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ABSTRACT

Introduced as an alternative to open-heart surgery for elderly patients, Transcatheter Aortic Valve Implantation
(TAVI) has recently been extended to younger patients due to comparable performance with the gold-standard.
However, the long-term durability of the bio-prosthetic TAVI valves is limited by Structural Valve Deterioration
(SVD), an inevitable degenerative process whose pathogenesis is still unclear. In this study, we aim to compu-
tationally investigate a possible relationship between aortic hemodynamics and SVD development. To this aim,
we collect data from twelve patients with and without SVD at long-term follow-up exams. Starting from pre-
operative clinical images, we build early post-operative virtual geometries and perform Computational Fluid
Dynamics simulations by prescribing a personalized flow rate based on Echo Doppler data. In order to identify
a premature onset of SVD, we propose three computational hemodynamic indices: Wall Damage Index (W DI),
Leaflet Delamination Index (LDI), and Leaflet Permeability Index (LPI). Additionally, to each index we asso-
ciate a score and, using the Wilcoxon rank-sum test, we find that each score individually shows a statistically
greater median value in the SVD sub-population (W DI: p = 0.008, LDI: p = 0.001, LPI: p = 0.020). Finally, we
define a synthetic scoring system that clearly separates between SVD and non-SVD patients. Our results suggest
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that aortic hemodynamics may drive a premature onset of SVD, and the synthetic score could potentially assist
clinicians in a patient-specific planning of follow-up exams to closely monitor those patients at high SVD risk.

Glossary

TAVI Transcatheter Aortic Valve Implantation
SVD Structural Valve Deterioration

CFD Computational Fluid Dynamics

CTA Computed Tomography Angiography
PW Pulsed Wave

TTE Transthoracic Echocardiography

CwW Continuous Wave

LVOT Left Ventricular Outflow Tract

NS Navier-Stokes

LES Large Eddy Simulation

RIIS Resistive Immersed Implicit Surface

WSS Wall Shear Stress

TAWSS Time-Averaged Wall Shear Stress
OSI Oscillatory Shear Index

TSVI Topological Shear Variation Index
WDI Wall Damage Index

LDI Leaflet Delamination Index

LPI Leaflet Permeability Index

ECAP Endothelial Cell Activation Potential
RRT Relative Residence Time

FSI Fluid-Structure Interaction

PVL Paravalvular Leakage

EOA Effective Orifice Area

DVI Doppler Velocity Index

1. Introduction

During the last two decades Transcatheter Aortic Valve Implantation
(TAVI) has been established as a minimally invasive treatment for se-
vere aortic stenosis in older patients at high-risk for open-heart surgery
[1,2]. Thanks to the positive outcomes of recent clinical trials [3,4],
nowadays TAVI represents the therapy of choice also for many lower-
risk, younger patients [5]. In this context, it is particularly important
to assess the long-term durability of the bio-prosthetic valves used for
TAVI. Nonetheless, the relatively young age of this procedure, the lim-
ited life expectancy of its recipients, and the dispersion of patients after
the intervention result in a lack of long-term follow-up data which makes
it difficult to properly investigate the durability of TAVI valves.

The main limiting factor to the durability of bio-prosthetic valves is
Structural Valve Deterioration (SVD), an intrinsic degenerative process
manifested as permanent changes in the prosthesis, such as leaflet cal-
cification or destruction of connective tissue, that ultimately leads to
the failure of the implanted valves [5,6]. However, the pathogenesis of
the SVD process is still incompletely understood and multiple mecha-
nisms are thought to be involved [7]. Specifically, an elevated host cell
infiltration was observed in explanted bio-prosthetic valves with SVD
[8,91.

In the TAVI context, clinical studies have proposed several SVD risk
factors that can be divided into valve-related and patient-related factors
[10-12]. Some of these factors are associated to a high cardiac output
and a small valvular orifice area. Accordingly, Ochi et al. hypothesized
that an accelerated flow across the valve is a shared key component
in the pathophysiology of SVD [13]. This suggests an influence of
hemodynamics on the development of SVD.

To better investigate this point, in this paper we assess the role of
hemodynamics in SVD by means of computational modeling, which rep-
resents a powerful tool to obtain a detailed quantitative description of
blood-dynamics after TAVI. Within the TAVI framework, computational
models have been extensively employed to simulate the deployment of
the bio-prosthetic valve [14,15] and post-TAVI blood-dynamics [16,17],
focusing on post-procedural complications such as paravalvular leakage
[18,19], conduction abnormalities [20,21], and coronary obstruction
[22]. Additionally, the durability of bio-prosthetic valves has been as-
sociated with the distribution of mechanical stresses in different device
designs using computational mechanical models [23-25]. Moreover, a
recent work experimentally showed that SVD is associated with mineral
precipitation and cellular infiltration in the bio-prosthetic leaflets and
the authors proposed computational hemodynamic indices that corre-
late with their findings in idealized geometries [26]. However, to the

best of our knowledge, the only computational hemodynamic studies
investigating the relationship between aortic hemodynamics and SVD
using patient-specific clinical data have been carried out in our previous
studies [27,28].

In this work we expand the analyses of [27,28] by further refining
and personalizing the Computational Fluid Dynamics (CFD) model. In
particular, the advancements of this paper rely on the introduction of a
wire-frame description of the bio-prosthetic valve’s stent, the modeling
of the opening/closure dynamics of the valve’s leaflets, the use of real-
istic TAVI leaflets geometry, and the flow rate conditions derived from
Echo Doppler data.

The aims of this retrospective computational study are to:

1. Propose a framework to numerically simulate highly personal-
ized post-TAVI hemodynamics starting from pre-operative clinical
images and early post-operative Echo Doppler data;

2. Identify new hemodynamic indices in early post-TAVI virtual sce-
narios, i.e. when the implanted valve has not degenerated yet, that
correlate with a premature onset of SVD, detected at 5-10 years
follow-up exam.

2. Materials and methods
2.1. Clinical data

In this study we leverage clinical data related to twelve patients
who underwent the TAVI procedure in Centro Cardiologico Monzino
between 2008 and 2012. In each patient it was implanted an Edwards
SAPIEN valve of either the first or second generation with a nominal
size of 23 mm in external diameter. These are trileaflet bio-prosthetic
valves made of bovine pericardium mounted on a balloon-expandable
cylindrical stent with an inner fabric skirt on its ventricular side [29].

Six patients with SVD at long-term follow-up were identified and
six patients without SVD at the same exam were randomly extracted
from the same cohort and matched for baseline characteristics. We will
refer to the former group as DEG patients and to the latter group as
NODEG patients. In particular, the definition of SVD adopted in this
paper is in agreement with both the “stage 3 SVD” definition pro-
posed by Dvir et al. in [30] and the definition of SVD with “Stage 3
Hemodynamic Valve Deterioration” proposed by the Valve Academic
Research Consortium (VARC) 3 in [31]. This means that all DEG patients
satisfy the corresponding criteria as highlighted in Appendix A.

For each patient we have at our disposal the following data that we
use as input in our model:
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Table 1
Patients’ characteristics in the study population. SAPIEN: type of SAPIEN valve.
age: age at the time of TAVI. BSA: Body surface area. CO: cardiac output.

D SAPIEN age sex BSA [m?] CO [L/ min] native valve
DEG1 1st gen. 70 F 1.712 5.94 tricuspid
DEG2 2nd gen. 87 F 1.599 6.13 tricuspid
DEG4 2nd gen. 86 F 1.761 4.84 tricuspid
DEG5 1st gen. 75 F 2.062 5.45 tricuspid
DEG6 1st gen. 66 M 1.885 5.95 tricuspid
DEG7 2nd gen. 77 F 1.678 5.31 tricuspid
NODEG1 2nd gen. 87 F 1.504 5.37 tricuspid
NODEG2 2nd gen. 77 F 1.349 4.52 tricuspid
NODEG4 1st gen. 84 F 1.533 5.08 tricuspid
NODEG5 2nd gen. 66 F 1.593 4.37 tricuspid
NODEG6 2nd gen. 80 F 1.663 6.03 tricuspid
NODEG7 2nd gen. 86 F 1.787 5.94 tricuspid

1. Pre-TAVI Computed Tomography Angiography (CTA) scan. This
is used in our model to reconstruct the patient-specific aortic ge-
ometries (see Section 2.2). See [11,27] for details on the CTA
acquisition;

2. Early post-TAVI Pulsed Wave (PW) Doppler Transthoracic
Echocardiography (TTE) data obtained between two days and
seven months after the implantation. We exploit these data to de-
rive a personalized flow rate profile that we impose as boundary
condition in the numerical simulations (see Sections 2.3 and 2.4).
See [11,27] for details on the Doppler TTE acquisition;

3. Long-term follow-up Doppler TTE data obtained 5-10 years after
TAVI. These data are used to identify which patients developed
SVD. The acquisition details are the same as in the previous point.

Moreover, for eleven out of twelve patients we have at disposal early
post-TAVI maximum blood velocity measurements through the bio-
prosthetic aortic valve taken from Continuous Wave (CW) Doppler TTE
data that we use to validate the numerical hemodynamic results.

We report in Table 1 the patients’ characteristics in our study pop-
ulation.! In particular, on average, DEG patients are characterized by:
age = 76.8, BSA = 1.783m?, and CO = 5.60 L/ min. Whereas, on average,
NODEG patients are characterized by: age = 80.0, BSA = 1.572m?, and
CO =5.22 L/ min.

The study was approved from IRB of Centro Cardiologico Monzino
and registered with the number R.1262/20-CCM 1326.

2.2. Post-operative virtual geometries

We aim to perform a personalized computational analysis of post-
TAVI hemodynamics exploiting the available clinical data (Section 2.1),
so that we build early post-TAVI virtual geometries starting from pre-
TAVI CTA scans. This procedure is extensively based on the use of the
Vascular Modeling Toolkit (VMTK) [32] and Paraview open-source soft-
ware and was already presented in [27,28]. In the following we give a
brief overview of the procedure, detailing the advancements introduced
in this study.

Pre-operative patient-specific geometries of the aortic root, the
ascending aorta and the aortic valve’s calcium deposits are semi-
automatically reconstructed. The reconstructed aortic root geometry
is then possibly deformed to be able to host the bio-prosthetic valve
model, coherently with what happens during the balloon inflation step
of the TAVI procedure. A cylindrical model of the SAPIEN valve’s stent is

1 Notice that the twelve patients of our study population come from a larger
cohort of fourteen patients analyzed in [27]. In particular, patients DEG3 and
NODEG3 are missing in this study due to the unavailability, for these two pa-
tients, of the early post-TAVI PW Doppler TTE data used to derive the inlet
boundary condition in our model.
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oriented according to the aortic root centerline, centered in the aortic an-
nulus barycenter and virtually inserted to be 70% in the aorta and 30% in
the ventricle, according to clinical practice. Additionally, the cylindrical
stent model is radially translated to account for the patient’s calcifica-
tion pattern. All the previous steps are detailed in [28]. Moreover, the
virtual stent insertion procedure was qualitatively validated in [27] for
two patients with available CTA scans taken few years after the TAVI
intervention.

Regarding the stent model, an advancement of this work with respect
to [27,28] is the introduction of a wire-frame design on the aortic side
of the stent. Notice that the ventricular side of the stent is modeled as
a hollow cylinder due to the presence of the inner skirt in the SAPIEN
valves (see Fig. 1 left). Specifically, we generate realistic CAD models
of the SAPIEN valves’ stent with SolidWorks and Autodesk Fusion (Fig. 1
center). Then, starting from a hollow cylinder, we manipulate its geom-
etry to match the wire-frame design of the CAD model only on the aortic
side (Fig. 1 right).

As for the bio-prosthetic leaflets, two advancements with respect to
[27,28] are the use of a realistic geometry, which mimics the SAPIEN
valves’ leaflets [34] (Fig. 2), and the modeling of the opening and
closure dynamics. An open and a closed configuration of the leaflets
are obtained with a mechanical simulation in Abaqus. Specifically, the
leaflets are initially modeled in a stress-free configuration. A physio-
logical pressure waveform is then applied to the leaflet surfaces, while
the leaflet-to-stent attachment region is fully constrained. Following
the simulation of an entire cardiac beat, the fully open and closed
configurations of the bioprosthetic valve leaflets are exported as STL
files for the subsequent step of the workflow. Then, we compute a
distance from the closed to the open configuration and we use it to
describe the opening and closure dynamics (see Section 2.4). Finally,
the leaflet geometry is inserted into the stent model so that it has the
same orientation of the stent and it is consistent with its wire-frame
design.

The resulting computational domain, depicted in Fig. 3(a), has one
inlet and one outlet sections. Additionally, the external wall comprises
the interface between blood and the stent, the interface between blood
and the native annulus, and the aortic wall.

As a last step we generate the computational mesh made of tetrahe-
dral elements which are finer close to the inlet and coarser as they extend
toward the outlet. On the whole aortic wall we consider a boundary
layer made of three sub-layers with thicknesses {0.1, 0.2, 0.4} mm go-
ing from the wall to the internal domain. Moreover, we refine the mesh
to a 0.25 mm size in the leaflets area to ensure a proper implicit repre-
sentation of the leaflets in the numerical simulations (see Section 2.4).
The resulting mesh (see Fig. 3b) has an average size of ~ 0.8 mm and is
chosen after a mesh sensitivity analysis (see Appendix B).

2.3. Personalized flow rate profile

In accordance with [27], we want to prescribe a flow rate condition
at the inlet section of the computational domain (Fig. 3a). In particular,
in [27] a physiological flow rate profile was taken from the literature
[36] and its magnitude was scaled to match the patient’s cardiac out-
put. In order to further personalize our CFD model, in this work we
assume that the inlet flow rate shares the same temporal evolution pro-
file as the blood velocity inside the Left Ventricular Outlet Tract (LVOT),
reconstructed from the available PW Doppler TTE image. The resulting
flow rate is characterized by a patient-specific mean value (i.e. cardiac
output), heart rate, and partition between the systolic and diastolic
phase.

More specifically, PW Doppler TTE images show the temporal evo-
lution of the blood velocity at the center of the LVOT during a few
heartbeats. For each heartbeat, we manually draw the velocity temporal
evolution during systole, following the Doppler signal’s contour and the
drawings performed by clinicians, if present. These manual drawings
were validated by an expert clinician for the whole study population.
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Fig. 1. For each SAPIEN valve considered in this study, we report: an image of the real valve (left), the CAD model (center) and the stent model used in the
CFD simulations (right). The “Real valve” images are taken from Rheude, Blumenstein, M6llmann, Husser [33] under CC-BY-NC license, ©Edwards Lifensciences

Corporation.

(b)

Fig. 2. SAPIEN leaflets in open configuration: image of the real valve (a) and
model used in the CFD simulations (b). The image of the real valve is taken from
Holoshitz, Kavinsky, Hijazi [35] with written permission by Hijazi.

(a) (b)

Fig. 3. (a) Computational domain comprising the interface between blood and
the stent (light blue), the interface between blood and the native annulus (red),
the aortic wall (gray), and the leaflets geometry (yellow). (b) Volumetric compu-
tational mesh with a boundary layer (zoom in black box) and a local refinement
in the leaflet area (highlighted in orange).

Then, using WebPlotDigitizer, we digitize the drawn profiles and we iden-
tify the end of the heartbeat. In particular, the end of the heartbeat is
identified by exploiting the electrocardiography signal, available in the
image, and the start of the velocity signal of the following heartbeat.
Finally, we average the digitized signals between the heartbeats and we

scale the averaged profile to match the patient-specific cardiac output
and heart rate. The full procedure is schematized in Fig. 4.

Let us notice that, in the clinical setting, the cardiac output is usually
computed from PW Doppler TTE data assuming a flat velocity profile in
the LVOT. This tends to overestimate the real cardiac output by about
15% [37] due to the skewness of the real velocity profile. Accordingly, in
this work we rescale the clinical cardiac outputs reported in Table 1 so
as to eliminate this overestimation (for simplicity assumed to be equal
to 15% in all the patients).

2.4. Mathematical and numerical modeling

In this work we considered the same mathematical model presented
in [27], where the system of equations is reported. In particular, we
model blood as an incompressible homogeneous Newtonian fluid, with
a density of 1060 kg/m? and a dynamic viscosity of 3.5x 1073 Pa- s [38],
using the Navier-Stokes (NS) equations, as commonly done in large ves-
sel like the aorta [39,40]. We account for the presence of turbulence in
the ascending aorta [41] by employing a Large Eddy Simulation (LES)
method, which is most suitable due to its capability to capture the lami-
nar, transitional and turbulent features characterizing the cardiac cycle
[42]. Specifically, we use the LES s-model [43], which has proven to
perform well in closed channel configurations, showing accurate results
in the near wall region [44]. We provide an implicit representation of
the bio-prosthetic leaflets with the Resistive Immersed Implicit Surface
(RIIS) method [45]. This method adds to the NS momentum equation
a local penalization term which surrogates the obstruction to the flow
caused by the presence of the leaflets. As for the boundary conditions,
we consider the external wall as rigid (CFD approach), we impose a
physiological pressure at the outlet section and a flow rate condition,
prescribing the personalized flow rate profile presented in Section 2.3,
at the inlet section. The latter condition does not provide enough infor-
mation to close the NS problem, thus it needs to be completed. In order
not to set a priori a spatial profile for the velocity field at the inlet, which
would affect the accuracy of the numerical solution [46], we prescribe
this condition using a Lagrange multiplier [47]. This approach assumes
the fluid traction to be normally directed and constant at the inlet section
and results in an augmented formulation of the NS systems. In particu-
lar, the Lagrange multiplier method for the prescription of a flow rate
condition has been shown to perfectly match a Womersley profile in the
case of pulsatile flow in a cylinder [46].

Regarding the modeling of the leaflets opening and closure dynamics,
in the numerical simulations we use the distance function introduced in
Section 2.2 to interpolate between the closed and open configurations
of the leaflets, according to the following law: the opening and closure
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Fig. 4. Derivation of the personalized flow rate profile. Starting from a PW Doppler TTE image (A.), we manually draw the temporal evolution of the blood velocity
during systole for each visible heartbeat (B.), we digitalize each drawing and identify the end of the heartbeat (C.), we average the digitalized profiles between the
heartbeats and we rescale the averaged profile to match the patient’s cardiac output and heart rate (D.).

times are 15 ms and 45 ms, respectively, according to [48,49]; moreover,
the transition between the two configurations is regulated by a valve
opening coefficient which follows the cosine-exponential ramps

op() =05 (1 — cos <”(%>)>

1—ePel!

rg®=1-0.5 (1 —cos (71: ( Ty ))) during closure,

during opening,

() =

where ¢ is a standardized time and p = {p,,.p./} is a parameter to be
calibrated for each phase. We vary p,, € [2.5,3.5] for the opening ramp
and p,; € [-3,-2] for the closure ramp according to the slope of the
input flow rate profile at the opening and closure instants. Specifically,
patients showing steeper flow rate profiles are associated to higher ab-
solute values of p. We stress that the leaflets geometry is a surface made
of shell elements, we implicitly represent it as an immersed surface and
provide a thickness to it directly in the numerical simulations using the
RIIS method (see [27] for details).

Let us now present the numerical methods employed in this study.
A spatial discretization of the problem is achieved using a Finite
Element approach with piece-wise linear elements both for the ve-
locity and pressure fields, referred to as P1-P1. A Streamline Upwind
Petrov—Galerkin/Pressure Stabilizing Petrov—Galerkin (SUPG/PSPG)
stabilization [50] is considered to account for the advection-dominated
regime and the use of P1-P1 spaces, which are inf-sup unstable. Possible
numerical instabilities arising from the presence of recirculating areas
at the outlet section are addressed with a backflow stabilization [51].
Moreover, the problem is discretized in time with a first order back-
ward Euler scheme with a semi-implicit treatment of the convective term
and an explicit treatment of the sub-grid scale viscosity, introduced by
the LES o-model. We consider a different time-step for each patient ac-
cording to the duration of the patient’s systolic phase. Specifically, a
time-step At = 1073 s is used for patient NODEG6 who shows the longest
systolic period (0.4 s) and for the other patients the time-step is scaled so
that we have roughly the same number of time instants during systole.
Finally, the augmented algebraic system arising from the introduction
of a Lagrange multiplier to impose the inlet flow rate condition is mono-
lithically solved using a preconditioned GMRES iterative solver [52],
exploiting an ad-hoc preconditioner [53].

For the implementation of the mathematical and numerical meth-
ods presented in this subsection we rely on the multi-physics
high-performance Finite Element library life* [54,55], developed at
MOX, Dipartimento di Matematica, with the collaboration of LaBS,
Dipartimento di Chimica, Materiali ed Ingegneria Chimica (both at
Politecnico di Milano).

2.5. Post-processing of the results

Due to the turbulent nature of the analyzed flow, in this paper we
numerically simulate eight complete heartbeats, discarding the first two

to avoid the influence of the null initial condition. In particular, using
the Paraview software, we post-process the phase-average (also named as
ensemble) velocity and pressure fields, i.e., the average at each time over
the six heartbeats:

6
R
Bx,1) = E'Z{d) (x,1),

where ¢" is either the velocity or the pressure at the n-th heartbeat.
Specifically, in this paper we aim to propose computational hemody-
namic indices, obtained by the phase-average fields, in early post-TAVI
scenarios that correlate with a premature onset of SVD, detected at 5-10
years follow-up exam.

2.5.1. Quantities of interest
Let us define the fluid viscous stress on a surface as:

(Vu+VTu>
T=2[4 T n

where u is the blood viscosity, u is the (phase-average) blood velocity
and n is the surface normal. Accordingly, the Wall Shear Stress (WSS)
vector reads:

Tyss =T—(T-n)n,
which allows us to define the following quantities:

- Time-Averaged WSS (TAW SS):

T-
1 /2
ltwssll dt,
,-T Jr,

TAW SS(x; [Ty, T5]) =

where T and T, identify the time-period (systole, diastole or com-
plete heartbeat) which could change according to the index, and ||v||
is the magnitude of a generic vector v;

Oscillatory Shear Index (OST):

T
dt
~ ||fTl Ty ss dill
T
le lltwssll dt

It provides a measure of the oscillatory nature of the WSS vector;
Topological Shear Variation Index (T SV I):

1
OSIx; [T}, TL) = 3

T
. 1 : N ¥\
TSVI(X,[TI,TZ])=\/T2_T1/T (Voel s =V thes)
1

N — _Twss
wss llTw ssll

1 T, N .
T I}V Ty s dt is the
average in time of the divergence of the normalized WSS vec-
tor. It represents the variation in the WSS action on the vessel

expansion/contraction [56].

is the nor-

where V- is the divergence operator, t

; N _
malized WSS vector, and V - Thss =
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2.5.2. Hemodynamic indices and scores

SVD has been associated with an increased infiltration of host cells
(e.g. immune cells, cell debris) in the bio-prosthetic leaflets [8,9,26].
Accordingly, we propose three computational hemodynamic indices in
order to study their correlation with a premature onset of SVD.

A diffuse damage/inflammation of the aortic wall can lead to the
recruitment of immune cells to the aortic root [57], thus facilitating
their infiltration in the leaflets. To quantify this damage we propose the
Wall Damage Index (W DI) computed on the aortic wall:

WDIX)=TAWSSX;[0;T)XTSVIx;[0;T])

where T is the duration of the whole heartbeat. It is known that high
WSS, here associated with high TAW S.S values, on the vessel wall can
result in endothelial changes, possibly promoting inflammation [58].
Additionally, significant variations in WSS directionality, corresponding
to high TSVI values, can affect vascular diseases by influencing en-
dothelial cells [59]. Thus, we associate high W DI values with a possible
damage of the aortic wall.

High stresses on the bio-prosthetic leaflets can cause the delamina-
tion of the connective tissue, promoting the infiltration of immune cells
[7]1. For this reason, we propose the Leaflet Delamination Index (LDI)
computed on the ventricular side of the leaflets:

LDI(x) =TAW SS(x;[0; Ts])

where Ty is the systolic end instant.

Low and oscillatory WSS is known to impair endothelial integrity,
thus increasing its permeability [60]. Accordingly, we propose the
Leaflet Permeability Index (LPI) computed on the aortic side of the
leaflets:

LPI(x) = OSI(x;[Tg;T]) % (0.05 - TAW SS(x; [Tg:T))) .

Notice that, high OST and low TAW SS values result in high LPT
values.

To investigate the correlation between the proposed indices and the
premature onset of SVD, we define a hemodynamic score associated with
each index by spatially averaging the index on the corresponding sur-
face. Specifically, W DI is averaged on the whole aortic wall to obtain
W DI, LDI is averaged on the ventricular side of the leaflets to obtain
L//D\\I , and LPI is averaged on the aortic side of the leaflets to obtain
LPI.

2.5.3. Synthetic score

With the aim of clearly separating between patients with and with-
out SVD at the long-term follow-up exam (DEG vs NODEG), we define
a global synthetic score, which combines the proposed hemodynamic
scores.

In order to be combined, the hemodynamic scores have to first be
standardized. To do so, similarly to [27], we compute the 2574 percentile
(0,), the 75th percentile (Q3), and the inter-quartile range (/QOR = Q3 —
0,) for each hemodynamic score in the whole study population and we
linearly project the interval [0, —TOR, Q;+IQR] into the interval [-1, 1].
The standardization procedure is performed using the Matlab software.

The global synthetic score SV D reads:

score

WDIg+LDIg+LPI
SV Dy, = L PLs S 2

score 3

where the subscript S denotes the hemodynamic standardized score.

2.5.4. Validation of the numerical results

To validate the numerical results of our CFD model we use the max-
imum blood velocity measurements through the bio-prosthetic valve
taken from early post-TAVI CW Doppler TTE data, available for all pa-
tients in the study population (apart from DEG2). During CW Doppler
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Table 2

Left: Numerical blood velocity validation for the eleven patients with avail-
able clinical datum (all but DEG2). Early post-TAVI maximum blood velocity
magnitude through the bio-prosthetic valve taken from CW Doppler TTE data
(v;2errlery and from the CFD results (V.€ED), and relative error between the two
measures (Err). The error range is computed accounting for the decimal trun-
cation of V,2%"'" (i.e. +£0.05 [#D. Right: Visualization of the Doppler image and
an example of the region I" where the maximum blood velocity magnitude is
computed from the CFD results.

D Vo™ 2] VP Err[%]

DEG1 2.6 292 10.6-14.5

DEG4 2.6 2.51 1.6-4.9

DEG5 2.5 2.33 4.9-8.2

DEG6 2.6 2.62 0.0-2.7 Doppler

DEG7 24 2.39 0.0-2.0

NODEG1 2.5 2.54 0.0-3.7

NODEG2 2.0 2.04 0.0-4.6

NODEG4 2.5 2.51 0.0-2.4 v

NODEGS5 23 1.85 17.8-20.9 \ 188

NODEG6 2.1 2.29 7.0-11.7 F’/ l“”—g
: : o-11. oW

NODEG7 2.5 2.08 15.1-18.1 &

TTE a transducer continuously transmits ultrasound waves and receives
echoes in order to measure blood velocities along an entire beam I' ori-
ented as the valve and passing through its center. The maximum blood
velocity through the valve is identified as the maximum velocity magni-
tude obtained along the beam I' during the heartbeat, and we compare
it with the same quantity extracted from the CFD results, assuming a
Doppler-like beam I" with a radius of 1 mm. We report in Table 2-right
an example of the beam T, for both the Doppler and CFD measures.

3. Results

All the numerical simulations were run in parallel on 112 cores
of Intel Sapphire Rapids@2.00GHz CPUs, using the computational re-
sources provided by the CINECA supercomputing center, Italy. The
average computational time for each simulation (i.e. for eight complete
heartbeats) is 17.0 + 5.3 hrs.

3.1. Outcomes of the validation of the numerical results

In Table 2 we report the maximum blood velocity obtained from CW
Doppler TTE and from the CFD results (see Section 2.5.4). Out of the
eleven patients with available clinical datum, the table shows that: in
four patients (DEG6, DEG7, NODEG1, NODEG4) the agreement is excel-
lent and the error is very close to zero; in two patients (DEG4, NODEG2)
there is a very slight increase in the error, which however is less than
5%; in another two patients (DEG5, NODEG6) we have a good agree-
ment with errors around 10%; in the remaining three patients (DEG1,
NODEG5, NODEG7) we experienced increased errors up to 20%.

3.2. Analysis of the hemodynamic patterns

In the following we analyze the CFD results for patient DEG1, as a
representative of the study population.

In Fig. 5 we report, for three selected instants during systole,? the
CFD velocity streamlines on both a longitudinal and a cross-section
plane, the pressure on a longitudinal plane, and the WSS magnitude
patterns on the aortic wall. From the velocity plots we can observe
that the presence of a small size TAVI valve (23 mm in external diam-
eter) gives rise to the a high-velocity jet forming across the implanted
valve, together with some vortical structures along side the jet (early
systole). Let us note that, the velocity magnitude obtained inside the jet

2 Notice that such values could be slightly different among patients according
to the duration of the corresponding heartbeat.
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Fig. 5. Evolution of the velocity streamlines on both a longitudinal and a cross-section plane (top), of the pressure on a longitudinal plane (middle), and of the
WSS magnitude on the the aortic wall (bottom) at three selected instants during systole and one during diastole (for the represented patient DEG1, they are
t=0.063s,t=0.093s,t=0.159s,t=0.489s). Notice that, for visualization purposes, we used a different scale for the velocity plots during the diastolic instant.

strictly depends on the personalized flow rate profile (see Section 2.3)
prescribed at the inlet, since the geometric opening area of the valve is
the same for each patient in our model. The impingement of the vortices
on the aortic wall (peak systole) results in very chaotic hemodynamic
patterns with recirculating areas in the ascending aorta (late systole, di-
astole). Thus, our model is able to capture the secondary vortical flow
structures which characterize the aortic arch hemodynamics [61,62].
Additionally, the accelerated flow results in significant pressure gra-
dients across the valve, with maximum values around 20 [mmH g]. In
particular, in the first two time instants, low pressure values are ob-
tained near the vortices inside the ascending aorta, with a pressure
recovery towards the outlet section. Furthermore, high WSS magnitudes
are obtained on the aortic wall due to the collision of the jet on the wall.

In Fig. 6 we report the spatial distribution of the hemodynamic
indices presented in Section 2.5.2, which is driven by the complex
hemodynamics described above. Indeed, the high stresses on the aortic

wall and the disturbed flow patterns, leading to significant topologi-
cal variations of the WSS vectors, are the main determinants for the
W DI distribution. Furthermore, the accelerated flow across the valve
affects the stress intensity on the ventricular side of the leaflets dur-
ing systole, thus influencing the LDI. Finally, the chaotic flow patterns,
characterized by several vortical structures in the aorta, leads to low and
oscillatory stresses on the aortic side of the leaflets during diastole, thus
influencing the LPI intensity and patterns.

3.3. Hemodynamic and synthetic scores

In Table 3 we report the values of each hemodynamic score, defined
in Section 2.5.2, in the study population. From the table it is clear
that different scores take value in significantly different ranges, thus
stressing the importance of the standardization procedure, described in
Section 2.5.3, in order to combine them.
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Fig. 6. Hemodynamic indices W DI, LDI and LPI (see Section 2.5.2). Patient DEG1.

Table 3

For each patient in the study population we report the
values of the hemodynamic scores W DI, LDI and LPI
defined in Section 2.5.2.

Table 4
For each patient in the study pop-
ulation we report the value of the

D WDI [’7] LDI[Pd] LPI[Pa]

DEG1 5.10 % 102 108X 100 7.27x 1073
DEG2 531 x 102 L2X10°  5.58x 107
DEG4 403 % 102 LIZX10°  7.49% 107
DEG5 5.28x 102 107X 10°  481x 107
DEG6 5.83x 10 124%10°  6.11x 107
DEG7 450 % 102 LI7X10°  6.14x 107
NODEG1  3.98x 10? 106X 10°  3.36x 10
NODEG2  2.69x 102 081x10°  464x 107
NODEG4  3.85x 102 098x10°  7.14x 107
NODEG5  3.07x 102 082x10°  529% 107
NODEG6  431x 10? 099%10°  439x 107
NODEG7  5.03x 102 095%10°  3.11x 107

global synthetic score SV D, defined

in Section 2.5.3.
ID SV D,
DEG1 0.33
DEG2 0.24
DEG4 0.22
DEG5 0.09
DEG6 0.57
DEG7 0.24
NODEG1 -0.30
NODEG2 -0.76
NODEG4 -0.04
NODEG5 —-0.61
NODEG6 -0.23
NODEG7 -0.31

In Fig. 7 we plot the hemodynamic scores distributions in the DEG
and NODEG sub-populations using boxplots. The figure shows that each
score tends to be characterized by greater values for DEG patients with
respect to NODEG patients. In order to properly assess the observed
trend, for each individual hemodynamic score we employ, using Matlab,
a right-tailed Wilcoxon rank-sum test having as alternative hypothe-
sis that the median of the DEG distribution is statistically greater than
the median of the NODEG distribution. This non-parametric test is cho-
sen due to the limited number of observations. The p-values resulting
from these tests are: p = 0.0076 for VVD\I, p = 0.0011 for f\m, and
p = 0.0206 for LPI. Thus, with respect to each hemodynamic score
the DEG distribution is statistically greater than the NODEG distri-
bution at a 2.5% significance level. Lastly, in Table 4 we report the
values of the global synthetic score SV D,.,,., defined in Section 2.5.3,
in the entire study population. The SV D, is able to clearly sepa-
rate between the two sub-populations, with each DEG patient showing

positive values and each NODEG patient showing negative values of this
score.

4. Discussion

The mechanisms underlying the development of SVD in transcatheter
bio-prosthetic valves are still not fully understood: multiple active pro-
cesses are involved, from mechanical stresses to long-term immune
rejection and atherosclerosis-like tissue remodeling [7]. Specifically, in-
flammatory reaction and immune response may play a crucial role in the
pathogenesis of SVD, which is associated with an elevated immune cell
infiltration in the bio-prosthetic leaflets [8,9]. Clinical studies identified
some risk factors related to SVD, such as small prosthesis size [11], a
valve-in-valve procedure [10], young age, patient-prosthesis mismatch,
larger body surface area, and smoking [12]. Also, in [13] the authors
hypothesized that an accelerated flow across the implanted valve, due

WDI LDI x10° LPI
] 1.2 T 7 - T
1
200 ﬁ R 6 |
1 — 1
1 1 |
400 + 1 S5r 4
0.9 4
300
= 0.8 3 =
DEG NODEG DEG NODEG DEG  NODEG

Fig. 7. Boxplot distributions of each hemodynamic score in the DEG and NODEG sub-populations.
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to a high cardiac output, could be a factor in the development of SVD.
This is in agreement with the characteristics of our study population
(see Table 1) which shows that, on average, DEG patients are younger,
with a larger body surface area, and with an increased cardiac out-
put. However, the risk factors reported in Table 1 alone are not able
to discriminate between DEG and NODEG patients.

In this context, computational modeling represents a powerful tool
for filling the gap by identifying the conditions that may lead to a prema-
ture onset of SVD. Indeed, it provides a detailed description of post-TAVI
hemodynamics, allowing for the investigation of the accelerated flow
features that may influence SVD.

Accordingly, in this study we introduced new hemodynamic com-
putational risk factors for the premature onset of SVD. Specifically, we
proposed three hemodynamic scores (W DI, LDI, and LPI), that can
be related to an infiltration of host cells in the bio-prosthetic valve
leaflets (see Section 2.5.2), and a global synthetic score (SV D,.,,.)
which combines such scores (see Section 2.5.3). This is done by numer-
ically simulating early post-TAVI hemodynamics in a cohort of patients
for which a follow-up at 5-10 years is available.

First, we notice that in our study we analyzed post-TAVI hemody-
namics just after the implantation. This is based on the assumption
that the hemodynamic patterns initiating the development of SVD are
influential already a short time after the intervention [30], when the im-
planted bio-prosthetic valve is still fully functioning. This allowed us to
avoid the modeling of the bio-prosthetic leaflets degeneration process.

Moreover, we focused on balloon-expandable TAVI valves with a
very similar design, i.e. the Edwards SAPIEN and SAPIEN-XT 23 mm
valves (referred to as Edwards SAPIEN 23 mm in the following, for sim-
plicity). This was done since we only had at disposal clinical data
related to DEG patients who received an Edwards SAPIEN 23 mm valve.
Accordingly, in order to build significant hemodynamic scores discrim-
inating between DEG and NODEG patients, we considered also for the
latter group Edwards SAPIEN 23 mm cases.

Regarding the personalized flow rate profile (Section 2.3) prescribed
in the numerical simulations at the inlet, we assumed that it shares the
same temporal trend of the blood velocity in the LVOT, measured for the
patient by Echo Doppler. The accuracy of this assumption depends on the
skewness of the velocity profile, which is not known. However, the phase
discrepancy between the two signals is expected to be small, and this
strategy is anyway patient-specific, thus more accurate than considering
a flow rate taken from the literature, as done for example in [27].

In the literature, combinations of TAW S.S and OST to identify ves-
sels regions subject to low and oscillatory shear stresses are commonly
based on the use of the Endothelial Cell Activation Potential (ECAP)
[63,64] and Relative Residence Time (RRT) [65], which depend on the
inverse of TAW S'S. Our numerical results are often characterized by
values of TAW S S ~ 0 in some very localized areas of the leaflets during
diastole, leading to very high ECAP and RRT values that would dom-
inate over the spatial average needed to the define the hemodynamic
score. For this reason, in this study we proposed LPI which does not
have a singularity for TAW S.S = 0 (Section 2.5.2).

Doppler-based blood velocity measurements showed a variability
up to 9% between different measurements performed by the same ex-
perienced vascular technologist in an idealized in-vitro setting [66].
Accordingly, we found a good quantitative agreement between the CW
Doppler TTE and CFD measures in the validation analysis reported in
Section 3.1, with seven out eleven patients showing errors smaller than
the 9% threshold, and patient NODEG6 showing errors around 10% (close
to the threshold). The greater discrepancies observed for patients DEG1,
NODEG5 and NODEG?7 can be mainly due to two reasons: an under/over
expansion of the real implanted TAVI valve, that we cannot model since
we do not have at our disposal any intra-procedural data; or an in-
accurate computation of the personalized flow rate profile, due to a
mismatch between the flow rate and blood velocity temporal trends for
these patients or a sub-optimal reconstruction of the velocity temporal
profile from the PW Doppler TTE image.
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The analysis of the computational hemodynamic patterns
(Section 3.2) highlighted the mildly stenotic scenario that follows
the implantation of a balloon-expandable, small size TAVI valve
(Edwards SAPIEN 23 mm), characterized by high velocity magnitudes
and a pressure recovery distal to the aortic valve [67]. This is consistent
with the observation that all stented bio-prosthetic valves result in a
residual stenosis of up to 20% [68]. Specifically, the formation of a
high-velocity jet in the ascending aorta leads to complex and disturbed
hemodynamic patterns possibly speeding up SVD pathogenesis through
inflammatory reactions and infiltration of host cells in the leaflets.

We identified three hemodynamic indices in early post-TAVI sce-
narios that showed statistically significant differences between patients,
who received an Edwards SAPIEN 23 mm valve, with and without SVD
at long-term follow-up exam (see Section 3.3). This is a very promis-
ing result showing that patients with a prematurely degenerated valve
belong to a different statistical distribution with respect to the consid-
ered hemodynamic features even when the valve is not degenerated yet.
Therefore, this analysis represents a preliminary proof of the influence of
aortic hemodynamics on the development of SVD, which should be con-
sidered for a proper assessment of SVD and has been rarely investigated
with computational models.

The definition of the global synthetic score SV D, allowed us to
obtain a scoring system capable of clearly separating patients, who re-
ceived an Edwards SAPIEN 23 mm valve, with and without SVD in view
of a possible clinical translation (see Table 4). We found that the global
score is more robust than the three individual hemodynamic scores,
probably because it takes into account multiple mechanisms facilitat-
ing immune cells infiltration (aortic wall damage/inflammation, leaflet
delamination, leaflet increased permeability). Additionally, we notice
that also the individual LD score alone is also able to separate the two
sub-populations (see Fig. 7-middle), even if with a less evident separa-
tion (0.13 for SV D,,,., see Table 4, vs 0.06 for the standardized LDI S
not reported here for the sake of exposition).

The proposed synthetic SV D,.,,, could be easily translated into clin-
ical practice to identify, early after the intervention, those patients, with
an Edwards SAPIEN 23 mm valve, who are at higher risk of a premature
onset of SVD. This could drive a patient-specific planning of follow-up
exams to closely monitor the high SVD risk patients, trying to avoid their
dispersion after the procedure.

Lastly, we notice that the clinical data needed to build the proposed
scores (pre-TAVI CTA scans and early post-TAVI Doppler TTE mea-
sures) are routinely acquired within the TAVI context. Since the model
does not require any ad-hoc or invasive clinical measurements, our
framework can be used to perform both prospective and retrospective
studies, providing a detailed and personalized description of the main
flow features while sparing patients from additional measurements and
exams.

5. Limitations

We start by noticing that our mathematical and numerical model
(Section 2.4) is characterized by some simplifications:

1) We modeled blood as a homogeneous Newtonian fluid and the wall
as rigid. This can have an influence on hemodynamic features such as
the Wall Shear Stress (WSS) [69]. However, we notice that we study
elderly patients which are usually characterized by a limited tissue
elasticity due to stiffening and calcifications. Moreover, in large ves-
sel like the aorta, the influence of blood cells can be neglected and
the Newtonian assumption is the standard one [70];

2) We did not account for the coronary branches and thus for the cor-
responding blood flow. This could affect blood-dynamics inside the
aortic root, specially during diastole, and thus the hemodynamic
indices proposed in Section 2.5.2, specially LPI, being computed
during the diastolic phase. Notice that, considering coronary flow
with a rigid aortic wall could lead to non-physiological flow patterns
since the blood flowing to the coronaries is thought to come from
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the relaxation of the aortic root wall following its systolic expansion
[71]. In any case, we believe that the inclusion of the coronary flow
should have a common effect on the hemodynamic quantities among
patients;

3) We provided an implicit dynamic representation of the bio-
prosthetic leaflets with the RIIS method. This allowed us to capture
the main flow features, such as the opening/closure dynamics and a
realistic opening area. However, a Fluid-Structure Interaction (FSI)
approach should be able to represent complex features, such as
leaflets fluttering, and results in a more accurate computation of the
stresses on the leaflets, thus could be considered in future studies.

These simplifications significantly reduced the computational cost of the
numerical simulations to make our model suitable to analyze a great
number of patients in a timely manner, in view of a potential clinical
translation. Additionally, in this study we are interested in comparing
numerical results in different patients rather than obtaining optimally
accurate results for each patient. Since a fair comparison between pa-
tients is guaranteed by the adoption of the same assumptions, then we
accept these simplifications.
Moreover, this study is subject to some further main limitations:

4) We focused on a single balloon-expandable TAVI valve type, the
Edwards SAPIEN 23 mm (Section 2.1). Therefore, the results of our
study, particularly the proposed SV D,,., cannot be generalized
to different valves with different dimensions and designs, such as
self-expandable valves. This is a consequence of the clinical data
at disposal, related only to DEG patients who received an Edwards
SAPIEN 23 mm valve. For coherence we considered also NODEG pa-
tients with an Edwards SAPIEN 23 mm to try to isolate the effect of
hemodynamics on the development of SVD. Indeed, different valve
designs can influence valve deterioration due, for example, to the
different distribution of mechanical stresses [25] and the different
material properties of the leaflets [72]. Future studies should focus
on different valve designs to investigate if the biomechanical drivers
of SVD identified here are still relevant.

5) We virtually inserted the bio-prosthetic valve in the aortic geome-
tries assuming a perfect implantation, with the stent obtaining its
nominal circular cross-section and being perfectly sealed to the aortic
annulus (Section 2.2). On the other hand, the numerical simulation
of the valve implantation using a structural Finite Element Analysis
would allow to obtain the deformation of the stent shape due to
a non-uniform bio-prosthetic valve expansion in a native calcified
valve and to capture paravalvular leakage (PVL). This would influ-
ence the post-TAVI hemodynamic patterns in the aortic root and
possibly would improve the quantitative agreement with the max-
imum blood velocity measurements, thus it should be considered in
future studies. However, we justify this simplification since balloon-
expandable valves are expected to achieve an almost cylindrical
shape after implantation [73], as shown from the post-TAVI CTA
scans reconstructions in [27], and since we are mainly interested in
studying SVD rather than other complications related to the TAVI
procedure.

6) We use PW Doppler TTE data, providing the temporal evolution
of the blood velocity magnitude at the center of the LVOT, to de-
rive a flow rate time-profile (Section 2.3) which we impose in our
numerical simulations as an average condition using a Lagrange mul-
tiplier. In order to pass from a velocity measure, i.e. the velocity
time-integral, to a flow measure, i.e. the cardiac output, in the clini-
cal practice the velocity field in the LVOT is assumed to be uniform
in space. In particular, to mitigate the effects of this a priori assump-
tion, in this work we account for the same 15% overestimation of the
flow rate in all the patients. Alternatively, one could derive a flow
rate profile from the time-derivative of the left ventricular volume
obtained from 3D echocardiography [74] or from Phase Contrast
Cardiac Magnetic Resonance imaging techniques [75]. In this case,
to obtain a flow rate measure, no a priori assumption on the spatial
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skewness of the velocity field is needed, thus potentially improving
the accuracy of the resulting flow rate profile. Nonetheless, these
data were not available for this retrospective study.

7) The significance of our findings is limited by the sample size of
our study population. Therefore, enlarging the study population is
crucial to move toward clinical relevance.
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Appendix A. On the definition of SVD

In this appendix we show that the definition of SVD adopted in this
manuscript is in agreement with both the “stage 3 SVD” definition pro-
posed by Dvir et al. in [30] and the definition of SVD with “Stage 3
Hemodynamic Valve Deterioration” proposed by the Valve Academic
Research Consortium (VARC) 3 in [31].

We report in Table A.5 the PW and CW TTE data used to identify
the onset of SVD at the long-term follow-up exam in all the patients in
our study population. In particular, these data were acquired both early
post-TAVI to obtain baseline measurements and at long-term follow-up
to assess valve deterioration after some years. Additionally, we report
in Table A.6 the absolute and relative difference between the long-term
follow-up and the early post-TAVI data, for each type of data reported
in Table A.5.

Dvir et al. defined “stage 3 SVD” as the development of severe steno-
sis and/or regurgitation in the implanted valve. In particular, severe
stenosis is identified by the following characteristics [30]:

Table A.5

Patients’ data used to identify the onset of SVD. This data was obtain from
early post-TAVI and long-term follow-up Pulsed Wave and Continuous Wave
Transthoracic Echocardiography (TTE). The superscripts B and F identify the
baseline and follow-up measurements, respectively. V* : maximum velocity
through the bio-prosthetic valve. AP, : mean transvalvular pressure gradient.
EOA*: Effective Orifice Area. DV I*: Doppler Velocity Index.

D Early post-TAVI TTE Long-term follow-up TTE

VmB”x AP,feM EOA®  DVI® Vm’:“_ AP”‘;M EOAF DVIF

[2]  tmbg e 1 (2] tmbgl e
DEG1 2.6 15 1.67 0.48 4.0 40 1.02 0.36
DEG2 - - - - 3.9 40 0.94 0.33
DEG4 2.6 13 1.64 0.43 4.0 40 0.81 0.26
DEGS 2.5 13 1.79 0.63 4.0 40 0.61 0.18
DEG6 2.6 14 1.87 0.45 4.0 35 1.18 0.34
DEG7 2.4 13 1.63 0.52 4.2 36 0.81 0.26
NODEG1 2.5 14 1.44 0.35 2.2 6 1.59 0.38
NODEG2 2.0 9 1.61 0.51 2.2 10 1.14 0.36
NODEG4 2.5 11 1.65 0.53 2.5 14 1.25 0.40
NODEG5 2.3 11 1.39 0.49 2.6 16 1.08 0.38
NODEG6 2.1 9 1.88 0.54 2.6 13 1.50 0.36
NODEG7 2.5 14 1.48 0.43 2.7 13 1.89 0.55

Table A.6

Differences between the long-term follow-up and early post-TAVI TTE data re-
ported in Table A.5. The superscripts abs and rel identify the absolute and
relative differences, respectively. Dj, difference in terms of V,,,,. D}, difference

max*
in terms of AP,,,,. Dgo, difference in terms of EOA. D, difference in terms

of DVI.

D Absolute difference Relative difference

DY DY D, Du, DY Dy Dih, Dy,

[%] [mmHgl  [cm?] [-] [%] [%] [%] [%]
DEG1 1.4 25 -0.65 —0.12 53.8 166.7 —38.9 —25.0
DEG2 - - - - - - - —
DEG4 1.4 27 -0.83 -0.17 53.8 207.7 —-50.6 39.5
DEG5 1.5 27 -1.18 -0.45 0.6 207.7 —659 -71.4
DEG6 1.4 21 -0.69 -0.11 53.8 150.0 —-36.9 -—24.4
DEG7 1.8 23 -0.82 -0.26 75.0 176.9 -50.3 -50.0
NODEG1 -0.3 -8 0.15 0.04 -12.0 -57.1 10.4 10.4
NODEG2 0.2 1 -0.47 -0.15 9.1 111 —29.2 -29.3
NODEG4 0.0 3 -0.40 -0.13 0.0 27.3 —242 —245
NODEG5 0.3 5 -0.31 -0.11 13.0 45.5 -223 -221
NODEG6 0.5 4 -0.38 -0.18 238 44.4 -20.2 -33.2
NODEG7 0.2 -1 0.41 0.12 8.0 -7.1 27.7 28.0
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- Maximum blood velocity through the bio-prosthetic valve V. >
4.0 [%];

- Mean transvalvular pressure gradient AP,,,,, > 40 [mmH gl;

- Absolute difference in mean gradient D“Ab; >20mmHg;

- Doppler Velocity Index DV I < 0.25;

- Effective Orifice Area EOA < 1.00.

From Tables A.5 and A.6 we can see that, at the long-term follow-
up exam, each DEG patients satisfies at least one of these conditions,
whereas each NODEG does not satisfy any of these conditions.

On the other hand, the VARC 3 defines “Stage 3 Hemdoynamic Valve
Deterioration” as an absolute difference in mean transvalvular pres-
sure gradient DZ”; > 20mmH g resulting in a mean gradient APmFe =
30 [mmH g] with concomitant differences in Effective Orifice Area (EOA)
Dibs < —0.60cm® or D7 < —50.0% and/or differences in Doppler
Velocity Index (DVI) D% < —0.20 or D¢}, < —40.0 %. From Tables A.5
and A.6 we can see that, at the long-term follow-up exam, each DEG pa-
tients satisfies these conditions, whereas each NODEG does not satisfy
these conditions.

Notice that the onset of SVD in patient DEG2 has been identified
using the same criteria as for the other patients, but the early post-TAVI
CW TTE data for this patients were not available at the time of this
study. Thus, we could not report the differences between the long-term
follow-up and the baseline measures.

Appendix B. Mesh sensitivity analysis
B.1. Mesh size

In this section of the appendix we present the sensitivity analysis
performed to choose the mesh size of our computational mesh (Fig. 3b).
This is done to ensure that our numerical results do not strongly depend
on the chosen mesh while allowing for a sustainable computational cost
of the simulations. The analysis is carried out only for patient DEG1, as
a representative of the study population, and we numerically simulate
two complete heartbeats, analyzing only the results of the second one.

In our computational mesh the elements size is minimum at the level
of the aortic annulus and a maximum at the level of the outlet section.
We select the minimum element size on the aortic wall as a characteristic
mesh size H and perform sequential refinements of the mesh by decreas-
ing the value of H, while keeping the same ratio between the maximum
and minimum element sizes. Specifically, we consider three refinement
steps associated to { H,, H,, H;} = {0.82, 0.65, 0.52} mm, corresponding
to computational meshes { M, M,, M}, respectively. Let us define the
Bt =1, 2.

H; ° ’
We deem a mesh as sufficiently refined if the relative difference between
quantity of interest Q,,;, computed in M, ,, and Q;, computed in M,, is
less than a tolerance T(Q, R;) which depends on the quantity of interest
and the refinement factor. In particular, analogously to [76], we define
the tolerance as follows:

refinement factor between two consecutive meshes as R; =

T(Q, R) = T(Q) cos (%R,.) , (B.1)

where T(Q) represents an acceptable error with respect to the real mea-
sured quantity Q in the limit R; — 0, e.g. the uncertainty related to a
clinical measure. This framework stresses the importance of taking into
account the amount of refinement between meshes when quantifying
the tolerance, with values of R; ~ 1 resulting in T(Q, R) ~ 0.

We are interested in studying the WSS on the aortic wall, which
highly depends on the mesh size. Thus, let us take as a quantity of inter-
est the average-in-time maximum WSS value on the aortic wall W §.Smax
and set T(W S5max) = 10%, since accurately computing the WSS is chal-
lenging even with the most sophisticated imaging techniques. We report
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Table B.7
Mesh sensitivity analysis. i: refinement step; H;:
minimum element size on the aortic wall; R;: re-
finement factor; T(W .SS™ R,): tolerance; E, =

WSS, WSS . . .
WSS W SS™l relative difference. Mesh size.

—
WSS, |

i Mesh  H, R; T(WSSmx R)) E,

I M 0.82mm 079  3.24%

2 M, 0.65mm  0.80  3.09%

3 M; 0.52mm

in Table B.7 the results of our analysis, showing that mesh M, is appro-
priately refined for our study. For the sake of completeness, in Fig. B.8
we plot the WSS on the aortic wall at the peak systolic flow instant for
all the meshes, highlighting the similar results obtained for meshes M,
(H =0.65mm) and M3 (H = 0.52 mm).

B.2. Number of sub-layers in boundary layer

In this section of the appendix we present the sensitivity analysis per-
formed to choose the number of sub-layers used to model the boundary
layer in our computational mesh (Fig. 3b). This is done to ensure that our
numerical results do not strongly depend on the chosen number of sub-
layers while optimizing the computational cost of the simulations. The
analysis is carried out only for patient DEGI, as a representative of the
study population, and we numerically simulate two complete heartbeats,
analyzing only the results of the second one.

In particular, we consider the number of sub-layers N; = {3,5}
and, analogously to the sensitivity analysis performed on the mesh size
(Appendix B.1), we take as a quantity of interest the average-in-time
maximum WSS value on the aortic wall W .S.S"ax, We report in Table B.8
the results of our analysis, showing that using N; = 3 is enough to
appropriately model the boundary layer.

For the sake of completeness, in Fig. B.9 we plot the WSS on
the aortic wall at the peak systolic flow instant for both N; = 3

M,
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Table B.8

Sensitivity analysis on the number of sub-
layers in the boundary layer. N,: number
of sub-layers; W .SS™ex: the average-in-time
of the maximum-in-space WSS magnitude on
the aortic wall. E: relative difference.

NL W S Smax [ Pa) E
3 19.01 0.48%
5 18.92

40
- 30
<
&
- 20
%]
10>
0

Fig. B.9. WSS on the aortic wall at the peak systolic flow instant with N, =3
(left), and with N, =5 (right).

and N; = 5, highlighting the similar results obtained for these two
choices.

40
30 _
[y
&
— 20,
wn
0=
0

Fig. B.8. WSS on the aortic wall at the peak systolic flow instant in meshes M, (H, = 0.82 mm, left), M, (H, = 0.65mm, center) and M; (H; = 0.52 mm, right).
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