Informatics in Medicine Unlocked 9 (2017) 191-199

journal homepage: www.elsevier.com/locate/imu

Contents lists available at ScienceDirect 5

IMm

INFORMATICS

Informatics in Medicine Unlocked A RYAES

—_—

Assessment of calcified aortic valve leaflet deformations and blood flow \!) CrossMark
dynamics using fluid-structure interaction modeling

Armin Amindari?®, Levent Saltik °, Kadir Kirkkopru®, Magdi Yacoub ¢, Huseyin C. Yalcin %"

@ Faculty of Mechanical Engineering, Istanbul Technical University, Istanbul, Turkey
Y Department of Pediatric Cardiology, Istanbul University, Cerrahpasa Medical Faculty, Istanbul, Turkey
¢ National Heart & Lung Institute, Faculty of Medicine, Imperial College, London, UK

4 Biomedical Research Center, Qatar University, Doha, Qatar

ARTICLE INFO

Keywords:

Aortic valve

Calcification

Computational fluid dynamics
Fluid-structure interaction
ANSYS

FLUENT

MECHANICAL APDL

Stenosis

Echocardiography

ABSTRACT

Aortic valve diseases are among the most common cardiovascular defects. Since a non-functioning valve results in
disturbed blood flow conditions, the diagnosis of such defects is based on identification of stenosis via echo-
cardiography. Calculation of disease parameters such as valve orifice area or transvalvular pressure gradient using
echocardiography is associated with substantial errors. Computational fluid dynamics (CFD) modeling has
emerged as an alternative approach for accurate assessment of aortic valve hemodynamics. Fluid-structure
interaction (FSI) modeling is adapted in these models to account for counter-interacting forces of flowing blood
and deforming leaflets for most accurate results. However, implementation of this approach is difficult using
custom built codes and algorithms. In this paper, we present an FSI modeling methodology for aortic valve he-
modynamics using a commercial modeling software, ANSYS. We simulated the problem using fluid flow solver
FLUENT and structural solver MECHANICAL APDL under ANSYS and coupled the solutions using System
Coupling Module to enable FSI. This approach minimized adaptation problems that would raise if separate solvers
were used. As an example case, we investigated influence of leaflet calcification on hemodynamic stresses and
flow patterns. Model geometries were generated using b-mode echocardiography images of an aortic valve. A
Doppler velocity measurement was used as velocity inlet boundary condition in the models. Simulation results
were validated by comparing leaflet movements in the simulations with b-mode echo recordings. Wall shear stress
levels, pressure levels and flow patterns agree well with previous studies demonstrating the accuracy of our re-
sults. Our modeling methodology can be easily adopted by researchers that are familiar with ANSYS and other
similar CFD software to investigate similar biomedical problems.

1. Introduction

population above 65 years of age [6].
Aortic valve defects prevent efficient opening of leaflets and result in

Aortic valve separates the left ventricle from the aorta. It consists of
three half-moon-shaped pocket-like flaps of leaflets housed within three
sinuses [1]. A healthy aortic valve fully opens at ventricular systole and
fully closes at ventricular diastole ensuring unidirectional flow with
minimal regurgitation. The valve functions according to transvalvular
pressure difference. Valve leaflets are exposed to complex hemodynamic
forces during cardiac cycle: while the front ventricularis surfaces are
exposed to unidirectional jet flows at peak systole, back fibrosa surfaces
are exposed to circulatory flows while the valve is closing [2-4]. Valve
calcification and bicuspid valve are the most common types of aortic
valve defects. Incidence rate of congenital bicuspid valve is 0.5-2% [5].
Calcification affects mainly elderly with incidence rate of 2-7% in the

aortic stenosis (AS), which is the formation of a high velocity jet at the
valve orifice at peak systole. This disturbed flow condition also results in
an increase in transvalvular pressure gradient (TPG) which is associated
with heart attack risk [7]. Determination of jet velocity and TPG is
essential for diagnosis of the condition. Doppler echocardiography is the
most commonly used technique for that purpose. Doppler can measure
the maximum blood velocity at the valve orifice, but not the axial ve-
locity profile of the jet. The assumption of constant velocity along jet
orifice will lead to some potential errors in further calculations for TPG
[8]. Effective Orifice Area (EOA) is another parameter used by physicians
for the clinical assessment of AS severity. EOA is the minimal cross
sectional area of the aortic flow jet. EOA can be calculated from

* Corresponding author. Biomedical Research Center, Qatar University, PO Box 2713, Doha, Qatar.

E-mail address: hyalcin@qu.edu.qa (H.C. Yalcin).

https://doi.org/10.1016/j.imu.2017.09.001

Received 30 April 2017; Received in revised form 29 July 2017; Accepted 11 September 2017

Available online 15 September 2017

2352-9148/© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:hyalcin@qu.edu.qa
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imu.2017.09.001&domain=pdf
www.sciencedirect.com/science/journal/23529148
http://www.elsevier.com/locate/imu
http://dx.doi.org/10.1016/j.imu.2017.09.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.imu.2017.09.001
http://dx.doi.org/10.1016/j.imu.2017.09.001

A. Amindari et al.

continuity equation by relating Doppler measured velocities at aortic
valve inlet and at jet orifice [9]. Doppler velocities can be used to
calculate TPG using simplified Bernoulli equation, where viscous terms
are neglected. Due to simplifying assumptions and inaccuracy of the
measurements, calculating EOA and TPG from Doppler velocities were
shown to be associated with significant errors [10].

Accurate diagnosis of severity of aortic valve disease is crucial for
therapy planning. However, as explained above, current approaches are
associated with significant errors in hemodynamics analysis. Computa-
tional fluid dynamics (CFD) modeling has emerged as an alternative
useful approach for elucidating complex cardiovascular flows where
clinical measurement schemes would provide only limited information
[11]. Patient-specific aortic valve CFD models are generated using
medical images from patients [12]. These models enable a detailed
disturbed flow analysis and precise determination of defect severity.
Disturbed hemodynamics can trigger mechano-biological mechanisms
(i.e. up/down regulation of gene expressions etc.) leading to further
complications [13]. Therefore, qualitative and quantitative hemody-
namics analysis for defected aortic valves will be important in biological
investigation of the disease as well.

There are numerous previous numerical studies on aortic valve he-
modynamics [14-16]. The initial studies focused on the investigation of
blood flow and determination of hemodynamic force levels on the leaf-
lets at a specific time point in the cardiac cycle (in most cases ventricular
systole) using static geometries. In these studies, only the structural
domain (aortic root and leaflets) was modeled and fluid flow behavior
through the valve was excluded. Grande et al. generated 3D finite
element models from MRI images using ANSYS and defined physiological
pressure on the leaflets as boundary condition [17]. The study showed
that, patient specific asymmetries are important in stress distribution on
the aortic root and the leaflets. With the current advancements in
simulation techniques and computational speeds, dynamic leaflet
movements could be modeled in more recent studies. Weinberg et al.
developed 3D aortic valve models using LS-Dyna and defined transient
dynamic hydrostatic pressure on the structural zones as the boundary
condition in the models [18]. Influence of valve calcification on leaflet
movement behavior was investigated in the study. In a more recent
investigation on calcification, patient specific 3D models were generated
from MRI images of aortic valve patients. Using ABAQUS software,
transient pressure boundary condition was applied on the leaflets [19].
The valve orifice area decreased when calcification level increased in
the study.

These studies contributed substantially to our understanding of the
aortic valve behavior during disease. However, such structural models
cannot be used to investigate disturbed hemodynamics, which was
shown to be important in the progression of aortic valve disease. Aortic
valve behavior is a complex dynamic event since it involves both fluid
and structure movements. To model this complex dynamic problem,
fluid-structure interaction (FSI) approach should be adapted. In this
approach, valve leaflets are modeled as deformable structural domain
and blood flow is modeled as fluid domain. Two domains are coupled and
mathematical solutions of the fields are determined simultaneously. This
approach enables researchers to investigate the dynamics of leaflet
movements and blood flow throughout the cardiac cycle in a reli-
able manner.

In a pioneering FSI study by De Hart et al., aortic valve hemodynamics
was modeled in 2D and associated fluid and structure equations were
solved simultaneously using custom algorithms developed by the authors
[20]. In another study, ADINA commercial software was utilized for
generating 2D FSI models to investigate hemodynamic forces on bicuspid
and tricuspid aortic valves [21]. Here, transient pressures on the leaflets
were used as boundary condition and the solution was converged when
the solution approximated physiological values. In more recent studies,
aortic valve hemodynamics was simulated in 3D. Halevi et al. investi-
gated the influence of calcification on valve hemodynamics using 3D FSI
models [22]. Here, structural model was generated using ABAQUS and
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flow field was solved using Flow Vision. Fedele et al. developed a
patient-specific FSI modeling approach based on moving resistive
immersed implicit surfaces [14]. Here, a mathematical model was
generated to represent a fluid in a general domain with an immersed
structural domain into the fluid domain. FSI approach was adapted to
evaluate the performances of aortic valve replacements as well. Yun et al.
investigated the blood damage through bi-leaflet mechanical aortic
valves [23] and Vahidkhah et al. studied blood stasis on prosthetic aortic
valves using such 3D FSI models [24]. These studies were very important
FSI modeling examples of the aortic valve. Advanced mathematical
modeling approaches adapted in most of these studies make them diffi-
cult to be adopted by other researchers.

In this study, we aimed to simulate aortic valve hemodynamics in a
practical and reliable way, that would make the models easily adoptable
by others. For this purpose, we generated 2D FSI aortic valve models
under a single modeling platform, ANSYS. Fluid and structure fields were
defined on patient specific models that were prepared in ANSYS Work-
bench. ANSYS FLUENT and ANSYS MECHANICAL APDL were used to
solve fluid and structure fields respectively. Two fields were coupled
using System Coupling FSI Module in ANSYS Workbench. Since all the
solvers and modules work under one platform, adaptation problems that
might raise due to utilization of separate software packages and modules
were minimized. The influence of leaflet calcification on flow and leaflet
movement dynamics was investigated using this approach. The modeling
technique that we developed in this study will be readily adoptable to
researchers using ANSYS for heart valve modeling.

2. Methods

In this study, we simulated aortic valve hemodynamics using ANSYS
package program. For this purpose, we generated a 2D model geometry
based on aortic valve images from a patient. Surfaces and regions in the
geometry were defined appropriately to allow FSI. Simultaneous solu-
tions were obtained for fluid and structure zones using separate solvers
under ANSYS WORKBENCH. Below, we summarize our solution steps
in detail:

2.1. Echocardiography imaging

Aortic valve from a healthy individual at 27 years old was imaged via
echocardiography using 7 and 3 MHz scanners (GE Vivid 7 Ultrasound
Machine). Dimensions of the valve (i.e. inlet, orifice, sinus and root di-
ameters) were measured from short axis b-mode images (Fig. 1A). Time
dependent velocity profile at the aortic valve inlet was measured via
Pulsed Doppler Mode (Fig. 1B, left). These velocity measurements were
used as transient velocity boundary condition for the simulation
(Fig. 1B, right).

2.2. Numerical model

The geometry of the model was developed in ANSYS Workbench
based on b-mode measurement data (Fig. 1C). The numerical model is
divided to two separate fields: The flow field and the Structure Field.

The flow field consists of blood inlet surface, blood outlet surface and
the blood flow region. Inlet surface of the geometry (left surface in
Fig. 1C) was defined as velocity inlet boundary condition. The velocity
profile for aortic valve inlet was measured using Doppler technique and
applied as the transient velocity boundary condition on this surface. Flow
at the inlet was assumed plug flow [25]. At a specific time-point, inlet
velocity is the spatially averaged velocity of the blood flow entering to
the aortic valve from left ventricle. This average value equals to the
maximum axial velocity measured by Doppler at valve inlet (plug flow
assumption). The transient velocity profile was defined as an UDF file to
be interpreted by FLUENT solver. This file includes the transient velocity
data for inlet surface for each time step. The outlet surface (right surface
in Fig. 1C) was defined as pressure outlet and the outlet pressure was set
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Fig. 1. Model geometry generation. A. Dimensions of an aortic valve were determined from the short axis b-mode views. B. Doppler velocity measurements for the same valve (left) were
defined as the inlet transient velocity boundary condition (right) in the model. C. Geometry was generated in ANSYS Workbench and boundaries and zones are defined. D. Fluid zone

(blood flow) and structure zone (leaflets) are meshed separately.

to gauge pressure value of zero. It has been assumed that there is no heat
transfer between the blood flow and the arteries. The blood flow field
was discretized into prism elements using sweep method. An unstruc-
tured mesh was generated for the fluid with a denser mesh near wall and
leaflet surfaces to capture high velocity gradients in the boundary layers
(Fig. 1D) with a maximum skewness of 0.84. A mesh convergence study
was performed at steady state peak velocity to determine optimum mesh
density. We observed that the accuracy of the solution does not change
for models with more than 10,000 prism elements.

The structure field consists of rigid walls, and flexible valve leaflets.
Rigid wall surfaces consist of artery walls and aortic root (upper and
lower boundaries in the geometry). Aortic root wall surfaces were
defined as rigid wall for simplicity and no slip boundary condition was
applied on these surfaces. Joints between leaflets and walls were defined
as fixed supports. A uniform mesh was generated for the leaflets using
tetrahedral elements. A mesh convergence study was performed at steady
state by applying constant pressure on leaflets. We observed that the
accuracy of the solution does not change for models with more than 100
structure elements. The skewness of the elements was kept below 0.6 to
ensure convergence and accuracy of the solution.

Blood flow forces causes large deformations of the leaflets. Hence the
surface between blood and leaflets were defined as FSI surfaces. No slip
boundary condition was also applied for these FSI surfaces.

2.3. Solution of the fluid equations

In this study, the governing equations of the fluid field were solved
using commercial package program FLUENT. The blood flow was
assumed to be incompressible with constant blood density of 1060 kg/
m®. Due to incompressible nature of the flow, the pressure-based solver
was adapted. Here, the velocity field is obtained from momentum
equations, and the pressure field is extracted from a pressure correction
equation, which is obtained by relating continuity and momentum
equations. The blood was assumed Newtonian with constant viscosity of
0.0035,578 J/s. The details of the continuity and the momentum equa-
tions can be found in Ref. [26]. Second order Upwind Scheme was used
for spatial discretization of momentum and turbulence equations within
fluid zone [27].

Peak Reynolds number in the simulations is around 2804. Besides, the
modeled flow is pulsatile in character and we have a complex and dy-
namic geometry. Therefore, we expect to have turbulence flow down-
stream of the aortic valve. For turbulence modeling, k-¢ realizable
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turbulence model was utilized, which is a two-equation RANS model.
Compared to standard k-e model, realizable k-e model predicts the
spreading rate of the both planar and round jets more accurately and
gives more realistic results for flows involving flow separation and cir-
culatory flow regimes [28]. Realizable k-¢ model introduces an improved
transport equation for turbulent dissipation rate.

Prior to defining boundary conditions for k-¢ realizable model, tur-
bulence intensity value must be set for the problem. Turbulence intensity
depends on the Reynolds number and a default value of 1.5% was defined
for our simulation based on previous studies in the literature [29].
Standard wall functions were used near wall regions in order to accu-
rately model physical behavior in these viscous boundary layers. Second
order Upwind Scheme was used for spatial discretization of momentum
and turbulence equations within fluid zone [26].

2.4. Solution of the deformation equations for leaflet movements

The dynamic response of leaflets for time-dependent blood flow
forces is modeled using ANSYS MECHANICAL APDL, Transient Structural
solver. The module enables calculating transient forces, displacements,
strains, and stresses, on the leaflets. ANSYS program uses Newmark time
integration method to solve these equations at discrete time-points. Here,
the time increment between successive time-points is called the inte-
gration time step. Before running the simulation, grid information of the
structural leaflet zones is imported to the solver and mechanical prop-
erties of these zones are defined. These properties are Young modulus of
elasticity, Poisson ratio and density. The density of the leaflets was set at
1060 kg/m® and is equal to blood density [30]. Leaflets were modeled as
isotropic linear elastic material. Young moduli of the leaflets were
assigned to define healthy and calcified cases: 2 MPa for a healthy valve,
10 MPa for a moderately calcified case, and 20 MPa for a severely
calcified case [31]. The Poisson's Ratio of the leaflets are set at 0.3 [32].

2.5. FSI coupling

For deformations with strong physical interactions, 1-way uncoupled
approach is not recommended and 2-way coupled approaches are more
suitable [33]. 2-way couplings can be further classified as implicit and
explicit approaches. For problems with strong physical interactions,
explicit methods give poor results [34]. Therefore, for analysis involving
highly deformable biological structures, 2-way couplings with implicit
approach needs to be adapted due to presence of strong interactions. The
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ANSYS Coupling Module uses iterative implicit 2-way coupling approach
to solve the numerical FSI problems. This method overcomes limitations
including intensive computational memory and long solution time re-
quirements. In this approach, solution time is discretized into finite
time-steps. For the first time step, domains are spatially discretized, and
governing equations are solved for each discrete time. Once the in-
teractions between the fields are converged, the solution fields are ob-
tained for this time-point. These solutions are the initial values for the
following time-step. Following the new discretization of the domains for
the new time step, equations are solved again. This way, separate solu-
tion fields are calculated for all of the time-steps [35].

In this work, ANSYS® Academic Research, Release 16.2 was utilized
to perform iterative implicit coupled analysis for modeling the in-
teractions between the blood flow and the leaflet movements of the aortic
valve. Here, flow field and structure field are solved separately. For
ANSYS, Workbench is the platform within which different numerical
solvers can be connected. Adapting this method, the blood flow field was
solved with FLUENT solver. Leaflet deformations on the other hand was
solved with Mechanical APDL, transient structure solver within ANSYS.
In each time step, Continuity, Navier-Stokes and Turbulence equations
governing the blood flow were solved in FLUENT and leaflet deformation
equations were solved in M-PADL solver. Two data transfers are needed
during the analysis. First data transfer is the force data from FLUENT
solver to M-APDL solver for the specific step. Details of this method can
be found in the study by Galpin et al. [36]. Using this data for this time
step, the equations governing the deformation of the leaflets are solved.
Second transfer is the displacement quantity data transfer from M-APDL
solver to FLUENT solver. The details of this method are presented in the
study by Jansen et al. [27]. With the deformed leaflet configuration, fluid
equations are solved for the later time step and coupled solutions
continue. This way, solution is marched in time. Coupling approach is
summarized in Fig. 2A. Co-simulation workflow was used to run both
solvers simultaneously while exchanging data. This workflow for
co-simulation of 2-way FSI analysis is set up in Workbench (Fig. 2B). The
geometry is shared between FLUENT and M-APDL solvers. Using a single
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geometry for the solvers will ensure that FSI surfaces match smoothly.
Total solution time was divided into time-steps, each having 6e-5 s
duration. Each time-step consists of 5 coupling iterations. These values
(i.e. duration of a time-step and number of iterations for each time-step)
were determined based on enhanced solution stability. To prevent in-
compatibility between fluid and structure fields, FSI surfaces for blood
and leaflets must be paired. For this purpose, nodes of the blood field for
receiving leaflet displacements information and nodes of leaflets field for
receiving blood force data must be mapped at the start of processing.

2.6. Remeshing of the fluid zone

In the simulations, blood flow exerts dynamic forces on leaflets,
which causes large deformations of these structures. Leaflets movements
are within flow domain and these movements deteriorate flow zone.
Therefore, for each time step, flow domain needs to be re-discretized to
enhance mesh quality. Spring-based smoothing and remeshing algorithm
in FLUENT was utilized to minimize grid problems due to high leaflet
deformations. The details of this method can be found in the user manual
by ANSYS [35]. This method is suitable for meshes, which do not distort
significantly. On the other hand, when the boundary displacement is
large compared to the local cell sizes, cell quality can deteriorate. In other
words, cells may become degenerative. This will invalidate the mesh
(negative cell volumes) and, will lead to convergence problems when the
solution is updated to the next time step. To circumvent this problem,
cells that violate the skewness or size criteria are identified and these are
locally remeshed. Once the cells or faces satisfy the skewness criteria, the
mesh is locally updated with the new cells.

3. Results
3.1. Model validation

Computational model was validated by comparing leaflet deforma-
tion in the simulation with b-mode echo images for the aortic valve that
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was used to generate the model (healthy case). Fig. 3 shows leaflet ori-
entations in the b-mode echo images and in the simulation for ventricular
diastole, systole and closure stages. Simulation results agree well with
echo images showing the adapted FSI modeling approach works accu-
rately. To further validate our models, we calculated time averaged WSS
on the leaflets and maximum TPG values in the healthy valve simulation
and compared these with previous studies. Average WSS was 8.7 Pa and
maximum TPG was 633 Pa. These values are in agreement with previous
findings (7.9 Pa WSS and 799 Pa TPG) [37-39].

3.2. Velocity contours, velocity streamlines and velocity vectors throughout
cardiac cycle for the health valve model

Fig. 4 shows the velocity contours for the healthy valve model
throughout cardiac cycle. At peak systole (0.08 s-0.1s), axial velocity
gradients near the ventricularis surface of the valves are very high indi-
cating high WSS on these surfaces. After a high jump near the ven-
tricularis surface, axial velocity does not change much within the jet
orifice indicating plug flow profile for the jet. Maximum velocity is
localized to the valve orifice as expected. Fig. 5 shows the velocity
streamlines for the healthy valve model throughout cardiac cycle.
Streamline patterns clearly identifies high velocity jet flow at the valve
orifice at systole and circulatory flows in the sinuses at late cycle (shown
with arrows). Fig. 6 represents the velocity vectors throughout cardiac
cycle, focusing on late cycle. Velocity vectors clearly identifies circula-
tory flows as the leaflets starts to close (>0.1s). Vortices are in one di-
rection and do not reverse as the leaflets move, indicating WSS in aortic
surface of the leaflets are unidirectional and are not oscillatory. This
result is in agreement with a similar recent study [2].

3.3. Effects of leaflet calcification on leaflet movements, flow dynamics
and stress levels

As explained in the methods section, leaflet Young Modulus for the
healthy, calcified and severely calcified cases are, 2 MPa, 10 MPa and
20 MPa respectively based on previous studies [40]. Fig. 7 displays ve-
locity contour, velocity streamline and velocity vector snapshots at peak
systole for the models. From the top snapshots of velocity contours,
calcification prevents efficient opening of the leaflets and results in ste-
nosis. We defined a parameter, opening ratio, to quantify amount of
stenosis. This parameter is the percentage of orifice diameter to root

t=0s (Diastole)

t=0.08s (Systole)

—
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diameter. Orifice diameters were found to be 14 mm for healthy model,
10.5 mm for calcified model and 9 mm for severely calcified model.
Corresponding opening ratios were 70%, 52.5% and 45%. Calcification
resulted in an increase in peak orifice velocity from 1.57 m/s for health
case to 2.18 m/s for calcified case and to 2.38 m/s for the severely
calcified case.

Fig. 7 middle snapshots displays velocity streamlines at peak systole
for the three models. Jet type parallel streamline flows in the valve orifice
are present for the models. In the sinuses, vortices are present for all the
cases. Shape, location, and strength of the vortices were all affected by
calcification severity level. Near the annulus of the valve, along the base
of the sinus and leaflet, there is significantly more flow for the healthy
valve compared to calcified valves. The vortices are bigger in size in
calcified cases. These results are in agreement with similar studies [41].
(See streamline animations for complete cardiac cycles for three models
as supplemental movies). Fig. 7 bottom snapshots represent velocity
vectors at peak systole for the models. The existence of clockwise vortices
in bottom sinus and counterclockwise vortices in upper sinus of all three
cases can be verified from velocity vectors.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.imu.2017.09.001.

We next calculated pressure values to evaluate TPG for the models.
Fig. 8, top three snapshots are the absolute pressure contours at peak
systole. Calcification results in a significant increase in TPG, from 633 Pa
(~5 mmHg) for the healthy case, to 1995 (~15 mmHg, %188 increase)
for the calcified case and to 2559 (~19 mmHg, %305 increase) for the
severely calcified case. These values are in agreement with case studies of
patients with valvular heart disease [42].

WSS levels on the leaflets at peak systole for the three models are
compared in Fig. 8 bottom snapshots with octahedron representation.
WSS is the frictional force on the leaflets and is simply the product of
dynamic viscosity of the fluid (p) and normal velocity gradient at the
wall. As seen from the figure, calcification increases WSS on the leaflets
significantly and tips of the leaflets are exposed to highest WSS for all
cases. Area weighted average WSS at peak systole (front ventricularis and
back aortic surface values are averaged together) is 13.3 Pa for the
healthy valve model, 17.5 Pa for the calcified model (% 32 increase) and
22.5 PA for the severely calcified model (%69 increase). For all the
models, WSS levels increase toward tip of the leaflets. These results are
consistent with previous findings [2,43]. We also calculated time aver-
aged and maximum WSS levels for the models. Our findings for WSS

t=0.1s(Closure)

g

Fig. 3. Comparison of simulation leaflet deformations with b-mode echo images. Upper images are long axis b-mode echo images for the healthy aortic valve at ventricular diastole, systole
and closure stages. Lower images are snapshots from the healthy valve simulation for the same stages with echo images. Edges of the leaflets are traced with white and aortic root is traced
with red in echo images. Leaflets movements in the simulation are consistent with movements from echo images at respective stages.
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t=0.03s

Velocity (m/s)

t=0.15s

t=0.12s

0

Fig. 4. Velocity contours for the healthy valve model at different time-points in the cardiac cycle. High velocity jet acting on the front ventricularis surface of the leaflets can be seen clearly
(shown with arrows).

]'5

Velocity (m/s)

0
Fig. 5. Velocity streamlines for the healthy valve model at different time-points in the cardiac cycle. High velocity jet flow at the valve orifice at systole and circulatory flows in the sinuses
at late cycle (shown with arrows) can be seen clearly.

along with other calculated parameters for the models are summarized levels on ventricularis and fibrosa sides separately. For the healthy

in Table 1. model, spatially-averaged WSS at peak velocity on front ventricularis

Previous studies suggested that, the differences in WSS levels in front surface is 27.5 Pa and on back fibrosa surface is 18.3. For the calcified

and back sides of the leaflets also influence formation of calcification model, these values are 39.7 Pa and 5.1 Pa and for the severely calcified

[44,45]. To reveal stress variations in our models, we calculated WSS model these are 46.5 Pa and 4.5 Pa. According to these results, as the
1.5

t=0s

Velocity (m/s)

0

Fig. 6. Velocity vectors for the healthy valve model at different time-points in the cardiac cycle. Velocity vectors clearly identifies circulatory flows as the leaflets starts to close (>0.1s).
Vortices are in one direction (shown with arrows in upper sinuses) and do not reverse as the leaflets move, indicating WSS in aortic surface of the leaflets are unidirectional.
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Fig. 7. Velocity contours, velocity streamlines and velocity vectors at peak systole for healthy, calcified and severely calcified models. Top three snapshots are velocity contours for the
models. Calcification results in stenosis and increase in orifice jet velocity as expected. Opening ratio decreased from 70% for the health valve model to 45% in the severely calcified case.
Middle three snapshots are velocity streamlines for the models. Calcification results in growth of circulatory flow regions in the sinuses. Bottom three snapshots are velocity vectors for the
models. Circulatory flows in the sinuses can be seen clearly in all the models.
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Fig. 8. Pressure and WSS levels at peak systole for healthy, calcified and severely calcified models. Top three snapshots are absolute pressure contours at peak systole. Calcification results
in a significant increase in transvalvular pressure gradient TPG (%188 increase for calcified and (%305 increase for severely calcified cases). Bottom three snapshots are octahedron
representation of WSS levels on the leaflets. Calcification increases WSS on the leaflets significantly and tips of the leaflets are exposed to highest WSS for all cases.

amount of calcification increases, WSS levels on the front ventricularis two surfaces of the leaflets. We also calculated time averaged and
surface increase whereas WSS levels on the back fibrosa surface decrease. maximum WSS levels on the surfaces for the models. Our findings are
Therefore, calcification results in an increase in WSS gradient between summarized in Table 2.
Table 1
Orifice velocity, opening ratio, TPG and WSS levels for the simulations.
Spatially averaged WSS
Young Modulus Maximum Jet Maximum Orifice Maximum Opening Maximum Cardiac- Peak Maximum
(MPa) Velocity (m/s) Diameter (mm) ratio (%) TPG (Pa) Averaged (Pa) Flow (Pa) Value (Pa)
Normal 2 1.57 9.0 70.0 633 8.7 13.3 46.7
Calcified 10 2.18 10.5 52.5 1995 10.3 17.5 62.8
Severely calcified 20 2.38 14.0 45.0 2559 12.5 22.5 140.1
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Table 2
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Spatially Averaged WSS levels on front ventricularis and back fibrosa surfaces for the simulations.

Cardiac-averaged (Pa)

Peak flow (Pa)

Maximum value (Pa)

Front Ventricularis Back Fibrosa

Front Ventricularis

Back Fibrosa Front Ventricularis Back Fibrosa

Normal 16.2 3.1 27.5
Calcified 22.2 1.1 39.7
Severely calcified 25.8 1.3 46.5

18.3 65.6 13.2
5.1 80.4 28.1
4.5 95.1 32.3

4. Discussion

CFD modeling has emerged as a useful approach to investigate aortic
valve hemodynamics in diseased cases. Potentially, patient specific CFD
models can be used to calculate hemodynamic stress levels as well as flow
patterns more accurately than current approaches. This information is
critical to assess severity of the defect and can be used to investigate the
mechano-biological mechanisms that play role in the progression of the
disease. Computational modeling of the aortic valve is very difficult
because of the transient behavior of the problem, moving structural zones
(leaflets) and counter-interactions between flowing blood and deforming
leaflets. For accurate results, FSI approach needs to be adapted. Tradi-
tionally, FSI models are generated using custom codes and algorithms.
These are difficult to be adopted by other researchers. More recently,
commercial softwares provide modules to enable FSI In the present
work, we used ANSYS for simulating hemodynamics through aortic
valve. We are providing our strategy in details in the Methods section,
which will enable it to be adopted by other interested researchers (Figs. 1
and 2).

As an example case, we investigated the influence of leaflet calcifi-
cation on aortic valve hemodynamics. For the healthy valve model, ve-
locity contour snapshots at different time-points in the cardiac cycle
show high WSS on the ventricularis at peak systole (Fig. 4). For the same
model, velocity streamline snapshots (Fig. 5) demonstrate circulatory
flow regions within sinuses in late cycle (while the valve is closing). We
could determine the direction of the circulatory flows within sinuses
from velocity vector representation (Fig. 6). The direction of the vortices
is counterclockwise in the upper sinus and clockwise in the lower sinus.
These directions do not change throughout the cardiac cycle. Therefore,
WSS acting on the fibrosa surface is uni-directional but not bi-directional
as suggested by most previous studies [46]. These results are in agree-
ment with a recent experimental work on aortic valve hemodynamics
where authors also visualized WSS on the fibrosa of aortic valve as uni-
directional [2]. Our preliminary findings from our 3D valve models also
show a unidirectional flow within sinuses, suggesting native aortic valve
flows having such flow characteristics.

Next, we modeled a calcified valve (10 MPa leaflet Young Modulus)
and a severely calcified valve (20 MPa Young Modulus) to compare
opening ratio, orifice jet velocity, flow profiles, WSS and TPG levels with
healthy valve model (2 MPa Young Modulus). Opening ratios decreased
from 70% for the healthy valve to 52.5% for the calcified valve and 45%
for the severely-calcified valve, showing calcification results in stenosis
(Fig. 7, top). These reductions in valve orifice diameters for calcified
valves are expected to increase TPG values for these valves. There were
bigger but distorted vortices in calcified valves compared to normal one
at peak systole (Fig. 7, middle and bottom). The vortices for the calcified
models were further away from the leaflets. While the vortices for the
normal valve persist while the valve was closing, the vortices for the
calcified valves deteriorate (See Supplemental Movies 1,2 and 3 for the
streamline animations for the three models for a complete cardiac cycle).
Vortex formations in the sinuses were shown to be important in efficient
closure of leaflets [13]. Therefore, vortex deterioration suggests distur-
bance in leaflet closure in calcification, which might result in regurgi-
tation for calcified valves during negative pressure gradient at diastole.

Compared to healthy valve, calcification increased TPG significantly:
%188 for the calcified, and %305 for the severely calcified models
(Fig. 8, top). Average WSS on the leaflets also increased significantly; %

32 for the calcified, and %69 for the severely calcified models. Highest
WSS is localized to leaflet tips in all cases. Previous studies suggested
that, the differences in WSS levels in front and backsides of the leaflets
also influence formation of calcification [44,45]. To reveal stress varia-
tions in our models, we calculated WSS levels on ventricularis and fibrosa
sides separately. These results show that, as the amount of calcification
increase, WSS levels on the front ventricularis surface increase whereas
WSS levels on the back fibrosa surface decrease. Therefore, when valve
leaflet start to calcify, because of the flow disturbance, WSS gradient
between two surfaces of the leaflet increases, which might trigger
mechano-biological mechanisms for further calcification. As far as we
know, this is the first time such a finding is presented. Future work should
focus on the influence of WSS gradients for the leaflets on the biology of
the cells within the leaflets and association of such cellular responses
with valve diseases.

There were few limitations in the study. The computational model
that presented here is a 2D model and hence does not represent the native
case fully. Our aim in this study was to provide a methodology for aortic
valve modeling using a commercial package. This methodology can be
applied for 3D modeling in future studies. The limitation in 3D FSI
modeling is the requirement of extensive computational power. We are
currently working on 3D aortic valve models with optimized mesh den-
sities and reasonable simulation times using ANSYS. Another limitation
in the study is using linear elastic material properties for the leaflets and
employing uniform calcification for the leaflets for the calcified models.
We are currently working on 3D non-homogeneous and anisotropic valve
models. Our future models will incorporate dynamics of aortic root to
make full FSI aortic valve models. Aortic root diameters were shown to
change as much as 10% during ventricular systole to facilitate efficient
ejection of blood [47]. This behavior is discussed previously by our group
as the active dynamism in valve function [48]. Adaptation of root
behavior as prescribed movements will lead to more accurate hemody-
namics and leaflet movement simulations. Our validation approach is
based on a qualitative leaflet movement comparison of echo images and
simulations. This is due to the scarcity of available in-vivo data. In our
models, we did not include coronary flows. Finally, in the future, we will
study the influence of various physiological flows on valve cusp stiffness
by developing patient-specific models. Previously we showed that shear
stress responsive pathways (endothelial derived nitric-oxide and
endothelin-1) regulate the stiffness of aortic cusps under physiological
flow conditions [49]. This finding suggest there is a reciprocal interaction
between hemodynamic forces and leaflet stiffness. The precise physio-
logical significance of alterations of the aortic valve stiffness on hemo-
dynamics and associated biological signals need to be explored.

In conclusion, this study presents an easily adaptable FSI modeling
methodology to investigate disturbed hemodynamics for aortic
valve diseases.
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