring
shaped region extending for 3 mm from such intersection: in the following, this region will be denoted as annulus trace
(see Figure 1 – Step 1).

From the same CT images, we also reconstructed the calcium deposits populating the aortic root, since their distri-
bution affects the positioning of the prosthetic valve during its implantation. The calcifications were segmented by
thresholding the gray level of the CT images at 900 HU (see Figure 1 – Step 1).

2.2.2 | Step 2: Geometric adaptation of the aortic orifice

In many cases, the BHV is oversized with respect to the patient's orifice diameter (see box in Figure 1, 2a), and the
implantation procedure encompasses a balloon expansion of the patient's annulus. To simulate such expansion, we
devised the following procedure to locally deform the aortic wall Σwall:

1. Definition of the region Σexp �Σwall to expand as a function of the distance of each point of the domain with respect
to the upstream border of the annulus trace (see Figure 1, 2a):

FIGURE 1 Overall reconstruction procedure and sub-procedures for Steps 2 and 3. Step 1: segmentation of the aortic lumen and the

calcification deposits from CT images; Step 2: virtual expansion of the aortic orifice to account for an oversized BHV; Step 3: virtual

implantation of the BHV in the aortic orifice; Step 4: generation of the volumetric mesh for the fluid and the solid computational domains.

Zoom on Step 2: 2a: distance field dATþdc� rBHV for the definition of Σexp (inside the pink border, see point 1. of Section 2.2 – Step 2) to

expand because the segmented native annulus is too narrow to fit the BHV (see box at top right); 2b: scalar field φ (point 2. of Section 2.2 –
Step 2) and resulting warping vector field w (in arrows, point 3. of Section 2.2 – Step 2); 2c: warped aortic root, in which the BHV fits (box at

top right). Zoom on Step 3: 3a: clip of the domain (blue) with the BHV (gray) centered in G0 and aligned along the centerline direction ec
(pink arrow– see point 1. of Section 2.2 – Step 3); 3b: segmented calcifications, colored by their thickness (point 2. of Section 2.2 – Step 3); 3c:

extruded annulus trace eΣAT (colored by calcification thickness) and position of the new barycenter GSLC (points 3–5. of Section 2.2 – Step 3);
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Σexp ¼ x�Σwall : dAT xð Þþdc xð Þ� rBHV < tolexp
� �

, ð1Þ

where dAT is the distance from the annulus trace, dc the distance from the vessel centerline, rBHV the radius of the pros-
thesis (rBHV ¼ 11:5 mm for the SAPIEN XT valve under investigation), and tolexp is a patient-specific parameter
calibrated considering the particular shape of the aortic root;

2. Definition of a smooth scalar field φ :Σexp ! 0,1½ � ranging from 0 to 1 running from the downstream to the upstream
border of Σexp , as the solution of a Laplace-Beltrami problem29,30 (see Figure 1, 2b);

3. Computation of the warping amplitude

w xð Þ¼ tleaf þ tstent�α dc xð Þ� rBHVð Þ, ð2Þ

where tleaf ¼ 3 mm is the thickness of the stenotic leaflets as from Ref. 31, including calcifications, tstent is the thickness
of the stent wall (tstent ¼ 1 mm for the SAPIEN XT valve under investigation), and α is a scaling parameter to be chosen.
This original definition of the warping amplitude is made of two contributions. The term tleaf þ tstent expands the lumen
according to the thickness of the stent and of the native leaflets pressed against the wall. The term dc xð Þ� rBHV, instead,
accounts for the circularizing effect of the balloon expansion. In particular, for each point x�Σexp , we consider the dif-
ference between its distance from the centerline and the nominal stent radius rBHV, and we locally expand or contract
the lumen depending on the sign of such difference;

4. Deformation of the fluid domain according to the vector field

w xð Þ¼w xð Þ1� cos π 2φ xð Þ�φ xð Þ2� �� �
2

nrad, ð3Þ

displayed in Figure 1, 2b, where nrad ¼n� n �ecð Þec is the radial component – that is, orthogonal to the lumen center-
line direction ec – of the vector n normal to Σwall. The enlarged aortic root eΣexp ¼ xþw xð Þ : x�Σexpf g, obtained by
warping by w the segmented one Σexp , is now wide enough for the BHV to fit (see Figure 1, 2c).

The scaling parameter α affects the shape of the deformed wall: for α¼ 1, the resulting aortic root would be perfectly
cylindrical as the BHV stent; for α¼ 0, the shape of the aortic root, albeit enlarged, would be preserved as the native
one. To account for an intermediate configuration, we chose the value α¼ 1

2 for all the patients under investigation.

2.2.3 | Step 3: Virtual implantation of the Biological Heart Valve model

In the hypothesis that the prosthetic valve leaflets completely adhere to the stent during the systolic phase, we modeled
the prosthesis as a hollow cylinder with the nominal size and thickness of the stent, representing both the actual stent
and the open leaflets. This is compatible with our aim to find easily computable hemodynamic indices that show a cor-
relation with SVD, without directly investigating the development of the degeneration process. From now on, we
denote this structure as the Stent-Leaflets Complex (SLC). This choice avoids the complex reconstruction of the pros-
thetic leaflets geometry and the modeling of its dynamics, thus reducing the overall computational time needed for both
the reconstruction procedure and the subsequent FSI simulation.

Under these assumptions, the virtual insertion of the SLC consisted in the following steps (see Figure 1 – Step 3):

1. Positioning of the SLC at the barycenter G0 of the aortic orifice, aligned along the lumen centerline direction ec (see
Figure 1, 3a);

2. Computation of the calcium deposits thickness along each radial direction (Figure 1, 3b);
3. Extrusion of the annulus trace towards the inner side of the lumen, according to the calcium thickness: the

deformed trace is denoted by eΣAT and displayed in Figure 1, 3c;
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4. Computation of the average radial distance d¼ 1

jeΣATj
R
~ΣAT

x�G0ð Þ� x�G0ð Þ �ecð Þec½ � of eΣAT from G0, in the plane
orthogonal to the centerline direction ec;

5. Translation of the SLC according to the radial distance computed at point 4: its new position will be in
GSLC ¼G0þd, as shown in Figure 1, 3c.

2.2.4 | Step 4: Generation of the volumetric meshes

Once the virtual implantation of the SLC is completed, we project the annulus trace onto the SLC outer surface. The
three-dimensional region comprised between the trace and its projection is defined as the Landing Zone (LZ) of the
prosthesis into the vessel. This region summarizes in a single mechanical component the valve annulus, the native leaf-
lets, and the calcium deposits (see Figure 2 – Landing Zone).

Combining all of the previously reconstructed surfaces and volumes, we obtain the computational domain depicted
in Figure 2, left: the SLC in yellow is in contact with the LZ in green and with the fluid domain Ωt

F. In all the previous
steps, partial surface remeshing is used to guarantee that the interfaces are conforming. The fluid domain is topologi-
cally a tube, and the two structures are hollowed cylindrical volumes, thus a tetrahedral volumetric mesh is generated
for each of them, after a local mesh refinement in the aortic root as shown in Figure 2. The SLC and LZ are combined
into a single mesh by juxtaposition.

2.3 | Numerical model

The computational domain of interest is made of a fluid component Ωt
F �ℝ3, consisting in the aortic root and the

ascending aorta, and a structural component Ωt
S ¼Ωt

SLC[Ωt
LZ �ℝ3, consisting in the LZ and the SLC, as depicted in

Figure 2. We model blood as an incompressible homogeneous Newtonian fluid, as commonly accepted for large vessels,

FIGURE 2 Model of the computational domain and volumetric mesh of the patient DEG2: in blue the fluid domain, in green the

landing zone and in yellow the SLC, in purple the fluid-structure interface, in red the interface between SLC and LZ. Bottom right:

physiological flowrate profile from Ref. 32, imposed as inlet boundary conditon.
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thus its flow dynamics is described by the Navier–Stokes equations in the Arbitrary Lagrangian–Eulerian (ALE)
formulation,33,34 to account for the displacement of the SLC and LZ. The aortic wall is treated as rigid, whereas the

dynamics of the moving structures is modeled by the equations of linear elasticity in the fixed reference domain bΩS, in
Lagrangian formulation. We indicate by b� the quantities in the reference domain, while a superscript t denotes the

moving domain and boundaries: for example, the current configuration of the fluid domain at time t is Ωt
F ¼Lt bΩF

� �
,

where Lt is the ALE map. The fluid and the structure interact through the interface bΣ¼ bΣint
SLC[bΣint

LZ � ∂bΩS,
corresponding to Σt � ∂Ωt

F in the moving frame of the fluid and indicated in purple in Figure 2. The rest of the structure
boundary is considered rigid, in accordance with the choice made on the aortic wall. We also define the internal inter-

face bΣint
S , between the SLC ΩSLC and the landing zone ΩLZ, indicated in red in Figure 2.

The strong formulation of the coupled problem reads as follows:
Given the initial blood velocity u0 ¼ 0, for each time t>0, determine u, the blood pressure p, the displacement bd of

the structure, and the fluid mesh displacement bdF, such that:

ρf
∂u
∂t

þ u�uALEð Þ �rð Þu
� 	

�divTF u,pð Þ¼ 0 inΩt
F,

divu¼ 0 inΩt
F,

u¼uin onΣin
F ,

TF u,pð Þn¼ poutn onΣout
F ,

u¼ 0 onΣwall
F ,

u¼ dd
dt

onΣt,

TS dð Þn¼TF u,pð Þn onΣt,

ρS
∂2bd
∂t2

�divbTS
bd� �

¼ 0 in bΩS,bd¼ 0 on ∂bΩSnbΣ,
�ΔbdF ¼ 0 in bΩF,bdF ¼ bd onbΣ,bdF ¼ 0 on ∂bΩFnbΣ,

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð4Þ

where uALE ¼ ∂bdF
∂t ∘Lt is the velocity of the fluid domain, Lt being defined as Lt bxð Þ¼bxþbdF bxð Þ, ρF and ρS are the densi-

ties of the fluid and the structure components, and uin and pout are prescribed boundary data (see Section 2.4). The fluid
Cauchy stress tensor TF u,pð Þ is defined as

TF u,pð Þ¼�pIþμF ruþruT
� �

,

where μF is the dynamic viscosity of blood. The Piola-Kirchhoff stress tensor bTS of the linear elastic structure is

bTS
bd� �

¼ λSdiv bd� �
IþμS rbdþrbdT� �

:

The Lamé coefficients λS and μS and the structure density ρS are piecewise constant to account for the different
materials in the LZ and SLC:

λS ¼
λLZ inΩLZ,

λSLC inΩSLC,



μS ¼

μLZ inΩLZ,

μSLC inΩSLC,



ρS ¼

ρLZ inΩLZ,

ρSLC inΩSLC:




Although the landing zone is a biological tissue and thus should, in principle, be modeled as a non-linear hyperelastic
material, we assume that the fibrosis and calcium deposits that it bears yield small deformations of the structure, thus
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justifying a linearized approach. Due to the linearity of the structures, we consider the reconstructed end-diastolic geometry
as the reference frame for the structural problem. Indeed, considering a no-stress configuration would only affect the results
as an addition of a constant value representing the aortic diastolic pressure, homogeneously in the domain.

For the time discretization of the FSI problem (4) we employ a semi-implicit backward Euler scheme for the fluid
problem and a first order implicit scheme for the structure problem. The geometric and kinematic interface coupling
are enforced in an essential way, while the continuity of stress between the fluid and the structure is imposed by
Lagrange multipliers.35,36 Space approximation is obtained by piecewise linear finite elements for all the unknowns of
the problem, with a SUPG-PSPG stabilization of the fluid subsystem.37,38 The resulting algebraic system is non-linear
due to the implicit treatment of the geometric coupling and for this reason it is solved by an inexact Newton
method,39,40 with a FSI-specific monolithic block preconditioner.35,40

The numerical method described above is implemented in LifeV,41 a parallel finite element library developed in C++ at
MOX-Politecnico di Milano, INRIA-Paris, CMCS-EPF of Lousanne, and Emory University-Atlanta, and extensively employed
in cardiovascular clinical applications (e.g., Refs. 42–45), in particular with the described strategy for FSI (see Refs. 46,47).

2.4 | Boundary conditions and simulations settings

Under the assumptions presented at the beginning of Section 2, our simulations consider only the systolic phase of a
single heartbeat.

The solid structure is fixed by homogeneous Dirichlet conditions on the external walls Σwall
LZ and Σwall

SLC, as we neglect
the forces exerted by the myocardium during systolic contraction.

For the fluid domain, a time-dependent uniform velocity profile is imposed at the inlet section Σin
F , with a physiolog-

ical flowrate obtained from Ref. 32 and displayed in Figure 2, right: using this data for all the patients allows a fair compari-
son among them, since the size of the prosthesis is the same in all cases, and does not require patient-specific post-intervention
data. FSI occurs only with the SLC and LZ, so that the aortic wall is considered rigid and at the outflow section, we set homo-
geneous stress conditions. More refined outlet conditions, such as those based on Windkessel models, were not considered
because they would require suitable parameter calibration and, in any case, would not affect the pressure gradients.

Regarding the mechanical properties of the structures, for the LZ we use the values of calcified leaflets as in the
work of Ref. 8, which corresponds to an intermediate stiffness between physiological leaflets and pure calcifications
(see Ref. 4). For the SLC, we consider its stiffness and density to be mainly determined by its metallic component. Since
the SLC does not have the porous structure of the actual stent, we scale the mechanical properties of the chrome-cobalt
alloy to account for the holes, by analogy with Gibson's trabecular bone model48:

ESLC ¼ 1�Φð Þ2ECrCb, ρSLC ¼ 1�Φð ÞρCrCb, ð5Þ

where Φ¼ 0:2 is the porosity of the actual stent, ESLC and ρSLC are Young's modulus and the density of the SLC, and
ECrCb and ρCrCb those of the metal. In Table 1 we report the resulting mechanical and physical properties of the two
structures, while for blood we consider a density ρF ¼ 1060 g/cm3 and viscosity μF ¼ 0:035 Poise.

In the mesh generation phase of our reconstruction procedure, we consider a non-homogenous tetrahedralization:
the average element size is 0:7mm in the SLC, 0:5mm in the LZ, while in the fluid domain it ranges between 0:5mm
in the aortic root to 1:25mm in the distal region. A time-step of Δt¼ 0:1 ms is employed.

2.5 | Outputs of interest

Using the computational model described above, we compared the scenarios associated with the different patients in
terms of the following quantities:

TABLE 1 Mechanical properties of the two structures.

ρ E ν λ μ

Landing Zone 1:1 g=cm3 4 MPa 0:45 12:4 MPa 1:37 MPa

SLC 1:66 g=cm3 8 GPa 0:3 4:6 GPa 3:08 GPa
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• Blood velocity distribution in the fluid domain;
• Transvalvular pressure drop Δvp between the inlet and the sinotubular junction section. This is one of the main

quantities of interest in the clinical assessment of a prosthetic valve and in follow-up evaluations;
• Wall Shear Stress (WSS) exerted by the fluid on the aortic wall:

WSS¼TFn� TFnð Þ �n,

where n is the normal versor. The distributions of this surface field and of its time average

TAWSS¼ 1
T

ZT
0

WSS dt:

are associated with different vascular diseases, in particular calcification and atherosclerosis49;

• WSS and TAWSS critical areas:

Apeak
WSS ¼ area of x�Σwall

F :jWSS tpeak,x
� �j>1Pa

� �
,

ATAWSS ¼ area of x�Σwall
F :jTAWSS xð Þj>0:5Pa

� �
,

ð6Þ

where tpeak is the time corresponding to the systolic peak. These areas are expressed as a percentage of the total area of
the fluid domain wall Σwall

F . The threshold values of 1 Pa and 0.5 Pa employed in definition (6) identify areas of higher
(albeit not necessarily pathological) WSS. Notice that physiological values for peak-systole WSS near the sinotubular
junction range between 0.3–0.6 Pa, as reported, for example, in Ref. 50;

• Von Mises equivalent stress (σVM) in the annulus, representative of the stresses generated within the structure:

σVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TS11�TS22ð Þ2þ TS22�TS33ð Þ2þ TS11�TS33ð Þ2þ6 T2

S12þT2
S23þT2

S13

� �
2

s
:

3 | RECONSTRUCTION PROCEDURE: RESULTS AND DISCUSSION

As described in Section 2.2 – Step 2, our virtual implantation procedure encompasses the enlargement of the annulus,
which is the virtual counterpart of the balloon expansion performed during the clinical procedure, to break the calcifi-
cations and ensure a complete opening of the stent up to its nominal dimensions. Among the five patients considered,
only NODEG2 did not need a virtual expansion of the annulus, as we can see from Figure 3 – above: the native dimen-
sions of the annulus of NODEG2 are large enough to contain the SLC. This is consistent with the clinical measurements
reported in Table 2: NODEG2 has the largest orifice area, and the equivalent orifice diameter is larger than the sum of
the prosthesis external diameter (23 mm) and the typical 3 mm thickness of calcified leaflets.31 On the other hand, the
native orifice areas of DEG1 and DEG2 – which are comparable to one another – are the smallest among the patients
under investigation, and thus their annuli needed to be enlarged the most. This observation is consistent with the con-
jecture that a reduced pre-operative area of the aortic annulus w.r.t. to the size of the prosthesis is one of the factors that
may lead to SVD, as formulated in the CAVEAT study.13

As mentioned in Section 2.2, the same SAPIEN XT prosthesis is implanted in all patients, thus the SLC has the
same dimension in all cases. However, its positioning in the orifice plane is affected by the patient-specific distribu-
tion of pre-implantation calcium deposits, as described in Section 2.2 – Step 3. In Figure 3, above, we show how
the distance between the annulus centerline and the position of the SLC obtained after its positioning procedure
highly differs among the patients. In particular, we notice that little displacement is performed in the cases of

FUMAGALLI ET AL. 9 of 19
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NODEG2 and DEG3, where the calcium distribution is essentially uniform in the circumferential direction, while
the largest displacement is attained for DEG1, where such distribution is more concentrated on the left side of the
annular plane.

From Figure 3 we also notice how pre-implantation calcium deposits are the largest in DEG3. This may suggest that
this patient is significantly prone to leaflets calcifications.

At the end of the virtual insertion, we verified that the downstream end of the SLC is upstream w.r.t. the coronary ostia
for all the patients at hand, as indicated by implantation guidelines51 to prevent the stent structure from impairing coronary
perfusion. In the case of DEG1 and DEG3, we could also compare our geometries (reconstructed using only pre-implantation
data) with 5-year follow-up CT scans, noticing that our virtual balloon expansion yields a good geometric agreement with
this imaging data, both in the ascending aorta and in the Valsalva sinuses, as shown in Figure 4. Moreover, we noticed that
the implanted stent actually attained its nominal diameter of 23 mm and had a circular section.

4 | FSI ANALYSIS: NUMERICAL RESULTS AND DISCUSSION

The FSI problem described in Section 2.3 is solved by the finite element library LifeV.41 We performed a convergence
analysis w.r.t. space and time discretization, at the end of which we chose hmax ¼ 1:25 mm as characteristic finite
element size and Δt¼ 0:1 ms as time step. In Table 3, we summarize the mesh convergence analysis for patient

FIGURE 3 Artificial enlargement of the annulus (Step 2) and stent positioning (Step 3). Above: the segmented annulus (green) is

expanded as in Step 2 of the reconstruction procedure; the expanded annulus is depicted in red (patient NODEG2 did not require expansion)

and the SLC, positioned on the vessel centerline, is reported in blue for comparison. Below: based on the distribution of calcium deposits

(gray) the SLC is displaced from its position on the centerline (dark blue) to a new position (light blue) by a displacement d (direction in red

arrows) as in Step 3 of the reconstruction procedure; the (possibly) expanded annulus trace is reported for reference.

TABLE 2 Clinical measures for the five patients: area of the native annulus, equivalent orifice diameter computed (assuming the native

orifice to be a circle) and mean radius of the ascending aorta.

Native orifice area (cm2) Equivalent orifice diameter (cm) Mean vessel radius (cm)

NODEG1 4.05 2.27 1.84

NODEG2 5.83 2.73 1.97

DEG1 3.47 2.10 1.60

DEG2 3.40 2.08 1.68

DEG3 4.41 2.37 1.69
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NODEG2: each mesh is identified by its hmax , and we report the relative difference of some representative quantities
between different levels of refinement: for a quantity of interest ψ hmaxð Þ, the relative difference eψ is defined as.

eψ ¼ jψ hmaxð Þ�ψ 2hmaxð Þ
ψ 2hmaxð Þ j: ð7Þ

As shown in Table 3, the choice of hmax ¼ 1:25 mm ensures a mesh sensitivity to further refinements of less than 2%
on the transvalvular pressure drop and representative values of WSS and σVM .

Each simulation required a wall time of about 70 h on a HPC node with 32 processors Intel(R) Xeon(R) E5-4610
and 1.2 TB RAM.

4.1 | Fluid dynamics analysis

In Figure 5 we report the velocity field for all patients at the systolic peak and during the deceleration phase. The veloc-
ity attains its maximum at the systolic peak, downstream the SLC, with a value of 1:5m/s laying in the physiological
range, in accordance with the literature.52,53 We observe the typical jet flow, impinging on the extrados of the ascending
aorta, as well as late-systolic recirculation patterns in the intrados region. The jet covers a larger portion of the compu-
tational domain in the cases DEG1 and DEG2, in comparison with NODEG1 and NODEG2, while in the DEG3 case its
impingement on the outer wall is stronger due to the rapid bending of the geometry. Accordingly, the largest rec-
irculation vortex is centered near the point of maximum curvature in the NODEG cases, whereas it is displaced down-
stream in DEG1 and DEG2, since the wider jet prevents its formation in the proximal region of the domain; regarding

FIGURE 4 Comparison of the reconstructed geometries (yellow: SLC; green: LZ; blue: fluid domain) with 5-year follow-up CT scans of

patients DEG1 (above) and DEG3 (below). The stent in the background grayscale CT image can be identified by the alternate white-black

regions (see the red arrows).
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DEG3, instead, the rapid deviation of the geometry w.r.t. the direction of the jet leaves room for the formation of a rec-
irculation structure very near to the aortic root.

From Figure 5 we also notice that two of the degenerate cases (DEG1 and DEG3) have a significantly more pro-
nounced curvature with respect to the non-degenerate case, resulting in a strong divertion of the systolic jet. This geo-
metrical observation will have a role also in the discussion on the wall shear stress.

In Figure 6, we can observe that the overall pressure drop between the inlet and the outlet sections is about 3 mmHg
at the systolic peak for all the patients. For the DEG patients, higher values of pressure drop (around 2mmHg)
w.r.t. the NODEG patients are reached in localized areas near the extrados of the aorta. This is consistent with the pre-
vious comment about the more pronounced vessel curvature of DEG1 and DEG3. However, since the high-pressure
areas are different for each patient, the pressure distribution at the systolic peak does not provide relevant indices asso-
ciated to SVD. Similarly, in the deceleration phase, some differences can be observed in the pressure distribution of the
different patients, but no significant distinction between the DEG and NODEG cases is appreciated.

TABLE 3 Mesh convergence analysis: hmax is the maximum edge length, N is the number of tetrahedra of the volumetric mesh and the

expression for the relative differences eψ is defined in (7). Δvp is the transvalvular pressure drop, WSS is averaged on the two circumferences

on the inner stent wall depicted in the schematic representation on the right, σVM values are computed at two points of the annulus

interface, in the left and right coronary sinuses.

hmax (mm) N (k) eΔvp eWSS,mid eWSS,top eσVM,left eσVM,right

5 347 — — — — —

2:5 484 .032 .012 .020 1.216 1.304

1:25 660 .003 .017 .006 .014 .138

FIGURE 5 Velocity field on a transversal slice at the systolic peak (above) and during the deceleration phase (below), for the five

patients. On the left, the selected time instants identified on the inlet flowrate curve.
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In Figure 7 we report the WSS spatial distribution on the fluid domain wall of all patients, at the systolic peak. For
all the patients, we notice high stress on the inner SLC wall, due to the drag force exerted on the prosthesis, while small
stress values are attained in the Valsalva sinuses, especially in the right and left coronary sinuses. To quantify the differ-
ences between the patients, we define thresholds of 1 and .5 Pa for WSS and TAWSS, respectively. Such values were
selected to highlight the differences between DEG and NODEG patients. In fact, we are proposing such thresholds as a
new way to discriminate TAVI patients w.r.t. prosthesis degeneration. Notice that the threshold of 1 Pa is higher than
the average physiological peak values of WSS near the sinotubular junction, which have been found to be around .5 Pa
(e.g., Ref. 50). It is worth to point out that stress values above these thresholds are not pathological per se: they simply
show good correlation with the classification as DEG or NODEG for the patients under investigation.

Differences in WSS among the patients can be observed donwstream to the sinotubular junction. For example, in
DEG1, high stresses are assumed on the intrados of the aortic wall, while for the other patients the highest values of
WSS are attained on the extrados. The main difference, however, lays in the amount of aortic wall interested by high
values of viscous stress. In particular, in the NODEG cases the WSS is lower than 1 Pa in most of the ascending aorta,
while for the DEG patients large portions of the wall present high values ofWSS. To quantify these differences, we com-
pute the WSS critical area Apeak

WSS , that is the area of the region in which jWSS j >1 Pa at the systolic peak (see (6)). The
values for such area are reported in Table 4 as a fraction of the total area of the ascending aorta. Consistently with the
comments above, the NODEG patients present a smaller value of Apeak

WSS than the DEG ones, especially if considering the
large values obtained for DEG1 and DEG3, confirming that this parameter can be a significant indicator for SVD
prediction.

In Figure 7 we also report the time evolution of the average WSS computed over a region located between the
sinotubular junction and the point of maximum deviation of the aortic centerline (see scheme in Figure 7, top right),
which contain the WSS critical areas of all the patients. We observe that the DEG cases are characterized by time-
persistent values of such space-averaged WSS over 0:5 Pa, especially in the early systolic phase, whereas in the NODEG
cases this spatial average remains below the threshold, except for very short times. This observation is relevant because
concentrated and time-persistent high values of WSS like those observed in the DEG patients have two implications:

FIGURE 6 Pressure gradient w.r.t. the outlet on a transversal slice at the systolic peak (above) and during the deceleration phase

(below), for the five patients. On the left, the selected time instants identified on the inlet flowrate curve.
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first, they may be a factor of possible damage to the endothelial tissue of the aortic wall; second, they can be interpreted
as indicators of reduced compatibility between the implantation site and the BHV, thus possibly foretelling the onset
of SVD.

To synthesize the time evolution of the viscous stress, in Figure 8 we report the distribution of TAWSS on the aortic
wall. Both DEG1 and DEG3 present higher values of TAWSS with respect to the other patients, localized in the same
regions that were identified for the WSS (see Figure 7). A quantitative measure of such regions is represented by the
TAWSS critical area ATAWSS where jTAWSS j >0:5 Pa. The values of such area are reported in Table 4: all the DEG sub-
jects present a larger high-value region than the NODEG cases, confirming this parameter to be relevant in the predic-
tion of SVD. Actually, ATAWSS proves to be even better at discriminating between DEG and NODEG cases, with respect
to Apeak

WSS , suggesting its relevance as a predictive indicator for SVD.

FIGURE 7 WSS distribution on the internal wall of the SLC and on the aortic wall at the systolic peak (t¼ 0:096 s). Top-right corner:

time evolution of the mean WSS on the region between the sinotubular junction and the point of maximum deviation of the aortic

centerline, as depicted by the two red lines in the scheme above.

TABLE 4 Area of the critical regions in which jWSS j >1 Pa (at the systolic peak) and jTAWSS j >0:5 Pa, respectively, expressed as

percentages of the total area of the aortic wall Σwall
F .

WSS critical area Apeak
WSS= jΣwall

F j %½ � TAWSS critical area ATAWSS= jΣwall
F j %½ �

NODEG1 0.50% 1.34%

NODEG2 2.15% 1.31%

DEG1 5.38% 5.84%

DEG2 2.37% 3.50%

DEG3 4.85% 13.95%
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To complete the analysis of the fluid dynamics results, we report that we investigated also the time evolution of the
transvalvular pressure drop Δvp. However, no significant differences could be observed among the five patients under
study, and a maximum value of Δvp� 5:5,6:5½ �mmHg – within the physiological range 5,11½ �mmHg53 – was attained in
all cases. Our results are in contrast with the clinical practice that considers the transvalvular pressure drop as a widely
employed quantity for the assessment of prosthetic valves function, since it is routinely measurable by Doppler echocar-
diography. For this reason, further investigation in this direction will be mandatory. Indeed, the lack of differences
between the patients investigated can be ascribed to the fact that the same prosthesis and inflow conditions have been
considered for all of them, while variability on the actual shape and size of the prosthesis and on the cardiac output has
to be considered in the clinical practice.

4.2 | Structural analysis

To fully exploit the FSI nature of the problem, we report and discuss the results obtained on the displacements and
stresses undergone by the structural components of the system, namely the SLC and the LZ.

In all cases, the displacement of the SLC is mainly radial, since the fixed boundary condition on the inlet base of the
stent prevents motion along the flow direction, while the LZ is essentially directed in the flow direction, because of both
the rigid-wall assumption on the aortic wall and the action of the recirculating flow in the Valsalva sinuses, which cre-
ates a low-pressure region pulling downstream the LZ. However, all such displacements are of the order of μm micro-
meters, and negligible differences are observed among the patients.

From the viewpoint of the forces exerted on the structure, in Figure 9 we report the Von Mises stress distribution on
the landing zone during the acceleration phase of the systole (t¼ 0:042 s). We can notice that the larger stresses are
attained at the interfaces with the aortic wall and the SLC, due to the linear elasticity assumption, but no relevant char-
acteristics allow to discriminate between the NODEG and DEG clinical samples.

FIGURE 8 TAWSS distribution on the internal wall of the SLC and on the aortic wall.
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Summarizing, we can state that no structural indicators were identified for the prediction of SVD.

5 | FINAL REMARKS AND LIMITATIONS

We investigated the systolic hemodynamics in the aorta of five patients that underwent TAVI and whose follow up at
5–10 years from the implant is known. We built a FSI model of the TAVI implant with the aim of identifying predictive
indicators for the onset of SVD based onto the knowledge of only pre-operative information. We compared the different
patients in terms of the outcomes of the reconstruction procedure and of the FSI simulations to identify indicators that
could discriminate between the patients who suffered from SVD (DEG patients) in a 5–10 year timespan and those
whose prosthesis did not degenerate (NODEG).

The main outcomes of this study are the following:

1. We confirmed some literature observations indicating a reduced native orifice area and widely calcified native leaf-
lets as possible risk factors.

2. On the other hand, we observed that the transvalvular pressure drop, which is routinely measured in the assessment
of prosthetic valves function, is not a significant indicator for SVD prediction.

3. We identified other SVD-predictive quantities that cannot be directly measured by diagnostic tests. In particular, we
observed a difference in the position of the main recirculation vortex in late systole, between the NODEG and DEG
patients, and we noticed even more significant differences in the viscous stress exerted by the blood flow on the
proximal region of the ascending aorta: the DEG patients are characterized by larger and time-persistent values of
WSS, especially in the early systole, and by wider regions of high stress on the aortic wall at the systolic peak.

4. The quantity that proved to be the best at discriminating between the DEG and NODEG patients samples is the
TAWSS critical area ATAWSS, namely the area of the region where the TAWSS exceeds a threshold of 0.5 Pa.

5. In the settings considered in this work, a purely CFD analysis – that is with all the structures modeled as
rigid – would have likely yielded comparable results. Although this can be useful for reducing the computational
cost of the simulations, an a priori justification for this choice can be difficult and controversial: the results of our
FSI analysis are obtained without assuming rigidity of the prosthesis and of the tissue surrounding it.

This study presents the following limitations:

1. Unlike for the stent-leaflets complex, we considered the aortic wall as rigid and prescribed a fixed position of the
stent inlet, thus neglecting the forces exerted on the SLC and LZ by the elastic vessel wall and the contracting ventri-
cle. In this direction, more refined boundary conditions, such as absorbing or Windkessel at the outlet,54 should be
suitably considered.

2. We modeled the stent and the adhering leaflets as a single structure. Removing this assumption and that of point
1 may have an impact on the forces exchanged among the different structural and anatomical components, thus pos-
sibly leading to the identification of additional predictive indicators for SVD. Moreover, this separation of the leaflets
from the stent may improve the accuracy of the model in the description of the early stages of the systolic and

FIGURE 9 VM stress distribution at early-systole instant (0.042 s) over the downwind surface of the landing zone.
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diastolic phases, by allowing to also investigate the effects of the geometry and motion of the leaflets explicitly, and
possibly observe degeneration factors on their tissue.

3. The LZ is considered as a homogeneous mixture of physiological leaflet tissue and calcium deposits: future work
may consider a heterogeneous distribution of the calcifications, in order to study the effects of such heterogeneity on
the device implantation and on its degeneration.

4. Our investigation focused on the sole systolic phase, thus it did not analyze the effects of the pressure gradients
across the closed valve and the recirculation flows sliding on the aortic side of the prosthetic leaflets. The determina-
tion of diastolic indicators could then be the subject of future research.

5. The promising results that we obtained should be verified on a larger set of patients, in order to provide statistical
significance and validation to our observations. Moreover, finding a way to predict the cardiac output and boundary
conditions of a subject after the intervention (though still based on just pre-implantation data) would allow to better
analyze the patients' specific conditions.

Despite these limitations, the current study represents the first patient-specific computational investigation on the
prediction of SVD onset, which paves the way to more detailed analyses and to the definition of a clinical score that
may help the clinician both in the design of the TAVI procedure and in the post-implantation monitoring of the
patient.
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