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Abstract

Pulmonary Valve Replacement (PVR) consists of substituting a patient’s original valve with a pros-
thetic one, primarily addressing pulmonary valve insufficiency, which is crucially relevant in Tetralogy of
Fallot repairment. While extensive clinical and computational literature on aortic and mitral valve re-
placements is available, PVR’s post-procedural haemodynamics in the pulmonary artery and the impact
of prosthetic valve dynamics remain significantly understudied.

Addressing this gap, we introduce a reduced Fluid-Structure Interaction (rFSI) model, applied for
the first time to the pulmonary valve. This model couples a three-dimensional computational repre-
sentation of pulmonary artery haemodynamics with a one-degree-of-freedom model to account for valve
structural mechanics. Through this approach, we analyse patient-specific haemodynamics pre and post
PVR. Patient-specific geometries, reconstructed from CT scans, are virtually equipped with a template
valve geometry. Boundary conditions for the model are established using a lumped-parameter model,
fine-tuned based on clinical patient data.

Our model accurately reproduces patient-specific haemodynamic changes across different scenarios:
pre-PVR, six months post-PVR, and a follow-up condition after a decade. It effectively demonstrates the
impact of valve implantation on sustaining the diastolic pressure gradient across the valve. Preliminary
outcomes indicate the reliability of our valve model concerning the robustness of its application across
various patients, despite being calibrated initially with data from a single patient. This promising ap-
proach provides insights into post-PVR haemodynamics and prosthetic valve effects, shedding light on
potential implications for patient-specific outcomes.

Keywords — Pulmonary valve replacement, Tetralogy of Fallot, image-based computational fluid dynamics,
reduced fluid-structure interaction, patient-specific analysis

1 Introduction

Valve replacement is a surgical treatment extensively used on patients with advanced valvular heart disease; it consists
in the replacement of the patient’s native valve with a prosthetic one [1, 2]. In the clinical literature, the most studied
procedures are aortic and mitral valve replacement [3, 4, 5, 6, 7], however, valve replacement is an option also
in the case of Pulmonary Valve (PV) pathologies and research about this procedure is increasing. The necessity for
Pulmonary Valve Replacement (PVR) is mainly linked to Congenital Heart Diseases (CHDs) that can present valvular
malformations or involve the complete absence of a valve.

One of the most studied CHDs leading to PVR is the Tetralogy Of Fallot (TOF), which has an incidence of 3 to
5 every 10,000 newborns and accounts for 7% to 10% of all congenital malformations [8]. This pathology consists in
a tetrad of heart defects involving the ventricles, the ventricular septum, the Right Ventricle Outflow Tract (RVOT)
and the aorta. The repair of the defects, especially the intervention on the RVOT, impacts also on pulmonary valve
morphology, thus often yielding pulmonary regurgitation [9, 10, 11]. This eventually translates to the necessity of
a subsequent PVR, as indicated by clinical guidelines [12]. Indeed, although pulmonary regurgitation is often well
tolerated by patients, a long-term effect of this condition can be an increase in the volume load to the right ventricle



and consequently its dilation, which then increases the risk of arrhythmias [9]. Another example of a surgical procedure
leading to the need for a PVR is the Ross procedure, that is the substitution of the aortic valve with a pulmonary valve
autograft, performed in the presence of an anomaly in the aortic valve morphology or function [13]. Consequently,
the patient is left with a valveless conduit at the RVOT, leading to pulmonary insufficiency. Again, this condition
must be treated with PVR to avoid an increased risk of arrhythmia and heart failure.

Mathematical and numerical models have been increasingly used to study pathologies and support clinical research,
providing quantitative analyses of the mechanisms characterising the cardiovascular system. Pulmonary circulation
can be mathematically modelled using different approaches. Lumped parameters models, describe, through a system
of ordinary differential equations, the time evolution of flow rate and pressure mean values over compartments that
represent the cardiovascular system [14, 15, 16]. This allows having a simplified model which provides analytical mea-
sures of the principal haemodynamics quantities. In a clinical framework, this approach can be extremely resourceful
since it is not computationally demanding and can be used to replicate the effect on the haemodynamics of different
therapeutic approaches [17, 18, 19]. Another tool used to model the cardiovascular system are three-dimensional
models, which describe the haemodynamics with a higher degree of detail with respect to lumped parameters models.
Standalone 3D models of the pulmonary artery have been extensively used within the framework of Computational
Fluid Dynamics (CFD) to analyse how haemodynamics vary with respect to physiological [20] and pathological set-
tings, such as pulmonary hypertension [21] and congenital heart diseases [22], but also as a consequence of surgical
procedures [23, 24]. However, these models are not able to describe the interactions between local haemodynamics
and systemic circulation. To this aim, lumped parameters models can be used to provide boundary conditions to a
3D domain, such as the pulmonary artery[25], with the objective, for example, of verifying the haemodynamic effect
of different surgical procedures for the repairment of congenital heart diseases [26, 27].

The mathematical models described above could be further improved by taking into account the interaction
between the fluid and the surrounding structures, namely adopting a Fluid-Structure Interaction (FSI) approach.
The interaction of the fluid with the arterial wall has been studied in a healthy setting [28, 29] but also in the
pathological framework of pulmonary arterial hypertension [30, 31]; however, to our knowledge, there is a lack of
studies reporting the FSI modelling of the pulmonary valve.

This study has two main objectives:

1. The development and calibration of a reduced FSI model, consisting on the coupling between a 3D model of the
pulmonary artery and a one-degree-of-freedom mechanical model for the valve.

2. The application of the developed model to the clinical case of two patients who underwent the replacement
of the pulmonary valve. For each of them, we modelled three scenarios to compare pre-implantation, post-
implantation, and follow-up conditions.

The main novelty of this study is the use of the reduced FSI model, which allows the reproduction of haemody-
namics influenced by the presence of the valve that moves immersed in the fluid. To our knowledge, this is the first
time that this kind of model has been applied to the study of pulmonary valve replacement. Moreover, being the
study patient-specific, it allows to assess the applicability of the model to clinical conditions.

The paper has the following outline. In Section 2, we describe the mathematical methods and numerical models
used. In Section 3.1 we discuss the clinical scenarios and the calibration of the models, whereas in Section 3.2 the
geometry reconstruction and mesh generation processes are detailed. Finally, in Section 4 we present the results of
the model application on the patients’ case and we discuss the significance of the findings.

2 Models and methods

In this section, we want to outline the reduced Fluid-Structure Interaction (rFSI) model used in this study, which
is based on the coupling between a 3D pulmonary artery model and a reduced pulmonary valve model where the
opening is described by a single degree of freedom. We start by describing the continuous problems, consisting in the
3D blood flow dynamics, the one-degree-of-freedom valve mechanical model, and their coupling (Section 2.1). Then,
we proceed by defining the corresponding numerical approximations in time and space (Section 2.2). Finally, we
discuss the boundary conditions for the 3D problem, provided by a lumped parameter model of the cardiocirculatory
system (Section 2.3).

2.1 Reduced Fluid-Structure Interaction model

This mathematical model aims to describe the haemodynamics in the pulmonary artery, from the Right Ventricle
Outflow Tract (RVOT), where the pulmonary valve is located, to its two main bifurcations.

The choice of a rigid wall model for blood fluid dynamics, defined by using Navier-Stokes equations, is a consequence
of the decision to neglect the artery wall compliance since the pulmonary artery is characterised by low pressure and
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Figure 1: Top-left: schematic representation of the domain €2, of the physical and artificial boundaries
Cwaits Din, Tout, and of the pulmonary valve surface I'y; Top-right: Schematic representation of the Lumped
Parameters Model of the whole circulation; Bottom: Lumped Parameters Models used for the Pre-PVR
scenario (left) and for the Post-PVR and Follow-up scenarios (right).

small deformations. This is a widely accepted hypothesis, despite a slight overestimation of the Wall Shear Stress
(WSS) is introduced [32]. Furthermore, as commonly accepted, the blood is modelled as a homogeneous, Newtonian
and incompressible fluid, due to its composition and due to the fact that we are analysing haemodynamics in a large
vessel, namely the pulmonary artery [33, 34].

Referring to Fig. 1, top-left, we denote the fixed pulmonary artery domain by 2, the artery wall by T'yqu, the
inlet /outlet sections by I'in, /Tout, and the moving immersed valve surface by I'y. In this domain, the strong formulation
of the problem reads:

Given the initial blood velocity u(t,x) = 0 at ¢t = 0, for each time ¢ > 0, find the blood velocity u and the blood
pressure p, such that:

p%+p(u-V)u—V~TF+§(u—aur)5rbg =0 inQ,
V-ou=0 inQ,

(1)

with Tr(u, p) = —pI+(p+psgs)(Vu+VuT) the Cauchy stress tensor. The system is completed with no-slip conditions
on I'yeu and boundary conditions on I';, and oyt coming from a lumped parameter model, see Section 2.3. In the
Cauchy stress tensor, the presence of the sub-grid viscosity psgs = psgs(u) is related to the adoption of the Large
Eddy Simulation (LES) o-model, successfully used to capture transitions to turbulence in haemodynamics [35, 36, 37].

Notice that the presence of the valve is considered by adopting the Resistive Immersed Implicit Surface (RIIS)
method [38, 39, 40], which implies the addition of a resistive penalty term Z£(u — aur)dr, . to the momentum
conservation equation. This includes the ratio between a resistance R, which acts as the penalty parameter, and
the thickness £ of the leaflets. We remark that the resistive term has support only in a narrow layer around I,
representing the moving valve leaflets surface; in the equation, this is described by the smoothed Dirac delta dr, ..
This term has the aim of enforcing the blood velocity u to be equal to a given field cur in proximity of the leaflets
surface, a € [0, 1] being a parameter to be properly selected to enhance stability.

A mechanical model of the valve, suitably coupled with the blood dynamics problem (1), is required to obtain
the current valve configuration I'; and the valve surface velocity ur. The one-degree-of-freedom (1-DoF) mechanical
model introduced in [41] is chosen in order to reduce the computational effort demanded by the solution of a whole 3D
FSI model, while still taking into account the presence of the valve and its encumbrance in the RVOT. Specifically, we
describe the valve configuration by a single unknown variable ¢ = c(t), representing the opening fraction of the valve
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Figure 2: Schematic representation of the 1-DoF model for the valve. The current position I'; of the valve
(black) is determined from its fully closed (red) and fully open (green) configuration, in terms of the opening
coefficient ¢(t), see (2).

itself. As represented in Fig. 2, the current valve configuration I'; is then defined in terms of the following function:
dr(t, %) = c(t)g(x), (2

where, here and in what follows, quantities with the = refer to the reference configuration, dr : [0,7] X I - R?
denotes the displacement of the leaflet and g : T — R? is the displacement between the fully closed and fully open
configurations, which are known from imaging, see Section 3.2. Thus, the 1-DoF structure model in the unknown c
reads as follows [41]:

Jo, £(,%) - nr(x) dx = [, [H(x) — H(R) - x] dx 3
Jr, pre(®) - nr(x) dx ’

where H is the leaflets curvature, nr is the normal to I'y, § is the damping coefficient, v is the stiffness, pr is the
surface density, and x is a suitable coefficient ensuring that the curvature term is responsible for the valve closure.
This ordinary differential equation is completed by suitable initial conditions on ¢(0) and ¢(0). In this study, we
assume that the valve is initially closed and still: ¢(0) =0 and ¢(0) = 0.

To couple the 3D fluid model (1) and the 1-DoF valve model (3) we need the kinematic and dynamic coupling
conditions. The kinematic condition is represented by the resistive penalty term £(u — aur)dr, . in (1), with ur =

E=—Be+

dr = ¢g. The dynamic condition is given by the force balance f = Trnr on I';. Here and in (3), greek letters indicate
parameters that need to be suitably calibrated, see Section 3.3.2.

This coupling leads to the following reduced' FSI (rFSI) problem:
Given the valve displacement g mapping the fully closed configuration to the fully open one, find u,p,c, z for each
t € (0, 7], such that:

structure problem C,: “ (4a)
z = 77(Ft7f, H7 072;/67’77X7p1—‘7g),
I ={X+cgX):xel},
couplingd ur =¢g only, (4b)
f=Tprnr only,
Ju R .
fluid problem { P3¢ TP VIu =V Tr+ Z(u—aur)ir, . =0 inQ, (4¢)

V-u=0 in €,

where the structure problem is written as a system of first-order ordinary differential equations with n(I's, f, H, ¢, z; 8,7, X, pr, &)
as the right-hand side of (3).

INotice that with “reduced”, here we mean that the model is given by using a 1-DoF valve model rather than a 3D one. As
a consequence, we stress that we are not considering reduced order modelling, nor a lumped parameter diode representation



2.2 Numerical approximation

The rFSI model (4) is discretised both in time and space. We introduce a uniform partition of the time interval [0, 7]
with step-size At; the partition has nodes {t"}A_q and the step-size is defined as At = T'/N. Considering a generic
function v(¢), v™ indicates the approximation of v(¢"). Therefore, the time-discretised rFSI problem reads:

structure problem { |:Cn:| =7 (Fn_l, £ H T T 2N By X g) ) (5a)
z
I" = {X+c"g(X) : x e},
kinematic coupling & — et (5b)
ur = —x; &on re,
un_unfl nfl.v n_vT” R n_ "5"*0 . Q
fluid problem { P~ At +p(u Ju P €(u our)de =0 in &, (5¢)
V-u"=0 in Q.
dynamic coupling {f" =TeEnr onI". (5d)

where 7) is defined by the discretisation of (4a) with the classical fourth-order, explicit Runge-Kutta method [42].

The time discretisation for the 3D fluid model (5c¢) is carried out by means of the Backwards Differentiation Formula
(BDF) of order 1 with a semi-implicit treatment for the non-linear term p(u- V)u in (1). The space discretisation of
the fluid problem is carried out by the Finite Element (FE) method of order 1 for both velocity and pressure with a
SUPG-PSPG stabilisation [43, 44]. As for the 1-DoF valve model, the assembly of the right-hand side 1 hinges upon
the RIIS representation of the valve surface I'™ and normal vector nr, as discussed in [41].

The fluid and structure models are then weakly (explicitly-in-time) coupled at each time step, meaning that the
3D fluid model and the 1-DoF structure model exchange information only once per time step. Specifically, at each
", the structure problem (5a) is solved by using the fluid interface force £~ ! taken from the previous time step, and
the new interface position and velocity are computed using the kinematic coupling conditions (5b). Then, the fluid
problem (5¢) is solved accordingly. This scheme is summarised in Algorithm 1:

Algorithm 1 Scheme for the solution of the rFSI model
Given u),p?,c? and the initial surface T

1: forn=1to N do
2: Compute the fluid force f*~! and the integrals that make up (3), in terms of uZ_l,pZ_l, r~1.

3: Find ¢" by advancing the 0D equation (5a) with a step of the explicit fourth-order Runge-Kutta
method;

4: Create the immersed surface I'™ moving the previous configuration I'"~! by d}t — d?71 = (c"—c")g;
n o Cnfl
5: Compute the leaflets velocity up = —————nr ;;

6: Find (u},p}) by solving the fluid problem (5c).
7: end for

Algorithm 1 has been solved in the computational fluid dynamics module life*-cfd [45] of life* [46, 47], a
high-performance library for the finite element simulations of multiphysics, multiscale, and multidomain problems,
developed within the iHeart project (https://iheart.polimi.it/), at the MOX laboratory of the Department of
Mathematics - Politecnico di Milano.

2.3 Boundary conditions: lumped parameters model of the circulation

In order to obtain suitable boundary conditions for the artificial boundaries I';y,, oyt of the 3D computational domain,
we introduce a closed-loop Lumped Parameters Model (LPM) of the whole circulatory system (Fig. 1, top-right)
proposed in [48, 49, 25], which is solved once and for all before the starting of the 3D simulation (One-Way coupling).

In this LPM we model the pulmonary valve as a non-ideal diode represented by a variable resistance R = 10°,
with b defined as:

1 1 k
b=1og,y Rmin + (10819 Rmac — l0g19 Rmin) - {5 + . arctan (%(P}:g% — PRV))} ,



where Ryqz is the resistance when the valve is closed, Rm:n is the resistance when the valve is open, and PEI%I#, Prv
are the pulmonary artery pressure and right ventricle pressure indicated in Fig. 1, top-right [25].

Since the 3D model corresponds to the 0D pulmonary trunk district (orange in Fig. 1, top-right), a possible choice
for the boundary conditions on I';, oyt are the following:

(6)

Tr(u"™,p")n = Pry(t")n on Ty,
Tr(u",p")n = Pigr(t")n  on Tout,

where the solution of the LPM was found using the explicit fourth-order Runge-Kutta scheme.

The LPM parameters are suitably tuned in order to adhere as much as possible to the values of the patients’
available clinical data (see Section 3.3.1).

The LPM is solved in the library 1ife* [46, 47].

3 Reconstruction procedure and scenarios outline

In order to carry out a patient-specific analysis of pulmonary artery haemodynamics, we rely on the study of two
patients’ clinical data. The patients, P1 and P2, were left without a pulmonary valve for decades, after having
undergone the Ross procedure in the treatment of their Tetralogy of Fallot. Then, they were subject to Pulmonary
Valve Replacement (PVR), with the implantation of the No-React® BioPulmonic™ valve, composed by porcine
pulmonary leaflets surrounded by a bovine pericardium sleeve, which are mounted on a self-expandable Nitinol stent
[50].

We build the geometric configurations of both before (pre-implantation scenario) and after (post-implantation
scenario) the PVR, together with a follow-up scenario after 9 years, to evaluate the impact of the prosthetic valve on
haemodynamics. To this aim, in the following of this section we describe the building-up of the three computational
scenarios (Section 3.1), the reconstruction of the 3D fluid domain from the patients’ CT scans (Section 3.2), and the
calibration of the valve parameters in the rF'SI model and of the LPM parameters (Section 3.3).

3.1 Computational scenarios

We introduce the three computational scenarios (Fig. 1, bottom) used for each patient:

1. Pre-PVR: the pre-implantation scenario is characterised by the absence of the valve. Accordingly, in the rFSI
model (5) we set R = 0, whereas in the LPM we set Ryqe = Rmin = 2.2 1072 mmHg s ml~!. Notice that in
this case the rFSI model is in fact a CFD model, due to the absence of the valve;

2. Post-PVR: the prosthetic valve is implanted, so we use the rFSI model (5) with R = 10* kg m~' s™* and the
LPM with Rmaz >> Rmin (specifically, Rmaz = 7.5 - 10* mmHg s ml™! and Rmin = 2.2-10"%2 mmHg s mlfl);

3. Follow-up: we have the same scenario as in Post-PVR, where, however, the LPM parameters are different to
account for the evolution of the patients’ conditions (see Section 3.3.1).

Notice that the calibration of the LPM and 1-DoF valve model for all scenarios is carried out by using patient-
specific data (see Section 3.3).

3.2 Geometries reconstruction

Pre-implantation CT scans are used to obtain patient-specific 3D pulmonary artery geometries for both P1 and P2.
The patients’ CT scans were provided by the Department of Cardiac Surgery of hospital ASST Grande Ospedale
Metropolitano Niguarda, Milan, Italy. Ethical Review Board approval and informed consent from all patients were
obtained. The segmentation process is carried out using VMTK [51, 52]. The reconstructed geometries include
multiple outlets and we use Paraview [53] and VMTK to remove secondary branches. The final geometries are
composed of the pulmonary trunk and two outflow regions which correspond to the two branches originating from the
first bifurcation of the pulmonary artery (see Fig. 3, left).

The post-implantation cases, Post-PVR and Follow-up, are characterised by the same geometry, obtained from
Pre-PVR geometries and virtually inserting the stent graft. Notice that the pulmonary trunk geometry is different
from the Pre-PVR scenario due to the stent presence. The stent is modelled as a cylinder with the nominal length
(20 mm) and diameter (29 mm) of the No-React® BioPulmonic™ valve. This cylinder is positioned and oriented
in accordance with the patient-specific position of the commissures reconstructed from post-implantation CT scans
(Fig. 3, right).

As for the pulmonary valve, the resolution of the CT scans does not allow the reconstruction of the leaflets. Thus,
a template valve model by Zygote [54] is adapted to the stent geometry to obtain the valve closed configuration.
Afterwards, the open configuration is derived from the closed one by pure geometric deformation, opening the leaflets
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Figure 3: Reconstructed geometries used to build the three scenarios of both P1 and P2. Left: Pre-PVR
as from image segmentation; Right: Virtual insertion of the PV stent to create the Post-PVR/Follow-up
scenarios.
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Figure 4: The closed configuration of the pulmonary valve (left), the displacement imposed to the leaflets
surface to approximate the physiological behaviour of the valve in the open configuration (centre) and the
open configuration (right).

compatibly with the surrounding stent to have a physiological orifice area (see Fig. 4). The prescribed deformation is
then used in the rFSI model (5) as the variable g.

The 3D fluid mesh generation is carried out in the same way for the Pre-PVR, Post-PVR and Follow-up scenarios.
Specifically, we use a non uniform mesh characterised by a cell diameter h = 1.1 mm in the pulmonary trunk and
h = 4.3 mm at the outlets (Fig. 5). This allowed us to have higher accuracy in the region where higher velocities and
wall shear stresses are expected, and to properly capture the leaflets dynamics by the RIIS method.

The meshes used in this work are obtained after a mesh-independence study in the Pre-PVR scenarios where we
checked that the Wall Shear Stress (WSS) differs by at most 2% when the mesh was refined by a 10% factor.

3.3 Calibration procedure

In the following section we detail the calibration procedure both for the LPM and the 1-DoF valve model. Specifically,
the LPM is calibrated utilizing P1’s patient-specific data we have at our disposal to obtain suitable boundary conditions
(Section 3.3.1), while the 1-DoF model is calibrated employing literature data to reproduce a physiological dynamics
of the valve (Section 3.3.2).
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Figure 5: The meshes of P1 and P2 used in the three scenarios considered

| 6 months after PVR | 9 years after PVR

ESV (ml) 105 58
EDV (ml) 165 110
EFY% 35 47

Table 1: Clinical measurements of patient P1 for the calibration of the LPMs.

3.3.1 Lumped Parameters Models calibration

The LPMs calibration of all three scenarios relies on the use of P1’s clinical data, see Table 1. Specifically, we create
three different sets of calibrated LPM parameters, one for each scenario, and we use:

e the End-Systolic Volume (ESV), i.e. the residual volume in the ventricle after the ejection of blood in the
systolic phase;
e the End-Diastolic Volume (EDV), i.e. the volume in the ventricle at the end of diastole;

e the Ejection Fraction (EF), calculated as Z2Y=ESV

Notice that the data measured 9 years after the PVR lie in physiological ranges found in the literature [55].

In the process of calibration, the LPM parameters are iteratively changed until the simulated EF is characterised
by a small difference with respect to the corresponding measured value. For the calibration of the Post-PVR and
Follow-up LPMs, we use the data at 6 months and 9 years after the PVR, respectively (Table 1). For the Pre-PVR
scenario, there was no available data which described the patient’s condition before the surgery; thus, we assume that
the patient’s clinical data before the surgery and 6 months after are comparable. This assumption is supported by
[56], where EF values are shown to be very similar between the pre-implantation condition and 6 months after the
surgery. Therefore, we use the Post-PVR clinical data also in the calibration of the Pre-PVR scenario; nevertheless,
the two models will be distinguished by the absence and presence of the pulmonary valve.

Specifically, we assign the EDV of the right ventricle Vry from P1’s data and we calibrate the following parameters
to match EF [25, 49]:

e The elastances of the right heart: F,, Fyp;

e The RLC circuit describing the pulmonary arterial circulation, composed by the resistance R+, the capacitance
Cort and the inductance I,

e The non-ideal diode representing the pulmonary valve, modelled by two resistances and an inductance: Ru.qz,
Rmin7 I v

We also fix the right atrium EDV Vg4 to the physiological value of 45 ml as reported in [57].



Pre-PVR Post-PVR Follow-up
Used data (see Table 1) 6 months after PVR | 6 months after PVR | 9 years after PVR
Right ventricle
E, (mmHg ml~!) 0.07 0.10 0.24
Ep, (mmHg ml~1) 0.09 0.08 0.08
Pulmonary arterial circulation
Ry (mmHg s ml—1) 0.05 0.05 0.07
Cort (ml mmHg™1) 7.0 7.0 8.0
It (mmHg s? ml—1) 5e-3 5e-3 5e-3
Pulmonary valve
Rypaz (mmHg s ml™1) 2.2e-2 7.5e4 7.5e4
Rypin (mmHg s ml—1) 2.2e-2 2.2e-2 2.2e-2
Vga (ml) 45 45 45
Vry (ml) 165 165 110
EF% 35.1 38.8 52.9

Table 2: Calibrated parameters of the LPM, the initial volumes used for right ventricle Vzy and right atrium
Vka, and the EF value found by the numerical simulations of the circulation with the calibrated parameters
for each scenario.

Parameters | Values in Post-PVR /Follow-up scenarios
B (s7h 0.28
v (s72) 0.13
x (m~1) 0.24
pr (kg m™2) 106
a (-) 0.075

Table 3: Calibrated parameters for the reduced structural valve model in the Post-PVR and Follow-up
scenarios.

The calibrated parameters in Table 2 allow to obtain EF values (also reported in Table 2) very close to P1’s
measures in Table 1: in the Pre-PVR scenario they differ by 0.3%, in the Post-PVR scenario by 10%, and in the
Follow-up scenario by 12.5%.

3.3.2 Valve model calibration

In the Post-PVR and Follow-up scenarios, the 1-DoF model parameters are suitably set to achieve opening and closing
times of the leaflets in accordance with the literature [58, 59]. The valve model calibration implies the tuning of 5
parameters:

e the damping coefficient (8 in Eq. (3)) associated with the leaflets velocity;
e the stiffness coefficient (v in (3)), associated with the elastic forces;

o the added curvature (x in (3)) parameter;

the surface density (pr in (3)), associated to the inertial properties of the leaflets;
e the coefficient « introduced in the resistive penalty term in Eq. (1).

The calibration is performed by running various 3D rFSI simulations both for the Post-PVR and Follow-up
scenarios using P1’s computational domain until the opening and closing times of the leaflets were sufficiently close
to the ones reported in the literature. The calibrated values are reported in Table 3.

With these calibrated parameters we obtain a valve dynamics close to the analysed literature [58, 59]; we report
in Table 4 the values obtained from the simulation, regarding the duration of opening and closing times (namely the
transitions of the opening coefficient ¢ from 0 to 1 and from 1 to 0), and the open-state duration (the period when
c stays equal to 1) for P1. Notice that we make the assumption that the valve properties remain unaltered from the
Post-PVR . to the Follow-up, so the same calibrated parameters are used in both cases.
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Table 4: Computed timings of opening and closing of the simulated pulmonary valve dynamics both for the
Post and Follow-up scenarios for P1.

4 Results and discussion

In this section we present and discuss the results of the 3D rFSI simulations in the three scenarios previously described
(Section 3.1).

4.1 Settings of the numerical experiments

The parameters of the rFSI model and LPM model are set according to the result of the calibration procedures
reported in Section 3.3. We make the assumption that, since the model describes the same valve implanted in both
patients, the calibrated valve parameters found for P1 can be applied also to the numerical simulations of P2. This
approach yields acceptable values of valve opening and closure times also for P2: for example, the opening time is 66
ms and 46 ms in the Post-PVR and Follow-up scenarios, respectively.

Moreover, we set p = 1.06 - 10> kg m™>, 4 = 3.5-1073 Pas, R = 10* kgm ~! s7! and ¢ = 1.8 mm, and the
coefficient « in (5¢) is set to 0.075 in order to reproduce more physiological results and enhance stability. Indeed, by
using @ = 1 (which would guarantee a fully consistent no-slip condition) we were not able to recover stable results.
Notice that our choice is intermediate between the fully consistent and the quasi-static (¢« = 0) conditions, thus
formally violating the physical adherence of the blood to the valve. However, since the quasi-static assumption has
been widely used in the literature [60], we believe that our choice is acceptable. Also, the value of ¢ is chosen in order
to satisfy the condition € > 1.5 h, necessary for the correct resolution of 47 in the resistive model [39].

Regarding the time discretisation parameter, we set At = 5-10"* s for both LPM and rFSI problems. This value
is chosen after a convergence analysis showing that, by halving At, the quantities of interest do not change by more
than 2%. This value of the time step also allows us to satisfy the stability conditions associated with the explicit
coupling between the 3D fluid model and the 1-DoF structural valve model.

To obtain the boundary conditions (6) for the rFSI model, we simulate offline six cardiac cycles of the LPM model.
Each cardiac cycle starts from the end of diastole and has a period T' = 0.8 s. Only the last one is analysed and used
to extract the pressure curves to be prescribed at the inlet and outlets of the 3D pulmonary artery geometry (Fig. 6,
top); these conditions result in a pressure gradient across the valve displayed in Fig. 6, bottom. As for the solution of
the rFSI model, we simulate two cardiac cycles; the results shown in the next sections are extracted from the second
simulated cardiac cycle.

In Table 5, we provide an overview of the main settings used for the simulations in the three scenarios.

4.2 Velocity and pressure analysis

We start the discussion of the results by analysing systolic blood flow velocities for the Pre-PVR and Follow-up
scenarios; specifically, we observe the instant characterised by the maximum blood velocity. In the velocity plots of
Fig. 7, left, we notice that the blood velocity is higher in the Follow-up scenario than in the Pre-PVR. In particular,
after the valve implantation, the peak velocity in the pulmonary artery reaches 130 cm/s; this value is higher than
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Figure 6: Top: Time-varying pressure boundary conditions computed by the 0D model and prescribed at the

inlet (PfV) and at the outlets (PYLE

) of the 3D rFSI model for the three scenarios: Pre-PVR (left), Post-

PVR (middle), Follow-up (right); Bottom: Corresponding pressure drops in the three simulated scenarios.

Pre-PVR Post-PVR Follow-up
Geometry absent valve stent graft inserted, | stent graft inserted,
valve included valve included

Data used for LPM calibra- | 6 months after | 6 months after
ton PVR PVR 9 years after PVR

— 1 =T — 10 =T
RIIS term resistance R=0kgm st ?1_ 107 kg m ?1_ 107 kg m
LPM valve resistances Riaz = Roin Riar >> Rmin Riaz >> Roin

Table 5: Synthesis of both P1’s and P2’s configuration of the three scenarios considered for the numerical
simulations.
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Figure 7: P1 and P2’s velocity field in the Pre-PVR and Follow-up scenarios at t=0.34 s (systolic phase) and
at t=0.58 s (diastolic phase).

Velocity (cmv/s)

Pre-PVR

(P1) ‘
(P2) .

Diastole t=0.58 s

Follow-up

4.0e+01
35

0.0e+00

Velocity (cm/s)

P1 P2
Pre-PVR | Follow-up | Pre-PVR | Follow-up
EV (ml) 63.9 33.3 54.3 35.3
RV (ml) 25.2 4.7 22.5 6.6
SV (ml) 38.7 28.6 31.8 28.7

Table 6: Values of EV, RV and SV computed in the 3D simulations of the the Pre-PVR and Follow-up
scenarios for P1 and P2.

the physiological range of 60-100 cm/s [61], however, it can be found in patients with hypertrophy of the right heart,
a condition which commonly affects patients that have suffered from Tetralogy of Fallot, as those analysed in the
present work [62]. Moreover, we notice that the different points of impact of the fluid jet on the artery wall in P1’s
and P2’s velocity plots (in Follow-up scenarios) put in evidence the effect of the pulmonary artery geometry and valve
orientation on the velocity pattern.

As for the diastolic velocity field and flow rates (see Fig. 7, right), we observe that in the Follow-up scenario the
closure of the valve prevents regurgitation, which occurs instead in the Pre-PVR scenario due to the valve absence.
In Table 6 we report the computed right ventricle total Ejected Volume (EV), the Regurgitant Volume (RV) —
defined as the volume that returns to the ventricle when the backflow is established — and the Stroke Volume SV =
EV - RV. By computing the Regurgitant Fraction RF = (RV/EV) - 100, which is commonly used as a measure of
pulmonary insufficiency, we obtain RF = 39.4% and RF = 41.4% in the Pre-PVR scenarios. From these results, we
notice that about 40% of the blood ejected by the right ventricle during the cardiac cycle returns into the ventricle.
The values found are coherent with the literature; in particular, a regurgitant fraction of 40% coincides with the
condition of pulmonary valve severe insufficiency and constitutes an indication for pulmonary valve replacement [63].
On the contrary, in the Follow-up scenario, we notice a significant reduction in the RV, as expected after the valve
implantation. Moreover, we observe that SV is only slightly reduced after the valve implantation.

In Fig. 8 we display the time evolution of flow rate through the valvular plane in time. We observe that the values
of flow rate exiting the ventricle (positive values) reach a systolic peak of approximately 200 ml/s, coherent with the
reference values for the pulmonary artery flow rate found in the literature [64].

In Fig. 9 we show the plots of the diastolic pressure for Pre-PVR, Post-PVR and Follow-up scenarios of the two
patients. We notice that the pressure values are close to the physiological range, especially in the Follow-up scenario
[65]. In this scenario, we can see how the closed valve sustains a significant pressure drop (see zoom in Fig. 9).
This effect is less evident in the Post-PVR scenario, due to the lower pressure drop assigned through the boundary
conditions. On the other end, in the Pre-PVR scenario the valve absence prevents the formation of a significant
pressure gradient throughout the whole geometry.
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Figure 8: P1 and P2’s flow rate through the valvular plane in the Pre-PVR and Follow-up simulated scenarios.
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Figure 9: P1’s and P2’s pressure plots in the three simulated scenarios at the diastolic time t=0.58 s.
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Figure 10: P1’s and P2’s Wall Shear Stress in the three simulated scenarios during the systolic phase (t=0.34

s).

4.3 Wall Shear Stress and turbulence analysis

From the velocity field we derive the Wall Shear Stress (WSS), namely the tangential force per unit area that is
applied by the blood flowing on the surface of the pulmonary wall (I'yai), defined as [66]:

2

WSS = (4 + 1sgs) | Y [(Vu+ Vu?)n- 72 on Luan,

j=1

where 75,7 = 1,2, are the tangential unit vectors. We report the result in Fig. 10, where we notice that the prosthetic
valve significantly affects the distribution of the WSS along the artery wall. In particular, we notice that the WSS is
higher in the Post-PVR and Follow-up scenarios, due to the higher velocity of the blood. Moreover, for these scenarios,
high values of WSS identify the impingement region of the systolic jet, which is different between the patients due
to the different geometries and valve orientations. This observation is consistent with those on the systolic velocity
profiles reported in Section 4.2.

In Fig. 11 we display the turbulent viscosity ratio psgs/ 1, where psgs is the turbulent viscosity of the LES o-model;
high values of psgs/p indicate a local regime of transition to turbulence [35, 36]. We notice that the viscosity ratio
is much smaller in Pre-PVR than Post-PVR and Follow-up. In the latter two scenarios, during systole (Fig. 11, top)
high values of usgs/p identify the vortices generated by the flow jet exiting the valve and its impact on the arterial
wall. In diastole (Fig. 11, bottom), psgs/p puts in evidence the vortex breaking in the artery.

5 Concluding remarks and limitations

In this work we have studied the haemodynamics in the pulmonary artery in presence of pulmonary valve replacement.
To do this we use a reduced FSI model based on the interaction between a 3D FSI and a 1-DoF valve model, here
applied for the first time to a patient-specific scenario.

The major outcomes of the study are:

- If properly calibrated, as done in this work starting from patients’ clinical measures, the proposed rFSI model
proved to be reliable in reproducing haemodynamics quantities coherent with the patient’s condition, allowing
to verify the effects of the valve implantation on the pulmonary artery fluid dynamics;
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- This calibration proved to be robust with respect to the patient, indeed the calibration performed on P1’s data
was effective when applied also to P2;

- The rFSI model was able to well describe the diastolic pressure gradient across the pulmonary valve, obtaining
values in accordance with PVR patients, slightly larger for Follow-up than Post-PVR scenario;

- As expected, the Post-PVR and Follow-up scenarios were characterised by larger values of velocity field, WSS,
and turbulence, yet in a range in accordance with Tetralogy of Fallot patients.

We highlight some of the limitations encountered during the study:

- For P2, geometrical data were provided, but we lacked clinical haemodynamics measures. The validation against
measures of other patients should be performed in future studies in order to further assess the robustness of
our calibration;

- Due to the lack of measures regarding the patients’ condition before the implantation, during the LPM calibra-
tion process we assumed that they could be well approximated by the same data used for Post-PVR, scenario.
Although acceptable, this limitation should be overcome in future studies by using pre-operative measures;

- The computed Follow-up flow rate across the valve showed to be characterised by a non-negligible level of
regurgitation. Although the latter is in accordance with the patients’ conditions, for future studies we need to
better assess the rF'SI model to reduce such effect.
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