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Biomechanical Assessment of Bicuspid Aortic Valve Phenotypes: A

Fluid-Structure Interaction Modelling Approach

Purpose: Bicuspid aortic valve (BAV) is a congenital heart malformation with
phenotypic heterogeneity. There is no prior computational study that assesses the
haemodynamic and valve mechanics associated with BAV type 2 against a healthy

tricuspid aortic valve (TAV) and other BAV categories.

Methods: A proof-of-concept study incorporating three-dimensional fluid-
structure interaction (FSI) models with idealised geometries (one TAV and six
BAVs, namely type 0 with lateral and anterior-posterior orientations, type 1 with
R-L, N-R and N-L leaflet fusion and type 2) has been developed. Transient
physiological boundary conditions have been applied and simulations were run

using an Arbitrary Lagrangian-Eulerian formulation.

Results: Our results showed the presence of abnormal haemodynamics in the aorta
and abnormal valve mechanics: type 0 BAVs yielded the best haemodynamical
and mechanical outcomes, but cusp stress distribution varied with valve orifice
orientation, which can be linked to different cusp calcification location onset; type
1 BAVs gave rise to similar haemodynamics and valve mechanics, regardless of
raphe position, but this position altered the location of abnormal haemodynamic
features; finally, type 2 BAV constricted the majority of blood flow, exhibiting the
most damaging haemodynamic and mechanical repercussions when compared to

other BAV phenotypes.

Conclusion: The findings of this proof-of-concept work suggest that there are
specific differences across haemodynamics and valve mechanics associated with
BAYV phenotypes, which may be critical to subsequent processes associated with

their pathophysiology processes.

Keywords: bicuspid aortic valve; congenital malformation; fluid-structure

interaction; multi-physics modelling
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1. Introduction

A bicuspid aortic valve (BAV) is the most common form of congenital heart disease,
affecting 1 to 2% of the global population [1]. In a BAV, two cusps are present instead
of three (related to a “healthy” tricuspid aortic valve, TAV), being correlated with the
onset of valvular pathologies such as aortic stenosis, regurgitation and calcification [2]
and with several aortic diseases, such as dissection or dilation [1].

A BAV can be categorised as type 0, 1 or 2 [3]. Type 0 is linked to a pure BAV,
composed of two distinct cusps. Type 1 has one fusion between two cusps. Given the
left, right and non-coronary cusps present in the aortic valve, a BAV type 1 can have
fusion between: the right-left (R-L) cusps, non-coronary-right (N-R) cusps and non-
coronary-left (N-L) cusps. A BAV type 2, however, has two fusions: R-L and N-L [3].
These fusion patterns lead to heterogeneity between BAV phenotypes [3], associated
with diverse patterns of flow asymmetry [4-6]. A study evaluating 1362 BAV patients
found type 1 to be the most prevalent (79.15 %), followed by type 2 (12.41 %) and then
type 0 (8.44 %), reporting similar mortality and morbidity [7]. However, clinical
challenges differ: valve regurgitation has been correlated to type 1 R-L BAVs [7], while
type 2 BAVs have been associated with the highest incidence of ascending aortic dilation
[3, 7]. Further, BAV type 2 may direct valvar flow to the convexity of the ascending
aorta, the typical location for onset of dilation (determining whether that increased local
wall shear stress acts as a trigger for dilation onset and progress remains challenging)
[3].

Computational models simulating BAV function have gained interest, as they predict
haemodynamic factors not obtainable otherwise [8]. Fluid-structure interaction (FSI)
methods have been employed to simulate aortic valve leaflet deformation and blood flow
[9-14]. Previous FSI studies have focused either on BAV type 0 [15] or type 1 [16-18]
in non-dilated aortas. These studies have used both two-dimensional [15] and three-
dimensional [16, 17] idealized models, as well as patient-specific ones [ 18]. Such models
have demonstrated the presence of eccentric and skewed ascending aortic flow,
associated with vortices and abnormally high wall shear stress (WSS), when compared
to a healthy tricuspid aortic valve (TAV). Other studies have studied the effect of
asymmetric BAV models on blood flow [19] and even assessed how different nonfused
cup angles in BAV type 1 impact on the valve’s structural and haemodynamic

performance [20]. Despite reporting how the wide variation in BAV deformity impacts
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on aortic blood flow, computational models have not taken into consideration BAV type
2, which undergoes an elevated incidence of dilation. It remains difficult to identify
common features per BAV phenotype due to elevated clinical variability. However, the
assessment of all BAV categories (including type 0, type 1 and type 2) is possible
through computational modelling, but such a study has not yet been reported in the
literature.

The aim of this study is to demonstrate proof-of-concept in developing a standardised
platform for simulating and evaluating all BAV types (using the Sievers and Schmidtke
categorisation). More specifically type 0 lateral and anterior-posterior, type 1 R-L, N-R
and N-L and type 2, as well as a healthy TAV, are compared through a transient systolic
FSI model. The objectives within this aim are to analyse the effect of BAV type 0 orifice
orientation on aortic haemodynamics and valve mechanics; to determine whether raphe
location in type 1 BAVs plays a significant role on blood flow, wall shear stress and
valve stress; and to simulate for the first time a BAV type 2 model and assess its

haemodynamic and valve mechanics.

2. Methods

2.1 Model geometries and grid settings

All models were generated using Solidworks 2013 (Dassault Systemes, Waltham, MA,
USA). These consisted of idealised TAV and 6 BAVs with a constant thickness of 0.2
mm [9] representing: type 0 with lateral and anterior-posterior orientations, type 1 with
R-L, N-R and N-L leaflet fusion and type 2. Cusps in BAVs type 1 and 2 were merged
in the free edge, to represent the presence of a raphe (Figure 1). Dimensions employed
for all models are presented in Table 1 and displayed in Figure 2, based on clinical
measurements [21], consistent with other aortic valve studies [22], and previous BAV
models [9, 15, 23]. As per previous studies [24, 25], the geometry of interest was the
thoracic aorta, including aortic root, ascending aorta and aortic arch, with the model
subsequently truncated at the descending aorta (Figure 3). The same diameter was
assumed for ascending and descending aortas. As this study focused on flow at the aortic
root and ascending aorta, aortic arch branches were neglected; their exclusion is not
expected to alter flow profiles in the regions of interest as a previous FSI study which
also excluded supra-aortic branches [26] predicted flow, such as peak flow velocities,

consistent with clinical observations [27, 28].
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Table 1 near here]

[

[Figure 1 near here]
[Figure 2 near here]
[

Figure 3 near here]

All geometries were meshed using ANSY'S (Ansys Inc., Canonsburg, PA, USA) and one
example is provided in Figure 3 a). Aortic models were based on a previously published
study, which included mesh convergence analysis [23]; however, in FSI, the fluid ALE
mesh shape conforms to the structural mesh, and fluid-solid mesh nodes are shared at
the interface, meaning that any mesh refinement for one of the meshes results in a
refinement of the mesh for the other domain at their interface. This may lead to a non-
homogeneous mesh with implications for computational cost [29]. Therefore, mesh
quality measures were the primary choice for model mesh assessment [30]. 20,900
hexahedral elements were created for the aortic model (fluid domain) to reduce
computational time, while the valve leaflets (structural domain) were meshed with 5700
quadrilateral and triangular shell elements. The Belytschko-Lin-Tsay shell element
formulation was employed to increase computational efficiency [31]. To avoid stepping
artefacts in WSS which can occur with mesh refinement at boundary walls, no additional
mesh refinement was added. A spatial resolution of 0.87 mm and 2.5 mm was then
achieved for the structural and fluid meshes, respectively. Mesh quality was assessed
through element skewness and orthogonal quality, which yielded average values of
0.2255 and 0.8832. According to quality criteria, the meshes had excellent skewness
(between 0 and 0.25) and very good orthogonal quality (between 0.70 and 0.95) [30, 32].

2.2 Material properties and boundary conditions

Blood flow was approximated as a Newtonian and virtually incompressible fluid, a valid
assumption for large scale flow in the cardiovascular system [33]. This material model
was used in conjunction with the Griineisen equation of state, which describes how
volumetric changes affect the fluid reference pressure [32, 34]. The Griineisen equation
can be defined as:

pocu[1+(1-10)u4)

pu? p3
[1-(81-Dh=5, 2555

p= z+ (Yo +awE, (1)
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where p, is the initial fluid density (1000 kg/m?); C is the elastic sound speed (set as
1500 m/s to increase blood’s bulk modulus and make it a virtually incompressible fluid
[35]); Yo is the Griineisen parameter (1.65); a is the first order volume correction to y,
(0); S1, S2 and S3 are equation coefficients (1.79, 0, 0); E is the fluid initial internal

energy (0 J). Blood flow compression is defined in terms of a relative volume V as:

1 p
p=g-1=--1, ()

where p is the blood density.

Linear elastic material properties were assigned to the aortic valve tissue, based on the
reported range of cardiac tissue deformation [36-38] and previous studies [9, 15, 22, 39,
40]. The Young’s modulus has been chosen to mimic valve behaviour as closely as
possible. A density of 1000 kg/m™, a Poisson’s ratio of 0.49 and a Young’s modulus of
1.5 MPa were employed, based on a previous computational study [15]. The density of
blood was set equal to that of the aortic valve to negate the effects of buoyancy, and its
dynamic viscosity was assumed to be 4.3 mPa s [32, 33].

Time-dependent physiological flow conditions were applied at the aortic inlet and outlet
(specified in Figure 3), with the inflow profile representing left ventricular ejection
(Figure 4). These were modelled with spatially uniform velocity profiles. A fluid
reference pressure of 80 mmHg was employed to simulate initial (diastolic) blood
pressure. The aortic wall boundaries were assumed rigid and a no-slip condition was
employed at the wall-blood interface. The same assumption was made for the TAV
model, enabling like-for-like comparisons across BAV models. Similarly, a no-slip
condition was enforced between the cusps and blood flow. Valve cusp edges were also

fixed to constrain their movement within the aortic root.

[Figure 4 near here]

2.3 Fluid-structure interaction framework and study settings

The finite element software LS-DYNA 4.5.12 (LSTC, Livermore CA, USA) was used
to implement and solve the FSI between blood flow and aortic valve cusp deformation.
This software has been used previously for modelling aortic valve movement [22, 39-

41]. An Arbitrary Lagrangian-Eulerian (ALE) formulation was chosen, where fluid
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dynamics were solved using the continuity and incompressible Navier-Stokes equations
(discretization of the fluid domain into solid LS-DYNA ALE fluid elements) and
structural deformation using the linear elastic equation for isotropic, linear and elastic
materials [42, 43]. Fluid flow was coupled to the valve structure by a penalty coupling
method [32], similar to previous studies [22, 40, 41]. An hourglass control was also
applied to prevent zero strain energy. The transient study was solved using the explicit
hydrodynamic solver available in LS-DYNA and free-time stepping up to a total time of
0.8 s. Focus was given to the systolic phase of the cardiac cycle (referred to in the rest
of this paper as 0 — 0.4 s), with results being obtained for this time period. All numerical
simulations were performed on an Intel 17-9700 CPU with 16GB of DDR4 RAM

workstation and took approximately > 30 hours to solve.

2.4 Mechanical and haemodynamic characterisations

Data post-processing was performed with LS-PrePost and MATLAB (R2017b v. 9.3.0,
MathWorks, Natick, MA, USA). Von Mises stress was assessed at the valve cusps, while
global aortic haemodynamics are reported for peak systole (time, # = 0.125 s) focusing
on flow velocity, vortices, and pressure. Three cross-section planes were created for
further haemodynamic quantification (planes B-B, C-C and D-D from Figure 3c.), their
position similar to cross-sectional planes employed for 4D magnetic resonance imaging

(MRI) measurements used in vivo [44].

Peak systolic transvalvular pressure across the aortic valve was obtained by calculating
the averaged pressure before and after the valve (Equation 3),

AP = P, — Py, (3)

where P, is the upstream pressure (aortic inlet boundary) and P4 is the downstream
pressure (B-B cross-section).

Systolic retrograde flow was quantified at the cross-section B-B using MATLAB and
through the systolic flow reversal ratio (FRR; Equation 4) index [45, 46],

FRR = 132 o5, )
|Qpl
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where Q,, and Qp, are the backward and forward flow rates at the cross-section of interest,

respectively (when FRR equals 0, no retrograde flow is present). Surface integrals were

defined for each element to determine the associated flow rate, as given by

Q= /() ndo, 5)

where T is the finite element area of interest, t is the time instant, n is the normal plane
vector and o is the finite element area limit, respectively.

The geometric (GOA) and effective (EOA) orifice areas were also calculated. The GOA
was obtained by finding the planar area of each aortic valve orifice at peak systole. The

EOA was calculated using a modified version of the Gorlin equation, written as:

_ Qrms
EOA = 51.6VAP’ (6)

where Q. is the root mean square systolic flow rate (cm?/s), AP is in mmHg and EOA
is in cm? [47].

MATLAB was used to quantify WSS magnitudes at the defined cross-sections using
equation 7,

WSS = p==, (7)

where p represents the dynamic viscosity of the fluid, v is the velocity vector and y is

the perpendicular distance between each velocity vector and the aortic wall [44].
3. Results

3.1 Blood Haemodynamics

Peak velocity, transvalvular pressure drop, FRR and GOA and EOA results are presented

in Table 2, listed along with published values for comparison.

3.1.1 Blood flow velocity and asymmetry

BAYV models generated higher peak velocity magnitudes (> 2.2 m/s) in comparison with
the TAV model (1.52 m/s). Among all BAVs, type 2 yielded the highest peak velocity

value (3.7 m/s), while type O lateral generated the lowest (2.2 m/s), corresponding to a
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150% and 38% increase when compared with the TAV, respectively. Type 1 BAVs
predicted similar peak velocity magnitudes, regardless of raphe position.

While TAV generates a symmetrical and dispersed flow profile, BAV models give rise
to an asymmetric distribution of the velocity field (Figure 5 and Supplementary Figure
S1), characterized by the presence of concentrated high velocity flow. Flow direction
varies according to the type of BAV; while elevated blood velocities are present at the
centre of the ascending aorta in type 0, type 1 yields peripheral skewing of the systolic
jet towards the aortic wall: BAVs R-L, N-R and N-L direct the jet towards the right-
anterior, posterior and anterior portions of the ascending aortic wall, respectively. BAV
type 2, instead, outputted the lowest flow volume of elevated peak systolic velocity in

comparison with the remaining BAVs, associated with a greater flow constriction.

[Figure 5 near here]

[Table 2 near here]

The TAV generated mainly unidirectional flow in the ascending aorta, with the presence
of small low velocity vortices (Figure 6). In all BAV cases, there was the development
of stronger vortices with greater velocity in comparison with the healthy valve.
Asymmetric flow is showed for type 0 and type 1 BAVs with the generation of counter-
rotating vortices. Vortex spatial distribution was influenced by valve orifice location and
the position of the raphe in type 1 BAVs, with two major vortices developing above the
fused cusps. In BAV type 2, high velocity flow was directed towards the aortic wall,

accelerating in opposite directions.

[Figure 6 near here]

3.1.2 Retrograde flow

Systolic retrograde flow was present in the ascending aorta in all BAV models (> 3.5%),
contrasting with the TAV (0%), as given by the FRR index (Table 2). The lowest FRR
was predicted for type 0 lateral (3.5%), while type 2 yielded the highest FRR (13.3%).
However, the presence of a raphe in type 1 BAVs gave rise to a higher generation of
retrograde flow in comparison with the pure BAVs. Nonetheless, FRR values were

similar among type 1 sub-phenotypes.
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3.1.3 GOA and EOA

A reduction in GOA and EOA was observed for all BAVs in comparison with the
tricuspid valve. According to clinical guidelines, the EOA for TAV is considered normal
(3 - 4 cm?), while type 0 and 1 BAVs yielded EOAs which are considered mildly stenotic
(1.5 — 2 cm?). While type 0 BAVs yielded the same EOA, type 1 BAVs were associated
with higher EOA values, with the R-L phenotype having the lowest orifice area. BAV
type 2 had the greatest reduction in EOA, corresponding to a moderate stenosis range (1

— 1.5 cm?).

3.1.4 Transvalvular pressure drop

The peak transvalvular pressure gradients predicted by the BAV models were greater
than the one predicted by the TAV (4.5 mmHg). Among all BAV phenotypes, type 2
BAYV gave rise to the greatest pressure drop (37 mmHg), with an increase of more than
700% from the pressure gradient obtained for the TAV. Both type 0 BAVs yielded the
same transvalvular pressure drop (15 mmHg) and among type 1, the R-L phenotype was

associated with the highest pressure drop (15 mmHg).

3.2 Characterisation of stresses

Peak systolic WSS (at the B-B cross section) and valve cusp Von Mises stress are listed
in Table 3, along with published values. TAWSS and OSI have also been computed and
made available in the Supplementary Figures S2 and S3. To avoid repetition in the
analysis commentary, the main text in the sections below is focused on time-dependent

results.

[Table 3 near here]

3.2.1 Wall shear stress

Peak systolic WSS magnitudes are displayed in Figure 7 for all models, across the
ascending aorta. Type 0 BAVs yielded low WSS magnitudes; however, all other BAV
models yielded greater WSS magnitudes in comparison with the TAV. The presence of
araphe in type 1 BAVs gave rise to higher WSS magnitudes in comparison with the pure
BAVs, due to the eccentricity associated with the systolic flow jet and its direction

towards the ascending aortic wall. The highest WSS magnitude was predicted for type 2

10
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BAV (5.08 Pa), which is 10 times higher than the lowest WSS value for type 0 BAV.
Type 1 and 2 BAVs gave rise to progressively decreasing WSS values along the
ascending aorta, from the sinotubular junction (B-B section) to the distal regions (D-D
section). Also, WSS magnitudes did not greatly vary within each BAV phenotype: type
0 BAVs generated similar WSS values along the ascending aorta and in type 1 BAVs,
the WSS magnitudes corresponded to a standard deviation of only + 0.2 Pa, showing that
the position of the raphe does not greatly influence this magnitude amongst sub-

phenotype categories.

[Figure 7 near here]

3.2.2 Cusps stress

Type 2 BAVs presented with the highest peak Von Mises stress (1.6 MPa - Table 4),
almost 500% greater than the lowest BAV peak stress (BAV type 0 anterior-posterior;
0.27 MPa). Peak systolic Von Mises stress values were similar among type 1 BAVs.
Increases in the area-averaged Von Mises stress from BAV models, in comparison with
the TAV are displayed in Figure 8, focusing on the systolic acceleration phase and
systolic peak. Although BAV type 0 anterior-posterior had a lower peak stress than
TAV, its area-averaged stress was greater for the phases mentioned above. This is due
to how the stresses are distributed across the cusp surfaces (Figure 9). Here, while the
TAV model was associated with lower and more evenly distributed stresses, the BAV
models displayed elevated and concentrated stresses at the constricted edges, more
evident for BAVs type 1 and 2. Concerning type 0 BAVs, the valve orifice orientation
influenced peak stress distributions on the cusps: while the lateral phenotype had more
concentrated stress at the constricted edges adjacent to the orifice, such a feature was not
present for the anterior-posterior configuration. Despite this, both phenotypes presented
with marks of elevated stress at the middle of both cusp bellies. Type 1 BAVs presented
with identical cusp stress distributions among one another, with concentrated stresses
located at the raphe; nonetheless, phenotypes N-L and N-R also had high stresses at the
belly of the non-fused cusp, adjacent to the valve orifice, coincident with the direction
of the systolic flow jet for each case represented in Figure 5. This was not present,
however, on phenotype R-L. Higher contour stresses were observed all over the cusps

for BAV type 2, with the greatest stress located at the raphes near the valve orifice.

11
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[Figure 8 near here]

[Figure 9 near here]

4. Discussion

4.1 Main study findings

FSI has been used to simulate congenitally malformed aortic valves. Type 0, 1 and 2

BAVs were simulated, including sub-classifications, and referenced against a TAV

model. This approach enabled the first and object comparison of the key features of BAV

type 2 against other BAV types and subcategories, as regards subsequent flow and

stresses induced; only possible using idealised models. The obtained results suggest the

following findings:

The TAV model haemodynamic and mechanical predictions are consistent with
those available in vivo [4, 6, 44, 48], in vitro [49, 50] and in silico [16, 17, 23,
46, 51] literature, therefore, validating our computational model,

All BAV phenotypes induce abnormal haemodynamics in the aorta when
compared to the TAV model;

Concerning BAV phenotypes, type 0 has the lowest peak velocity magnitude,
FRR, WSS magnitude and cusp stress, presumably leading to the least impact
out of all types. The orientation of the valve in BAV type 0 influences the stress
on the cusps in terms of maximum magnitude reached and its location, but global
haemodynamic quantifications are not sensitive to its orientation. Regions of
high and low WSS on the aorta, however, are determined by the orientation of
the BAV type 0;

The raphe location in type 1 BAVs influences the spatial distribution of
haemodynamic features; nonetheless, these yield similar haemodynamic
magnitudes (velocity and WSS) and valve stress values, regardless of the
location of raphe.

BAYV type 2 exhibits the highest values in haemodynamic parameters (peak
velocity, pressure gradient and FRR) and lowest GOA and EOA, as well as
highest valve stresses, presumably leading to the most damaging repercussions

when compared to other BAV phenotypes.

12



360

361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384

385

386
387
388
389
390

4.2 Computational model validation and design framework

In this study, idealised geometries were used for the aorta and the aortic valve based
upon clinical data and previous computational studies [9, 15, 21]. In reality, both
geometric and functional factors related to aortic valve function are heterogeneous and
no two patients present with the same morphological characteristics in a BAV population
[52]. However, idealised computational modelling enables an unbiased comparison
amongst BAV models not feasible clinically, such as the influence of valve orifice
orientation on blood jet direction or the impact of the presence of a raphe in the overall
cusp mechanics and haemodynamics.

All results for the healthy TAV model were in agreement with clinical measurements, in
vitro experiments, and previous computational models: peak systolic velocity
magnitudes differed by less than 35% and 20% when compared to other three-
dimensional FSI models [16] and 4D MRI measurements [4-6], respectively. Indeed,
some of this quantitative discrepancy would be accounted for by the specific differences
in the models solved; qualitatively, all TAV model predictions were consistent with
literature. For example, flow patterns with the development of small low velocity
vortices were comparable to computational results presented elsewhere [53, 54].
Comparison of our TAV predictions with in vivo measurements was considered
primordial and in vitro/in silico results were second choices of validation, due to the fact
that any obtained data is subject to individual experimental bias or computational
assumptions. Previous computational studies have used WSS magnitudes as a measure
of the stress on the aortic valve cusps [55, 56]; however, this measure of stress only takes
into account parallel forces acting on the valve surface. Thus, the Von Mises criterion
was used as a measure of valve stress. WSS and Von Mises values predicted were

consistent with previous computational studies modelling the TAV [16, 17, 51, 57].

4.3 Clinical impact of abnormal BAV haemodynamic and mechanical features

The BAV models were associated with lower GOA and EOA values, in comparison with
the normal TAV, something which is expected to increase peak velocity and AP. Indeed,
our models predicted an increase in most of the haemodynamic parameters studied,
including peak systolic velocities, AP, FRR and WSS, as well as higher peak and average

Von Mises stress on the valve cusps. These results further support the already well

13
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established awareness that BAV is associated with abnormal ascending aortic
haemodynamics [6, 16, 49].

The FRR predicted by type 0 BAV was much lower than the literature reports [46];
however, values in our study were derived from an FSI study whereas Bonomi et al.
(2015) used CFD, with cusps in a single, fixed configuration.

The TAV AP value was consistent with the literature, while the values obtained for type
0 BAVs were 30% lower than previous in silico results (Table 2). Nonetheless, the
reduced valve systolic orifice associated with our BAVs yielded consistently greater AP
than the TAV, in agreement with the literature [58]. According to the obtained EOA,
their configuration is considered mildly (types 0 and 1) or moderately (type 2) stenotic
[59-61], even without cusp calcification or stiffening, which can overload left ventricular
pressure with the potential for subsequent heart failure [62]. Moreover, all BAV models
had elevated Von Mises stresses, which are associated with denudation of cusp
endothelial cells, potentially leaving the valve susceptible to bacterial infections [63].
This information is relevant, because BAV patients have a greater propensity for
infections. In addition, predicted cusp stresses increased with lower EOA, with BAV
type 2 presenting with the highest stresses of all phenotypes. This suggests that type 2
BAYV patients may be at greater risk of valve degeneration, which could result in severe

aortic stenosis, heart tissue damage and myocardial infarction [64].

4.4 Different BAV phenotypes impact differently on aortic haemodynamics and

mechanics

Previous computational studies have suggested that the elevated stresses present in BAV
cusps can be associated with calcification development, leading to stiffer cusps,
contributing to the obstruction of the left ventricular outflow [54, 65], as well as valve
stenosis and aortic regurgitation [2]. Moreover, Conti et al. (2010) have noted increased
stress at the belly region of a type 0 BAV model. Thus, and as per their results, the
location of calcification onset may be sensitive to type 0 BAV orientation, due to the
presence of peak stresses in different regions. Nonetheless, our type 0 BAVs presented
with the lowest peak velocity and WSS magnitudes, FRR and Von Mises stress values,
suggesting that, from all BAV phenotypes, this is likely the subtype with the least clinical

impact.
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Although Type 1 BAVs yielded different jet orientations with counter-rotating vortices,
generating diverse spatial regions of elevated velocity (Figure 5), results suggest that
raphe location does not have a great impact on blood peak velocity and WSS magnitudes
and cusp stress, consistent with findings from Cao et al. (2017). However, these peak
velocities were higher than the ones predicted for the TAV, also associated with
increased average WSS in the ascending aorta. WSS is an important vascular regulator
that can induce vascular remodelling by directly influencing endothelial cell function
[66]. This then contributes towards aortic wall degeneration, associated with aortic
dissection [67] and dilation [67, 68] and present in BAV patients [69]. Therefore,
increased WSS in the ascending aorta may anticipate the onset of aortopathy and
contribute to its triggering [24]; which is consistent with our present results that suggest
increases in the average WSS along the ascending wall of aorta (measured at three
distinct cross-sections along the wall of the ascending aorta). Clearly, this is an area
which merits further investigation.

Type 2 BAV yielded what is presumed to be the most compromised haemodynamic and
mechanical characteristics among all BAV phenotypes, including the highest peak
systolic velocity and WSS magnitudes. It is hypothesised that BAV patients with
worsened aortic stenosis might be at greater risk for aortic dilation onset and progression
[70] and this may afflict individuals with a type 2 BAV in particular. Such a hypothesis

is consistent with the current literature [3, 7] but clearly needs to be tested.

4.5 Clinical applications

The results obtained in this study show the importance of BAV patient stratification
according to categories, since specific phenotypes differ in hemodynamic (peak velocity,
FRR and pressure gradient) and mechanical measures (Von Mises stress, WSS). The use
of indicators such as WSS may be useful to estimate the risk of dilation in BAV patients,
by estimating phenotypes with a larger risk for dilation onset and progression. Aortic
wall mechanics for BAV patients is fundamentally different than for TAV patients: BAV
patients present with ascending aortic wall structural changes resulting in excessive
stiffness and reduced compliance in comparison with patients with a normal TAV [71,
72]. In fact, a previous study reported a 109.8% increase in the aortic wall stiffness index
for BAV patients in comparison with TAV ones [73]. However, these studies refer to

the BAV population, not differentiating across phenotypes. Therefore, since the
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available information on ascending aortic wall properties for BAV patients (and different
phenotypes) is limited, the use of WSS to predict the possibility of damage to the aortic
wall in specific categories, as well as regions of potential damage, can prove useful. This
can be especially important for BAV type 2 patients, which have been computationally
simulated here for the first time and have presented with presumably the most

compromised mechanical and hemodynamic changes.

4.6 Limitations

Several limitations were present in this study. First, our aortic model presents with an
in-plane curvature for the ascending portion, while a physiological aorta has typically an
out-of-plane curvature. However, previous studies report that ascending aortic curvature
can be seen as an independent risk factor for wall dissection or dilation onset [74], where
a greater curvature is associated with worsened outcomes [75]. Since here we were
focused on the comparison between BAV models, we chose an in-plane curvature aortic
model.

Time-independency of the predictions was not assessed in this study; nonetheless, while
parameters may reach convergence over a couple of cycles, any bias from such changes
is expected to be consistent across the difference BAV phenotypes simulated. Further,
we used direct validation against data available in literature to assess the accuracy of our
models. Although only one systolic phase was modelled, consistent with a previous
study [22], the same comparison was performed for all models, and so any trends are
expected to be consistent across the simulations performed, not altering the ultimate
conclusions from this proof-of-concept study.

In this study, blood flow was assumed to be laminar. In reality, the Reynolds number in
the ascending aorta can reach values between 3000 and 3900 at peak systole, owning to
the aortic valve opening and closure and the geometry of the aorta itself [76]. In BAV
patients, the abnormal shape of the valve can lead to transitional blood flow, which might
approach turbulent flow [77]. This is more likely the case for stenotic valves (such as the
type 2 BAV). However, appropriate turbulence models for aortic flow have been
identified as a current challenge [70, 77, 78], and may not be suitable for FSI problems
[55, 79]. Critically, turbulence models may lead to very different predictions for WSS in
healthy aortas which would likely not be appropriate for comparison to laminar flow

models; for example, comparison of WSS and velocity for laminar and turbulence
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models in an aortic aneurysm led to predictions which different by a factor of around x2
(data in supplementary material: [80]). In addition, a previous study employing laminar
flow to study aortic valve calcification did not find a laminar flow model to limit the
predicted results [26]. With such studies in mind, we do not view the use of a laminar
model as leading to fewer limitations than the use of a turbulence model.

In this study, the aortic wall was assumed rigid. In reality, experimental data on the
changes in ascending aortic wall material properties for BAV patients is currently
limited. Incorporating a non-rigid wall would introduce a range of variables for which
data is lacking; this would limit cross-BAV comparisons. In addition, previous studies
have showed that the aortic wall in BAV patients presents with excessive stiffness and
reduced compliance in comparison with patients with a TAV [71-73]. Hence, for these
patients, it is preferable to assume the effect of wall motion in velocity and WSS fields
as negligible [81]. Moreover, previous computational studies have noted that the
essential characteristics of blood flow can be detected with the use of rigid wall models,
for vessels such as the aorta [82]. Future studies assessing moving aortic walls would be
beneficial, but characterisation of their mechanical properties needs to be evidence based
and need to be specific to BAV phenotype.

Despite being anisotropic, valve tissue was assumed to follow linear, elastic and
isotropic mechanical properties. Nonetheless, previous studies show that the
physiological strain of aortic valve leaflets have a cyclical stretch of 10% [36-38]. In
addition, the nonlinear stress-strain curve of the cardiac tissue can be approximated by
two linear regions, where one occurs at low strain range (below 15%) and another
happens at high strain rates [83]. At low strain rates, such linearity increases; therefore,
given the reported range of cardiac tissue deformation in the aortic valve relevant to the
simulations in our study, this assumption does not appear unjustifiable, and is consistent
with previous studies [9, 15, 22, 39, 40]. Additionally, there is an inherent limitation in
assigning anisotropic, and hyper-elastic material properties to cusps of BAVs in that
characterisation of material properties of BAV cusps are not readily available in
literature, and certainly not stratified according to phenotype.

The model used in this study employed an idealised pressure waveform (rather than
patient specific [13, 84]) and no coupling with a lumped-parameter model for branching
arteries was incorporated. However, there are challenges with tuning of the parameter

values of a lumped parameter heart model [85]. Moreover, the aim of this proof-of-
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concept study was the cross-comparison between TAV and BAV models which did not
require a lumped-parameter model coupling. This aspect can be overcome in future
studies; nonetheless, our model predictions are consistent with the clinical and
experimental literature available. This is likely because primary flow through the

ascending aorta is mostly undisturbed by excluding branching arteries.

6. Conclusion

BAYV related haemodynamics and mechanics are altered in comparison with a TAV and
different phenotypes yield different characteristics: type 0 BAV yields the least
haemodynamic and mechanical impact, but its orifice orientation generates different
magnitude and distribution of valve stress; type 1 BAVs present with similar quantitative
haemodynamic and mechanical features across subtypes. Moreover, for the first time, a
type 2 BAV was simulated computationally and our results suggest that this phenotype
may be associated with greater valve and aortic damage in comparison with the other
categories. These differences between and within categories of BAV may be central to
subsequent pathology, including the location of such pathology. Our FSI model can
therefore aid clinicians in patient risk stratification, estimating patients at a larger risk to

develop complications derived from BAV abnormal haemodynamics and mechanics.
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Supplementary material

Fig. S1 Peak systolic velocity contours [m/s] at multiple horizontal section cuts
(isometric view) for TAV, BAV type 0 anterior-posterior (AP), type 0 lateral, type 1 N-
L, type 1 N-R, type 1 R-L, and type 2. Different velocity scales are used for the models,

to better highlight secondary aortic flow patterns in each case.
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Fig. S2 Time-averaged WSS (TAWSS) at the B-B

cycle).
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Fig. S3 Oscillatory shear index (OSI) at the B-B section for all models (full cardiac

cycle).
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Figures and tables for review (in order of citation on the text)

Table 1 Dimensions of BAV models (also see Fig. 2 and Fig. 3)

BAV
TAV Type 0 Type 0 Type 1 Type 2

Anterior-Posterior Lateral N-L; N-R; R-L ype

Sinus number 3 2 2 3 3
Ra (mm) 12.5 12.5 12.5 12.5 12.5
Ay (°) 118 180 180 138 138
AVA; (°) 118 180 180 109 109
L, (mm) 16.7 17.5 17.5 16.7 16.7
H, (mm) 10.5 10.5 10.5 10.5 10.5

D, (mm) 6 6 6 6 6

H, (mm) 21 21 21 21 21

Notes: R,, aortic radius; A,, non-coronary cusp angle; Aj, left cusp angle; A, right cusp angle;

L., non-coronary cusp arc length; Hy, cusp height; Ds, sinus depth; Hs, sinus height.

Fig. 1 BAV geometries. a) Type 0 anterior-posterior, b) type 0 lateral, ¢) type 1 N-L, d)

type 1 N-R, e) type 1 R-L, f) type 2. Note: the raphe is highlighted with a black line
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Fig. 2 Model dimensions, with a) view of the TAV leaflets and b) sagittal view of the

model, including aortic root and ascending aorta. Notes: Ra, aortic radius; An, non-

coronary cusp angle; Aj, left cusp angle; Ly, non-coronary cusp arc length; Hy, cusp

height; Ds, sinus depth; Hs, sinus height
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Hw

l

L—Ra*-‘

Fig. 3 Full aortic geometry, including a) mesh view of a complete aortic model with a

TAV, b) coronal view with A-A cross-section, ¢) sagittal view, with B-B, C-C and D-D

cross-sections. Note: Blue, green and yellow dots represent inlet, outlet and fixed

constraint boundary conditions, respectively

Outlet
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Fig. 4 Time-dependent boundary conditions imposed at the inlet (adapted from [78]) and
outlet (adapted from [86]) boundaries
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Fig. 5 Peak systolic velocity contours [m/s] at multiple horizontal section cuts (isometric
view) for TAV, BAV type 0 anterior-posterior (AP), type O lateral, type 1 N-L, type 1 N-
R, type 1 R-L, and type 2
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Table 2 Haemodynamic predictions from our computational model and literature results

BAV
Prediction TAV Type 0 Type 0 Type 1 Type 1 Type 1 Tvpe 2
Anterior-Posterior Lateral N-L N-R R-L ype
Our study 1.52 2.3 2.2 2.38 2.47 2.4 3.7
In vivo
09-1.38 - - - - 2-3 -
Peak [4-6]
velocity In vitro
[m/s] [49. 50, 87] 1.5-23 - - 3.9 - 29-3.1 -
In silico (CFD and FSI)
[9, 15, 16, 23] 1.3-23 0.76 - 3.17 3.21 1.85 1.73 1.75 -
Our study 4.5 15 15 13.1 14.3 15 37
Invivo
<10 - - - - - -
4
ar o
mmH . - - - - - -
[ g [50] 17.2
In silico (CFD)
[23] 5 22 22 - - - -
Our study 0 4.4 3.5 10.1 10.8 9.8 13.3
FRR In vivo 03-09 - - - - - -
(%] 4]
In silico (CFD) 0 11.18 i i i i i
[46] '
[(zg?] Our study 4.13 2 2.34 3.65 3.54 2.84 1.65
Our study 3.38 1.85 1.85 1.98 1.90 1.85 1.18
EOA Clinical guidelin Moderat
[cm?] cal guiceiines Normal Mild stenosis Mild stenosis Mild stenosis Mild stenosis Mild stenosis oderate
[59-61] stenosis
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Fig. 6 Velocity vectors (m/s) at B-B section plane (top view) to show helix flow for TAV,
BAV type 0 Anterior-Posterior, type 0 Lateral, type 1 N-L, type 1 N-R, type 1 R-L, and
type 2. Note: BAV type 0 vectors are scaled in size, to be visible
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Table 3 Peak systolic stress predictions from our computational model and literature results

BAV
.. Type 0
Prediction TAV . Type 0 Type 1 Type 1 Type 1
Anterior- Lateral N-L N-R R-L Type2
Posterior
Our study 1.3 0.8 0.78 2.65 2.81 2.55 5.08
Invivo 0.43-3 ; ; ; ] 0.67-1 ;
WSS [Pa] [6, 45] ' '
In silico (CFD and FSI)
75— . 2.4 2. -
[16. 17] 0.75-5 2.65 5 8
. Our study 300 270 600 590 630 610 1610
vonMises I lico (CFD and FSI)
stress [kPal s ’“’[ 51 s 7?“ 160 — 343 280 - - - -
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Fig. 7 Peak systolic WSS magnitude [Pa] at all cross-sections
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Fig. 8 Valve area-averaged Von Mises stress through the systolic phase
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Fig. 9 Von Mises (Pa) stress contours at peak systole for TAV, BAV type 0 Anterior-
Posterior, type 0 Lateral, type 1 N-L, type 1 N-R, type 1 R-L, and type 2

Von Mises stress [Pa]
= 5.000e+03
4.500e+05 ]
40006405 _
3.500e+05 _
3.000e+05
2.500e+05
2.000e+05
1.500e+05
1.000e+05
5.000e+04
0.000e+00 _|

BAV 1 NL BAV 1 NR BAV 1RL

i

BAV 2

35



	Acknowledgements
	1. Introduction
	2. Methods
	2.1 Model geometries and grid settings
	2.2 Material properties and boundary conditions
	2.3 Fluid-structure interaction framework and study settings
	2.4 Mechanical and haemodynamic characterisations

	3. Results
	3.1 Blood Haemodynamics
	3.1.1 Blood flow velocity and asymmetry
	3.1.2 Retrograde flow
	3.1.3 GOA and EOA
	3.1.4 Transvalvular pressure drop

	3.2 Characterisation of stresses

	4. Discussion
	4.1 Main study findings
	4.2 Computational model validation and design framework
	4.3 Clinical impact of abnormal BAV haemodynamic and mechanical features
	4.4 Different BAV phenotypes impact differently on aortic haemodynamics and mechanics
	4.5 Clinical applications
	4.6 Limitations

	6. Conclusion
	Conflicts of interest
	Funding details
	Statement involving human and animal rights
	References
	Supplementary material
	Figures and tables for review (in order of citation on the text)

