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ABSTRACT

Aortic valves with bicuspids have two rather than three leaflets, which is a congenital heart con-
dition. About 0.5-2% of people have a bicuspid aortic valve. Blood flow through the aorta is
commonly believed to be laminar, although aortic valve disorders can cause turbulent transi-
tions. Understanding the impact of turbulence is crucial for foreseeing how the disease will pro-
gress. The study’s objective was use large eddy simulation to provide a thorough analysis of the
turbulence in bicuspid aortic valve dysfunction. Using a large eddy simulation, the blood flow
patterns of the bicuspid and tricuspid aortic valves were compared, and significant discrepancies
were found. The velocity field in flow in bicuspid configurations was asymmetrically distributed
toward the ascending aorta. In tricuspid aortic valve (TAV) the flow, on the other hand, was
symmetrical within the same aortic segment. Moreover, we looked into standard deviation, Q-
criterion, viscosity ratio and wall shear stresses for each cases to understand transition to turbu-
lence. Our findings indicate that in the bicuspid aortic valve (BAV) case, the fluid-dynamic abnor-
malities increase. The global turbulent kinetic energy and time-averaged wall shear stress for
the TAV and BAV scenarios were also examined. We discovered that the global turbulent kinetic
energy was higher in the BAV case compared to TAYV, in addition to the increased wall shear
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stress induced by the BAV in the ascending aorta.

1. Introduction

The aortic valve has commonly three leaflets; how-
ever, 0.5 — 2% of new-born has only two leaflets due
to fusion of two of them, which is referred to as con-
genital bicuspid aortic valve (BAV) disease. Bicuspid
aortic valve (BAV) is the most frequent congenital
cardiac disfigurement. It is often associated to ascend-
ing aortic dilation or even aneurysm. Indeed, the dila-
tation of ascending aorta and aneurysm when
compared with patients with a normally functioning
tricuspid aortic valve (TAV) is an higher risk for
BAV cases (Hahn et al. 1992; Fedak et al. 2002).
Furthermore, approximately 75% of BAV cases, who
are more than 40years old, have associated aneurys-
mal dilatation on the ascending aorta (Cecconi et al.
2005). An ascending aortic disease characterized by a
predisposition to the aortic aneurysm, which may
lead to aortic dissection, is the most frightening com-
plication and affect 33% of BAV patients. Aortic dis-
section, rupture and sudden death due to severe

enlargement of the aorta is also common (Sievers and
Sievers 2011).

Flow pattern difference between bicuspid and tri-
cuspid aortic valves into ascending aorta has been
presented in recent in-vitro experimental studies
(Seaman et al. 2014; Saikrishnan et al. 2015; McNally
et al. 2017). Relation between aortic dilation and
asymmetric jet flow was shown in Mahadevia et al.
(2014) using MRI and data
techniques.

In this respect, computational fluid dynamics
(CFD) has been shown to be an effective tool to study
flow patterns in BAV patients. Flow characteristics
and variations in ascending aorta between BAV and
TAV are demonstrated by using several computa-
tional fluid dynamics (Conti et al. 2010; Viscardi
et al. 2010; Vergara et al. 2012; Chandran and
Vigmostad 2013; Marom et al. 2013; Pasta et al. 2013;
Faggiano et al. 2013a; Cao et al. 2017; Cao and
Sucosky 2017; Kimura et al. 2017). Examples of com-

results analysis

putational studies in patient-specific geometries and
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data are: the comparison between TAV and BAV
models using finite element methods to analysis
effects of higher stresses on leaflets (Conti et al. 2010)
and distribution of Wall Shear Stresses (WSS)
(Viscardi et al. 2010; Pasta et al. 2013; Kimura et al.
2017); the variations of WSS for non-fused cups with
different angle for BAV cases in comparison with
healthy TAV (Jermihov 2011; Vergara et al. 2012); the
comparison with results obtained by in-vitro models
(Chandran and Vigmostad 2013) and PC-MRI data
(Faggiano et al. 2013a; Wendell et al. 2016); CFD
studies on group of patients with different BAV path-
ologies investigating flow hemodynamics with respect
to clinical evidence (Youssefi et al. 2017). Notably,
blood flow has been seen to have specific properties
for BAV cases such as eccentric flow jets, high con-
centrated WSS, helical flow, and elevated retrograde
flows in ascending aorta, particularly exhibiting
abnormalities in dilated BAV (Viscardi et al. 2010;
Barker et al. 2012; Chandra et al. 2012; Bissell et al.
2013; Pasta et al. 2013; Mahadevia et al. 2014; Seaman
et al. 2014; Burris and Hope 2015; van Ooij et al.
2015; Cao et al. 2017; Kimura et al. 2017; Oliveira
et al. 2019).

Characteristics of blood flow play an important
role in cardiovascular studies, since the correct defin-
ition and evaluation of these features are fundamental
in understanding diseases and treatment process
(Steinman 2002; Kheradvar and Pedrizzetti 2012). To
this end, turbulence or transition to turbulence and
velocity fluctuations in the aorta of animals and
humans have been studied in vivo, some of which
yielded fully developed turbulence in ascending aorta
(Nerem and Seed 1972; Stein and Sabbah 1976;
Nygaard et al. 1994; Fortini et al. 2015). Blood flow
turns into turbulence in the ascending aorta, espe-
cially during the deceleration phase and in presence
of pathophysiological effects such as narrowing, high
curvature and enlargement of lumen (Giilan et al.
2016). Disturbed flow in the ascending aorta was
observed also along the systole, even in healthy cases
(Stein and Sabbah 1976). Complex fluid dynamics
such as vortices, retrograde and asymmetrical jet flow
are characterized by a disturbed flow and possible
transition to turbulence. These properties were
observed in vitro and vivo studies (Hope et al. 2010,
2011; Morbiducci et al. 2011). In subjects with aortic
disease, flow displays this kind of turbulence proper-
ties in the ascending aorta (Fortini et al. 2015) and
turbulence fluctuation can cause to influence WSS,
which is related to arterial wall degradation, especially
in bicuspid aortic valve (Davies et al. 1986; Barker

et al. 2012). Moreover, TAV and BAV cases were
compared with respect to the level of turbulence via
particle image velocimetry experiments (Saikrishnan
et al. 2015).

To figure out the effects of turbulence on the aortic
wall of BAV cases, CFD has been used to predict
transitional blood flow patterns. In order to investi-
gate all properties of turbulent flow, computational
costs need to be reduced in complex geometries with
turbulent flow, although direct numerical simulation
(DNS) which resolves all scales is the most precise
method. As to understand effects of turbulent fluctua-
tions, a turbulence model comes as reasonable
method. In Reynolds Averaged Navier-Stokes (RANS)
equations a time-averaged solution of the flow is
obtained, however some certain absent dynamics of
the flow will limit the representations. k —®, RNG
k — e and standard k — € models have been commonly
performed in aorta (Benim et al. 2016; Zhang et al.
2018; Trigui et al. 2021).

On the other hand Large Eddy Simulation (LES) is
a reliable tool to model turbulence effects, which
relies on a coarse mesh that models small scale
effects. In this method, flow dynamics can still be
analyzed with less computational cost. LES is widely
performed for turbulent flow through an application
of a filter which separates velocity field into two parts
called resolved and unresolved, that represent large
eddies and subgrid scales (Kara and Caglar 2018).
Varghese et al. (2008) and Tan et al. (2011) investi-
gated flow properties using idealized geometries such
as circular stenosed pipe. Also, Gardhagen et al.
(2010) examined WSS in the same type of geometry.
Lantz et al. (2012) used LES with WALE subgrid scale
model to qualify WSS in human specific aorta.
Specifically for the hemodynamic case, LES with
eddy-viscosity g-model has been proposed in Nicoud
et al. (2011), with applications, e.g. to the ventricular
blood dynamics (Chnafa et al. 2016; Bennati et al.
2023) and the abdominal aortic aneurysms (Vergara
et al. 2017).

Turbulence level is expected to increase in BAV
patients, as well as eccentric and helical flow and
higher WSS in the ascending aorta are observed.
There are only a few studies in the literature that
investigate turbulent flow dynamics in BAV cases.
Hsu et al. (2011) considered mechanical bicuspid aor-
tic valve and examined hemodynamics of flow using
RANS method. Xu et al. (2020) employed the LES
method with WALE model in RL-BAV case using
mesh with around 6 million elements.
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In this work, we presented a study where blood
dynamics in TAV and BAV cases built in the same
geometry were compared to assess the different
amount of turbulence experienced by the two scen-
arios and induced by the different leaflets configura-
tions. We used the LES o— model (Nicoud et al.
2011) and we analyzed relevant quantities such as
standard deviation of solutions among different heart-
beats, subgrid eddy viscosity, Q-criterion, global tur-
bulent kinetic energy, and wall shear stresses. The
main novelties of this work consist in the inclusion of
the aortic valve leaflets in a comparison between tur-
bulence effects developed by TAV and BAV cases and
of variations of blood velocity among heartbeats to
quantify the developed turbulence.

2. Methods
2.1. Geometric pre-processing

In this study, we used the computational geometries
set up in Bonomi et al. (2015). In particular, we
started from a 3D contrast-enhanced MRI (CE-MRI)
image with a voxel resolution of 1.72 x 1.72 x 1.5
mm of a BAV patient, with no aortic dilation nor
valve stenosis. A level set segmentation technique
implemented in the open source code Vascular
Modeling Toolkit (vmtk, http://www.vmtk.org) was
utilized to create a surface model of the patient’s aor-
tic root, ascending aorta, and aortic arch from MRI
data. Then, starting from this model, we built up two
different configurations, a TAV and a BAV one. To
generate the two configurations, we followed the
strategy reported in Conti et al. (2010), where valve
orifice areas, leaflet insertion lengths, valsalva sinus
profiles, and ascending aorta positions were deter-
mined using MRI data from 10 TAV and 8 BAV
healthy patients. This allowed the authors to generate
average TAV and BAV leaflets model geometries
which were included in the computational domain.
The open position of the leaflets were obtained by
using two structural simulations (Conti et al. 2010).
Mechanical properties of leaflets used for such struc-
tural simulations were transversely isotropic incom-
pressible hyperelastic and were modeled by the strain
energy function

W= Co €Xp <C1 (11 - 3)2 + C2(I4 - 1)2 - 1), (1)

where I, and I, are the first and fourth invariants of
the Cauchy-Green strain tensor. Constants cp, ¢1, ¢,
were set by fitting with the model reported by Billiar
and Sacks (2000). Strain energy function (1) was
implemented into the ABAQUS/Explicit code with a

VUMAT subroutine. Notice that these structural sim-
ulations performed in Conti et al. (2010) were used in
Bonomi et al. (2015) and here only to obtain the
open and close configurations of the TAV and BAV
leaflets to be included in the fluid domain. No fluid-
structure interactions simulations were performed in
the present work.

The open configurations of the average BAV and
TAV cases were then mapped into the volume of the
patient, so that the dimensions of the BAV orifice
and the valve orientation were the same as the
TrueFisp measurements, i.e. 2.0cm> For the TAV
case we assumed an orifice area of 3.1cm?, see
Bonomi et al. (2015). Afterwards, a volume mesh of
linear tetrahedra was generated with vmtk for the
fluid domain with the presence of the leaflets
(Bonomi et al. 2015). For further details, we refer the
reader to Conti et al. (2010) and Bonomi et al.
(2015).

2.2. The mathematical model

In large and medium vessels, blood flow, which is
modeled as an incompressible, homogeneous, and
Newtonian fluid, is governed by incompressible
Navier-Stokes equations (NSE) with constant density
in the domain Q. Although not negligible in the
aorta, we neglect is this work the vessel compliant
and we rely on rigid wall simulations. Defining the
unknown velocity field u(x,t) : Q x [0, T] — R* and
pressure field p(x,t) : Q x [0,T] — R in absence of
body forces, the NSE, which provide continuity and
momentum conservation equations, read as follows:

0
a—‘;—vV~S(u)+V-(u®u)+Vp:0

(x,t) €eQx(0,T], V-u =0 (x,t) € Qx(0,T],

2)

where v is the kinematic viscosity, [u® u]; = u;y;
and S(u) = Vu+ (Vu)'.

In computational fluid dynamics, the large eddy
simulation (LES) is a mathematical model for turbu-
lence, that has reduced computational cost for high
Reynolds numbers (Sagaut and Meneveau 2006). Flow
variables are decomposed into resolved (filtered) and
unresolved subgrid scale terms for this method’s basis.
The velocity and pressure fields can be decomposed
as u=u+u and p=p+p where u(xt)=
[ u(&,1)G(x — £)d’E is the filtered velocity field in
space and G is the filter function with length A that
determines the size and structure of the small scales.
Applying the filter function (virtually) to the
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Navier-Stokes equations for incompressible flows, the
filtered Navier-Stokes equations are obtained as
ou

a—vV~S(ﬁ)+V~(ﬁ®ﬁ)+Vﬁ+V'td(ﬁ):0

(x,t) €eQx(0,T], V-u =0 (x1t)€Qx(0,T]

()

where T = uu —uu is the subgrid scale tensor which
is modeled to represent the effect of small scales and
¥ is its deviatoric part. In particular, in eddy viscosity
models one introduces a suitable subgrid viscosity v,
and build accordingly the subgrid scale tensor as fol-
lows:

@ = v,(Vu+ (Vu)").

In this study, we consider the o-model, a subgrid
scale model introduced for enclosed fluids (Nicoud
et al. 2011), which is based on the singular values of
the resolved velocity gradient tensor. With o;(x,t) >
02(x,t) > o3(x,t) > 0 being the singular values of
Vu, the g-model is given by the following eddy vis-
cosity:

(4)

Vi = CGAZ <0-3(61 — 0-2)(62 — G3)>a

o}
where C, is a suitable constant and A the filter
width.

Moreover, a suitable initial condition for system
(3), u(x,0) =uy(x), and boundary condition for
VE>0

u(x, t) = ¢(x,t), xelp,

(—pn + vS(u)n — ‘Cd(ﬁ)n) (x,t) =0, (5)

X € FN,
where @, is given vectorial functions, and ¢ is vel-
ocity boundary data, I'p and I'yy are portions of the
domain border 0Q of Q such that I'pUI'y =
0Q,IT'pNI'y =0, where I'; is the inlet, I'y the four
outlets of the ascending aorta, and n is the outgoing
normal vector of 0Q. Model coefficient Cs is taken to
equal to 1.5 for blood flow (Lancellotti et al. 2017;
Vergara et al. 2017).

2.3. Description of the numerical simulations

In this study, two different patient-specific ascending aor-
tic valves without stenosis are analyzed in BAV and
TAV models with leaflets. Surface models of the two
configurations has been transformed to computational
mesh using with the open-source code Vascular
Modeling Toolkit (vmtk, http://www.vmtkorg). Mesh
refinement is employed by boundary layer resolution
applied to the grid near wall boundaries to well describe
WSS variation and turbulence properties for both cases.

Large eddy simulation with static g-model is used for
numerical simulation on reconstructed geometries. At the
inflow section I'p a flat velocity profile was applied
(Moireau et al. 2012) to prescribe the representative flow
rate (obtained from the velocity curves reported in
Avolio (1980) by multiplication with the cross section
area) reported in Figure 1. However, it is important to
note that we made an adjustment to the flow curve to
suit our computational simulations. Specifically, we
removed the negative portion of the curve and adjusted
it to nullify negative values. This modification was imple-
mented to account for the ascending aortic flow rate
which is usually positive. We notice that the systolic/dia-
stolic split is a little bit large; since our analysis was
mainly focused in the systolic phase and since the flow
rate is null in the last part of the diastolic phase, we
believe that this approximation should not affect so
much our results, especially since they represent compari-
sons so that all configurations are in the same frame-
work. A zero-stress condition was imposed at the outlets
of interest region in the ascending aorta with no-slip wall
conditions on the rigid wall boundaries. The opening/
closure of the aortic valve (both TAV and BAV cases)
was modeled through an on/off modality: the open con-
figuration (leaflets included in the fluid domain) is con-
sidered during the systolic phase, when the prescribed
flow rate is greater than zero, whereas the closed config-
uration is considered during diastole.

LES is carried out via the open-source finite element
library LifeV (Bertagna et al. 2017). This is designed in
C++ and offers a variety of tools and algorithms for
simulating complicated physical processes in a number of
different areas, such as biomechanics, fluid-structure
interaction, and cardiovascular mechanics. Time discret-
ization was performed using second order backward dif-
ferentiation formula (BDEF2). Also P1-P1 finite elements
were used with SUPG-PSPG and backflow stabilization
techniques.

0 005 01 015 02 025 03 035 0.4 045 05 055 0.6 065 0.7 0.75
time (s)

Figure 1. Flow rate prescribed at the inlet for aortic valve
with leaflets. Taken from (Avolio 1980).
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Blood density p of 1.0 g/cm® and kinematic viscos-
ity v of 0.035 Poise were used. We ran five heartbeats
and we discharged the first one, so that the ensemble
quantities and the standard deviation (see Sect. 2.4)
were computed over four heartbeats. The period was
set T = 0.77s.

2.4. Quantities of interest

To characterize blood flow and transition to turbu-
lence, some post-processing quantities are considered:

e Ensemble Average. If (t,x) is given quantities
defined over several periods of equal length T, the
ensemble-average of (t,x) is defined as

M

<\ Z (t+(-1)T,x),

€ (0, 7]
where M is the number of heartbeats (M =4 in our
case). With the ensemble average, deviation of the
interest field from its mean is ignored. In this study,
we consider the ensemble average of velocity magni-
tude U, wall shear stress magnitude WSS, and time
averaged wall shear stress TAWSS, where

U(t,x) = |’ﬁ(t,x)||Rs, € (O,MT} ,

WSS(t,x) = v ZZ:((Vﬁ n) - 10,

=1
1 T

TAWSS(x) —?J [|WSS(t,x)|| dt,
0

€ (0, MT],

where n is the outward unit vector and tV),j = 1,2,
the tangential unit vectors.

Standard Deviation. Standard deviation of velocity
fluctuation is defined as

<SD(t,x) >=

Al/Ii (U(t+ (-1)T.x)—- <U(tx) >)2 te

j=1

(0,7].

High values of standard deviation indicate large tur-
bulence levels in the flow. This allows us to quantify
and localize the velocity fluctuations and thus transi-
tion to turbulence.

Global Turbulent Kinetic Energy. To analyze the
global degree of velocity fluctuations, GTKE(t) is
defined as space integral of turbulent kinetic energy

GTKE(t) = J TKE(t,x) dx, € (0, T,
Q

where
TKE((t,x :LMi (e (t+ (= 1) T,x)— < ue(£,x) >) >+

+(u

( + (= DT.x)= <uy(£x) >)"+
Hu(t+G-1T,

X)— <u(tx)>)%) te(0,T].

2.5. On the choice of discretization parameters

LES models allow to describe the turbulent character-
istic of blood with a coarser mesh than the one
needed by a DNS, where all turbulent scales are com-
prised. In LES, large scales of turbulent flow are com-
puted directly, whereas small scales are modeled
which reflect effects of unresolved scales that can not
be captured by mesh. The choice of the mesh reso-
lution for LES is thus of crucial point in order to
have a good accuracy with reduced computational
times. To do this, we performed a mesh convergence
study. In particular, we selected the final mesh when,
increasing the number of mesh points of a factor
10%, the solution did not change by a factor greater
than 5%.

Technically, on the numerical solution of the prob-
lem, time discretization was performed using a semi-
implicit approach for linearization the momentum
equation, in combination with second order backward
differentiation formula (BDF2) but a implicit
approach in eddy viscosity terms. Time discretization
parameter was taken equal to At = 0.01s with guaran-
teed to time independence up to a proper value toler-
ance. In both cases, the mesh consisted of
approximately 960k tetrahedral elements with the
non-uniform mesh in which the grids had varying
mesh size. Characteristic mean mesh size was taken
equal to 0.09 mm in both cases. The meshes and leaf-
lets are shown in Figure 2.

3. Numerical results

In this section, we report some numerical results
obtained in the different scenarios (TAV and BAYV)
with the aim of analyzing the effect of a bicuspid
valve on the evolution of disturbed flows and transi-
tion to turbulence.

The ensemble velocity magnitude in ascending
aorta for the two different configurations is shown on
the left side of Figure 3 at early systole, peak systole
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and late systole phases. In all figures, upper row rep-
resents TAV and lower BAV. Skewness of velocity
profiles of TAV models are nearly symmetrical during
systole. Flow is mainly laminar which means stream-
lines aligned with the wall, and transition to turbu-
lence do not occur in TAV case. Moreover, effects of
leaflets are primarily observed with parallel flow pro-
files in BAV and TAV cases. In the BAV case, the

(s
o ©

Figure 2. Mesh representing ascending aorta. The two valve
leaflets models are also presented. Left: Mesh of the TAV case;
Right: Mesh of the BAV case.

t=0.14s

t=0.17s t=0.25s

flow progresses to an asymmetrical jet form oriented
toward the aortic wall at the ascending aorta which is
consistent with the flow patterns found in previous
studies (Hope et al. 2010).

Q-criterion, which is useful for detecting vortex struc-
tures, defines the relative difference between strain rate
and vorticity magnitude and is reported in the right por-
tion of Figure 3 at the same three instants of above. Q-
criterion could be used to visualize the disturbed flow. In
the interest of determining a distinct separation between
vortices, the value 5000 was used as the threshold for the
Q-criterion visualization. This allowed us to make a dis-
tinction between coherent and incoherent turbulent
flows. Our results show vortex structures colored by vel-
ocity. Due to the jet flow impact at the aortic wall, we
observe complex vortex structures developing in BAV
case in the ascending aorta during systole and also close
to the wall during deceleration. The presence of vortical
flows and variations of vortical magnitude in BAV were
also observed by flow images by means of 4D MRI
acquisitions (Hope et al. 2010).

In order to better assess the transition to turbulence
developed in the bicuspid case, we analyze the viscosity
ratio v;/v in Figure 4, left, at the same three instants of
above. This quantity gives information about the amount
of subgrid viscosity introduced by the LES model in
comparison with the physical viscosity. Large values of

Figure 3. Left: Ensemble velocity magnitude. Right: Q-criterion (we report the regions with Q > 5000 painted by the ensemble
velocity magnitude). Top: Results for TAV; Bottom: Results for BAV. Three time instants are reported for each case: Early systole

t = 0.14s; peak-systole t = 0.17s; Late systole t = 0.25s.
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t=0.14s

22

t=0.17s t=022s

=
Viscosity Ratio

o
&

1.

t=0.14s

343
122}

t=0.17s t=0.22s

o ® 3
)

IS

N

Standard Deviation (em -s

Figure 4. Left: Viscosity ratio, ratio between subgrid-scale and molecular viscosities. Right: Standard deviation of velocity field
over the four heartbeats. Top: Results for TAV; Bottom: Results for BAV. Three time instants are reported for each case: Early sys-

tole t = 0.14s; peak-systole t = 0.17s; Late systole t = 0.22s.

Table 1. Percentage of some important quantities in all areas or volumes of the aortic valves considered.

Time t=0.14s t=0.17s t=0.22s t=0.24s

Case TAV BAV TAV BAV TAV BAV TAV BAV
Viscosity Ratio > 1 0.7% 6.7% 1.4% 5.1% 2.9% 8.1% 3.0% 7.9%
WSS > 2.2 Pa 1.5% 9.7% 2.3% 15.8% 2.6% 22.8% 0.9% 22.9%
SD >7 0.0% 13.5% 0.3% 18.6% 0.2% 8.2% 0.1% 4.8%

the viscosity ratio mean that the LES model highly works
in terms of introducing subgrid terms and are indicators
of a significant transition to turbulence. It is clear that
blood flow in patients with BAV features significant tur-
bulence development in comparison to the TAV case
where this ratio is smaller. A high viscosity ratio in the
center of aorta and sinotubular junction is observed as
expected. Subgrid scale viscosity is found to be almost
one and a half times greater than molecular viscosity and
this in turn indicates that turbulence model is mainly
active in BAV case. In Table 1, we report the percentage
of volume (over the total volume in a region of interest)
such that viscosity ratio is larger than 1 at different time
instants. We notice that the volume exposed to ‘high’ val-
ues of viscosity ratio is about four times greater for BAV
with respect to TAV and increases after peak-systole in
both cases.

Another quantity that has been to see strictly
related to the development of transition to turbulence
is the standard deviation of the velocity field among

the different heartbeats. This quantity allows to measure
mean deviation of the velocity field along different
heartbeats and indicates the presence of turbulent tran-
sition. Indeed, significant transition to turbulence is
expected to lead to large velocity fluctuations, whereas
completely laminar flows are expected to give null
standard deviation. In the right part of Figure 4, stand-
ard deviation of velocity magnitude over four heartbeats
at early systolic, peak-systolic and late systolic time
instants are reported. We observe elevated velocity
standard deviation for BAV case which corresponds to
almost 10% of the velocity values (refer to bottom-right
part of Figure 3). On the contrary, TAV case experien-
ces almost null standard deviation. As seen in Table 1,
percentage of volume where standard deviation is grater
than 7cm-s7! is significant for BAV case (up to
18.65%), where it is almost zero for TAV case.

To reveal and interpret the effect of velocity on the
wall, ensemble Wall Shear Stress (WSS) and the time
averaged of ensemble Wall Shear Stress (TAWSS)
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133

]

Figure 5. Left: Ensemble wall shear stresses. Three time instants are reported for each case: Early systole t = 0.14s; peak-systole
t = 0.17s; Late systole t = 0.24s. Right: Time averaged of ensemble wall shear stresses. Top: Results for TAV; Bottom: Results

for BAV.

distribution is shown in Figure 5. The significant differ-
ences between TAV and BAV are represented by
increased WSS for BAV in the ascending aorta as a con-
sequence of the impinging high velocity jet on the aortic
wall. Also high TAWSS values occur for BAV along the
curved side wall of ascending aorta, where the flow jet
hits. In Table 1, the area percentage of WSS with a value
greater than 2.2 Pa increases gradually after peak-systole
in BAV. This value has been selected as representative of
a possible cut-off between ‘small’ and’ large’” WSS since
in the ascending aorta a common physiological range for
WSS magnitude is given by (0.5, 2) Pa, see, e.g. Bissell
et al. (2013) and Hope et al. (2010).

The Global Turbulent Kinetic Energy (GTKE) is
analyzed in Figure 6 for TAV and BAV cases. It is
clearly seen that the BAV case reaches its maximum
value just after peak-systole, while the TAV is several
times much lower. The maximum and mean values of
GTKE for both cases is reported in Table 2. We
observe that both values are significantly larger in the
BAV case.

3500, ..« BAV
. — TAV
3000
—~ 2500
Z?U)
~_ 2000
g
=
w 1500
¥4
=
© 1000]
500
¢ - - - - -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
time (s)

Figure 6. Global turbulent kinetic energy over four heartbeats
for TAV (——=) and BAV (— - —).

Table 2. Maximum and mean values of GTKE (cm?-s72) in
TAV and BAV cases.

Case Maximum Mean
TAV 548.5 327.2
BAV 3177.6 839.0
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4, Discussion

Mathematical models and numerical simulations have
been widely used for prediction of disease formation
like ascending aortic aneurysm. Computational simu-
lations, which are a very active area of research, can
help us to better understand the underlying principles
of the biomechanics of the aortic valve as well as
BAV abnormalities. Computational modeling and
analysis as methods for examining the biomechanical
characteristics of the aortic valve can attain some
quantities that is challenging to measure in vitro or
in vivo experiments. Answering clinical questions of
aortic aneurysm formation related to BAV using com-
putational modeling with large eddy simulation is an
unusual approach as evidenced by lack of literature to
our knowledge. We proposed to provide a deeper per-
spective on ascending aorta in patients with TAV and
BAV and carried out a computational study to inves-
tigate effects of BAV in a non dilated vessel. Fluid
dynamics in the ascending aorta in presence of a
bicuspid aortic valve was first investigated with CFD
by Richards et al. (2004) in an ideal geometry without
leaflet. One of the first patient-specific study was per-
formed by Viscardi et al. (2010) in realistic geometry,
where the leaflet was not modeled. Conti et al. (2010)
analyzed the stresses on leaflets in an idealized geom-
etry. On the other hand, Bonomi et al. (2015) exam-
ined the BAV and TAV cases by including the leaflet
in realistic geometry.

Characteristic fluid dynamics such as the eccentric
flow jet in the ascending aorta in patients with the
BAV diseases were reported in several studies, both
in-vivo and in the in-vitro studies (Conti et al. 2010;
Seaman et al. 2014; McNally et al. 2017) whereas
computational methods were performed many studies
in patient specific geometries (Viscardi et al. 2010;
Vergara et al. 2012; Chandran and Vigmostad 2013;
Faggiano et al. 2013a; Kimura et al. 2017). Recently,
fluid structure interaction studies in TAV and BAV
cases have increased considerably (Moireau et al.
2012; Marom et al. 2013; Oliveira et al. 2019). Some
authors analyzed of turbulence/transition effects on
realistic =~ geometries using turbulence models
(Lancellotti et al. 2017; Xu et al. 2020).

Cardiovascular magnetic resonance (CMR) and
CFD, that have been used by Guzzardi et al. (2015)
and Torii et al. (2013) respectively, both have yielded
similar results pointing to a correlation between WSS
and ascending aorta shape such as dilation, as well as
wall degeneration. Oliveira et al. (2019) analyzed the
flow characteristics of blood on dilated BAV models
with leaflet using FSI.

In the present study, skewed velocity profile and
eccentric flow jet in blood flow are found in ascend-
ing aorta of BAV patient. We have also confirmed
WSS distribution in both BAV configuration, which
causes aneurysm formation. Although some vivo
studies point to a higher hemodynamic stress in the
ascending aorta in BAV patients with the stenotic
condition (coarctation of aorta) than patient with
stenotic TAV, we see that this is also applies to non-
stenotic situations (Tadros et al. 2009; Nathan et al.
2011; Wittberg et al. 2016; Shan et al. 2017).

We also noticed for the BAV case elevated velocity
and wall shear stress in the mid-ascending aorta.
These observations are consistent with Malota’s phys-
ical model results (Malota et al. 2013) and previous
MRI reports (Barker et al. 2012; Bissell et al. 2013;
Mahadevia et al. 2014). However, magnetic resonance
imaging can not measure precisely WSS and evalu-
ation is unreliable (Rinaudo and Pasta 2014). Hence,
computational modeling is favorable.

Moreover increased WSS can be associated with
turbulence and play an important role to BAV-related
diseases. Turbulence characteristics come into view
during early systole. These results can also be speci-
fied by standard deviation and high viscosity ratio in
the center of aorta and sinotubular junction. The tur-
bulent flow properties are more intense in BAV case
than healthy case. Our simulation provide clear evi-
dence that BAV models has a transition to turbulence.
Recently some of the experimental studies considered
to transitional and turbulent flow (Saikrishnan et al.
2015; Giilan et al. 2016; McNally et al. 2017; Ha et al.
2018).

The relevance of the turbulent study performed in
this work is confirmed by some clinical studies high-
lighting that the turbulent flow may cause degenera-
tive changes in the aortic wall in patients with
bicuspid aortic valve, and that these degenerative
processes are worse than in the tricuspid cases (de Sa
et al. 1999; Girdauskas et al. 2011).

We highlight that the outcomes of this work refer
to a non-stenotic BAV analysis. Indeed, we wanted to
evaluate whether the mere presence of a BAV orifice
was responsible for the changes found in the hemo-
dynamic patterns and in particular in developing tur-
bulence structures. Our findings and their
implications were found to be similar to those arising
in a tricuspid stenotic case, leading to increased tur-
bulence and shear stresses in the ascending aorta,
with possible weakening and bulging of the aortic
wall leading to dilation and even aneurysm
(Manchester et al. 2021).
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Some limitations characterize the present work.
First, we assumed rigid walls. Fluid-structure inter-
action simulations should be considered for future
works to better assess the amount of turbulence
developed in BAV and TAV cases. However, for the
present work the assumption of rigid wall could be in
our opinion acceptable as a first approximation since
we are more interested in the comparison rather than
the absolute quantification of turbulence. Second,
only one representative case for each model (BAV
and TAV) has been studied. More scenarios including
also pathological cases (dilated, stenotic,....) should
be considered in future works. We also mention that
the duration of the diastolic phase is slightly shorter
than the physiological one, in comparison to the sys-
tolic phase. We also stress that we modified the flow
curve taken from Avolio (1980) removing the negative
portion of the flow curve and adjusted it to nullify
negative values. As noticed, this should not affect the
comparisons among the scenarios we proposed in this
work; however this limitation will be overcome in
future studies to better understand its suitability.

As a conclusion, blood flows in patient-specific aortas
with TAV and BAV configurations, including leaflets,
have been numerically simulated with the LES method
using the o-model to observe how the functional state of
the aortic valve would affect the characteristics of flow
hemodynamics. The high viscosity ratio and standard
deviation representing turbulent flow, retrograde flow
jets, and elevated WSS caused by valve regurgitation
were observed. These results imply that ascending aortic
flow patterns are significantly affected by aortic valve dys-
function. Furthermore, the bicuspid valve, which can
produce turbulence in blood flow and a high WSS on
the ascending aorta, can damage the valve over time and
result in stenosis as well as other issues including regurgi-
tation and an aortic aneurysm (Liu et al. 2018).
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