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Abstract—The governing international standard for the evidence of leaflet thrombosis and reduced Ileaflet
development of prosthetic heart valves is International mobility in TAVR devices®! has led to concerns of
Organization for Standardization (ISO) 5840. This standard stroke and long-term valve durability. Risk factors for

requires the assessment of the thrombus potential of tran- .. . .
scatheter heart valve substitutes using an integrated throm- thrombosis in TAVR patients remain poorly defined.

bus evaluation. Besides experimental flow field assessment It is unclear ;ghether this is a device-specific effect or
and ex vivo flow testing, computational fluid dynamics is a class finding.
critical component of this integrated approach. This position Thrombosis in the cardiovascular system is de-

paper is intended to provide and discuss best practices for the
setup of a computational model, numerical solving, post-
processing, data evaluation and reporting, as it relates to

scribed in terms of Virchow’s triad: hemodynamics
(fluid stasis and/or elevated fluid shear stresses),

transcatheter heart valve substitutes. This paper is not endothelial injury (surface phenomena related to for-
intended to be a review of current computational technology; eign materials), and hypercoagulability (altered blood
instead, it represents the position of the ISO working group biochemistry). In a recent study by MakKkar et al., 21%

consisting of experts from academia and industry with
regards to considerations for computational fluid dynamic
assessment of transcatheter heart valve substitutes.

of valve replacement patients (including surgical and
transcatheter devices) had reduced leaflet motion.
However, not all patients with the same prosthetic
valve (foreign materials) experienced leaflet thrombo-
sis, nor was there a substantial trend in these patients
towards abnormal blood chemistry.®' While materials
and blood chemistry are likely to be compounding

Keywords—Computational fluid dynamics, Fluid-structure
interaction, Prosthetic heart valves, Thrombus assessment.

INTRODUCTION factors,®!1-1220:22.28.31.36 qata suggest that the hemo-

dynamic environment in the vicinity of the valve

Surgical aortic valve replacement (SAVR) is the prosthesis is a critical factor in the development of

standard of care for patients with aortic stenosis leaflet thrombosis. The US Food and Drug Adminis-

(AS).>? Patients who are deemed intermediate or tration (FDA) perspective also alludes to the fact that

greater surgical risk are eligible for transcatheter aortic hemodynamics play a significant role in the develop-
valve replacement (TAVR)."*-3°¢ Cyrrently, there is ment of leaflet thrombosis.”’

substantial effort to expand TAVR to lower surgical Computational fluid dynamic (CFD) analyses can

risk patients,'”* after positive clinical results in greatly augment the knowledge gained from experi-

intermediate risk patients.'?***"* However, recent ments for thrombus assessment related to artificial

heart valves. It is a cost-effective tool which can be

used for high-resolution evaluation of flow parameters
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design of artificial heart valves. Additionally, compu-
tational simulation allows for patient-specific evalua-
tion of artificial heart valve performance.'**"¢! While
promising early results exist, fully patient-specific
computational simulation is relatively new and not yet
thoroughly validated for a wide range of applications.

Due to the complexity of thrombus formation and
limitations in the flow field investigation using either
computational simulation, in vitro (e.g. by digital
particle image velocimetry, DPIV), or ex vivo methods,
the International Organization for Standardization
(ISO) working group recommends an integrated
approach combining complementary methods for
establishing a potential thrombus assessment (Fig. 1).

The first step of this integrated approach is to val-
idate the CFD or fluid-structure interaction (FSI)
methods against in vitro experiments (e.g. by DPIV).
Appropriate boundary and hemodynamic conditions
shall be defined using in vivo data or published data in
the literature. It is important noting that, because of its
high cost, the experiment setup and targeted quantities
for validation should be planned ahead of the devel-
opment and simulation of the computational model.
The experiment is usually more expensive to adjust
than the computational model; therefore, the latter
model has to be adjusted to the limitations of the
former one. Once the computational methods are
validated, the computational results should be com-
pared with ex vivo flow testing, e.g. blood loops, and
pre-clinical testing. Here the task is to correlate
hemodynamic parameters from the computational re-
sults (e.g. presence of high shear stresses and recircu-
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FIGURE 1. Example of integrated thrombus assessment
approach.
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lation/flow stagnation regions) with locations of
thrombus formation in the experiment. Once a corre-
lation is achieved, the thrombus assessment can be
performed based on the results of these complementary
approaches.

Currently, there is no standard approach for the
CFD assessment of transcatheter heart valve prosthe-
ses. For this reason, the ISO working group has draf-
ted this position paper to provide guidance for
performing computational investigations. In the first
section, different strategies and numerical methods are
described and discussed. This is followed by a best
practice workflow.

SIMULATION TECHNIQUES

In CFD, the governing equations for the flow field
are the Navier—Stokes equations. Any numerical solver
that has proven to provide an accurate numerical
solution of the Navier—Stokes equations can be used.
The following are examples of the commercially
available CFD solvers:

e Fluent and CFX from ANSYS (Canonsburg,
PA)

e Star-CCM from CD-Adapco—Siemens (Plano,
Texas)

e Comsol Multiphysics from COMSOL (Stock-
holm, Sweden)

e Adina from Adina R&D (Watertown, MA)

e AcuSolve from ACUSIM Software (Mountain
View, CA)

e LS-DYNA from Livermore Software Technol-
ogy Corp (Livermore, CA)

Many open-source CFD packages are also avail-
able, such as:

e OpenFoam (openfoam.org)

e FEniCS (fenicsproject.org)

e LifeV (cmesforge.epfl.ch/projects/lifev/)
e SimVascular (simvascular.github.io)

These CFD solvers have been extensively verified,
validated and adopted for industrial engineering
applications.”'*® However, their application to the
study of the cardiovascular system is limited. Simula-
tions involving the cardiovascular system are chal-
lenging due to the complex geometries and materials
properties, transitional turbulent effects, and bound-
aries with large deformation and moving interfaces.
Therefore, before using the simulation results for
thrombus assessment, the setup of the numerical
framework has to be thoroughly considered and jus-
tified. A proper validation against controlled experi-
ments of these systems is necessary.
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Geometry

A transcatheter bioprosthesis typically consists of
three biological leaflets mounted inside a self-expand-
ing or mechanically-expandable stent frame which may
be covered with an internal and/or external skirt to
facilitate the leaflet attachment to the stent and reduce
paravalvular leakage, as shown Fig. 2. Manufacturing
a TAVR device is a complex process that involves a
series of manual steps to suture the leaflets and skirt to
the stent. A complete model including all manufac-
turing components of a TAVR may not be necessary.
Additionally, deployment of a TAVR into a patient-
specific calcified aortic root often results in a non-cir-
cular, asymmetric stent configuration, thus, the in vivo
valve geometry can be substantially different from the
nominal, circular geometry defined by the valve CAD
drawings. Hence, simplifications of the TAVR geom-
etry should be made with caution and with
understanding of their potential impacts. Simplifica-
tions usually reduce model complexity and computa-
tion time, but may compromise accuracy.

Possible simplifying assumptions and modifications
for modeling the valve prosthesis and the fluid domain
are listed below.

Assumptions of valve prosthesis model:

e Sewing suture between stent frame and leaflets/
skirt can be neglected.*

e Homogeneous thickness of the leaflets for
pericardial valves.

Flow channel for validation against ex vivo hydro-
dynamic experiments:

e A straight tube with symmetric sinuses can be
used. An asymmetric domain may affect shear
stress estimations.

FIGURE 2. An example of transcatheter heart valve substi-
tutes adapted from ISO 5840-3:2013, Annex B.2* More repre-
sentative examples of transcatheter heart valve substitutes,
components and delivery systems can be found in this Annex.

e Coronary arteries and native leaflets can be
neglected.

General assumptions:

e Geometric symmetries can be used to reduce
computation time. However, such symmetries
may be limited in capturing the non-symmetric
opening and closing of the leaflets.

e It is important to have developed flow entering
and leaving the flow domain and to minimize
the influence of the boundary conditions (BCs)
in the flow region of interest. For this purpose,
an appropriate length of flow extension can be
added to the inlet and outlet boundaries.

For patient-specific models, the anatomical geom-
eties are segmented and reconstructed to three-di-
mensional (3D) surface models from multi-slice
medical images like computed tomography (CT) or
magnetic resonance imaging (MRI). Hounsfield unit
thresholding is usually applied to segment the structure
followed by image processing tools (e.g. region grow-
ing), morphologic operations, manual editing of the
slices and a subsequent smoothing and wrapping to fix
inconsistencies in the model due to image noise. This
reconstruction process has potential limitations, such
as limited reproducibility due to manual steps, possible
deviations from the original anatomy and high
dependency of the outcome on the image quality.*>"'
Deviations may have a strong impact on the results,
e.g. WSS ~ 1/D? where D is the diameter.

The following are some of the commercially avail-
able solutions for 3D reconstruction of medical
images:

e Mimics from Materialise (Leuven, Belgium)

e Simpleware from Synopsys (Mountain View,
CA)

e Amira-Avizo from FEI (Hillsboro, OR)

Open-source packages are also available, such as:

VMTK (http://www.vmtk.org)

3D slicer (https://www.slicer.org)
ITK-SNAP (www.itksnap.org)

InVesalius (https://www.cti.gov.br/invesalius)

Material Modeling

An important aspect of the analysis of the dynamics
of native tissue and bioprosthetic heart valves is the
choice of material and fluid properties.

The complex nature of native tissues (e.g. aortic
leaflets, sinus, ascending aorta, adjacent myocardium
and calcification) and bioprosthetic leaflets (e.g., bo-
vine or porcine pericardial tissues) involves non-linear,
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anisotropic material responses which should be con-
sidered to obtain realistic simulation results.>> Hyper-
elastic material models such as Fung-elastic model'”-3
and Holzapfel-Gasser-Ogden material model,** may be
used. Material properties should represent the
mechanical behavior of the native tissues as closely as
possible. Justifications of adopting a simplified mate-
rial model should be provided. The use of linear elastic
material models (e.g., Hooke’s law) for native tissues is
not recommended. However, depending on the case,
sometimes simplifying assumptions are necessary.

The stent is modeled using shape memory alloy
models representing Nitinol material or an isotropic,
linear elastic material model for stainless steel or co-
balt-chromium. Shape memory alloy models that
consider the superelastic and shape memory effect can
be applied. Plastic deformation of the stent should be
considered and modeled if the valve crimping and un-
crimping process, and/or the deployment process are
simulated.

Although blood is a non-Newtonian fluid, it can be
assumed to be Newtonian in regions of high shear rates
where the diameter of the vessel is quite large. The fluid
is, therefore, often approximated as homogeneous,
isothermal, incompressible, and Newtonian with
blood-like properties of the density and viscosity. Non-
Newtonian blood models (e.g. based on Ballyik er al.?
or the Carreau model) can be applied. In this case, the
dynamic viscosity is a function of the computed shear-
strain rate. A comparison between various non-New-
tonian blood models can be found in Ref. 25. More
sophisticated approaches include the modeling of the
red blood cells and platelets.®”’® However, such a mi-
cro-scale computational analysis is only possible today
for performing research in a small computational do-
main and not practical yet for industrial application
related to transcatheter heart valves. For validation
purposes, the same fluid properties as in the in vitro
setup (e.g. water-glycerin mixture) should be used.

Turbulence Modeling

While blood flow in a healthy heart can be modeled
as laminar, in the presence of diseased heart valves
(obstructive and regurgitant valvular lesions) or pros-
thetic heart valves, the transition to turbulence cannot
be neglected. It is important to capture turbulence ef-
fects since they affect the flow field, and consequently
the estimation of parameters such as shear stress.
Several methods exist for modeling turbulence,
including direct numerical simulation (DNS), large
eddy simulation (LES) and Reynold-averaged Navier—
Stokes (RANS). DNS is considered the “gold stan-
dard” as it provides the numerical solution of the
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Navier—Stokes equations by resolving all spatial and
temporal scales. However, due to large computational
costs associated with DNS, LES and RANS alterna-
tives are more feasible. Most commercial or open-
source CFD solvers incorporate a variety of these
turbulence models including

e Reynolds Averaged Navier—Stokes (RANS)
Models

e k-&¢ model
e k-w model
e shear stress transport (SST) model

e Large Eddy Simulations (LES)
e Hybrid RANS-LES Simulations
e Detached Eddy Simulation

Traditional RANS models, i.e. k-¢ model and k-w
model, are very popular in industrial applications.
While the k- model allows for a more accurate near
wall treatment, the k-¢ model is advantageous in the
bulk flow. They are robust and computationally effi-
cient in the assistance of special wall treatment.
However, their accuracy to resolve turbulent fluctua-
tions and transition from laminar to turbulent flow is
not optimal. These RANS models were originally
derived assuming fully developed turbulent flow, while
heart valves function in the transitional flow regime,
from laminar to turbulent. Hence, the SST model,
which combines the advantages of the k-¢ model and k-
o model using a blending function, is a better option,
but it still creates artificial turbulent effects for non-
turbulent regions. The appropriate mesh resolution for
RANS models depends on the choice of the turbulence
modeling approach and the wall treatment.

LES can be used to achieve improved accuracy for
modeling transitional turbulence. However, the exces-
sive requirement for mesh resolution delays the wider
use of the LES in the industrial field. Hybrid RANS-
LES simulations resolve the near-wall-resolution issue
by employing the RANS model for the near wall re-
gion while using the LES for the rest of the computa-
tional domain. Though the Hybrid RANS-LES models
are ideal for capturing the fluid dynamics through a
heart valve, these models contain much more equa-
tions compared to the traditional RANS model, and
consequently, its implementation is time-consuming
and computationally expensive. After all, it is always
challenging to simulate transitional turbulence with
existing turbulence models. Recent publications
demonstrated the feasibility of using DNS to resolve
the transitional turbulence in the flow through a heart
valve.®>’" However, it is generally not practical to
apply such simulations to industrial problems without
a substantial increase of computational power.
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Fluid—Structure Interaction (FSI)

The principle of FSI is to resolve the coupling
between the fluid and structural components. Heart
valves involve complex dynamics during opening and
closing in which solid structures interact with the fluid.
For physiologically accurate simulations, the fluid
dynamics associated with the valves and the structural
mechanics of the valves and tissue should be modeled
together. However, an FSI analysis presents several
challenges and significant additional computation
time.

FSI simulations can be divided into three major
categories:

e Pseudo-State simulations'®: This is commonly
used to study the downstream flow fields of
heart valves under the assumption that the
valve is stationary, usually at peak systole, and
can be modeled using aforementioned CFD
techniques for flow fields.

e One-way FSI: One-way FSI allows heart valves
to move under a prescribed geometric defor-
mation. The prescribed structure dynamic mo-
tion affects the fluid flow but not vice versa.

e Two-way FSI: This is the most challenging type
of FSI simulations. In a two-way FSI, the
structural and fluid fields affect each other. The
structural model of a two-way FSI solver needs
to adequately represent material properties and
the interaction between the leaflets and the
surrounding fluid. Most two-way FSI solvers
can solve one-way FSI problems.

For the coupling between the fluid and structure,
mainly two approaches are used:

e Partitioned approach: The fluid and solid do-
mains are separately treated with two distinct
solvers. Information between the two solvers is
communicated across a domain interface. An
“explicit/weakly”” coupling allows information
communication at the end of a time step.
Alternatively, for an “implicit/strong” cou-
pling, several coupling iterations are performed
for each domain per time step until the data
converges to the solution of the monolithic
system. Since each domain uses its own solver,
independent numerical methods as well as more
efficient and developed algorithms can be
applied to solve the flow and structural equa-
tions. Furthermore, less memory storage is
required compared to the monolithic approach
(as described in the following section). How-
ever, FSI simulations involving strong cou-
plings, such as in the case of the flexible

membrane, do generally not converge due to
stability problems.!®

e Monolithic approach: The fluid and structural
domains are solved simultaneously by discretiz-
ing the problem into one system of equations
using a single numerical method (e.g. FEM).
This leads to a stable solution process for most
of the cases since the mutual influence of the two
fields are incorporated directly. However, for a
large three dimensional engineering problem, a
prohibitively amount of memory storage is nee-
ded. Moreover, since only one numerical meth-
od is applied for both physical domains, the
applicability of the monolithic approach using
commercial packages is limited. This is because
structural problems are generally solved using
the FEM while most commercial packages use
the Finite Volume Method (FVM) to numeri-
cally describe CFD problems.

An alternative way to categorize FSI techniques to
(1) body-fitted and (2) non body-fitted methods.**"?
This categorization depends on the whether computa-
tional mesh for fluid domain conforms the boundaries
of the structures. The Arbitrary Lagrangian—Eulerian
(ALE) Method®” is an example of a body-fitted
method, and the Immersed-boundary (IB) method is
one of non body-fitted methods.

To date, the ALE Method is the most common
method adopted in industrial applications. This con-
forming mesh method separates the computational
domains related to the structure and fluid. Due to the
large movements of the leaflet structures and contact
between the solid elements, it requires mesh adaptation
for the fluid domain, which greatly reduces computa-
tional efficiency and results in poor mesh quality.
Remeshing is necessary which may result in artificial
diffusivity and instabilities. The IB method embeds the
structure to the static fluid mesh implicitly, which
provides a great advantage for simulating largely
moving/morphing structures.®> However, the near wall
flow resolution of the leaflets of the IB method may be
inferior to the ALE method.* Many commercial
softwares also offer the sliding mesh technique, how-
ever, it is only possible to model axially rotating blood
pumps and mechanical valves.

Examples of commercial structural mechanic solvers
include:

e ANSYS Mechanical from ANSYS (Canons-
burg, PA)

e Abaqus from Dassault Systemes Simulia Corp
(Providence, Rhode Island)

e IMPETUS from IMPETUS Afea (Flekkefjord,

Norway)
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e LS-DYNA from Livermore Software Technol-
ogy Corp (Livermore, CA)

e Adina from ADINA Research & Development,
Inc. (Watertown, MA)

e COMSOL Multiphysics® Modeling Software
from Comsol Multiphysics GmbH (Géttingen,
Germany)

Boundary Condition

Numerical results are sensitive to the choice of BCs’
and therefore, these should be based on physiologically
accurate flows and pressures. When validating the
numerical results using benchtop experiments, flows
and pressures used in the corresponding experiments
should be applied as inflow and outflow BCs in the
computational simulations.

For patient-specific modeling, physiological or
pathological boundary conditions such as cardiac
output, flowrates, flow profiles, pressure measurements
and displacements (e.g. leaflet motion and wall defor-
mation) should be used. Flowrates, pressures and dis-
placements can obtained from clinical modalities
including, but not limited to, Echocardiography,
phase-contrast MRI, and cardiac catheterization. Inlet
BCs usually make use of the flowrate, while pressure is
used for outlet BCs. Commonly, however, in the ab-
sence of clinical pressure measurements, alternative
methods must be used to simulate the effect of
peripheral vasculature on pressure and flows in the
region of interest. These methods can include resis-
tance BCs, Windkessel models, and cardiovascular
lumped parameter network (cLPN).*>>* They belong
to the family of zero-dimensional lumped parameter
models (0D-LPM:s), but the former two methods focus
on modeling terminal vessels, while the cLPN models
the cardiovascular system as a closed loop that has
feedback mechanisms.

Coupling a 0D-LPM with a 3D solver is not trivial,
and one major challenge is stability. The coupling
scheme can be categorized into monolithic and parti-
tioned approaches. The former approach solves the 0D
and 3D together, therefore, results in a more
stable system than the latter one; however, this
approach also requires an analytic relationship
between pressure and flow and demands modifications
to the 3D solver, hence, its range of applicability is
limited. Conversely, the partitioned approach solves
the 0D and 3D solutions separately and exchange data
via well-defined interfaces. This approach is a more
generalized method and very attractive to users of
commercial software. Hence, careful numerical algo-
rithms should be implemented to handle this data ex-
change to avoid instability. 4443
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Contact Modeling

Appropriate contact modeling is necessary to han-
dle the complicated, highly dynamic contact behavior
between the leaflets, between the leaflets and the stent
as well as between the stent and the surroundings. A
self-contact among the leaflets is typically applied, al-
though it is a common challenging to model the self-
contact in body-fitted methods, e.g. ALE. It is usually
necessary to enforce a small gap between the leaflets to
allow for the expansion of the moving mesh. This gap
may result in unrealistic fluid dynamics during valve
closure.”” On the contrary, non-body fitted methods,
e.g. IB methods, can readily handle the contact
between leaflets without further treatment of mesh.?®"2

Furthermore, the leaflets are usually connected with
the stent frame using a tied-type/bonded contact
method to mimic the attachment between the stent and
the leaflets. A tied-type contact is usually used between
the stent frame and the compartment model of the
experimental flow channel, which means the sliding
between the model interfaces is prohibited. When the
deployment procedure of the valve prosthesis into the
anatomic structure is incorporated, a frictional contact
may be applied between the stent frame and the tis-
sue,®! which allows for the evaluation of the contact
forces between the native annulus and the stent.

Thrombus Assessment

In the past decades, many numerical approaches have
been developed to investigate the blood damage through
artificial heart valves and the risk of thrombus formation.
They can primarily be categorized into two types:

e Eulerian Methods'®

e Lagrangian Methods®”"!

These two methods depend on the flow field results
simulated by aforementioned numerical methods. The
Eulerian methods provide information about hemoly-
sis and platelet activation, based on the shear stress of
the flow field. The Lagrangian methods can model the
behavior of the blood cell, estimate the washout time
of blood cells, and record the shear stress history and
exposure time for blood cells. Therefore, the La-
grangian methods offer much better accuracy for blood
damage estimation, but with a much higher computa-
tional expense. Additionally, the results depend on the
number of particles and it is possible that certain areas
are not covered by particles. Examples of the La-
grangian methods are:

e Immersed-Boundary method"’

e Discrete Particle Dynamics Model'*

e Smoothed Particle Hydrodynamic
Method '3

(SPH)



Computational Fluid Dynamics Assessment 295

To evaluate the thromboresistance of cardiovascu-
lar devices, the device thrombogenicity emulation
(DTE) methodology by Bluestein er al.® and Piatti
et al.*' combines in silico and in vitro measurements by
correlating device hemodynamics with platelet activity
coagulation markers. Several approaches that combine
the mechanical aspects of the simulation with bio-
chemical interactions of platelet activation and aggre-
gation have been presented in the past.>*” Some of the
multi-scale models attempt to include part or even the
complete coagulation cascade,’® e.g. by using a set of
convection—reaction—diffusion equations,® the Dissi-
pative Particle Dynamics-Partial Differential Equa-
tion (DPD-PDE) method®® or a discrete stochastic
Cellular Potts Method (CPM)®’ to track the movement
of platelets and red blood cells. These models are in-
tended to take into account irregular thrombus shapes,
alteration of flow field due to growth of the thrombus,
and thrombus embolization due to shear Due to the
large computational cost, these models are, however,
only applicable for two-dimensional cases or a very
small domain. Beyond that, many unknowns and
assumptions in the model development limit the
validity of this complex approach.

As there is currently no validated numerical model
that can reliably predict the formation and growth of
thrombosis related to heart valves, the recommended
strategy of the ISO working group is an integrated
thrombus assessment approach combining in vitro
(e.g. using PIV) and CFD assessment with ex vivo
flow testing (e.g. blood loops) and pre-clinical testing
(Fig. 1). Individual or combined hemodynamic
parameters that may lead to an adverse effect are
identified in the validated computational results and
correlated with locations of thrombus formation in
the in vitro, ex vivo, or pre-clinical testing. These
hemodynamic parameters may include information
such as shear rate, wall shear stress, estimation of the
washout time, flow recirculation or separation, and
any adverse effects of device flow on tissues or or-
gans.

BEST PRACTICE WORKFLOW

Though many numerical techniques are available, it
is important to select an appropriate numerical solver
with correct governing equations, adequate physical
representation, and sufficient accuracy to perform flow
field characterization and thrombus assessment. The
definition of rigid rules for setup and validation of a
computational simulation for flow field assessment
associated with heart valve prostheses is difficult and
impractical. Therefore, in this section, a best practice
recommendation is given.

Code Verification

The software code used for the intended study must
have been verified against accepted solutions of
benchmark analytical cases or another already verified
code. A description of the software quality assurance
(SQA) and numerical code verification (NCV) should
exist. Commonly, code verification is constantly per-
formed by the software developers themselves. There-
fore, it may be referred to available documentation and
verification results from the software developer.

Numerical Stability'>*?

All numerical models must prove their robustness
and applicability for the intended study. Adequate
convergence criteria for momentum, continuity, fluid—
structure coupling, and turbulent quantities, if appli-
cable, should be selected to assure minimal numerical
errors. All convergence criteria values should be
explicitly stated and proved to yield converged solu-
tions. Sufficient temporal and spatial resolutions
should be applied. The mesh should be constructed
with appropriate structure and resolution. Mesh- and
time-independence studies should be performed, and
flow quantities used to verify independent results
should be explicitly stated and consistent with the
purpose of the study. The total simulation time should
be sufficiently long to ensure periodically stable results.

Validation®32*%°

Modeling approximations (e.g. geometry, material
and fluid properties, boundary conditions, turbulence)
may be used in the study which can affect the accuracy
of the solution. To validate that the physical model is
accurately represented, the computational model
should be validated against in vitro experimental data
of high measurement resolution and accuracy, e.g.
DPIV measurements. DPIV is a non-invasive, optical
flow visualization technique and based on the motion-
detection of illuminated particles to calculate the
velocity field. The hemodynamic waveforms produced
by the in vitro system should reasonably simulate
physiological conditions as shown in ISO 5840-1:2015.
While this is still a simplification compared to clinical
data, it allows an estimation of the predictability of
numerical studies.

The dimensions of the numerical domain should
correspond to the respective dimensions of the exper-
imental apparatus as closely as possible. The same fluid
properties as in the in vitro setup (e.g. water-glycerin
mixture) should be used. For validation, quantitative
comparisons of the following metrics against experi-
mental data should be considered:
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e Leaflet kinematics: leaflet open area (temporal
profile, maximum, and mean), rapid valve
opening/closing times, etc.;

e Fluid dynamics: pressure, flow rates, cardiac
output, velocity (maximum and spatial pro-
files), total ejection time, etc.;

Flow Dynamics**~%%

Once the computational model is successfully vali-
dated, the numerical framework can be utilized in a
subsequent step to investigate the flow field for
deployment and anatomical variations that the device
may encounter. As it is impractical to validate all the
simulated cases, the variations are extrapolated out of
the validation frame.

Dimensions of the intended implant site (e.g. based
on CT scans) and all aspects of the implantation sce-
nario should be considered. Consideration should be
given to deployment variations as anticipated during
implantation. The fluid properties should mimic the
properties of blood. Appropriate operating condition
should be employed that represent the intended con-
dition as closely as possible.

In unsteady numerical simulation, intermediate
solutions should be saved for visualizing intermediate
vortical structures and local blood damage index
contours, as well as constructing particle paths. The
displacement of the two-way FSI components should
be recorded over the simulation.

The evaluation of the results may include, but is not
limited to, information about blood damage estima-
tion, shear rates, platelet activation, wall shear stress,
behavior of the blood cells, estimation of the washout
time/recirculation/separation and any adverse effects
of device flow on tissues or organs. Any averaged
quantities should be obtained based on data after the
simulation passes the transition period bridging from
the initial condition to a periodically stable solution.

Final Report

The FDA guidance document on reporting of com-
putational studies*® should be considered for the final
report. Information should be given regarding, but is
not limited to, the software tools employed (e.g. com-
mercial solvers or open-source CFD packages, software
used to generate the geometry (CAD) and anatomical
models); the numerical implementation used to solve the
governing equations; system configuration (e.g. the
geometry of the device, the computational domain,
dimensions); the governing equations and/or constitu-
tive laws used to perform the computational analysis;
the biological, chemical, and physical properties of the
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system (e.g. fluid properties, material properties)
including the testing conditions to get the data; and the
conditions that were imposed on the system, such as the
boundary and loading conditions, initial conditions,
and other constraints that control the system.

Additionally, the final report should demonstrate
the applicability of the used software and numerical
setup to the flow field assessment. The code verification
and validation activities should be extensively de-
scribed. If applicable, rationale for differences between
the numerical setup used for validation and for the
computational application should be explicitly eluci-
dated. Experimental uncertainty estimates should be
described. Information and results of the grid- and
time-independence studies should be given.

The results of the computational fluid dynamics
assessment should be presented and discussed. Quanti-
tative results should be provided with sufficient details,
including labels and legends. For evaluation and inter-
pretation of the hemodynamic data and the following
assessment of thrombus formation, the results of the
computation should be correlated/validated with results
from ex vivo flow testing, e.g. blood loops, and pre-
clinical testing. Here the task is to correlate the hemo-
dynamic parameters from the computational results
(e.g. presence of high shear stresses and recirculation/
flow stagnation regions) with locations of thrombus
formation in the experiment. These correlations should
be rigorously justified by knowledge and phenomenon
demonstrated by previously published literature. Once a
correlation is determined, the computational model can
be used for the assessment of thrombogenic potential.

Limitations of the study (e.g. assumptions/simplifi-
cations) should be stated and justified. Finally, a con-
clusion should be made.
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