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ABSTRACT

Subaortic stenosis, a heart disease characterised by a narrowing of the left ventricular outflow tract, is frequently
caused by the presence of a subaortic membrane (SAM) located at the aortic valve inlet. This anatomical
obstruction leads to significant haemodynamic alterations and leaflets fluttering, whose mechanisms are not yet
fully understood. This research investigates, through computer simulations, the SAM's haemodynamic impact
and the mechanism behind leaflets fluttering.

A mono-physics fluid-structure interaction approach, based on the meshless smoothed particle hydrodynamics
method, was employed. This approach represents both blood and structures with particles without defining
interfaces, efficiently capturing large deformations and dynamic phenomena. Two common types of SAMs were
investigated - a discrete thin SAM layer (flexible) and a thick fibromuscular ridge SAM (stiff) - and compared with
a healthy aortic valve.

Projected dynamic valve area (PDVA) was used as a reference parameter to quantify leaflet oscillation. While
the PDVA in the healthy aortic valve stabilised at 283 mm? without oscillation, both pathological cases exhibited
self-sustained periodic fluctuations. In the presence of discrete thin SAM layer, the mean PDVA decreased by 3%
compared to the healthy control. This reduction was more pronounced for thick fibromuscular ridge configu-
rations, where the mean PDVA was 9% lower than the healthy case. Notably, stiffer SAM configurations more
than doubled the oscillation amplitude (from 3.12 mm? to 6.77 mm?) and increased the oscillation frequency by
8% relative to flexible membranes. Vortices dynamics was analysed, determining the phases of their formation,
growth and migration. Through the analysis of velocity, vorticity, and shear stress maps, this study provides
critical insights into the origin of fluttering and its influence over these key haemodynamic parameters.

Findings demonstrate that the oscillatory leaflet motion is the result of vortices formation and shedding. The
stiffness of the SAM significantly modulates the fluttering behaviour. While structural damage and haemato-
logical complications were not directly simulated, the identified oscillations represent haemodynamic conditions
associated in literature with such pathologies. The observed alterations in wall shear stress magnitude and di-
rection provide a physical basis for the mechanical environment that could contribute to endothelial cell
dysfunction in the presence of SAM.

1. Introduction

developing immediately beneath the aortic valve as a ring or as a cres-
cent shape, and producing a sudden reduction of the inflow lumen

Subaortic stenosis (SAS) is a cardiac disease characterised by a nar-
rowing of the left ventricular outflow tract (LVOT) [1]. The most com-
mon subtype of SAS is the discrete subaortic stenosis (DSS), which
comprises a heterogeneous spectrum of subvalvular lesions that vary in
structure and mechanical behaviour. In most cases, obstruction is caused
by a sub-aortic membrane (SAM), an abnormal fibrous tissue formation

[1-7]. Based on their structure, SAMs can appear as either a discrete thin
fibrous diaphragm or a fibromuscular ridge formed by a thicker
non-distensible membrane that can have a muscular base [2,8-14].
The prevalence of SAM in patient with congenital heart disease is
6.5% in adults [5,15], and 6% in children [16]. Moreover, it accounts for
8-30% of LVOT obstructions in the paediatric population [1,17].
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SAM is commonly classified as a congenital disorder related to ge-
netic factors [2,18]. However, it is also suggested that haemodynamics
may play a significant role in promoting this condition [1,17,19-21].
The presence of the membrane alters the systolic blood flow from the left
ventricle into the aorta and can lead to increased LVOT pressure
gradient, left ventricular hypertrophy and dysfunction, aortic regurgi-
tation, arrhythmias, and even death [1].

For the diagnosis of SAMs, echocardiography is typically used to
visualise the morphology of the membrane and Doppler ultrasound is
employed to measure pressure gradients [9]. The latter is a key
parameter in the guidelines of the American College of Cardiology and
American Heart Association for evaluating clinical treatment [22]. In
this context, open-heart surgical resection of the membrane remains the
only current standard of care for managing this condition. However,
long-term complications and high rate of recurrence [1,7,9,23-25] have
led to debates regarding the optimal timing for intervention [4,9,26].

A reported secondary complication of SAM is the fluttering of the
aortic valve leaflets [27,28], a complex mechanism that is currently not
fully understood. This phenomenon is also widely observed in aortic
valve replacements, and known to promote calcification, haemolysis,
regurgitation, accelerated fatigue and premature failure of prosthetic
aortic valves [29-33]. Computational [30,34-36] and experimental [32,
37-39] studies have investigated leaflet kinematic in the presence of
prosthetic aortic valves. However, the mechanism by which SAM causes
leaflet fluttering remains unclear and under-researched. Recently, Di
Leonardo et al. [8] presented an in vitro analysis of the fluid dynamic
changes introduced by the presence of different SAM configurations and
types on a bioprosthetic aortic valve. They quantified the effect of SAM
stiffness, eccentricity and obstruction grades on the aortic valve effi-
ciency and confirmed that the presence of SAMs is associated with a
substantial increase in leaflets fluttering.

In this framework, in silico analysis can be a powerful tool to provide
a deeper understanding of this phenomenon. In particular, fluid-
structure interaction (FSI) simulations, which couple computational
fluid and structural dynamics (CFD and CSD, respectively) [40,41], are
well-suited to model the dynamic interaction between pulsatile blood
flows with highly deformable tissues (such as the heart valve leaflets and
SAMs). These approaches were extensively and successfully used to
study the haemodynamics of healthy and pathological heart valves
[42-45].

While previous computational works investigated the impact of DSS
on haemodynamics and leaflets kinematics, they were based on
simplified assumptions. In this framework, Chen et al. [46] proposed a
CFD analysis of the flow characteristics in the presence of different types
of SAS and quantified the effects on the haemodynamics of a mechanical
heart valve. However, the authors used a fixed model for the membrane
and the valve components, therefore neglecting leaflet fluttering
mechanisms. Guivier et al. [47] proposed a FSI study to assess the
impact of subaortic stenosis in the presence of a bileaflet mechanical
valve using a two-dimensional model. They found that the obstruction
substantially alters leaflets kinematics, especially during the closing
phase. Shar et al. [17] presented a FSI study focused on the potential
implication of aortoseptal angle (AoSA) abnormalities in DSS patho-
genesis. They analysed the flow and wall shear stress (WSS) character-
istics in patient-specific two-dimensional left ventricle models
considering a normal LVOT, an unobstructed LVOT with steep AoSA and
an obstructed LVOT with steep AoSA and DSS lesion, but without
including the valve leaflets. The same research group investigated the
impact of AoSA steepening and DSS on aortic valve haemodynamics and
regurgitation using FSI modelling [48]. While these studies offer an
analysis of leaflet kinematics and discuss the formation of vortices
throughout the cardiac cycle, they are limited by their two-dimensional
approximation of the left ventricle and aortic valve. This simplification
cannot capture the complex three-dimensional nature of blood flow
patterns. The study was then extended by the same group to a
three-dimensional left ventricle haemodynamic stress environment,
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though this analysis does not model the presence of the heart valve, thus
neglecting the fluttering phenomenon [21].

This study presents the first three-dimensional computational
investigation into the mechanism by which the presence of SAM leads to
changes on the aortic flow and induces leaflet fluttering. To this aim, FSI
simulations were performed employing the mono-physics FSI approach
proposed by Monteleone et al. [49]. This method, previously used to
simulate aortic valve haemodynamics [49] and thrombus formation [40,
41], is well suited for cardiovascular applications.

The objective is to shed light on the physical origins of the fluttering
phenomenon — a task that remains challenging to investigate experi-
mentally and for which no comprehensive explanation currently exists
in the literature. To this aim, an idealised modelling framework (in
terms of geometry, boundary conditions, material properties and
modelling assumptions) was adopted to identify the fundamental trig-
gers of fluttering. Using an ideal healthy aortic valve model as a refer-
ence, the pathological haemodynamic alterations introduced by the
SAM and their role in inducing leaflet flutter were evaluated. The impact
of the common membrane types was analysed by comparing flexible and
stiff configurations, representative of discrete thin layer and thick
fibromuscular ridge SAMs [2,8,10,12-14], respectively.

The analysis focuses on the pathological alterations in haemody-
namics leading to leaflet fluttering. Moreover, the associated WSS dis-
tributions were characterised, serving as mechanical indicators of
potential endothelial cell dysfunction, as commonly adopted in the
literature [36,50-52].

2. Methods
2.1. Numerical method

Computational analyses were performed using the mono-physics FSI
approach developed by Monteleone et al. [49] and integrated into the
PANORMUS (PArallel Numerical Open-souRce Model for Unsteady flow
Simulations) software [53], which was demonstrated to be suited for
analysis of aortic valve haemodynamics [49]. A brief overview of the
method is provided below; for a more detailed explanation, refer to
Ref. [49].

The approach is based on the smoothed particle hydrodynamics
(SPH) method [54-57], a meshless, Lagrangian technique that employs
particles to represent the computational domain. The SPH method
operates through discrete convolution integrals using filter functions
(known as kernel functions) defined by a characteristic smoothing
length, h. This length determines the extent of each particle support
domain (a local region around a particle from which it gathers infor-
mation from its neighbours) and plays a role analogous to cell size in
grid-based methods, directly affecting simulation resolution and
accuracy.

The mono-physics FSI technique exploits the meshless feature of the
SPH method. Specifically, SPH particles contribute to define both the
fluid and structural domains within a unified physical framework,
eliminating the need for separation interfaces between the two domains.
Fluid and solid particles follow the same truly incompressible SPH
(ISPH) numerical scheme, based on the fractional-step resolution of the
governing equations. To capture structural behaviour, solid particles are
interconnected through spring bounds with elastic constant providing
the material Young's modulus. During each simulation step, internal
elastic forces are computed to restore the spring elements to their rest
lengths. These forces are then incorporated into the ISPH scheme in the
predictor-step of the employed projection algorithm [40,49].

The implicit FSI coupling enables the method to efficiently handle
complex phenomena such as contact interactions, large deformations
and intricate geometries. It thereby addresses common limitations found
in traditional FSI strategies, such as the treatment of FSI interfaces
(which require accurate enforcement of matching conditions), the need
for remeshing when large deformations occur and the difficulty of
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accurately modelling complex dynamics (like valve coaptation during
closure) [58-61].

2.2. Simulation setup

The geometry of the aortic root, valve and SAM and the specified
boundary conditions are shown in Fig. 1, that provides top, lateral and
isometric views of the model (panels a, b, and c, respectively). The aortic
root and valve models are based on the works of Tango et al. [42,62].
Specifically, the valve leaflets are obtained from the idealised healthy
human aortic valve model described by Thubrikar [63]. These were
pre-expanded to a semi-opened position used as starting configuration
for the simulations (see Fig. 1a). The model features a 25 mm diameter
for both the aortic annulus and the sino-tubular junction (see Fig. 1b), as
described in Swanson and Clark [64]. The Valsalva sinuses, which are
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three pouches at the base of the aortic root hosting each of the leaflets
during valve opening, are assumed to be identical. Their shape is defined
by an epitrochoid, as described in Reul et al. [65], with a maximum
cross-section circumscribed to the aortic nominal diameter of 25 mm
and inscribed within a 36.44 mm diameter circle. The SAM, comprised
between dashed red lines in Fig. 1a and represented as red regions in
Fig. 1b and c, is modelled as a membrane with a circular hole concentric
to the aortic valve axis, with membrane orifice area (MOA) equal to 50%
of the unobstructed inflow lumen at the annulus section. It is placed 8
mm upstream from the leaflet base (see Fig. 1b), which is consistent with
the typical mean distance [8,66].

In this work, two common types of SAMs were investigated and
compared with a healthy aortic valve (AV).

In particular, the following scenarios were analysed:

AORTIC SIDE

S
&
3
S

A=
constrain
@lid constrain
3
S
VENTRICULAR SIDE

9

Fig. 1. Geometric model for FSI numerical simulations. a) Top view; b) lateral view; ¢) 3D visualisation with the indication of the boundary conditions for the fluid

and solid domains.
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- Healthy AV: This model represents an aortic valve without the SAM,
thus representative of the healthy case used as reference for the
study. Therefore, the red region in Fig. 1 is not included in this
configuration;

Flexible SAM: This model represents a discrete thin SAM layer which
consists of a highly flexible thin fibrous diaphragm [8,12-14]. The
SAM was modelled with the same material properties as the valve
leaflets;

Stiff SAM: This model simulates a thicker fibromuscular ridge SAM,
which presents as a robust ring of tissue, causing a less deformable
narrowing of the LVOT [8,12-14]. The same geometry of the flexible
SAM was employed (see Fig. 1); however, to achieve a stiffer mem-
brane, the Young's modulus of the SAM was set to ten times that of
the valve leaflets.

Boundary conditions for fluid and structural domains are detailed in
panel c of Fig. 1. The aortic root walls were modelled as rigid, imposing
no-slip boundary conditions. It should be noted that this study focuses
on the ejection phase of the aortic valve; therefore, only the ejection
phase was considered, as the diastolic phase is inconsequential to the
fluttering mechanism [8,35]. Specifically, starting from a semi-opened
configuration (see Fig. 1), a constant pressure difference between the
ventricular and aortic sides was imposed, with an initial linear ramp,
until the mean blood velocity stabilised. To this end, pressure conditions
were applied at the inflow and outflow sections following the
open-boundary procedure proposed by Monteleone et al. [67]. In the
healthy AV case, a pressure difference of 3.5 mmHg (after the initial
linear ramp) yielded a mean blood velocity of 0.6 m/s. This velocity is
consistent with typical physiological systolic flows [68]. The pressure
gradient was increased in the flexible and stiff SAM simulations (by 7%
and 12%, respectively) to achieve the same mean velocity as in the
healthy configuration. Notably, although the prescribed pressure dif-
ference was held constant to achieve a steady mean blood velocity, the
resulting fluid-structure interaction analysis remains inherently tran-
sient due to the leaflet fluttering phenomenon.

Leaflets and membrane were fully constrained at their regions con-
tacting the aortic root and LVOT, respectively, as shown in Fig. 1c.

Blood was modelled as an incompressible Newtonian fluid, with
dynamic viscosity, y, of 0.0035 Pa - s and density, p; of 1060 kg/m?.
Density of solid tissues was imposed equal to that of the fluid (p; = p;).

As the pressure acting on the aortic root is maintained constant
throughout the analysed period, no significant effects associated with
root compliance are expected. Hence, the use of a non-deformable root
was preferred to ensure consistent anatomical configurations across all
models, independently of the applied pressure conditions, thereby
facilitating direct comparison of the observed mechanisms.

Leaflets are modelled as linear elastic material, simplifying their non-
linear and anisotropic properties [69-72]. A Young's modulus Epqfier =
50 kPa was selected for the leaflets, providing similar response to that
measured for leaflets material under low strain, which characterises the
valve opening phase [45,73,74].

In the flexible SAM and stiff SAM simulations, the same linear elastic
model is used with different stiffness values to represent the two mem-
brane types: Epexibte sam €qual to 50 kPa and Eggr sam equal to 500 kPa.

Table 1 summarises the material properties used for the blood and
structures and the pressure difference between inflow and outflow sec-
tions used in the simulations.

The root inner volume was discretised with a smoothing length of
325 pm, as recommended in Ref. [49], resulting in a total number of
767,870 particles. Leaflets and SAMs were modelled with a thickness of
about 1 mm employing three layers of particles. A time step of 0.025 ms
(for a total of 13,200 iterations) was used in all simulations.
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Table 1
Material properties and pressure conditions.
Parameter Value
Fluid density (p;) 1060 kg/m®
Dynamic viscosity (u) 0.0035Pa - s
Pressure difference between the ventricular and Healthy AV simulation: 3.5
aortic sides mmHg
Flexible SAM simulation: 3.745
mmHg
Stiff SAM simulation: 3.92
mmHg
Structure density (p;) 1060 kg/m*
Young's modulus of structures (Ejeqftess) 50 kPa
Young's modulus of Flexible SAM (Epiexibie sam) 50 kPa
Young's modulus of Stiff SAM (Esegr sam) 500 kPa

2.3. PDVA identification

In order to evaluate and quantify the leaflet fluttering phenomenon,
the projected dynamic valve area (PDVA) was considered. This param-
eter is a measure of the valve instantaneous opening area, calculated by
projecting the space enclosed by the leaflets onto a plane perpendicular
to the valve axis [8,30,34,75]. PDVA is widely used to approximate the
geometric orifice area, although it actually represents the envelope of
the GOA at the different cross sections within the valve area.

Fig. 2 shows a sketch describing the calculation procedure of the
PDVA parameter. Specifically, the method involves dividing each leaflet
into nine equally spaced sections (Fig. 2a). For each section, the closest
particle on the leaflet inner surface is identified (see particle A in
Fig. 2a). The coordinates of this particle are then projected onto a plane
perpendicular to the valve axis (see the projection of A on the plane z,
point A, in Fig. 2b), and the distance from this projected point to the
centre of the valve annulus is measured (ra: in Fig. 2b). After repeating
the process for all the twenty-seven sections, the average of these dis-
tances is calculated to obtain a mean radius, which is then used to
compute the area at that specific moment in time. This entire procedure
is performed for each time instant to obtain a dynamic measurement.

3. Results

Fig. 3a shows the evolution of the PDVA for the three simulated
scenarios: healthy AV (continuous black line), flexible SAM (dotted black
line) and stiff SAM (dashed black line). In the healthy AV case, two
smooth oscillations are observable at the beginning of the opening
phase, with fluctuation peaks at 0.023 s and 0.075 s. After this initial
phase, the PDVA rises to a stable value of approximately 283 mm?,
without any further oscillations being detected. The PDVA measured in
the flexible SAM simulation presents an initial smooth oscillation at 0.03
s, followed by a small oscillation at 0.115 s. The PDVA then enters a
phase of self-sustained oscillations with a mean value of about 275 mm?.
For the stiff SAM (dotted black line), up to 0.1 s the PDVA curve is
practically superposed to that of the flexible SAM, but then starts fluc-
tuating with larger oscillations around a mean value of approximately
257 mm?.

The PDVA curves of the flexible and stiff SAM were fitted with a third-
order Fourier series using the Curve Fitter Tool in MATLAB R2024b and
the fundamental frequency with its amplitude (defined as the distance
from midline to the crest) was considered for the analysis. Fig. 3b shows
the fit for the flexible SAM (dotted red line) and stiff SAM (dashed red
line) after the PDVA oscillations has stabilised. In the flexible SAM case,
the oscillation frequency was equal to 27.5 Hz, with amplitude of 3.12
mm?. In contrast, the stiff SAM case exhibited an oscillation frequency of
29.7 Hz and a significantly larger amplitude of 6.77 mm?.

Fig. 4 provides, for the three simulated scenarios, a three-
dimensional visualisation of the velocity field at the time of maximum
PDVA. The instant of maximum PDVA depends on the considered
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Fig. 2. Determination of the projected dynamics valve area (PDVA). a) top view; b) perspective view.
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Fig. 3. a) PDVA evolution over time for the healthy AV (continuous black line), flexible SAM (dotted black line) and stiff SAM (dashed black line); b) fitting with the
Fourier series for flexible SAM (dotted red line) and stiff SAM (dasThe following are the Supplementary data related to this article: hed red line). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

scenario. In the healthy AV model, no oscillatory behaviour was
observed, and the instant at time 0.30 s, when PDVA had already
reached stabilisation, was considered. In the presence of the membrane,
PDVA oscillates cyclically, therefore, a positive peak of the oscillation
was considered. Specifically, the peaks at 0.225 s and 0.248 s were
selected for the flexible and stiff SAMs, respectively. The deformed con-
figurations of the leaflets and membranes are represented with white
dots. A video showing the velocity field during one oscillation cycle is
provided for the stiff SAM case as Supplementary Content (Video S1).

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.compbiomed.2026.111645

In Fig. 5, the velocity and streamlines, vorticity maps and fluid shear
stress distribution are represented for the three analysed scenarios, at
the instant of maximum PDVA, on a longitudinal plane of symmetry. The
velocity and streamlines (in Fig. 5a) are represented using line integral
convolution (LIC), which gives an immediate visualisation of vortices
forming during ejection. The vorticity maps (Fig. 5b) provide a quanti-
fication of the rotational intensity of the fluid. The shear stress

distribution (Fig. 5¢) is another useful parameter, as it is associated with
the blood damage potential of the system.

Figs. 6 and 7 show the velocity streamlines for the flexible and stiff
SAMs, respectively. These figures illustrate four key instants within a
single PDVA oscillation cycle: the trough corresponding to minimum
PDVA (time t;); the midline crossing during ascent (time ty); the peak
corresponding to maximum PDVA (time t3); the midline crossing during
descent (time t4). To highlight the vortices that drive leaflet oscillations,
they are drawn and labelled with capital letters (A, B and C). Vortices
generated in the preceding PDVA oscillation cycle are indicated with the
subscript ‘ex’.

For the direction of vortical rotations, the convention proposed in
Ref. [68] is adopted, where a vortex following the ejected flow close to
the root axis and opposite direction close to the arterial wall is denoted
as positive, while a vortex with opposite rotation is denoted as negative.
The vortex sign is indicated using superscript ¢+ * for positive and ¢ — *
for negative.

A video showing the velocity streamlines during one oscillation cycle
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Flexible SAM

Stiff SAM

Fig. 4. 3D visualisation of the velocity field at a maximum PDVA (0.225 s and 0.248 s for the flexible and stiff SAM cases, respectively. In the healthy AV, PDVA does
not oscillate, therefore, the stabilised configuration at 0.3 s is shown). Leaflets and membranes are represented with white dots.

and the leaflet fluttering is provided for the stiff SAM case as Supple-
mentary Content (Video S2).

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.compbiomed.2026.111645

Fig. 8 shows the velocity component normal to the leaflet surface for
the stiff SAM case. Although the underlying mechanism is the same as in
the flexible SAM configuration, the stiff SAM is shown because it pro-
duces velocity magnitudes approximately 50% higher. Velocity fields
are reported at the four characteristic instants of the fluttering cycle
(t1-t4) and at intermediate instants.

Leaflet dynamics are governed by alternating expanding (red) and
contracting (blue) waves that propagate cyclically from the leaflet
inflow region toward the free edge. At t; (minimum PDVA), an
expanding front originates at the bases of the right and left lunulae (the
thickened, crescent-shaped regions of the cusps) and converges at the
nodulus of Arantius. By t; (PDVA inflection), this positive front spans the
entire free edge, while a contracting front with the same spatial footprint
begins to form. This negative wave propagates toward the free edge (t3),
reaching it at t4, where a new expanding front is already emerging at the
lunulae bases.

Fig. 9 shows the WSS magnitude and vector fields on both the ven-
tricular and aortic sides of a representative leaflet for the three scenarios
considered. In the healthy AV (Fig. 9a), WSS vectors exhibit a coherent
and predominantly axial orientation on both surfaces. In contrast, the
pathological configurations (flexible and stiff SAM) display markedly
disordered WSS vector patterns and spatial heterogeneity throughout
the oscillation cycle, as evident at the characteristic instants t;—t4 in
Fig. 9b and c. These haemodynamic derangements are most pronounced
on the aortic surface, where WSS magnitudes remain significantly lower
than those of the healthy control across all analysed instants.

4. Discussion

Discrete subaortic stenosis pathology was computationally investi-
gated, focusing on the flutter mechanism affecting aortic valve leaflets.
In addition, the alterations in WSS magnitude and direction, recognised
mechanical indicators of potential endothelial cell dysfunction [36,
50-52] were computed to evaluate the potential implications of flut-
tering on valvular tissue injury.

To this aim, healthy and diseased aortic valves were analysed and
compared during opening. In the pathological scenario, two common
types of DSS were simulated, encompassing a discrete thin SAM layer

and a thick fibromuscular ridge SAM (named flexible and stiff SAMs,
respectively, following the notation in Ref. [8]), both leading to an
obstruction of 50% of the inflow lumen, for the unloaded configuration.

The aortic valve performance during ejection was evaluated for the
three scenarios in terms of PDVA (see Fig. 3). In the healthy AV, after two
small oscillations in the early opening phase, the PDVA rapidly stabilises
at 283 mm? and remains steady without further fluctuations.

In contrast, both pathological cases exhibit a markedly different
behaviour, with the PDVA exhibiting a small initial oscillation followed
by a linear increase, after which self-sustained periodic oscillations
develop. In the stiff SAM configuration, the oscillation frequency is
slightly higher (+8% relative to the flexible SAM), whereas the ampli-
tude more than doubles (6.77 mm? against 3.12 mmz). This trend is
consistent with findings of Di Leonardo et al. [8], who also reported
higher frequency and amplitude in the stiffer membrane, although a
direct quantitative comparison is not appropriate due to differences in
valve configuration (a stented bioprosthesis in Di Leonardo et al. [8]),
annulus dimension and material properties. Furthermore, the oscillation
frequencies observed in the models lie within the range reported for
bioprosthetic aortic valves with similar annulus diameter [30,35].

It should be noted that several assumptions were made to isolate the
fundamental physical mechanism responsible for leaflet fluttering,
avoiding any secondary effect of turbulence, patient-specific
morphology and dynamic effects. To this aim, the flow was modelled
as laminar and idealised geometries were used for the aortic root, valve
leaflets and membrane. Moreover, the imposed boundary conditions are
highly idealised, allowing to analyse only the valve open phase. In fact,
preliminary analyses (not reported here) showed that, when imposing a
physiological velocity waveform, the leaflet oscillations phenomenon
occurs after the valve has fully opened and it is not influenced by the
opening and closing dynamics of the valve. This result is further sup-
ported by the experimental findings of Di Leonardo et al. [8], who
observed that the fluttering phenomenon is absent during the dynamic
opening and closing phases. Consequently, their analysis focused
exclusively on the stable systolic window (excluding the first and final
thirds of the cycle) to accurately quantify leaflet oscillations. In light of
these considerations, in this study the prescribed pressure difference
between the ventricular and aortic sides is imposed constant (except for
an initial ramp) and does not follow a physiological waveform (as
described in section 2.2). This methodological choice allows to establish
a repeatable and controlled environment which isolates the minimal
physical conditions under which leaflet fluttering arises, thereby
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Fig. 5. Continuous maps in a longitudinal cross-section at the maximum (0.225 s and 0.248 s for the flexible and stiff SAM cases, respectively. In the healthy AV,
PDVA does not oscillate, therefore, the stabilised configuration at 0.3 s is shown). Leaflets and membranes are represented with white dots. a) Velocity and LIC; b)

vorticity; c) shear stress.
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Fig. 6. Flexible SAM - velocity streamlines in a longitudinal cross-section at four characteristic instants of the fluttering cycle: t;-trough corresponding to minimum
PDVA (0.207 s); ty-midline crossing during ascent (0.216 s); t3-peak corresponding to maximum PDVA (0.225 s); t4-midline crossing during descent (0.233 s).

identifying a necessary mechanism that must also be present, although
potentially modulated, in more realistic settings. Under all these hy-
potheses, it is possible to conclude that introducing a membrane is
sufficient to trigger the leaflets fluttering, which is thus entirely attrib-
utable to fluid-dynamic shedding phenomena, not to turbulence or dy-
namic effects.

Pathological valves exhibit a restricted opening compared with the
healthy AV. In the presence of flexible SAM, the mean PDVA decreases to
275 mm? (~3% lower than for the healthy AV), and this effect is
amplified in the stiff SAM configuration, where the mean PDVA further
drops to 257 mm? (9% lower than for the healthy AV). These results are
consistent with the in vitro measurement reported by Di Leonardo et al.
[8], who observed an increase in the oscillation amplitude and a reduced
mean PDVA in the stiff SAM condition. The reduction in valve opening
area in the presence of discrete subaortic stenosis is also well

documented in clinical observations [27].

The reduced opening area impairs normal blood flow, as shown by
comparison of the three-dimensional velocity fields across the three
scenarios Fig. 4. This figure depicts the instant of maximum PDVA for
the SAM models. The healthy AV exhibits a more uniform velocity dis-
tribution than the pathological cases, where the velocity magnitude of
the ejected flow is significantly more focused at centre of the cross
section, with greater effect for the stiff SAM case.

The three configurations lead to markedly different blood flow pat-
terns, as highlighted in Fig. 5a, where the velocity map and streamlines
at the instant of maximum PDVA are reported in a longitudinal cross-
section. In the healthy AV, streamlines are smooth and orderly, and
vortices are practically absent. In the real operating function, the healthy
AV experiences highly pulsatile flow conditions which induce opening
and closing and are accompanied by the formation and evolution of
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Fig. 7. Stiff SAM - velocity streamlines in a longitudinal cross-section at four characteristic instants of the fluttering cycle: t;-trough corresponding to minimum
PDVA (0.226 s); ty-midline crossing during ascent (0.237 s); t3-peak corresponding to maximum PDVA (0.248 s); t4-midline crossing during descent (0.254 s).

vortical structures [49]. Despite the constant boundary pressure, the
presence of the SAM induces a focalised central jet, which leads to a
substantial increase in peak velocity with respect to the healthy AV,
amounting to +41% and +74% for the flexible and stiff SAMs, respec-
tively. This focalised central jet promotes the formation of vortical
structures in the proximity of the leaflets and wall structures both in the
presence of flexible and stiff SAMs. While in the case of the flexible SAM
the membrane can deform under the effect of the flow, taking a funnel
shape which expands its orifice and allows a smoother inlet of the flow,
in the case of the stiff SAMs all effects appear amplified.

The alterations produced by the SAM are also evident in the vorticity
(see Fig. 5b). The healthy AV exhibits a largely neutral vorticity region
occupying most of the aortic root. Vorticity regions initiate at the LVOT
wall and follow the internal leaflet profile, emerging from the leaflet free
edge as trails that remain relatively straight along the aortic root. The
gap between the leaflets and the Valsalva sinuses wall is interested by

positive vorticity, suggesting the presence of some washout flow. In
contrast, in the pathological cases the neutral zone is confined to the
root axis and rotational flow develops, characterised by distinct negative
and positive values (see flexible SAM and stiff SAM). The high vorticity
trails arise from the membrane free edge, indicating that vortices
sheding from the SAM dominate the downstream flow. These vortical
structures travel to the outflow causing increased flow rotationality in
the wake of the leaflet exit. Furthermore, the positive vorticity in the
region between the leaflets and the Valsalva sinuses appears neutralised,
and instead shifted into the concavity at the leaflets inflow side.
Potential blood damage was evaluated through shear stress analysis
(see Fig. 5¢). In the healthy AV, shear layers extend from the tip of the
leaflets, whereas in the pathological scenarios these layers primarily
develop from the membrane edge. It should be noted that the peak of
shear stress observed in all cases keeps below 5 Pa, well below the
haemolytic threshold identified by Leverett et al., which is in the range
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Fig. 8. Representation of the velocity fronts travelling the leaflet during the fluttering phenomenon in the presence of the stiff SAM.

of 150 Pa [76].

Clinical studies have reported leaflets fluttering in the presence of
SAM, suggesting a driving role for the focused jet induced by the
membrane impinging directly on the valve leaflets [15,27,28]. Howev-
er, the mechanism identified in the present study is very different and
directly related with fluid dynamic instabilities.

The presented model successfully achieves a steady configuration for
the healthy AV, while the introduction of SAM resulted in fluttering. The
mechanism underlying the phenomenon was investigated by analysing
vortices dynamics through four key instants (t;-t4) of one PDVA oscil-
lation cycle (see Figs. 6 and 7). The overall phenomenon is similar for
the two types of membranes (flexible SAM in Fig. 6 and stiff SAM in
Fig. 7), though with notable differences in vortex sizes and persistence.
Specifically, the membrane sheds vortices whose dimension depends on
the membrane flexibility.

In the case of the flexible SAM (see Fig. 6), at its outflow the mem-
brane forms a near-wall counterflow of thickness comparable with the
area occupied by the deformed membrane (see vortex tube A™). From
time ¢, this counterflow progressively extends toward the concavity at
the inflow side of open leaflet, where by time ¢t evolves into a large
positive vortex (indicated as B™). This is subsequently advected down-
stream along the main flow direction. The presence of vortex B exerts
an outward (expanding) force on the leaflets, causing them to open
further and thereby increasing the PDVA (see the PDVA oscillation cycle
in Fig. 6). Eventually, at t3, the leaflets are no longer able to confine
vortex BT, which escapes past their free edges and moves toward the
valve outlet. This release relieves the load on the leaflets, and as a result
the PDVA starts to decrease from t3 (see the PDVA plot in Fig. 6), while
vortex B continues its progression into the ascending aorta (vortex B,
at instants t; and t). During the phase of PDVA reduction, it is possible
to observe a small negative counter-vortex ring (C~) just above the
membrane and adjacent to the LVOT wall. In the presence of stiff SAM
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(see Fig. 7), vortices have larger dimensions and persistence. Vortex B,
is, in fact, visible for all the instants of the PDVA cycle, while it dissipates
after time t, in the flexible SAM (see Fig. 6).

Fluttering induces alterations in the leaflets dynamics that, as sug-
gested in the literature, may contribute to structural deterioration and
the onset of aortic regurgitation [5,9,15,28]. Leaflets dynamics in the
pathological configurations was investigated by analysing the velocity
component normal to the leaflets surface. As shown in Fig. 8, this ve-
locity exhibits marked variations throughout the PDVA cycle. These are
symptoms of a complex local haemodynamics near the leaflet surface,
associated with vortices and flow recirculation potentially supporting
platelet aggregation and adhesion [36]. Leaflets undergo alternating
positive and negative velocity fronts that cyclically form and advance
from their belly to the free edge (see Fig. 8) leading to their abnormal
motion. The velocity distribution and leaflets dynamics appears to be
identical for the positive and negative events, with exception of the sign,
confirming a symmetric bipolar oscillation typical of vortex shedding
phenomena.

Mechanical shear stress plays a critical role in regulating valve
extracellular matrix components [77,78] and may influence valvular
physiology and pathology [79-81]. As shown Fig. 9, WSS magnitude
and direction differ markedly between healthy and pathological condi-
tions. In the healthy AV case, WSS is predominantly axially oriented and
exhibits a well organised pattern (see Fig. 9a). In contrast, in the pres-
ence of the membrane, WSS distribution becomes highly irregular, with
reduced axial dominance and comparable circumferential component.
This effect is particularly visible on the aortic surface of the leaflet,
where WSS magnitudes remain significantly lower than those of the
healthy case. Such localised derangements in the mechanical environ-
ment may compromise structural integrity and influence calcification
potentials. Although quantifying endothelial injury or inflammatory
activation is beyond the scope of this study, the altered WSS
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Fig. 9. Wall shear stress (WSS) contour map and vectors on the ventricular and aortic sides of one leaflet. a) Healthy AV; b) flexible SAM and c) stiff SAM.

distributions observed in the presence of the membrane indicate sig-
nificant changes in the local mechanical environment. WSS represent a
mechanical stimulus that, according to established literature, can in-
fluence the alignment and expression of endothelial cells and collagen,
potentially compromising the valve integrity [36,50-52]. This is
coherent with the higher incidence of lesions to the aortic valve reported
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in SAM patients which may cause aortic regurgitation, commonly
attributed to the altered systolic jet [12,14]. This abnormal WSS might
also induce a pro-inflammatory response on the fibrosa layer, ultimately
leading to endothelial damage, calcification and increase in thrombo-
genicity [33,36,82].
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5. Limitations

Some limitations and assumptions of this study should be
highlighted.

Specifically, to better isolate the fluttering mechanisms and achieve a
clear interpretation of the results, idealised geometries were used for the
native leaflets, ascending aorta and subaortic membranes. Coronary
arteries and their associated flows were not included in the model.
Furthermore, the ventricular flow was highly idealised and modelled as
a straight cylindrical conduit with uniform pressure. While this
assumption does not capture the full three-dimensional flow complexity
of the native left ventricle, it has been shown to be acceptable by pre-
vious more complex investigations [83]. Moreover, imposing spatially
uniform pressure gradient at the aortic valve inlet is a common practice
in the literature [62,84-86]. Nevertheless, patient-specific ventricular
geometry and wall motion may influence local flow structures and
should be considered in future studies aimed at clinical translation.

Although DSS lesions may manifest as either circumferential rings or
incomplete crescent shape structures, in the present study an axisym-
metric configuration was adopted to avoid introducing geometric
complexities that might confound the interpretation of the fluttering
mechanism. Future work will extend the analysis to more complex
morphologies, such as asymmetric or crescent-shaped lesions.

Leaflets thickness was assumed constant, neglecting its variation in
thickness, ranging from thinner regions in the belly to thicker areas at
the free margin and nodulus [87].

Furthermore, also the material properties are highly simplified.
Leaflets were approximated as linear elastic and isotropic, despite their
non-linear anisotropic behaviour; however, this simplification has been
shown not to alter substantially the results during valve opening, when
the level of membrane strain is reduced [48,88].

The aortic root was assumed rigid, thereby neglecting vascular
compliance and viscoelasticity. In the present framework, this assump-
tion is considered acceptable due to the constant pressure loading,
which is expected to produce negligible compliance-related effects.
Nevertheless, future investigations addressing full cardiac cycle dy-
namics will require more advanced constitutive descriptions to account
for aortic wall deformability.

Blood was modelled as an incompressible Newtonian fluid, a com-
mon assumption [35,36,43,48,89,90], demonstrated acceptable in
studies involving large vessels and high shear rates [35,62,91]. More-
over, blood flow was modelled as laminar, coherently with several
computational investigations of aortic valve haemodynamics [47,48,62,
92,93], to reduce computational complexity and isolate the fundamental
physical triggers of leaflet fluttering. This approach establishes a
controlled and conservative baseline for the onset of the phenomenon,
demonstrating that the oscillations originate from vortex shedding and
flow-structure coupling, rather than from turbulence-induced in-
stabilities. However, it does not account for the high Reynolds stress and
turbulent fluctuations that may be present in severe DSS. Therefore,
quantitative assessment of the turbulence-related haemolytic risk re-
mains beyond the scope of the present work, and will require future
investigations incorporating advanced turbulence modelling.

Finally, only the valve open phase was analysed, as the diastolic
phase is inconsequential in assessing flutter [8,35]. This implies that the
vortical structures associated with the valve opening and closure dy-
namics, as well as diastolic washout flows, were not modelled. This
assumption is further supported by experimental tests conducted under
similar conditions [8]. While the present study isolates the fluttering
mechanism, the inherent pulsatility of the cardiac cycle undoubtedly
influences both the fluid shear stress and leaflet behaviour. Future
research will therefore aim to evaluate the impact of fluttering across the
whole cardiac cycle.
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6. Conclusions

This study investigates the complex haemodynamic alterations
induced by discrete subaortic stenosis by means of FSI numerical anal-
ysis. To this aim, a mono-physics FSI approach was employed, handling
the direct interaction between the blood flow and the leaflets and
membrane structures, without the need to define interfaces between the
fluid and solid phases.

Particular attention was given to the leaflet fluttering mechanism, a
complex and clinically relevant phenomenon associated with blood
damage, regurgitation, early calcification and fatigue failure. Two types
of membranes, discrete thin SAM layer and thick fibromuscular ridge
SAM, were analysed and compared with an equivalent healthy aortic
valve model.

Both pathological cases exhibited significant PDVA oscillations, ab-
sent in the healthy configuration. The stiff fibromuscular ridge SAM
produced much larger amplitude and higher frequency compared with
the thin SAM.

Analysis of blood velocity, vorticity and shear stress provided critical
insights into the origin of fluttering, revealing that this is caused by
vortices periodically shed from the membrane edge, acting on the leaf-
lets while travelling downstream. These were significantly larger, more
defined and generated at higher frequency for the stiff SAM model.
Although peak shear stresses remained below the haemolytic threshold,
flow recirculation and vortex trapping may promote platelet
aggregation.

Leaflet kinematic was characterised by cyclic travelling waves of
positive and negative normal velocity, highlighting the strong coupling
between local flow patterns and leaflet dynamics.

Furthermore, abnormal WSS distribution observed in the presence of
the membrane may contribute to adverse remodelling of the valve
extracellular matrix and to endothelial damage.

Overall, this computational framework provides a powerful non-
invasive tool for elucidating the mechanisms underlying leaflet flutter
and its haemodynamic consequences, with potential implications for
clinical risk stratification and treatment planning.
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