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ABSTRACT

Aortic valve replacements, both surgical and transcatheter, are nowadays widely employed treatments. Although
clinically effective, these procedures are correlated with potentially severe clinical complications which can be
associated with the non-physiological haemodynamics that they establish. In this work, the fluid dynamics
changes produced by surgical and transcatheter aortic valve replacements are analysed and compared with an
ideal healthy native valve configuration, employing advanced fluid-structure interaction (FSI) simulations. The
aim of the study is to investigate how existing treatments may affect the aortic valve function, and giving in-
dications about how to improve current therapies.

Simulations were performed using the commercial software LS-DYNA, where the FSI strategy is based on the
coupling of a Lagrangian approach for the structures and a Eulerian approach for the fluid, whilst the coupling
between the two domains is reached through a hybrid arbitrary-Lagrangian-Eulerian algorithm. Idealised ge-
ometries are used for the aortic root and leaflets. The aortic wall was modelled as linear elastic material, whilst
leaflets were modelled as hyperelastic incompressible, using an Ogden’s constitutive model. A combination of
physiological flow velocity and pressure differences are applied as boundary conditions to model realistically the
whole cardiac cycle.

Results are analysed throughout the cardiac cycle in terms of leaflets kinematics, flow dynamics, pressure and
valve performance parameters. Globally, surgical valves presented worse performance than transcatheter
counterparts (reduced effective orifice area, increased transvalvular pressure drop and increased opening and
closing times). The clinical parameters of transcatheter devices were improved and closer to those of the healthy
native valve, although the vortical activity within the Valsalva’s sinuses was substantially altered. Here, the
presence of the partition obstructed the washing out, resulting in higher degree of blood stasis and potential
blood damage.

The implantation of prosthetic devices produces major haemodynamic changes which alters the valve dy-
namics and leads to diminished performance. Currently, the design of these substitutes is not optimised to mimic
realistic native conditions, particularly in terms of valve opening behaviour. Although transcatheter devices
provide systolic performance similar to that estimated for the healthy native aortic model, none of the prosthetic
solutions appeared to be able to fully restore healthy physiological conditions.

1. Introduction

heart to the body tissues, through the systemic circulation. This crucial
and demanding function makes it particularly susceptible to relevant

The aortic valve is a tri-leaflet heart valve that has the fundamental congenital or acquired diseases [1,2], which represent one of the leading
role of regulating the unidirectional flow of oxygenated blood from the causes of global cardiovascular morbidity and mortality [3,4].
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Aortic valve replacement is intended to restore normal operating
conditions by implanting a prosthetic device aimed at restoring the
healthy physiological function minimising related complications [5]. A
prosthetic device which does not introduces significant alterations in the
normal haemodynamics, ensuring minimum transvalvular systolic
pressure drops and avoiding disturbance to the healthy velocity field is
highly desirable [6]. In this context, surgical and transcatheter aortic
valve replacement procedures (respectively refereed as SAVR and
TAVR) are common options for the aortic valve replacement. SAVR
consists in removing the diseased aortic leaflets and replace the valve
with a mechanical or biological artificial valve substitute, sutured to the
native aortic annulus. Bioprosthetic valves present a more physiological
haemodynamics than mechanical devices, attempting to mimic the
native valve functioning through prosthetic leaflets made from biolog-
ical soft-tissues [7]. However, they are still unable to replicate the
behaviour of native valves, due to the presence of the supporting stent
and the implantation procedure [8,9]. Stentless configurations, miti-
gating these limitations [10], may result into suboptimal and less
repeatable operating configurations, due to more complex suturing and
the irregularity of the host anatomy. In the last decades, TAVR has
established as a far less invasive alternative to SAVR, especially suitable
for patients unfit for surgery [11-13]. In this approach, the prosthetic
leaflets are mounted on a stent which can be collapsed, delivered inside
the native valve through the vasculature, and then re-expanded [14]. In
this case, the aortic root anatomy plays an important role, as it repre-
sents the landing zone for the prosthesis and provides the mechanical
response needed to securely anchor the valve. Similarly to stentless
SAVR, transcatheter devices deployment can lead to an elliptical shape
of the valve which, in turn, can result in coaptation mismatch [15].
Though the clinical benefit of the treatment has been clearly established,
some post procedural complications have emerged. In particular, the
occurrence of silent ischemic lesions and vascular dementia is consid-
erably higher than with SAVR [16-18]. The source of these pathologies
is still unclear, although a potential cause is identified in the haemo-
dynamics perturbations produced downstream of the valve [19].
Moreover, with TAVR, the native valve is not removed from the
anatomical site, but its leaflets are pushed towards the aortic root wall,
becoming a physical barrier within the Valsalva sinuses region which
can cause stagnation and blood damage [20].

A number of studies in the literature adopt in vivo, in vitro and in silico
approaches to study the functioning of native and prosthetic valves, the
correlation between mechanical stresses and valve diseases, and the
interdependence between haemodynamics performance and post im-
plantation complications [21,22]. However, in vivo studies (mostly
based on magnetic resonance imaging and ultrasound) suffer from
limitations in the measurement of the velocity field, due to the reduced
spatial and temporal resolution of the methodology [23]. On the other
hand, in vitro techniques do not allow the measurements of the velocity
in the full field [10,19,20,24,25]. Advanced and validated in silico
models, providing information on the 3D flow field with a detailed
temporal resolution, can overcome the drawbacks of in vivo and in vitro
procedures and achieve a more comprehensive understanding of the
biomechanics involved in the phenomena. Specifically, high-fidelity
fluid-structure interaction (FSI) simulations can enable deeper investi-
gation of the normal, diseased and treated valve function [21,26-29].
FSI models have been used for the analysis of the aortic valve behaviour
since their early development. At the end of the last century, Makhijani
et al. (1997) presented a first FSI study of a pericardial bioprosthetic
aortic valve in a rigid aortic root graft with physiologic sinuses [30]. Few
years later, De Hart et al. (2003) employed a fictitious domain method to
study the effect of FSI on the native valve behaviour for a reduced
Reynolds number flow [31]. They investigated the importance of sys-
tolic functioning on the functionality of the valve. The same group
analysed the mechanical and haemodynamic behaviour of a
fibre-reinforced stentless aortic valve model [32]. Carmody et al. (2006)
generated a finite element model of the left ventricle and performed FSI
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analysis to obtain the fluid velocity profile at the aortic orifice [33].
They employed the acquired spatial and temporal velocity profiles as
boundary condition for a FSI model of the aortic valve and its sur-
rounding structures. Marom et al. (2011) developed a FSI model to
analyse the end-closing phase of the valve under physiological condi-
tions, considering the root compliance and the valve coaptation [34].
Sturla et al. (2013) simulated the function of the physiological aortic
root including an asymmetric MRI-based geometry, the description of
the non-linear anisotropic behaviour of the valve leaflets, and
time-dependent blood pressures [35]. Sunndaram et al. (2015) proposed
a comparative study between different boundary conditions applied to
an FSI model of the aortic valve [36]. Wu et al. (2016) developed a FSI
model of a self-expandable transcatheter aortic valve [37]. Wu et al.
(2019) considered a novel immersogeometric FSI framework for the
modelling and simulation of the TAVR procedure to analyse the
anchoring of the prosthesis [38]. Liu et al. (2022) analysed how different
flap designs affect the mechanical properties and flow field of TAVR
through FSI simulations [39]. Morany et al. (2023) proposed a new FSI
co-modelling framework for the haemodynamic-structural analysis of
compliant aortic valves using lattice Boltzmann and finite element
methods [40]. Abdi et al. (2023) analysed the potential association be-
tween different phenotypes of unicuspid aortic valves (including uni-
commissural and acommissural) and the occurrence of aortic diseases
performing FSI simulations during systole [41]. Recently, Monteleone
et al. (2024) simulated the haemodynamics in the healthy aortic valve
with a new mono-physics FSI approach based on the meshless smoothed
particle hydrodynamics method [42]. Yan et al. (2024) analysed
different bicuspid aortic valve types employing FSI simulations and
digital particle image velocimetry experiment [43]. Bornemann et al.
(2024) investigated transcatheter aortic valve thrombosis through FSI
simulations during systole and Lagrangian particle tracing to analyse the
blood washout efficiency considering a normal and larger aorta [29].
Corso et al. (2024) compared the flow characteristics during systole in a
stenotic aortic valve with those downstream of two newly designed
surgical bioprosthetic aortic valves [44]. Quin et al. (2024) performed
patient-specific FSI analysis of bicuspid aortic valve haemodynamics
[45]. Kim et al. (2024) analysed the effect of the struts height of a bio-
prosthetic valve on the structural mechanics of the valve leaflet [46]. Xie
et al. (2024) studied the physical mechanism behind the development of
calcific aortic valve lesions [47].

In this context, Tango et al. (2018) developed a numerical model FSI-
based aiming at supporting a better comprehension of the aortic valve
function [27]. The analysis considers the whole cardiac cycle, including
both systolic and diastolic phases (the latter is often neglected in the
literature, due to the complexity in simulating leaflets coaptation) [48].
The model was first validated versus the in vitro study presented by
Toninato et al. (2016), performed with the particle image velocimetry
technique [9]. Afterwards, the validated FSI model was modified to
simulate an idealised young healthy aortic valve by eliminating the
experimental and methodological limitations and approximations. This
model was then used by Tango et al. (2021) as a reference to identify
physiological changes produced by ageing pathological condition [28].

In this study the ideal healthy native aortic valve model of Tango
et al. (2018) [27] is employed as a reference to analyse numerically
different post treatment configurations. Different from the
above-mentioned works, SAVR and TAVR replacements are compared to
the healthy native aortic valve and their impact on haemodynamics is
investigated.

2. Methods

FSI analyses were performed employing the commercial explicit
finite element software LS-DYNA (LSTC, Livermore, CA, USA) which is
specialised in non-linear dynamic problems [49]. Thanks to its ability in
modelling large deformation, advanced materials and the coupling be-
tween fluid and structure, this software is widely employed for the
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analysis of heart valve fluid dynamics [35,50,51]. Moreover, LS-DYNA is
included in the ISO working group list of recommended commercial
software to be used for the assessment of potential thrombus formation
in heart valve implants [52].

The employed FSI strategy is based on the coupling of a Lagrangian
approach to model structures and a Eulerian approach to model the
fluid, whilst the coupling is reached through a hybrid arbitray-
Lagrangian-Eulerian (ALE) algorithm [53].

Simulations were run on an Intel Core i7 3.4 GHz workstation.

2.1. Configuration models

The idealised aortic root (see Fig. 1) was characterised by identical
dimensions for the three leaflets and for the Valsalva sinuses, whose
cross section was defined as an epitrochoid function [8]. The diameter at
the annulus and at the sino-tubular junction (STJ) was selected equal to
25 mm, consistent to an average healthy young adult [9].

Three configuration models were considered: healthy native aortic
valve (proposed in Tango et al. (2018) [27], see Fig. 1a), SAVR (Fig. 1b)
and TAVR (Fig. 1c).

The leaflet geometry adopted for the healthy native aortic valve
(Fig. 1a) was based on the description of the idealised healthy human
aortic valve provided by Thubrikar [54].

An idealised SAVR was considered to describe the surgical bio-
prosthesis configuration (Fig. 1b), where a 25 mm valve (including the
stent) was placed in a supra-annular position in an aortic root with
annulus and STJ diameters equal to 25 mm. Due to the presence of the
stent, the leaflets diameter in the surgical prosthesis was scaled down to
23 mm, and the leaflets attachment line was positioned in the proximity
of the stent base. This is the case for the most implanted bioprosthetic
surgical valves, such as the Edward Lifesciences Perimount™ and
Resilia™, the Medtronic Hancock™ and Avalus™ portfolios. There are
also pericardial valve designs where the pericardium is wrapped around
the stent (such as the Corcym Crown PRT™ or the Abbot Trifecta™ -
now discontinued), which are less popular, and are not analysed in this
study.

As suggested by Ducci et al. (2016) [20], the diseased native valve
left in place after TAVR are idealised as a cylindrical partition positioned
between the operating aortic valve and the sinuses of Valsalva (Fig. 1c).

The thicknesses of the aortic leaflet and aortic wall were considered

]

STJ @ 25 mm

STJ @ 25 mm
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to be uniformly distributed, imposing a value of 0.5 mm [55-57] and 3
mm [35], respectively.

2.2. Mesh

ICEM 17.0 (ANSYS, Inc., Canonsburg, PA, USA) was employed to
mesh fluid and structure domains. In particular, the fluid domain was
discretised with a structured mesh of 113520 8-noded hexahedral
Eulerian elements with a characteristic dimension of 1 mm.

All structural components, including the aortic root, the stent, the
valve leaflets and the partition, were modelled as shell and discretised
with 4-noded Belytschko-Tsay elements [49] (9960 for the aortic root,
6852 for the SAVR stent, 6564 for the leaflets, and 1836 for the
partition).

The mesh convergence analysis of the employed model is described
in detail in the supplementary material of Tango et al. (2018) [27].

2.3. Material properties

The native aortic root is made of soft tissues, primarily composed of
networks of collagen and elastin fibres embedded within an amorphous
matrix containing proteoglycans. This microarchitecture governs the
nonlinear stress-strain response, characterised by an initial plateau fol-
lowed by increased stiffness due to progressive recruitment of the wavy
collagen fibres. The specific amount and distribution of these compo-
nents determine the local material response, with the overall behaviour
achieved by a combination of layers with different compositions.

This is the case of the native aortic leaflets, which are composed of
three distinct layers: the fibrosa (on the aortic side), the ventricularis (on
the ventricular side), and the spongiosa (intermediate dampening layer).
This complex arrangement exhibits non-uniform distribution across the
leaflet area, with thickened regions at the free margins defining a central
bulge (nodule of Arantius) and two crescent-shaped apposition regions
(lunulae) [58]. Despite this complexity, the fibrosa layer, which covers
the entire leaflet surface and consists of a dense network of circum-
ferentially oriented type I collagen fibres, is the main contributor to the
mechanical response of the tissue [59]. Due to the demonstrated ability
of simplified models to accurately replicate aortic valve dynamics [27],
in this study native leaflets were modelled as a single homogeneous and
isotropic layer. This assumption is particularly convenient for the

STJ @ 25 mm

annulus @ 25 mm

]

Fig. 1. Configuration models. a) Healthy native aortic valve proposed by Tango et al. (2018) [27] [27]; b) SAVR and c) TAVR.

a)

annulus @ 25 mm

b)
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modelling of the SAVR and TAVR model. In fact, the leaflets of these
valves are typically obtained from the fibrosa layer of xenograft parietal
pericardium (commonly bovine or swine), which can be regarded as a
single, nearly homogeneous sheet of multidirectional bundles of
collagen and elastin fibres [60]. In general, healthy human aortic valve
leaflets and xenograft pericardium exhibit a similar nonlinear hypere-
lastic incompressible stress-strain response [61], which was described
using an Ogden’s constitutive model, whose material characteristic
constants were based on the experimental results from Bozkurt et al.
(2017) [62] (reported in Table 1). A density, p,, equal to 1100 kg/m3,
typical of biological tissues [63], was set for the material.

The ascending aorta is classified as an elastic artery (non-muscular),
and is characterised by a three-layer structure, comprising the intima
(thin inner layer), the media (middle layer), and the adventitia (outer
layer). In healthy conditions, the mechanical response of the root is
mostly controlled by the media layer, which consists of a complex three-
dimensional arrangement of smooth muscle cells and elastin and
collagen fibres, helically wound along the root axis. As for the leaflets,
this microarchitecture produces a nonlinear stress-strain response,
which is clearly observed in ex vivo mechanical testing, where the
arterial tissue is loaded from the unloaded configuration (which does not
typically correspond to the unstressed configuration) [64]. However,
under physiological operating conditions, the root is constantly sub-
jected to a pressure commonly larger than 80 mmHg, which maintains
the material at stress levels above the initial plateau and makes the
assumption of linear behaviour acceptable [65]. Hence, the aortic wall
was modelled as linearly elastic. In the case of the healthy and surgical
models, the value of the Young’s modulus, E., was selected to match the
vessel compliance of a normal healthy ascending aorta, coherently to the
international standard ISO 5840 [66]. For the TAVR model, the Young’s
modulus, Es, was set to achieve a low compliance [66], which is more
representative of the patients undergoing the procedure. To model the
near incompressibility of the material, a Poisson’s ratio v = 0.45 was
used for both conditions. The values of the Young’s moduli and Poisson’s
ratio used to describe the ascending aorta response are reported in
Table 1.

The fluid was modelled as incompressible and Newtonian, with a
dynamic viscosity y; = 4.0 x 1073 Pa e s and density p; = 1060 kg/ m®.

2.4. Boundary conditions

The boundary conditions applied in the FSI simulations are sum-
marised in Fig. 2. These, representing a combination of physiological
flow velocity and pressure differences, are based on the work of Tango

Table 1
Constitutive/rheological models and parameters defined for the materials used
in the simulations and for blood.

Component Model Coefficients and properties
Leaflets hyperelastic Equation: W — N Hp ( A A% 42T
incompressible: P=1 qp
Ogden’s 3) ; where W s the strain energy, 4, 2 3 are the
formulation principal stretches, y and N are material
characteristic constants
Parameters:
yp =7.6x 107° MPa; u, = 5.7 x
1075 MPa
a; =ay =26.26; p, = 1100 kg/m?
Ascending Linear elastic Young’s moduli: E; = 0.92 MPa (healthy

aorta native and SAVR)
E; = 3.25 MPa (TAVR)
Poisson’s ratio: v = 0.45
Density: p; = 1060 kg/m?

Stent/ Rigid -
partition
Blood incompressible Dynamic viscosity: yy = 4.0 X 1073 Paes

Newtonian fluid Density: p; = 1060 kg/m3.
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et al. (2018) [27].

Specifically, an aortic pressure waveform oscillating between 80
mmHg (diastolic) and 120 mmHg (systolic) was imposed at the outflow
section (dotted black line in Fig. 2).

At the inflow section, the velocity flow waveform measured by
Toninato et al. (2016) [9] was applied during systole, uniformly
distributed over the inlet cross section. During diastole, the velocity
profile was replaced by the ventricular pressure waveform (dashed black
line in Fig. 2) measured from the same in vitro study [9]. This allows to
best simulate the closing dynamics, where the closing leakage occurs as
result of the transvalvular pressure difference [36].

3. Results and discussion

The biomechanics of surgical and transcatheter replacement pro-
cedures were investigated and compared against the idealised healthy
native valve [27]. In particular, the kinematics, flow velocity, pressure
field, effective orifice area and transvalvular pressure gradient were
analysed throughout the cardiac cycle for the different configurations.
This allowed to investigate how existing treatments may affect the aortic
valve performance.

3.1. Valve kinematics

Valve kinematics is a key parameter to evaluate the performance of
the valve during the opening and closing phases. This was analysed by
measuring the radial displacement of the central node at the leaflets
edge (given the 120° symmetry of the valve model, analysis of a single
leaflet is representative of the entire valve). Diagrams of the radial
displacement for the healthy native and treated configurations during
the whole cardiac cycle are represented in Fig. 3.

As recommended in the international standards ISO 5840 [66], the
valve opening and closing times were used to analyse the valve kine-
matics during the cardiac cycle, defined and quantified as follows [67]:

- valve opening time, calculated as the time interval between the
beginning of the leaflets opening and the full valve opening (interval
t1-ty in Fig. 3).

- valve closing time, calculated as the time interval between beginning
of the valve closure and the complete valve closure (interval t3-t4 in
Fig. 3).

- ejection time, calculated as the total time interval between the
beginning of the valve opening and the complete valve closure (in-
terval t;-t4 in Fig. 3).

The calculated opening, closing and ejection times are summarised in
Table 2. Additionally, to provide a more comprehensive view of the
leaflets kinematics, the following time references are defined:

- slow reduction in the opening as systole progresses towards its end
(interval to-t3 in Fig. 3);

- t1°, positioned at the centre of interval t;-t;

- to’, positioned at the centre of interval ty-t3 (slow closure);

- t3’, positioned at the centre of interval t3-t4.

Results for the healthy native model are coherent with other in vivo
[68] and numerical studies [67,69], with the valve opening and closing
times equal to about 50 ms. The SAVR configuration is characterised by
a slower valve dynamics than the healthy native and TAVR configura-
tions, with substantially longer valve opening and closing times, lasting
80 and 90 ms, respectively (these are 60 % and 80 % larger, respectively,
than for the healthy native configuration). In particular, the opening
phase begins earlier in the cardiac cycle than the other configurations,
but terminates later (see Fig. 3).

The closing phase begins at the same time as for the TAVR, but
completes significantly later. The TAVR configuration presents opening
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Fig. 2. Boundary conditions-velocity and pressure waveforms, from Tango et al. (2018) [27]. The grey lines are the extension of the inflow velocity and pressure curves not

imposed in the simulations.
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Fig. 3. Leaflets kinematics in healthy native (black continuous line), SAVR (black dashed line) and TAVR (black dotted line) models. The red point on the leaflet
shows the location of the node where the displacement was tracked for all configurations. t;: initiation of the valve opening, t;’: lying in the middle of t;-ty, t5: full
opening, t’ lying in the middle of the to-t3, t3: initiation of the valve closure, and t3’ lying in the middle of the t3-t4 and t4: full closing.

Table 2
Valve opening, closure and ejection times for healthy native, SAVR and TAVR
models.

Configuration Opening time [ms] Closing Time [ms] Ejection time [ms]
Healthy native 50 50 310

SAVR 80 (+60 %) 90 (+80 %) 362 (+16 %)
TAVR 60 (+20 %) 70 (+40 %) 330 (+6 %)

and closing times closer to the healthy native valve and equal to 60 ms
and 70 ms, respectively (20 % and 40 % longer, respectively, than for the
healthy native configuration). The slower response of the SAVR and
TAVR configurations is associated with extended ejection times,
respectively 16 % and 6 % longer than for the healthy native case (see
Table 2). The healthy native valve exhibits wider opening during systole,

with the leaflets reaching a maximum radial displacement of 10.0 mm at
the systolic peak. This value reduces to 8.0 mm (20 % lower) for the
SAVR configuration and 8.8 mm (12 % lower) for the TAVR. However, it
is worth to mention that the configuration when the maximum radial
displacement is achieved does not necessarily correspond to a fully open
valve configuration, but may occur before the end of the opening phase.
In fact, during opening, the centre of the leaflet free edge tends to
expand earlier than the leaflet belly, to radial positions larger than those
taken when the whole leaflet has reached the open shape [28].

A snapshot of valves from the outflow, acquired at time instants t;,
t)’, to, to’, t3, t3” and ty, is reported Fig. 4. Analysis of the images confirms
a reduction in leaflets expansion during systole. This is expected in the
case of SAVR, since leaflets were scaled down to account for the stent
thickness. However, also the general shape of the fully open configu-
ration appears very different from the healthy native case, with the
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Fig. 4. Valve top view for healthy native, SAVR and TAVR models at the instants used for the calculation of the valvular kinematics parameters.

leaflet belly unable to expand beyond the inner wall of the stent. This
distorted configuration, characterised by larger snap through energy,
may be the reason for the stiffer behaviour observed also during closing.

In the case of the TAVR model, despite leaflets were kept identical to
the healthy native model, the presence of the native leaflets and stent
limits their ability to expand into the sinuses, resulting in restricted
opened configurations, compared to the healthy native case.

3.2. Flow velocity

The fluid dynamics and global flow parameters were investigated for
all models, comparing the vortical behaviour and haemodynamics ob-
tained for the SAVR and TAVR cases against the healthy native valve
[27]. Full field maps of the fluid velocity are shown for a sagittal cross
section bisecting one of the sinuses and the opposite commissure
(Fig. 5). Maps are provided at selected instants of the cardiac cycle,
which include: the systolic peak (A); the end of systole (B); the first
leaflets coaptation in the early diastole (C); and a fully closed configu-
ration in the middle of diastole (D). To better visualise the vortical
structures that form during the cycle, Fig. 6 reports the streamlines
obtained from line integral convolution for the most indicative instants
(A and C). Moreover, velocity maps are also shown for a transversal
cross section at the level of the maximum diameter of the Valsalva si-
nuses (Fig. 7). The axial velocity profiles at the STJ (indicated as a
dashed white line in Fig. 5) is provided in Fig. 8 for the healthy native
(continuous line in Fig. 8), SAVR (dashed line in Fig. 8) and TAVR
(dotted line in Fig. 8) models.

The SAVR model shows a series of large vortices and counter vortices
developing in the Valsalva sinus during the opening stage and occupying
the region for the whole systolic duration. These mostly develop be-
tween the leaflets and the arterial wall, and are much more evident than
for the other cases (see instant A in Figs. 5 and 6). In fact, coherently
with the hydrodynamics reported in in vitro studies performed on SAVRs
[9,19], the smaller leaflets and stent-limited expansion result in a large
chamber between the valve and the sinus wall, that supports and sus-
tains a system of large vortices and counter vortices. This work reveals
that these vortical structures are highly three dimensional, and large

couples of opposing vortices can be observed in the transversal plane of
each sinus (see instant A in Fig. 7). These are not evident in the healthy
native case. A small vortex is also observed inside the small concavity
that forms in the open leaflet (see instant A in Fig. 6). This is smaller than
for the healthy native leaflet, which bulges into the sinus, promoting the
formation of three-dimensional recirculation observable in both the
sagittal and transversal cross sections. The stent thickness also produces
a larger recirculation above the commissure, compared to the other
models. The combination of a geometrically smaller annulus and large
recirculations at the valve outflow causes a marked narrowing of the
systolic jet, which is evident looking at the velocity profile at the STJ
represented in Fig. 8a and b. This contraction has the effect of increasing
in the systolic blood velocities, whose peak is equal to 2.1 m/s,
compared to only 1.3 m/s estimated for the healthy native case. The
development of a large vortex above the stent post and higher velocities
in the systolic flow are also observed in the experimental work from
Toninato et al. (2016) [9] for all surgical valve configurations. This
study suggests that the presence of systolic vortices observed in the si-
nuses after SAVR [9,70,71] is not associated with healthy operating
conditions, but rather with a stenotic dynamics due to geometric
mismatch or other non-physiological causes, such as the constricting
presence of a supporting stent, as in the presented post treatment cases.
It also highlights that experimental settings based on the inclusion of a
bioprosthesis to mimic the native aortic valve cannot be representative
of realistic healthy native conditions. During early diastole (instant C in
Figs. 5 and 6) the presence of the stent channels the returning flow, so
that the leaflets base receives an axial rather than centripetal flow. The
stent also drives away from the leaflets the location where the washing
vortex initially forms. This diastolic recirculation, which in the healthy
native configuration has a three dimensional pattern which contributes
to the smooth valve closure, looses its spatial features with the surgical
bioprosthesis and reaches the leaflets of only once it has significantly
expanded, at a later stage of the diastole (see instants C and D in Figs. 5
and 7). This justifies the delayed valve closure observed for this model. It
should be noted that the small reverse flow jet evident in all models at
late diastole (instant C in Fig. 6) is a common artefact of the FSI meth-
odology, which requires the inclusion of a small gap (0.1 mm in this
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Fig. 5. Velocity contour maps and vectors (in white) in a longitudinal cross-section for healthy native, SAVR and TAVR models. The dashed line highlighted the STJ.
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Fig. 6. Velocity maps and streamlines (visualised using line integral convolution, LIC) at leaflets opening (systolic peak, instant A) and closure profile (early diastole,

instant C) obtained for healthy native, SAVR and TAVR models.

study) between the leaflets of the closed valve configuration to allow the
valve to open [28].

In the case of the TAVR model, no structured vortices can be
observed within the Valsalva sinuses throughout the cardiac cycle. This
is due to the presence of the partition, which reduces the available space
in the cavity between the expanded native leaflet/stent and the sinus
wall. However, contrary to what observed in previous in vitro studies
[19,20,72] that indicate persistent blood stasis in the region, a stronger
flow activity is observed. This is due to the fact that, being the root
modelled as a compliant vessel, the sinuses undergo cyclic expansion/-
contraction under the effect of the pressure changes, producing a
pumping action. In the case of elderly patients with stiffer root this effect
is expected to reduce, increasing blood stasis at the base of the sinuses.
Vortices inside the open leaflets concavity and around the central jet
become evident only later in the systole (instant B in Fig. 5). The flow
distribution downstream the valve is characterised by a mostly axial
symmetrical jet, slightly narrower than that of the healthy native model
(see Fig. 8a and b), due to the inability of the prosthetic leaflets to
expand beyond the cylindrical shape of the native leaflets/stent parti-
tion, as described in in vitro studies on TAVR configurations [20]. This
produces a peak in the maximum systolic velocity measured at the STJ
equal to 1.6 m/s, which is to some degree larger than for the healthy
native case, but substantially lower than for SAVR (see instant A in
Fig. 5). Globally, apart of the stagnation region in the sinuses, the valve
dynamics features at systole appear more physiological than for the
SAVR model (see instants A and B in Figs. 5-7). Large recirculations in

proximity to the leaflets develop in the early stage of diastole (instant C
in Fig. 5) and then split into multiple smaller vortices as diastole pro-
gresses (instant D in Figs. 5 and 6). Closing is prompter compared to the
surgical bioprosthesis, although no relevant vortical structures can be
observed during diastole, as evident from the very reduced variations in
the velocity profile observable in Fig. 8c and d. The partition, in fact,
channels the flow, forcing leaflets to close under the action of a mostly
axial flow (instants C and D in Figs. 5 and 7).

3.3. Pressure maps, effective orifice area (EOA) and transvalvular
pressure gradient

The pressure contour maps determined for all models at the selected
instants are reported in Fig. 9 (for the sagittal plane). The main differ-
ences are observed at the peak systole (instant A in Fig. 9), whilst the
pressure distributions in the other time frames are mostly coherent with
the healthy native pressure maps (see instants B, C and D in Fig. 9). The
valve performance indicators computed for the native and treated cases
are summarised in Table 3.

In the early systole, the more restrictive profile of the SAVR model
produces a higher ventricular pressure compared to the healthy native
case, leading to an increased AP (13.1 mmHg vs. 4.6 mmHg). This in-
crease in pressure loss is reflected in the estimated EOA, which is equal
to 1.7 cm?. This value, which is over 40 % smaller than the value ob-
tained for the healthy native valve (2.9 cmz), is coherent with the data
obtained from doppler echocardiographic evaluation on bioprosthetic
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Fig. 7. Velocity contour maps, vectors (in white) in a transversal cross-section at the valve orifice for healthy native, SAVR and TAVR models.
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Fig. 8. Comparison of the velocity profiles extracted at the STJ level for healthy native (continuous line), SAVR (dashed line) and TAVR (dotted line) models. a)

instant A; b) instant B; c) instant C and d) instant D.

valve of the same size [73] and with other works related to SAVR [74,
75]. For the SAVR model, the region of low pressure into the sinuses
observed for the other cases is much less evident. This is generated by
the Venturi effect associated with the central jet, and it has been sug-
gested by Tango et al. [27,28] as a mechanism enhancing the perfor-
mance of the healthy native valve. In fact, at the systolic peak, it
generates a suction that drives the leaflets deeper into the sinuses,
widening their opening and resulting in superior hydrodynamic valve
performance.

It is worth noticing that the region of reduced pressure acts at the
locations where the coronary ostia are normally expected (although they
are not modelled in the present study).

TAVR pressure distributions appear closer to those of the healthy
native valve, although still associated with transvalvular mean systolic
pressure drops over 50 % higher (7.2 mmHg). This is correlated with an
EOA of 2.3 cm?, which is just 21 % smaller than in the healthy native
case. This finding agrees with data reported by other works focused on
TAVR devices [76,77]. Interestingly, the reduced gap between the main
aortic lumen and the sinuses, due to the presence of the partition, am-
plifies the pressure reduction into the leaflets compared to the healthy
native model (see instant A in Fig. 9). Even though this suction does not
act on the prosthetic leaflets, which are radially constrained by the
barrier, might have some effect on the coronary flow.

The advantage of TAVR over SAVR in terms of AP and EOA are
coherent with the clinical evidence, with similar valve performance
results reported between transcatheter valve types [78-80].

A further key parameter to evaluate the impact of valve function on
myocardial performance is the energy loss. This is calculated as the in-
tegral of the product of the flow rate and the transvalvular pressure over
a relevant flow interval [81]. In particular, the forward energy loss,
calculated during ejection, is mostly associated with kinetic energy
dissipation due to viscous eddies. The closing energy loss is mostly
associated with the volume of blood returning into the ventricle as effect
of the dynamics of valve closure, that must be re-pumped through the
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valve requiring additional work. The energy loss calculated with the
different models during forward flow and closing is summarised in
Table 4.

As expected, forward and closing energy values for the healthy
native model are substantially lower than for the treated configurations.
The alterations in the systolic flow produced by the presence of the
surgical valve considerably increase the energy lost during forward flow,
which is nearly 3 times larger than in healthy native conditions. Simi-
larly, the delayed closing dynamics more than doubles the energy
absorbed during valve closure (125.7 % larger than for the native valve).
This phase, though, has a lower contribution in the overall energetic
loss, which globally results 162.4 % larger than for the native valve.

In the case of the TAVR, the more physiological systolic phase is
associated with much lower forward flow energy loss, about 50 % higher
than in the healthy native valve. Closure losses are practically identical
to those in the SAVR model, despite the very different valve dynamics.
Globally, the TAVR model halves the losses compared to SAVR (these are
76.4 % larger than in the native valve). However, it is essential to
consider that the model is highly idealised, and does not describe the
paravalvular leakage, that represents a common complication after
TAVR and reduces substantially the performance of transcatheter
valves.

3.4. Potential for blood damage

Blood damage depends on a number of factors, including the hy-
drodynamic state as well as tissue wall injury, presence of foreign ma-
terials and altered blood biochemistry [52,82]. In terms of
hydrodynamics, fluid environments presenting elevated shear stresses
and flow separation areas may lead to haemolysis or blood activation
[83], whereas regions characterised by slow flow velocities are prone to
platelet aggregation and thrombus deposition [6,10,21].

Fluid shear stress maps are shown in Fig. 10. In all configurations,
higher values of shear stress were detected at the systolic peak and valve
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Fig. 9. Pressure contour maps for healthy native, SAVR and TAVR models.
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Table 3
Transvalvular pressure drop (AP) and EOA values for healthy native, SAVR and
TAVR models.

Valve configuration AP [mmHg] EOA [cm?]

Healthy native 4.6 2.9

SAVR 13.1 (+185 %) 1.7 (—41 %)

TAVR 7.2 (+57 %) 2.3 (—21 %)
Table 4

Energy loss values for healthy native, SAVR and TAVR models.

Valve Forward energy Closing energy Total energy loss
configuration loss [mJ] loss [mJ] [mJ]
Healthy native 67.7 36.9 104.6

SAVR 191.1 (+182.3 %) 83.3 (+125.7 %) 274.4 (+162.4

%)

TAVR 101.6 (+50.1 %) 82.9 (+124.6 %) 184.5 (+76.4 %)

closure. During systole, high shear stress regions are focused in the
proximity of the leaflets edges, and are associated with flow separation
phenomena. During closing, they are concentrated at the central gap
where blood regurgitates into the ventricle. Peak values are similar for
all models (between 9.2 and 9.5 Pa), remaining one order of magnitude
below the haemolytic threshold identified by Leverett et al. [84], which
is in the range of 150 Pa. Hence, the observed departure from the
physiological hydrodynamics is not expected to result into haemolytic
blood damage. The levels of shear stress observed into the sinuses
appear of similar magnitude for all models. This confirms that, if the
aortic root retains some compliance, also the TAVR configuration ap-
pears to provide some washout action, reducing the risk of clot forma-
tion. This also indicates that in vitro models should mimic the vessel
compliance to provide realistic information on the potential blood
damage.

In order to verify the risk of thrombosis on the valve cusps, the wall
shear stress (WSS) magnitude acting on leaflets of the different models
during the cardiac cycle was analysed. This corresponds to the frictional
force exerted by the blood flow on the leaflets and, therefore, to the
changes of fluid velocity vector in the proximity of their surface. WSS
contour plots of the valves of each model, observed from the outflow, are
represented in Fig. 11 for the selected time instants (highlighted in the
cardiac cycle graph with red full circles). Values keep well below the
haemolytic threshold for all cases. Stents of the surgical and trans-
catheter valve models are exposed to very low WSS levels for the whole
cardiac cycle. Moreover, TAVR leaflets show a similar distribution to the
healthy native valve, with exception of the region where they are
attached to the stent, which experiences very reduced levels of WSS for
most of the cycle. Subclinical leaflet thrombosis of bioprosthetic aortic
valves is a common complication, which often causes reduced leaflet
motion [17,85] with consequent increase of AP or aortic insufficiency
[86]. Although it is also observed in surgical valves, it is far more
frequent in transcatheter aortic valves [85,87,88] where it is observed in
up to 10 %-15 % of patients [89]. In particular, as described in the
literature, a higher incidence of silent ischemic lesions and dementia is
reported after TAVR [16,18]. Thrombus primarily originates on the
aortic side of the valve, between the leaflet and the stent, mostly at the
base of the leaflets [17], although thrombus on the aortic surface near
the commissures is also reported [86]. These locations are coherent with
the regions of low WSS indicated above, suggesting that blood stagna-
tion may have a role in the complication. The phenomenon that leads to
the triggering of thrombosis in TAVR, not captured by FSI analysis, may
be related to tissue fissuring and endothelial denudation caused by the
impact of the leaflets on the wall, which provides additional nests for red
cells and platelets [90].
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4, Limitations

Some limitations and assumptions of this study should be high-
lighted. In particular, to better identify the fundamental mechanisms
driving the analysed phenomena and achieve a clear interpretation of
the results, idealised morphologies were used for the native and pros-
thetic leaflets, the ascending aorta, the stent and partition. Moreover,
the presence of coronary arteries and associated flows was not included.

In terms of material properties, all soft tissues were modelled as a
single homogeneous and isotropic layer, disregarding their composite
anisotropic multilayer and inhomogeneous nature. To better isolate the
key factors altering the flow, identical material properties were used for
the native and prosthetic leaflets. Also, based on the limited amplitude
and relatively large mean of the loading pressure experienced under
physiological conditions by the ascending aorta [65], its wall material
was assumed to follow ideal Hookean behaviour. The flexibility of the
stents, which strongly depends on the specific valve size and design, was
neglected, considering the component perfectly rigid. Still, the ability of
these simplifications to captures the essential features of aortic valve
haemodynamics was previously validated through in vitro PIV studies
[27].

Regarding the fluid model, considering the large size of the vessels
and the high shear rates, blood was assumed to behave as a Newtonian
incompressible fluid, neglecting its complex rheological response [91].
Paravalvular leakage was neglected in this study. This is a well-known
complication following TAVR, that varies from patient to patient and
can reduce significantly the performance of transcatheter valves during
systole. However, as mentioned previously, the aim of this work is to
isolate the alterations introduced by each factor by idealising the
problem to improve comparison between healthy and treated models. It
needs to be observed that paravalvular leakage has now been strongly
mitigated in the new generation of TAVR devices [87-89].

The described simplifications allow for efficient simulations and a
clearer interpretation of results, with the goal to establish a baseline
understanding of the impact of valve replacement on haemodynamics.
However, they make the models unable to capture all the complexities of
a patient-specific system, where the anatomies are irregular and the
components change in material properties, design, size and position,
possibly influencing the flow patterns. Still, the essential features of the
flow dynamics captured by the study are in general agreement with the
flow features observed from experimental and clinical works performed
on different setups and with different prosthetic devices [9,17,19,20,27,
78-80,86,92,93]. Hence, the insights gained from the model provides a
valid foundation for future research and for the development of
improved valve designs and surgical techniques.

5. Conclusions

This computational study investigates the unphysiological changes
produced by surgical and transcatheter aortic valve replacements, and
how these can disrupt normal haemodynamics and lead to clinical
complications. Both, surgical and transcatheter replacements appear to
alter substantially the fluid dynamics of the region, hindering the
function of the Valsalva’s sinuses to support the opening and closing
leaflets dynamics. In the case of surgical valves, the presence of a thick
stent results in a faster systolic jet and reduced systolic efficiency.
Transcatheter valves, on the other hand, can achieve hydrodynamic
performance closer to the healthy native valve, but substantially alter
the valve dynamics and the blood flow in the sinuses and at the pros-
thetic leaflets attachment, potentially promoting ischaemic complica-
tions. Hence, current prosthetic heart valves, whether surgical or
transcatheter, impact on the valve well-functioning, introducing po-
tential sources for post-procedural complications in the long term.

The provided insights into the mechanisms underlying normal and
abnormal valve function supports a better awareness of the potential
impact of the replacement procedures on patient outcomes, and guide
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Fig. 11. WSS acting on the leaflets for healthy native, SAVR and TAVR models.

future efforts directed towards the development of improved valve de-
signs aimed at restoring healthy conditions.
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