
Journal of Biomechanics 117 (2021) 110239
Contents lists available at ScienceDirect

Journal of Biomechanics
journal homepage: www.elsevier .com/locate / jb iomech

www.JBiomech.com
Fluid-structure coupled biotransport processes in aortic valve disease
https://doi.org/10.1016/j.jbiomech.2021.110239
0021-9290/� 2021 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: amir.arzani@nau.edu (A. Arzani).
Mohammadreza Soltany Sadrabadi a, Mohammadali Hedayat b, Iman Borazjani b,
Amirhossein Arzani a,⇑
aDepartment of Mechanical Engineering, Northern Arizona University, Flagstaff, AZ, USA
b J. Mike Walker ’66 Department of Mechanical Engineering, Texas A&M University, College Station, TX, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Accepted 4 January 2021

Keywords:
Hemodynamics
FSI
Mass transport
Shear stress
Lagrangian coherent structures
Biological transport processes near the aortic valve play a crucial role in calcific aortic valve disease ini-
tiation and bioprosthetic aortic valve thrombosis. Hemodynamics coupled with the dynamics of the leaf-
lets regulate these transport patterns. Herein, two-way coupled fluid–structure interaction (FSI)
simulations of a 2D bicuspid aortic valve and a 3D mechanical heart valve were performed and coupled
with various convective mass transport models that represent some of the transport processes in calci-
fication and thrombosis. Namely, five different continuum transport models were developed to study bio-
chemicals that originate from the blood and the leaflets, as well as residence-time and flow stagnation.
Low-density lipoprotein (LDL) and platelet activation were studied for their role in calcification and
thrombosis, respectively. Coherent structures were identified using vorticity and Lagrangian coherent
structures (LCS) for the 2D and 3D models, respectively. A very close connection between vortex struc-
tures and biochemical concentration patterns was shown where different vortices controlled the concen-
tration patterns depending on the transport mechanism. Additionally, the relationship between leaflet
concentration and wall shear stress was revealed. Our work shows that blood flow physics and coherent
structures regulate the flow-mediated biological processes that are involved in aortic valve calcification
and thrombosis, and therefore could be used in the design process to optimize heart valve replacement
durability.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction lifelong anti-coagulation therapy (Kulik et al., 2006) and recently
Calcific aortic valve disease (CAVD) and aortic valve thrombosis
are major forms of aortic valve disease, which lead to valve stiffen-
ing, impaired valve dynamics, and obstruction of the blood flow
supplied from the heart to the systemic circulation. CAVD is a
multi-stage process (Pawade et al., 2015). The initiation phase of
the disease resembles the inflammatory processes in atherosclero-
sis where dysfunctional valvular endothelial cells become exposed
to the infiltration of low-density lipoprotein (LDL), oxidized LDL,
and monocytes. Subsequently, the valve leaflets house a cascade
of biochemical reactions (Arzani et al., 2017b), which ultimately
gives rise to an inflammatory environment (Buendía et al., 2015).
The inflammatory environment together with biomechanical
forces promotes valvular interstitial cell differentiation and cal-
cium deposition (Chen and Simmons, 2011; Pawade et al., 2015;
Arzani and Mofrad, 2017).

Thrombosis is a major problem associated with aortic valve
replacements. Patients receiving mechanical heart valves require
it has been shown that 40% of patients receiving transcatheter aor-
tic valve replacement (TAVR) develop leaflet thrombosis (Makkar
et al., 2015; De Marchena et al., 2015). Thrombosis is a highly com-
plex process involving the reaction of several biochemicals and
cells, which results in thrombus (blood clot) formation
(Leiderman and Fogelson, 2011; Cito et al., 2013). Virchow’s triad
(Lowe, 2003) describes the three main factors influencing throm-
bosis: hypercoagulation, endothelial cell dysfunction, and blood
flow stagnation. Effective thrombosis requires prolonged flow stag-
nation and increased accumulation and concentration of thrombo-
genic biochemicals near an exposed surface.

Biological transport processes near the highly deforming aortic
valve leaflets play an important role in calcification and thrombo-
sis. Blood flow is responsible for delivering LDL and monocytes into
the valve leaflets during calcification initiation and prolonged
accumulation of thrombogenic matter such as platelets due to dis-
turbed flow patterns lead to thrombosis. Calcification is more likely
to occur on the aortic side of the valve (Weinberg et al., 2010; Yip
and Simmons, 2011), which accompanies complex near-leaflet
flow patterns (Ge and Sotiropoulos, 2010). Additionally, blood flow
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Fig. 1. a) The model geometry and inlet boundary condition, b) solid mesh, and c) fluid mesh are shown.
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stagnation has been recently shown to be responsible for TAVR
thrombosis (Midha et al., 2017; Raghav et al., 2019).

Computational modeling of aortic valve hemodynamics and
transport is challenging. First, fluid–structure interaction (FSI)
models need to deal with highly transient, nonlinear, and large
deformations in a two-way coupled framework. Next, the FSI
model needs to be coupled with a mass transport model, which
represents its own numerical challenges due to the domination
of advection (Hansen et al., 2019). In recent years, significant pro-
gress has been made in the FSI modeling of native (Weinberg and
Mofrad, 2007; Cao and Sucosky, 2017; Gilmanov et al., 2019; Chen
and Luo, 2020) and replaced aortic valves (Borazjani, 2013;
Kamensky et al., 2015; Kandail et al., 2018; Ghosh et al., 2020).
The majority of heart valve transport studies have focused on
quantifying mechanical platelet activation potential using Lagran-
gian (Morbiducci et al., 2009; Xenos et al., 2010; Zakaria et al.,
2017) and more recently Eulerian approaches (Hedayat et al.,
2017; Hedayat and Borazjani, 2019). However, biotransport pro-
cesses near aortic valve leaflets have received less attention.
Recently, one-way coupled FSI has been used to study flow stagna-
tion on valve leaflets (Vahidkhah and Azadani, 2017). However, a
detailed analysis of different mass transport processes relevant to
aortic valve calcification and thrombosis has not been reported.

The goal of this manuscript is to study the mass transport pro-
cesses that influence aortic valve disease and understand their con-
nection with the blood flow physics in a fluid–structure coupled
environment. We hypothesize the vortex structures and their
interaction with the valve leaflets control biotransport processes
away and near the leaflet. We present different continuum trans-
port models in a 2D model of a bicuspid aortic valve and extend
our results to a 3D mechanical heart valve model.
2. Methods

2.1. Two-dimensional FSI model

Two-way coupled 2D FSI simulations were performed and cou-
pled to continuum transport models using ANSYS 19.3. To enable
2

2D modeling in ANSYS, the model was slightly extruded in the
dimension normal to the 2D plane. Different components of the
FSI model are explained below.

1- Structure: A 2D idealized bicuspid aortic valve is assumed as
the geometry. This model is a simplified model based on prior
work (Weinberg and Mofrad, 2008). A symmetry plane is used to
reduce the computational cost. The model contains the aortic valve
leaflet, the aortic root, the sinus of Valsalva, and the ascending
aorta as shown in Fig. 1. A contact condition is defined at the sym-
metry plane to simulate valve closure. The structural domain is
divided into 68 k elements with a higher resolution around the
leaflet (Fig. 1b). Linear elastic material with Young’s modulus of
2 Mpa is prescribed for the wall. The nonlinear isotropic Ogden
model is prescribed for the leaflet (Eq. 1):
W ¼ l
a
ðk1a þ ka2 þ ka3 � 3Þ þ 1

2
KðJ � 1Þ2; ð1Þ
where k1; k2, and k3 are principal stretches in the three directions, l,
and a are model constants, K is the bulk modulus, and
J ¼ k1k2k3 � 1. The constants a ¼ 12:275 and l ¼ 75310 Pa are
obtained by fitting the stress–strain curve collected from experi-
mental tests in (Korossis et al., 2002).

2- Fluid: The fluid domain is simulated in Fluent. Blood is
approximated as an incompressible and Newtonian fluid (den-
sity = 1050kg=m3; dynamic viscosity = 0.0035 Pa.s). The fluid
domain is discretized into 435 k elements. The simulation time-
step divided each cardiac cycle into 1500 time-steps. The velocity
waveform profile from a prior study (Joda et al., 2019) (shown in
Fig. 1) is used as the inlet boundary condition. Zero traction has
been assumed for the outlet.

3- Coupled system: The arbitrary Lagrangian–Eulerian (ALE)
method is used for the FSI coupling system. Using the systems cou-
pling module in ANSYS, displacement data is transferred from solid
to fluid domain and traction is transferred from fluid to solid
domain. Mesh smoothing and remeshing are used to overcome dis-
torted elements, which are inevitable in large-deformation ALE
simulations.



Fig. 2. Velocity and vorticity for a) mid acceleration, b) peak systole, c) early diastole, and d) late diastole are shown. The velocity vectors are normalized. The velocity
streamlines are visualized on top of vorticity using surface line integral convolution. The prominent vortex structures are numbered.
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2.2. Continuum transport

The transport models were based on continuum advection–dif-
fusion equations and were coupled (one-way) with the velocity
from the FSI model. The advection–diffusion equation could be
written in the ALE framework as
3

@c
@t

þ ðu�wÞ � rc ¼ Dr2c; ð2Þ

where c is biochemical concentration, u is blood flow velocity, w is
the moving mesh velocity, and D is biochemical diffusivity set to a
value within the range of biochemical diffusivity in blood (Hansen
et al., 2019) (D=10�5cm2=s). Five different transport boundary con-



Fig. 3. Case 1 (constant concentration at the inlet) concentration profiles for a) mid acceleration, b) peak systole, c) early diastole, and d) late diastole are shown.
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ditions and cases are presented below. Each boundary condition
represents a different biotransport process associated with aortic
valve disease. The boundary conditions are set to arbitrary values
since the goal of this study is to study the connection between qual-
itative concentration patterns and flow physics. In all cases, zero
initial condition is used and zero flux boundary condition is applied
at the outlet and aortic wall.

Case 1. In this case, constant concentration (c = 1) is prescribed
at the inlet. This case represents biochemicals and cells such as pla-
telets that are carried by the blood flow coming out of the heart.
Additionally, serum albumin, which can lead to bioprosthetic heart
valve degeneration (Frasca et al., 2020) could be studied with this
case.

Case 2. Constant inward flux is prescribed at the leaflet surface
(D @c

@n ¼ 1) and zero concentration is assumed for the inlet. This sce-
nario models biochemicals produced by the valvular endothelial
cells. Monocyte chemoattractant protein-1 (MCP-1) production,
which attracts monocytes during calcification initiation (Sridhar
et al., 2018) and nitric oxide production, which prevents thrombo-
sis (Loscalzo, 2001) are two examples.

Case 3. Case 3 is similar to case 2 but the flux is only applied on
the aortic side of the valve (fibrosa). Given the observation that
fibrosa is exposed to disturbed hemodynamics (Ge and
Sotiropoulos, 2010), this choice models biochemical production
by endothelial cells under disturbed flow conditions. For example,
it is known that disturbed flow induces atherogenic and thrombo-
genic biochemical production (Cahill and Redmond, 2016).

Case 4. In this case, constant concentration (c = 1) is applied at
the inlet and a Robin boundary condition is applied at the leaflet
4

surface (D @c
@n+ pc = 0) where p = 1e-9 cm/s represents endothelial

cell permeability to LDL macromolecules. The valvular endothe-
lium permeability to LDL is smaller than the vascular endothelium
(Butcher and Nerem, 2007). Herein, the permeability was selected
to be an order of magnitude smaller than the vascular permeability
reported (Olgac et al., 2008). This case models LDL transport, which
is important in calcification.

Case 5. Here, residence-time was calculated. The Eulerian
residence-time (ERT) model was solved as an advection–diffu
sion-reaction equation (Reza and Arzani, 2019)
@RT
@t

þ u � rRT ¼ r � ðDrRTÞ þ Hð3Þ

H ¼ 1 if x 2 C

0 if x R C

�
;

where RT is residence-time, and the reaction source term (H) repre-
sents time. Zero Dirichlet boundary condition is imposed at the
inlet. Seven cardiac cycles are simulated such that ERT results
become quasi-steady. Finally, to characterize near-leaflet stagna-
tion, relative residence-time (RRT) was calculated based on wall
shear stress (WSS) vectors (Arzani et al., 2017a)
RRT ¼ 1

k 1
T

R T
0 WSS dtk

; ð4Þ
where T is the cardiac cycle duration.



Fig. 4. Case 2 (constant flux at the entire leaflet) concentration profiles for a) mid acceleration, b) peak systole, c) early diastole, and d) late diastole are shown.
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2.3. Three-dimensional FSI and transport models

The setup for the 3D model was similar to the mechanical
heart valve model used in a recent study (Hedayat et al.,
2017). Briefly, the curvilinear immersed boundary (CURVIB)
method (Ge and Sotiropoulos, 2007; Asgharzadeh and
Borazjani, 2017) is used where a sharp interface is maintained
by reconstructing the boundary conditions on the nodes that
are adjacent and exterior to the immersed boundary using an
interpolation along the local normal to the boundary
(Gilmanov and Sotiropoulos, 2005). Platelet activation is calcu-
lated for the linear level of activation using an Eulerian frame
of reference (Hedayat et al., 2017), in which the advection-
reaction equation is discretized using 2nd order muscle scheme
and 2nd order total variation diminishing (TVD) Runge–Kutta
for spatial and temporal discretization, respectively (Hedayat
and Borazjani, 2019). Finally, a continuum transport model is
solved for a generic biochemical transport scenario similar to
case 1 in 2D where a constant concentration ðc ¼ 1Þ is applied
at the inlet. Further details about the 3D models are reported
in the Supplementary Materials.

To study the complex flow physics in the 3D model, we com-
puted the Lagrangian coherent structure (LCS) to identify coherent
flow structures. LCS is computed by integrating a dense set of
Lagrangian tracers and computing the finite-time Lyapunov expo-
nents (FTLE). In this study, backward-in-time integration was per-
formed to detect attracting LCS. Details about LCS calculation are
provided elsewhere (Shadden et al., 2010; Arzani and Shadden,
2012).
5

3. Results

Case 1 to 4 were run for two cardiac cycles, and case 5 (ERT) was
run for seven cardiac cycles. The last cardiac cycle of the results is
shown. The velocity and vorticity patterns during different intra-
cardiac time-points are shown in Fig. 2. Different vortex structures
are generated from the moving leaflet and aortic wall. These vor-
tices are marked in the figure. Vortex 1 is a result of the separation
of the shear layer from the ventricular side of the leaflet. The inter-
action of this vortex with the vessel wall leads to a secondary vor-
tex formation shown as vortex 2. During valve closure, flow
separation from the free edge of the leaflet leads to vortex 3. Vortex
4 and 5 are created in the sinus region and from the distal wall,
respectively. In the following section, these vortex structures are
compared with the concentration patterns.
3.1. Mass transport concentration patterns

The concentration patterns during different time-points for case
1 (constant concentration at the inlet) are shown in Fig. 3. Vortex 1
and 2 attract elevated concentration levels in their boundaries and
at the same time form transport barriers limiting the concentration
level in their vortex core. On the contrary, vortex 3 and 5 attract
biochemicals during their formation process and therefore trap
higher levels of biochemicals in their core. Vortex 4 remains fairly
static in the sinus region and acts as a transport barrier limiting
biochemical penetration in its vicinity.

The results for case 2 (constant flux on the entire leaflet) are
shown in Fig. 4. In this case, the biochemicals originate from the



Fig. 5. Case 3 (constant flux at the fibrosa) concentration profiles for a) mid acceleration, b) peak systole, c) early diastole, and d) late diastole are shown.
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leaflet, and therefore the vortices that are shed from the leaflet
organize their transport. Namely, vortex 1 and 3 attract and carry
the biochemicals. Coherent patterns of high concentration could
be seen to coincide with these vortices. The other vortices that
are generated from the wall form transport barriers and reduced
concentration could be seen at the center of those vortices.

Fig. 5 shows the results for case 3. In this case, we are interested
in the concentration of biochemicals produced by the aortic side of
the valve. In this case, the blood flow emanating from the aortic
root and shearing the ventricular side of the leaflet does not carry
biochemicals from the leaflet, and therefore reduced biochemical
concentration is observed distal to the valve. Vortices such as vor-
tex 1 that are shed from the ventricular side no longer carry high
concentration values.

Case 4 (LDL transport) results are shown in Fig. 6. High near-
leaflet concentration could be seen due to the concentration polar-
ization effect (Vincent and Weinberg, 2014). During systole, a
higher concentration is observed on the ventricular side, and
near-leaflet LDL localization at the aortic side occurs during valve
closure. The concentration patterns distal to the valve and their
relation to vortex structures are similar to case 1.

Finally, the ERT results are shown in Fig. 7. Elevated residence-
time is seen on the aortic side of the valve. Particularly, the highest
ERT regions localize at the wall of the sinus of Valsalva and the
valve attachment region. Vortex 4 that persists in the sinus region
leads to elevated flow stagnation in this region. The ERT is rela-
tively low distal to the valve with some local elevated regions cor-
responding to the vortex structures.
6

3.2. Relationship between WSS and near-leaflet concentration

Herein, we looked into how WSS patterns correlate with
near-leaflet transport patterns. We focus on the aortic side (fi-
brosa) as the region where calcification and thrombosis often
occur. The near-leaflet flow patterns and the relationship
between TAWSS and leaflet surface concentration are shown in
Fig. 8. The positive direction for WSS is assumed to be towards
the free edge. To quantify the correlation between WSS and leaf-
let concentration, two Pearson correlation coefficients are calcu-
lated for positive (qþ) and negative (q�) WSS data as shown in
the figure (p < 0:001). The velocity and vorticity patterns near
the leaflet are shown in Fig. 8, which influence the WSS patterns.
Case 1 (constant concentration at the inlet), case 4 (LDL trans-
port), and case 5 (ERT) are shown in the figure. In case 1, high
concentration occurs in the impingement region with the highest
concentration at zero TAWSS magnitude. Additionally, the posi-
tive TAWSS region that is closer to the leaflet free edge carries
higher concentration. In case 4, low concentration is seen at
the free edge where positive WSS exists. Elevated concentration
is seen in the negative WSS region where the near-wall flow is
towards the attachment region. Finally, in case 5, the highest
ERT happens at the valve attachment region where the velocity
is lower. A relatively strong positive correlation is seen between
RRT (a WSS-based measure of near-wall stagnation) and ERT on
the leaflet surface. The data for case 2 and 3 are not shown as
no correlation between WSS and the concentration results could
be observed.



Fig. 6. Case 4 (LDL transport) concentration profiles for a) mid acceleration, b) peak systole, c) early diastole, and d) late diastole are shown.

Fig. 7. Case 5 (Eulerian residence-time) results for a) mid acceleration, b) peak systole, c) early diastole, and d) late diastole are shown.
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Fig. 8. Vorticity contour with normalized velocity vectors during mid diastole (a), time-average WSS (TAWSS) magnitude (b), time-average leaflet concentration contour plot
and scatter plot of TAWSS vs. concentration data for case 1 (c) and case 4 (d) are shown. The Pearson correlation coefficients are shown for positive (qþ;p < 0:001Þ and
negative (q�; p < 0:001ÞWSS data. Relative residence-time (RRT) vs. Eulerian residence-time (ERT) data are shown in (e). Positive WSS is defined towards the leaflet free edge.
In the leaflet attachment region of case 4, a zero-concentration point exists that is not shown in the scatter plot due to the range.
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3.3. Three-dimensional mechanical heart valve results

The 3D mechanical heart valve results are shown in Figs. 9 and
10. In Fig. 9, the 3D streamlines are displayed and platelet activa-
tion, biochemical concentration, and FTLE results are shown in
the three cross-sectional planes. In the top row (red plane contain-
ing the valve), it is seen that the high platelet activation results clo-
sely follow the LCS (red lines in the FTLE field). A similar
observation is made for the concentration results where biochem-
ical concentration patterns are dictated by the LCS. The correspon-
dence between the FTLE and transport results is visible in the two
boxes shown in the figure where prominent LCS patterns could be
distinguished due to the nature of the flow. In the middle row (blue
plane), the LCS forms a clear transport barrier in the proximal
region separating the transport results into different regions. Inside
this LCS, a coherent jet is identified with low FTLE values, which
contains very low platelet activation level and high biochemical
concentration. The high platelet activation regions coincide with
high FTLE zones where dense LCS structures are present. The final
row (transverse plane) clearly shows that these patterns persist in
three dimensions. In Fig. 10, two cross-sectional planes and four
time-steps of biochemical concentration and FTLE results are
shown. A close correspondence between the LCS and concentration
patterns could be observed during all time-steps where the LCS
either trap biochemicals inside them or prevent biochemical pen-
etration inside the core of the vortex structures.
4. Discussion

Despite numerous studies on hemodynamics and flow physics
of aortic valve disease, their connection to biochemical transport
processes has not received much attention. In this manuscript,
we presented various biotransport models that are relevant to cal-
cification and thrombosis and studied their connection with the
flow physics and coherent structures. A strong connection was
revealed between biotransport and coherent structures identified
using vorticity and LCS.

Our results show that the vortices that are trapped in the sinus
region (herein, vortex 4) play an important role in enhancing the
near-leaflet accumulation and stagnation of biochemicals on the
8

aortic side of the valve (fibrosa). Fibrosa is of interest clinically
because calcification (Yip and Simmons, 2011) and thrombosis
(Trusty et al., 2019) are more likely to occur in this region. How-
ever, our results also show that under certain transport pathways
where biochemicals are originated from the inlet (cases 1 and 4),
relatively higher near-leaflet localization occurs on the ventricular
side, and near-leaflet localization for fibrosa mostly occurs during
the diastole phase. Nevertheless, leaflet-originated biochemical
concentration and residence-time are higher on the fibrosa side.
We should note that for LDL transport (case 4) we assumed con-
stant permeability. More recent LDL transport models assume
WSS-dependent permeability (Alimohammadi et al., 2017) where
higher flux occurs in low WSS regions, which could lead to leaflet
concentrations in fibrosa that are higher than what we reported.

The complex aortic valve fluid dynamics environment generates
different vortex structures from the leaflet and the aortic wall.
Depending on the biochemical source (leaflet vs. inlet) and the
source of the vortex, each vortex could generate different concen-
tration patterns. This should not be surprising if we recall the vor-
ticity transport equation (Panton, 2013). In 2D flows, the vortex
tilting/stretching term vanishes, and therefore the vorticity trans-
port equation reduces to an advection–diffusion equation. The dif-
ferences with the biochemical transport models are in the
boundary conditions and the fact that vorticity can take negative
values. This leads to a close correspondence between coherent
structures and the concentration patterns. Interestingly, we were
able to confirm similar results in 3D where the coherent structures
are more complicated. We used FTLE and LCS to identify 3D coher-
ent flow patterns and confirmed our observation in 2D. Our FSI
mesh was coarsened distal to the valve, and therefore the 3D con-
tinuum transport results were diffused in that region. However, the
FTLE field from the Lagrangian discrete approach was still capable
of capturing the fine-scale flow features (the upper red box in
Fig. 9). Case 1 in the 2D model and the biochemical concentration
results in 3D were based on similar boundary conditions and
therefore may be compared (Fig. 3 and Fig. 10). It can be seen that
the vortices generated in both cases, do not let the biochemicals
leave or enter into their domains. That is, a barrier is formed
between the core of the vortex and the region outside of the vortex.
These vortical structures in both cases determined the biochemical
transport patterns.



Fig. 9. The cross-sectional planes used to visualize the 3D results (a), the velocity streamlines (b), backward finite-time Lyapunov exponent (FTLE) field (c), platelet activation
level (d), and biochemical concentration results (e) for the 3D mechanical heart valve simulations are shown at peak systole. The red boxed zones in the FTLE panel highlight
the regions where the correspondence between FTLE and transport results is seen.
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We also used WSS vectors to study near-leaflet concentration.
WSS patterns in cardiovascular flows are closely related to
vortex-wall (herein, vortex-leaflet) interaction (Arzani and
Shadden, 2018). We observed that leaflet concentrations depended
on the sign of WSS vectors (near-leaflet velocity direction) and
WSS magnitude. These results confirm our prior rigid arterial flow
studies where WSS vector topology controlled near-wall transport
patterns (Arzani et al., 2016; Arzani et al., 2017a). Interestingly, our
results showed higher leaflet concentration for case 1 at the tip of
the valve, which conforms with microfluidic deep vein thrombosis
models where particles accumulated at the tip of symmetric valves
(Schofield et al., 2020). Additionally, we observed that the attach-
ment region of fibrosa has the highest residence-time. Interest-
ingly, recent clinical data show that thrombus formation could
9

occur in the attachment region of transcatheter aortic valves
(Trusty et al., 2019). Traditionally, WSS is interpreted as the shear
stress exerted on valvular endothelial cells. Aortic valve FSI studies
often report WSS, however, this has been criticized since valvular
endothelial cells and vascular endothelial cells do not exhibit the
same response to WSS (Butcher et al., 2004). Our results show that
leaflet WSS could potentially be important in aortic valve disease
by influencing near-leaflet transport.

Our work has important clinical implications. First, our frame-
work could be used to quantify near-leaflet biochemical localiza-
tion and stagnation for bioprosthetic or post-TAVR leaflets to
assess the risk of thrombosis and inflammation/calcification. Such
in silico models could be used to optimize TAVR design and reduce
post-operative complications. Our results show that coherent



Fig. 10. Biochemical concentration and backward finite-time Lyapunov exponent (FTLE) results for two different cross-sectional planes and during different time-steps are
shown for the 3D model. The red and blue planes are marked in Fig. 9.
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structures not only control residence-time distribution but also
platelet activation patterns. Future studies could exploit these flow
physics features to improve designs that reduce thrombosis, which
is a major issue with the current TAVR technology (Abdel-Wahab
et al., 2018). Finally, our transport models could be extended to
develop multiphysics models of thrombus growth.
5. Conclusion

We developed FSI models of generic biotransport processes that
represent the blood flow-mediated biochemical pathways in calci-
fication and thrombosis. Our results show that there is a close con-
nection between WSS, vortex structures, and concentration
patterns near and distal to the leaflets. This study could be used
as a first step towards designing new heart valve replacement
technologies that leverage coherent structures to reduce the risk
of valve degeneration due to disturbed blood flow.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jbiomech.2021.
110239.
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