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Abstract: The promising results of transcatheter aortic valve
replacement (TAVR) over the past two decades indicate an ex-
pansion of the patient cohort toward patients with intermediate
or low surgical risk. Since some complications of TAVR have
already been minimized, subclinical leaflet thrombosis (SLT)
has gained importance in recent years. SLT is manifested by a
thrombotic layer on the prosthetic leaflets that gradually re-
duces leaflet motion. The resulting decrease in functionality of
the TAVR causes a need for re-intervention. The origin of SLT
and approaches to prevent SLT are still unexplored. For this
reason, we have developed an in silico model that can be used
during the design development process of TAVR devices to
estimate the thrombosis risk of the implant. Based on passive
scalar transport, hemodynamic metrics are used to quantify
platelet activation and aggregation which are associated with
the formation of thrombosis. In conjunction with a numerical
simulation model considering the fluid-structure interaction
between the blood mimicking fluid and the TAVR implanted
in an aortic root, the thrombosis risk can be modeled. The sim-
ulation model can be used to calculate the three-dimensional
flow structures within the native sinus and neo-sinus and also
provides the ability to derive metrics to assess the risk of
thrombosis. We demonstrated that this in silico model is a
time-effective tool to assess thrombosis risk in TAVR product
development.
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1 Introduction

Transcatheter aortic valve replacement (TAVR) is meanwhile
an established therapy for the treatment of severe aortic valve
stenosis approved in all risk categories. Since the method has
been used in clinical practice, some adverse events have oc-
curred after therapy with a TAVR, such as increased pressure
gradient in a patient-TAVR mismatch, coronary obstruction,
paravalvular leakage or annulus rupture [1]. These events oc-
cur immediately after implantation of a TAVR and, depending
on their severity, affect the functionality of TAVR.

In the recent past, the appearance of valve thrombosis (VT)
has been noted. VT does not occur immediately after implan-
tation rather it is a continuous ongoing process that leads to
pathological alteration, especially of the TAVR leaflets, grad-
ually impairing its functionality and increasing the risk of em-
bolic events.

Accumulation of a thrombotic layer on prosthetic leaflets leads
to hypoattenuating leaflet thickening (HALT), which results in
reduced leaflet motion. If this process is not treated by antico-
agulation, the transvalvular pressure gradient increases and the
durability of the TAVR will decrease [2].

The SAVORY and RESOLVE register, established to study
subclinical leaflet thrombosis (SLT), demonstrate that the in-
cidence of HALT is significantly more frequent 30 days after
TAVR implantation than with surgical aortic valve replace-
ment (SAVR) (13.3% TAVR vs. 5.0% SAVR, p=0,03) [3,4].

The formation of a thrombotic layer has been associated with
hemodynamic properties such as blood stagnation or increased
shear rate in literature, as summarized by Cito et al. (2013) [5].
Pathologically high shear rates in blood flow favour platelet
activation [6]. If activated platelets pass into blood stagnation
areas, adhesion of blood components to biomaterial surfaces
can be observed [6].

The development of predictive models of leaflet thrombosis
has often focused on the application of patient-specific data to
facilitate in clinical application and planning. Nevertheless,
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thrombosis is also of great importance in the development pro-
cess of innovative TAVR.

The 1SO 5840 (2021) also included evidence about the throm-
botic potential of TAVR for the first time. The standard rec-
ommends a combined model of in vitro studies and in silico
simulations, but not further specified. Therefore we attempted
to develop an assessment model for thrombosis risk of TAVR
that can be used in regulatory evidence as well as in simula-
tions of clinical applications.

2 Materials and methods

2.1 Thrombosis risk assessment model

Due to the numerous sub-processes that lead to the develop-
ment of thrombosis, the complete thrombotic cascade is too
computationally expensive to be completely simulated in com-
plex geometries and flow fields. Therefore a macroscopic con-
tinuum model was used to consider important hemodynamic
sub-aspects of thrombosis.
Platelet activation was modelled with a scalar transport equa-
tion based on a cumulated linear stress-exposure-time model
as proposed by Hansen et al. (2015) for use in aneurysm flow
[7]. The scalar metric SIPA (shear induced platelet activation)
corresponds to the activation level of the fluid, which is tem-
porally (t) and spatially X(x, v, z) influenced by a convection
flow through the flow velocity % (X, t) and a diffusion flow
with the diffusion coefficient D:
dSIPA(, t
SLel ()
The activation indication is done by the source term in which
the spatial and temporal distribution of the shear stress 7(¥, t)
is considered in the equation. However, the scalar value is not
intended as a metric for estimating the activated or non-acti-
vated state, but rather to identify areas of fluid with higher
shear history and is intended to be a metric to compare differ-
ent TAVR designs and configurations.
The influence of stagnation and recirculation areas favouring
platelet adhesion to surfaces is quantified by blood residence
time (BRT) based on the publication by Ghirelli and Leckner
[8], the BRT is also defined by a passive scalar transport:
OBRT (%,t
s @)
The approach of residence time in relation to the washout be-
haviour of TAVR has already been published by our working
group [9] and has now been enhanced by an equation for shear-
induced impact on thrombosis risk.

+U(%,t) - VSIPA(X,t) = —D - V2SIPA(X, t) + (%, t)

+ (X, t) - VBRT(%,t)) = —D - VBRT(%,t) + 1

2.2 Fluid structure interaction (FSI)
simulation

Computational domain

The Geometry is composed of an aortic root model and a sim-
plified model of the TAVR. The geometry of the aortic root
has already been published in in vitro studies from our work-
ing group and is consistent with the in silico studies we per-
formed. The aortic root model was first published in Borowski
et al. [10] and has been continuously refined through retro-
spective analysis of patient data and regulatory requirements
[11]. The TAVR model consists of the artificial leaflets and a
skirt. The TAVR stent is neglected.

Material properties, discretization and coupling

The vessel walls were assumed to be rigid. The material prop-
erties of the artificial leaflets depend on the material used,
which is why different material properties apply to different
TAVR. Although pericardial tissue exhibits anisotropic and
hyperelastic properties, linear-elastic behaviour is often as-
sumed in complex simulations. We also considered a linear
elastic material model for the leaflets (E = 1 MPa, v = 0.46,
p = 1100 kg/m?®). The fluid was modelled as an incompressi-
ble, non-Newtonian fluid. The shear-dependent character of
the blood was replicated using the Carreau-Yasuda model with
parameter values from Cho and Kensey [12].

The fluid and the structure environment were meshed sepa-
rately. A uniform cell size for both domains was used only at
the interaction surface. This type of meshing is possible due to
the partitioned implicit coupling algorithm of the FSI simula-
tion. A mesh independence test was performed for both
meshes. The dynamic mesh adaption of the fluid domain was
implemented using the Arbitrary-Lagrangian-Eulerian (ALE)
approach with a diffusion based smoothing function.

As the Reynolds number of blood flow in the ascending aorta
reaches values above Re = 5000, a SST-k-w turbulence model
was used. To reduce the computational effort, one leaflet was
simulated and symmetry conditions were assumed with re-
spect to the other two leaflets. The contact between the leaflets
was established with a rigid contact model. For the stent frame,
a cylindrical contact model was also added to the structural
simulation. To ensure mesh adaptation with the ALE method,
a small gap was added between the contact tool and the sym-
metry plane of the fluid.

Boundary conditions

The flow-inducing boundary condition was a velocity bound-
ary condition at the inlet based on experimentally determined
data from a hydrodynamic circulation model that mimics
(patho-)physiological flow conditions in the left heart. To gen-
erate a time-dependent average velocity calculated from the
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flow rate measurement, clinical parameters were set, which are

listed in Table 1.

Tab. 1: Clinical parameter used to mimic physiological flow con-
ditions as boundary condition.

clinical parameter

heart rate 70 bpm
mean aortic pressure 100 mmHg + 2 mmHg
systolic duration 3B5%+5%
fluid temperature 37°Ct2°C
cardiac output 3,5 I/min

We divided the simulation model into three sub-models caused
by the different boundary conditions during a cardiac cycle: I
diastolic pressure load, II systolic flow and III diastolic flow,
see fig. 1.
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Figure 1: Boundary conditions of the simulation model divided
into three sub-models,, 1) diastolic pressure load, Il) systolic flow
and Ill) diastolic flow.

In the first step, diastolic pressure is applied normally to the
leaflet to generate initial normal and shear stresses. After that,
the actual FSI simulation begins. The flow velocity at the inlet
is specified and a bidirectional force and displacement transfer
is performed at the interaction surface. An inlet velocity of u
= 0 is defined during diastolic flow.

The scalar transport equations for calculating thrombosis met-
rics were implemented in the equations to be solved. The FSI
simulation was performed using ANSYS 18.0 (ANSYS Corp.,
Canonsburg, USA).

3 Results and discussion

The result of the FSI simulation is the transient velocity field
in the vicinity of a TAVR. Some exemplary results of the ve-
locity field at three time points of a cardiac cycle (peak systole,
start of diastole, and end of diastole) are shown in Figure 2.
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Figure 2: Longitudinal section of the simulated velocity field dur-
ing peak systole, early diastole, and late diastole.

Simultaneously with the calculation of the velocity field, the
passive transport equations for the SIPA und BRT were calcu-

lated. The resulting spatial distribution of BRT and SIPA after
one cardiac cycle is shown in Figure 3.

TAVR at late diastole.

A region of interest (ROI) was defined for the evaluation of
thrombosis risk, based on the local occurrence of HALT re-
stricted to the neo-sinus region, see Fig. 4. The ROI is limited
by the basal attachments of the artificial leaflets and the cross-
section directly distal to the artificial leaflets.

Aortal outflow

Region of interest
for thrombosis risk

Ventricular inflow
Figure 4: Region of interest in the area of the native sinus and
the newly formed neo-sinus between the calcified native leaflets
and the artificial leaflets.

As comparative values for platelet activation, a histogram of
SIPA thresholds was plotted showing the percentage of fluid
volume within a range of accumulated shear stress values rel-
ative to the fluid volume of the ROI, see Fig. 5. The histogram
shows the size of the area with increased shear stress (6-8 Pa).
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Figure 5: Volume fraction of SIPA thresholds relative to the total
volume in native and neo sinus.
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The second comparative metric considered for thrombosis as-
sessment is the area of high blood residence time. For compa-
rability of, e.g. different heart rates resulting in different phys-
ical time durations, the BRT was normalized to the time dura-
tion of one heart cycle. In this way, the normalized BRT ranges
between a value of 0 and 1 regardless to the duration of a car-
diac cycle. The histogram of BRT distribution is shown in
Fig. 6 for the defined ROI.
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Figure 6: Volume fraction of BRT thresholds relative to the total
volume in native and neo sinus.

Using the volume distribution of both metrics, the region of
increased shear stress and high blood residence time can be
comparatively analyzed.

A more commonly published approach to assess the throm-
bosis risk of TAVR is a Lagrangian approach, in which a dis-
crete number of particles are dispersed in an ROI, as shown,
for example, by Midha et al. [13]. However, this approach re-
quires the calculation of individual particle trajectories and is
significantly dependent on the initial number and localization
of particles.

With the scalar transport approach for the thrombosis metrics
that we demonstrated in this study, the equations to be calcu-
lated are computed simultaneously with the Navier-Stokes
equations of the flow field. Because of the resulting lower
computational effort and independence from an initial particle
distribution, the presented method can be suggested as an ef-
fective and robust tool for the assessment of thrombosis risk
of TAVR.
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