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A B S T R A C T

Transcatheter aortic heart valve thrombosis (THVT) affects long-term valve durability, transvalvular pressure
gradient and leaflet mobility. In this study, we conduct high-fidelity fluid–structure interaction simulations
to perform Lagrangian particle tracing in a generic model with larger aortic diameters (THVT model) with
and without neo-sinus which is compared to a model of unaffected TAVI patients (control model). Platelet
activation indices are computed for each particle to assess the risk of thrombus formation induced by high
shear stresses followed by flow stagnation. Particle tracing indicates that fewer particles contribute to sinus
washout of the THVT model with and without neo-sinus compared to the control model (−34.9%/−34.1%).
Stagnating particles in the native sinus of the THVT model show higher platelet activation indices than for
the control model (+39.6% without neo-sinus, +45.3% with neo-sinus). Highest activation indices are present
for particles stagnating in the neo-sinus of the larger aorta representing THVT patients (+80.2% compared to
control).

This fluid–structure interaction (FSI) study suggests that larger aortas lead to less efficient sinus washout in
combination with higher risk of platelet activation among stagnating particles, especially within the neo-sinus.
This could explain (a) a higher occurrence of thrombus formation in transcatheter valves compared to surgical
valves without neo-sinus and (b) the neo-sinus as the prevalent region for thrombi in TAV. Pre-procedural
identification of larger aortic roots could contribute to better risk assessment of patients and improved selection
of a patient-specific anti-coagulation therapy.
1. Introduction

Transcatheter aortic valve implantation (TAV) presents a minimally
invasive solution for patients at high surgical risk with moderate to
severe aortic valve stenosis. As the leaflets are composed of biological
material, mechanisms causing structural valve deterioration (SVD) such
as leaflet calcification or tearing are considered relevant valve failure
modes. Also, TAVI patients are prone to non-SVD processes such as
patient-prosthesis mismatch and valve thrombosis [1]. Although anti-
coagulation therapy after TAVI targets the prevention of such thrombus
formation, transcatheter heart valve thrombosis (THVT) might be de-
tected in routine follow-up [2]. The incidence of clinical THVT is rather
low with percentages below 3% [3–5]. The incidental finding of sub-
clinical THVT, however, is much more common, although its detection
is strongly dependent on imaging techniques, diagnostic criteria and
screening intensities (incidence 7% to 35% [2,6–9]).

Main contributing factors for the development of thrombosis are
described in Virchow’s triad connecting blood flow stasis, endothelial
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injury and hypercoagulability [10]. TAVIs significantly alter the flow
field in the aortic root and the ascending aorta (AAo) as the sinus is
divided into the reduced native sinus and a neo-sinus between stent,
native leaflets and prosthetic valve leaflets [10]. Longer residence time
of blood flow within the sinus and increased flow stasis in the neo-sinus,
which is dependent on TAVI position [11,12], cardiac output [13]
and volumetric size of the sinus portions [14], facilitate thrombus
formation. The possibly resulting thin layer of thrombus on the aortic
side of the prosthetic leaflets is then most commonly detected as hy-
poattenuating leaflet thickening (HALT) using multi-detector computed
tomography (MDCT) [6,15–18]. If the thickening of the leaflets limits
the leaflet motion by more than 50%, the patient is diagnosed with
hypoattenuation affecting motion (HAM) [2].

High shear stresses in the systolic turbulent flow field in the ascend-
ing aorta (AAo) are associated with possible platelet activation [19,
20]. The turbulent flow in the AAo was studied experimentally for
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Table 1
Aortic dimensions with sinotubular junction
diameter 𝑑STJ and ascending aorta diameter
𝑑AAo relative to the annulus diameter (𝑑A =
22 mm) for control and THVT group.

Control THVT

𝑑𝐴 22mm
𝑑STJ 1.15𝑑A 1.25𝑑A
𝑑AAo 1.3𝑑A 1.5𝑑A

transcatheter aortic valves (TAV) by Pietrasanta et al. [12] using to-
mographic particle imaging velocimetry (Tomo-PIV). According to this
study, implantation position is of significant relevance as lower implan-
tation position causes higher turbulent kinetic energy and a narrower
and faster core jet of the mean flow field which affects backflow
patterns and therefore the transport to and the washout of the sinus por-
tions. General sources for an efficient sinus washout were shown to be
the aortic jet issuing from the TAV as well as the transient geometrical
change of the neo-sinus due to leaflet motion [21,22]. Moreover, coro-
nary flow was found to increase the sinus washout rate [13,23]. Singh-
Gryzbon et al. [24] found a linear relation between thrombus and
stasis volume using Computational Fluid Dynamics (CFD) to study
patient anatomies of the aortic root. Combining segmented patient-
specific computed tomography (CT) images and CFD, Hatoum et al.
[21] presented a predictive mathematical model to assess thrombosis
risk.

Aortic root morphology has been considered relevant for the devel-
opment of thrombosis due to altered flow patterns and sinus washout
[22,25–27]. Adverse events after TAVI (e.g. paravalvular regurgitation
(PVR), increased risk of mortality, major bleeding in short- and long-
term periods after surgery) were connected to aortic dilatation at
the sinus of Valsalva [28]. However, the relation between aortic root
morphology and the development of THVT seems to remain largely un-
known. In our previous study [29], we investigated pre-surgical MDCT
images of TAVI patients from the Bern TAVI registry and observed a
larger AAo diameter in TAVI patients who developed THVT compared
to unaffected TAVI patients. Further, we performed comparative fluid–
structure interaction simulations evaluating the mean flow features in a
normal and larger aorta. In the aortic root with larger AAo, we observed
slower backflow towards the sinus and less flow motion within the sinus
portion in combination with higher turbulent dissipation in the AAo
compared to a normal sized root.

However, we only compared time-averaged flow patterns as well as
integral quantities to identify main flow patterns in sinus and AAo. By
this, we proposed first hypotheses on sinus washout and platelet acti-
vation in larger aortas. This approach was based on averaged Eulerian
quantities and did not allow for a quantification of the mechanisms of
interest which requires a Lagrangian analysis. Also, the respective role
of the neo-sinus must be studied further to assess its impact on sinus
washout and platelet activation as it was not considered in our previous
study. Therefore, we increase the complexity of our analysis by (a)
adding a Lagrangian perspective to the evaluation of sinus washout
and platelet activation and (b) comparing the obtained results to a
geometrical model that includes a neo-sinus. To also quantify the risk of
platelet activation for each particle, we evaluate their individual shear
stress history. Our aim is to gain a quantitative understanding of the
sinus washout rate and platelet activation levels in an aortic root with
and without neo-sinus to better understand the relevance of aortic root
morphology in the development of THVT as well as the role of the
neo-sinus.

2. Materials and methods

2.1. Parameterized aortic configuration with and without neo-sinus

Two generic aortic models are used to investigate the influence of
2

the aortic root geometry on the flow field. The parameterized aortic
model includes three parameters: annular diameter 𝑑A, diameter of the
sinotubular junction 𝑑STJ and diameter of the ascending aorta 𝑑AAo
which is measured 40 mm vertically above the aortic annulus (Fig. 1A).
The parameters 𝑑STJ and 𝑑AAo were selected to represent (a) aortic root
imensions found in the general TAVI population unaffected by THVT
control group) and (b) larger aortic root geometries as observed in pa-
ients that developed THVT (THVT group). The comparison to a control
roup establishes causality by isolating the effect of specific parameters
in this case 𝑑STJ and 𝑑AAo). Table 1 shows the aortic dimensions for
ach control and THVT model normalized by the annular diameter 𝑑A
22 mm for both groups). Values of the respective parameters were
hosen according to results of a previous study [29] which investigated
he relevance of aortic root morphology for the development of THVT
ased on patient data of the Bern TAVI registry (clinicalTrials.gov, iden-
ifier: NCT01368250). Details on material models, pressure boundary
onditions and valve geometry can be found in [29,30].

Further we assess the role of the neo-sinus which is created by the
AV implantation and describes the region between native leaflets and
he prosthetic leaflets. A second fluid–structure interaction simulation
s conducted using the previously described THVT aortic model with
arger aorta. This control model has been extended by a thin-walled
ing which mimics the diseased native leaflets that are pushed outward
uring TAV implantation (Fig. 1B) such that the neo-sinus is generated
etween ring and the prosthetic valve leaflets. The ring’s thickness
s set to 0.75 mm and its height is aligned with the leaflet tips as
his configuration presents the worst-case-scenario as it results in the
ighest volume of stagnation zones as well as the highest remaining
umber of particles in the sinus after one cycle in comparison to other
onfigurations [31].

.2. Governing equations and numerical method

The interaction of aortic wall, valve and blood flow is implemented
ithin the high-fidelity solver AV-Flow which is developed for biomed-

cal fluid–structure-interaction (FSI) applications including blood flow
nd soft tissue on hybrid high-performance computing platforms [32].
he flow field is solved by a fluid solver using a high-order Direct
umerical Simulation (DNS) approach on a grid of 121 × 257 × 513
oints. Applying grid stretching to guarantee sufficiently fine spatial
esolution at reasonable computational cost, this leads to a minimum
esh width of 150 μm. The time step is set to 𝛥𝑡 = 5 ⋅ 10−6s. The

luid is modeled as a Newtonian fluid similar to blood with dynamic
iscosity 𝜇𝑓 = 0.004 Pas and density 𝜌𝑓 = 1050 kg∕m3. Field variables
uch as pressure 𝑝𝑓 and velocity 𝒖𝑓 =

(

𝑢𝑓,𝑥, 𝑢𝑓,𝑦, 𝑢𝑓,𝑧
)

are governed by
he incompressible Navier–Stokes equations:

𝑓
𝜕𝒖𝑓
𝜕𝑡

+ 𝜌𝑓
(

𝒖𝑓 ⋅ ∇
)

𝒖𝑓 + ∇𝑝𝑓 − 𝜇𝑓𝛥𝒖𝑓 = 0 (1)

∇ ⋅ 𝒖𝑓 = 0 (2)

The spatial discretization is realized by a 6th-order finite difference
scheme while the temporal discretization includes 3rd-order Runge–
Kutta time stepping [33].

A finite element solver for soft tissue is applied to the structural
part of the FSI problem on an unstructured mesh of approximately
515,000 tetrahedral elements, solving the elastodynamic equations
with displacement field 𝒖𝑠, density 𝜌𝑠 and Piola–Kirchhoff stress tensor
𝑷

𝜌𝑠
𝜕2𝒖𝑠
𝜕𝑡2

− ∇ ⋅ 𝑷 = 0 (3)

An implicit, partitioned coupling scheme with a modified Immersed-
Boundary method based on variational transfer realizes the coupling of
fluid and structure motion. Interface conditions are described by

𝒖𝑓 =
𝜕𝒖𝑠
𝜕𝑡

(4)

𝐽−1𝑷𝑭 𝑇 𝒏 = 𝝈 𝒏 (5)
𝑓
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Fig. 1. (A) Schematic representation of the parameterized generic aortic geometry with biological tissue valve and variable parameters: diameter of the sinotubular junction (𝑑STJ)
and diameter of the ascending aorta (𝑑AAo) relative to the constant annular diameter (𝑑A = 22 mm). Edited from [29]. (B) Parameterized aortic geometry featuring a thin-walled
ring aligned with the leaflet height to model the neo-sinus.
Fig. 2. (A): Schematic representation of particle categorization according to their time-dependent trajectory with seeding position and STJ threshold located at 𝑧 = 0.01 m.
Particles are categorized into groups: advection (ADV, green), sinus washout (SWO, blue), flow stagnation (FST, red) and directly sinus portion (DSP, gray). (B): Additional particle
categorization for configuration with neo-sinus. Sinus washout (SWO) and flow stagnation (FST) groups are divided based if they enter the neo-sinus (SWO-NS, dashed blue/FST-NS,
dashed red) or the native sinus (SWO-S, dotted blue/FST-S, dotted red).
with 𝑭 = ∇𝒖𝑠 + 𝑰 , its associated determinant 𝐽 = det𝑭 and the Cauchy
stress of the fluid 𝝈𝑓 . For details on the high-fidelity FSI solver and its
experimental and numerical validation, see [30,32].

2.3. Lagrangian particle tracing and assessment of platelet activation

Lagrangian particle tracing is performed to quantify the washout of
the sinus portions as well as flow stagnation. A total of 959 mass-less
particles are initially distributed equidistantly in a cross-section normal
to the inflow issuing from the left ventricular outflow tract (LVOT)
immediately upstream of the valve. This initial distribution of particles
is released periodically at time increments of 𝛥𝑡 = 0.005 s starting from
3

a time instance of 𝑡0 = 0.1 s and traced for a time period of 𝑇 = 0.2 s
until 𝑡1 = 0.3 s.

Particles are then categorized into four groups depending on their
time-dependent trajectories relative to the sinotubular junction (STJ)
threshold at 𝑧 = 0.01 m (Fig. 2A):

• ADVection (ADV): Purely advected particles that are directly
leaving the fluid domain through the AAo

• SinusWashOut (SWO): Particles contributing to the sinus washout
by first entering the AAo with the aortic jet, then flowing back
to the sinus along the aortic wall and finally exiting the sinus
towards the AAo
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• FlowSTagnation (FST): Particles entering the AAo with the aortic
jet, flowing back to the sinus and stagnating there

• DirectlySinusPortions (DSP): Particles immediately entering and
remaining in the sinus without crossing the STJ threshold

e consider the FST category as the most risky group in terms of throm-
us formation. In this category, particles enter the turbulent aortic jet
nd pass through a region of elevated shear stresses in the AAo. Then,
hey enter the retrograde flow region along the aortic wall, flowing
ack to the sinus where they eventually stagnate. This combines two
ain hemodynamic factors leading to thrombosis: platelet activation

y high shear stresses and successive stagnation.
For the configuration with neo-sinus in Fig. 2B, the categories for

inus washout (SWO) and flow stagnation (FST) were further divided
epending on whether they enter the neo-sinus (SWO-NS/FST-NS) or
ative sinus (SWO-S/FST-S). Particles directly entering the neo-sinus
r native sinus, respectively, are cumulated in one DSP category as
hey are considered less relevant for platelet activation since they never
nter the high-shear stress regions in the AAo.

To assess the risk of thrombus formation originating from the var-
ous particle categories, we compute a respective indicator for platelet
ctivation for the traced particles. A model calculating blood damage
ndices (BDI) accounting for the cumulative shear stresses on red blood
ells during unsteady flow behavior is implemented according to [34]
n its discrete form

𝐷𝐼 =
𝑁
∑

𝑖=1
𝐶𝑎

[ 𝑖
∑

𝑗=1
𝜏
(

𝑡𝑗
)𝑏∕𝑎 𝛥𝑡𝑗 +𝐷

(

𝑡0
)

]𝑎−1

𝜏
(

𝑡𝑖
)𝑏∕𝑎 𝛥𝑡𝑖 (6)

or 𝑁 observation time intervals. The term 𝜏
(

𝑡𝑖
)𝑏∕𝑎 𝛥𝑡𝑖 describes the

ncremental mechanical dose experienced from time instant 𝑡𝑖−1 to 𝑡𝑖
hich is considered constant. The term in brackets accounts for the

hear-stress history of each red blood cell by calculating the accumu-
ated mechanical dose from the initial observation time instant until
𝑖 [34] with the initial dose 𝐷

(

𝑡0
)

which is neglected here. The model
as modified according to [19] to evaluate the platelet activation index
DIplatelet by setting the non-dimensional constants to 𝑎 = 1.3198, 𝑏 =
.6256 and 𝐶 = 1.0 ⋅ 10−5.

Statistical differences between the different particle categories were
ested with the Wilcoxon rank-sum test and p-values below 0.05 were
onsidered significant.

. Results

.1. General flow patterns and viscous shear stress distributions

During systolic acceleration, the valve opens and the aortic jet
merges from the valve orifice. The aortic jet impinges on the outer
ortic wall due to AAo curvature resulting in retrograde flow along the
ortic wall towards the sinus portions (Fig. 3A).

Animated particle pathways initiated immediately above the valve
rifice can be found in the supplementary material which contribute
o a three-dimensional understanding of existing flow patterns. Besides
he forward aortic jet which deflects at the AAo curvature, we can
bserve the retrograde flow along the aortic wall which exists even in
considerable downstream distance of the valve. Also, the animation

hows that the sinus washout is limited to a region close to the valve
eaflets while particles tend to stagnate in the outer part of the sinus
ortions. Last, we can appreciate the helical flow in the AAo due to
ean vortices formed at the outer curvature of the beginning of the
ortic arch.

The velocity gradient between forward flow of the aortic jet and
ackward flow along the aortic wall results in a shear layer between
hose two regions exhibiting turbulent fluctuations. Fig. 3B displays
he time-averaged viscous shear stresses during peak systole for control
odel without neo-sinus, THVT model without neo-sinus and THVT
4

Table 2
Percentages of particles for control and THVT model without neo-sinus and
THVT model with neo-sinus for categories advection (ADV), sinus washout
(SWO), flow stagnation (FST) and directly sinus portion (DSP). For the case with
neo-sinus, SWO and FST are sub-categorized based on entering the neo-sinus
(SWO-NS/FST-NS) or the native sinus (SWO-S/FST-S). The ‘‘relative stagnation
ratio’’

(

FST+DSP
SWO+FST+DSP

)

indicates which relative percentage of particles flowing back
to the sinus portions (‘‘backflow to sinus’’, SWO+FST+DSP) eventually stagnates
there.

Without neo-sinus With neo-sinus

Control THVT THVT

Advection (ADV) 82.3 86.7 86.1

Sinus washout (SWO) 7.4 4.9 NS: 2.2
S: 2.6

Flow stagnation (FST) 6.2 4.4 NS: 2.1
S: 5.2

Directly sinus portion (DSP) 4.2 3.9 1.8

Backflow to sinus (SWO+FST+DSP) 17.7 13.1 NS: 4.9
S: 9.0

relative stagnation ratio
(

FST+DSP
SWO+FST+DSP

)

58.4 62.9 NS: 55.0
S: 71.3

model with neo-sinus. All configurations show similar qualitative av-
eraged shear stress patterns in the AAo that are typical for turbulent
jet flow.

Fig. 3C shows histograms of the instantaneous shear stresses at
𝑡 = 0.3 s to quantify the range of viscous shear stresses a particle
could experience instantaneously. The comparison of control and THVT
model without neo-sinus reveals similar distributions with a higher
amount of low shear stresses in the THVT case. At higher shear stress
values, we observe a slightly higher amount for the control group. The
neo-sinus, however, does not significantly influence the instantaneous
viscous shear stress distribution in the AAo.

Yet, not only elevated shear stresses at one time instant can lead
to platelet activation, but also the accumulation of moderate shear
stresses over a longer time period. This scenario cannot be evaluated
by Eulerian quantities alone, but needs to be assessed by a Lagrangian
approach tracking each individual particle over time.

3.2. Lagrangian particle tracing and washout quantification

Table 2 shows the particle percentages per category for the THVT
configuration and the control. Most particles are directly advected
downstream (ADV) through the ascending aorta after passing the valve
orifice without passing the STJ threshold again in the observation time
period. However, more particles are directly advected in the THVT
model compared to the control model (+5.3%). The neo-sinus (NS) does
not seem to influence the number of advected particles (without NS:
86.7%, with NS: 86.1%). Particles entering the sinus portions directly
(DSP) are similar for both models without neo-sinus (3.9% for THVT
without NS vs. 4.2% for control without NS) and even lower in case of
a neo-sinus (1.8% for THVT with NS).

The amount of particles contributing to sinus washout (SWO) are
considerably lower for both THVT configurations (−34.1% without NS
and −34.9% with NS compared to control). For the THVT model with
neo-sinus, the washout is nearly equally divided between neo-sinus and
native sinus (NS: 2.2% vs. S: 2.6%).

The highest amount of particles experiencing high shear stresses in
the AAo and then stagnating in the sinus (FST) can be found in the
THVT configuration with neo-sinus (in total 7.3%) with more particles
stagnating in the native sinus (NS: 2.1% vs. S: 5.2%). The control group
without neo-sinus shows the second largest amount (6.2%) followed by
the THVT group without neo-sinus (4.4%).

The total amount of particles flowing back along the aortic wall to
the sinus is highest for the control group (17.7%) and lower for THVT
without neo-sinus (13.1%) and with neo-sinus (13.9%). However, par-
ticles that have entered the native sinus have a higher likelihood
of stagnating there for the THVT configurations (THVT without NS:
+7.7%, THVT with NS: +22.0%) than for the control.
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Fig. 3. (A) Schematic illustration on general flow trajectories with the aortic jet issuing from the LVOT visualized by the time-averaged streamwise velocity field. After passing
through the valve, the aortic jet impinges at the aortic wall resulting in retrograde flow towards the sinus. The AAo curvature leads to a deflection of the aortic jet. (B) Time-averaged
viscous shear stresses at peak systole for control and THVT model without neo-sinus as well as THVT model with neo-sinus. (C) Histograms of instantaneous viscous shear stresses
within the AAo at 𝑡 = 0.3 s for (left) control and THVT model without neo-sinus and (right) THVT model with and without neo-sinus.
3.3. Evaluation of platelet activation potential

Fig. 4 shows the distribution of the accumulated platelet activation
index BDIplatelet at the final position of each particle for control (con-
trol), THVT model without (THVT w/oNS) and with neo-sinus (THVT
wNS) categorized in the previously defined particle groups.

Purely advective particles (ADV) show the same trend for both
control and THVT model without neo-sinus with rather low BDIplatelet
and many outliers towards higher values. Medians are similar with 0.29⋅
10−6 (IQR: [0.15, 0.59] ⋅10−6) for control and 0.27 ⋅10−6 (IQR: [0.14, 0.55] ⋅
10−6) for THVT. The similar relative amount of advective particles in
the THVT model with neo-sinus generally has higher BDIplatelet with a
median of 0.77 ⋅ 10−6 (IQR: [0.43, 1.47] ⋅ 10−6).

Particles stagnating directly in the sinus (DSP) show low accu-
mulated BDIplatelet in general as they do not enter the region of the
ascending aorta which presents the highest shear stress values and
therefore the highest activation potential. Also here, medians for con-
trol and THVT group are comparable with 0.25 ⋅ 10−6 (IQR: [0.14, 0.52] ⋅
10−6) and 0.32 ⋅ 10−6 (IQR: [0.19, 0.57] ⋅ 10−6), respectively, with many
outliers at higher values. The THVT configuration with neo-sinus shows
a higher median with 1.31 ⋅ 10−6 (IQR: [0.98, 1.63] ⋅ 10−6) which can be
related to numerical artifacts.

Differences between the BDIplatelet of particles contributing to sinus
washout (SWO) are not statistically significant (𝑝 > 0.05) when com-
paring the control model (median: 1.44 ⋅ 10−6, IQR: [1.08, 1.95] ⋅ 10−6) to
the THVT model without neo-sinus (1.53 ⋅ 10−6, IQR: [1.06, 1.98] ⋅ 10−6).
Particles contributing to the sinus washout in the THVT case with neo-
sinus are divided into washout of the neo-sinus (SWO-NS) and washout
of the native sinus (SWO-S). Both value ranges are similar (SWO-NS:
median 2.10 ⋅10−6 with IQR [1.84, 2.32] ⋅10−6, SWO-S: median 2.08 ⋅10−6

with IQR [1.78, 2.27] ⋅10−6), however, values are in general significantly
higher than the configurations without neo-sinus (𝑝 < 0.05).

Statistically significant differences (𝑝 < 0.05) are observed for the
flow stagnation (FST) group. FST particles might present the highest
risk in the context of thrombus formation as these particles experienced
high stresses in the ascending aorta and then stagnate in the sinus.
Comparing configurations without neo-sinus, the THVT group shows a
5

smaller data range of BDIplatelet values (2.39 ⋅ 10−6 vs. 2.77 ⋅ 10−6 for
control), however, the median (1.48 ⋅ 10−6 for THVT vs. 1.06 ⋅ 10−6

for control) is significantly larger (𝑝 < 0.05) and the interquartile
range is shifted towards higher values compared to the control group
([0.97, 1.88] ⋅ 10−6 for THVT vs. [0.46, 1.75] ⋅ 10−6 for control). For the
THVT model with neo-sinus, particles stagnating in the native sinus
show similar BDIplatelet values (median 1.54 ⋅10−6, IQR [1.24, 1.83] ⋅10−6)
compared to the THVT group without neo-sinus. However, particles
stagnating in the neo-sinus present a significantly higher median of
1.91 ⋅ 10−6 and an interquartile range shifted to higher values (IQR:
[1.72, 2.21] ⋅ 10−6).

4. Discussion

In this computational study, we conducted Lagrangian particle trac-
ing and assessed platelet activation to test first hypotheses on the
relation between aortic morphology and THVT based on mean flow
features as reported in our previous study [29]. Fluid–structure inter-
action simulations of two generic aortic root models with an inserted
tissue valve were performed: A larger aortic model representing THVT
patients (THVT model) and a smaller aortic model representing un-
affected TAVI patients (control model). Additionally, we conducted
simulations for the larger aortic root geometry including a neo-sinus. To
quantify the washout of the sinus portion, Lagrangian particle tracing
and classification of particles according to their pathway during peak
systole was performed. The accumulation of shear stresses by each
particle was assessed to formulate distributions of platelet activation
indices per category and better quantify the risk of platelet activation
and eventually thrombus formation.

As visible in the animated particle pathways in the supplementary
material, an aortic jet emerges from the valve orifice and impinges
at the aortic wall creating backflow to the sinus. A shear layer is
created between the forward aortic jet and the retrograde flow, result-
ing in elevated shear stresses in the ascending aorta. These elevated
shear stresses have been reported for multiple valve prostheses by Yo-
ganathan et al. [35]. Hedayat et al. [36] suggested the significant role
of the bulk flow issuing from the aortic valve in the risk of platelet
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Fig. 4. Distribution of the accumulated particle activation index BDIplatelet at the final position for the time period 0.1 s to 0.3 s divided in particle categories advection (ADV,
green), sinus washout (SWO, blue), flow stagnation (FST, red) and directly sinus portion (DSP, orange). Results are shown for control model without neo-sinus (control), THVT
model without (THVT w/oNS) and with neo-sinus (THVT wNS). Categories for THVT wNS are further divided into washout of the neo-sinus (SWO-NS) and the native sinus (SWO-S)
as well as flow stagnation in the neo-sinus (FST-NS) and the native sinus (FST-S).
activation during the systolic phase. During peak systole, flow motion
in the sinus cavities was shown to depend on the intensity of the
aortic jet and the sinus geometry [21]. As already discussed in our
previous study [29], a larger AAo allows for a widening of the aortic jet
which also results in larger regions of elevated shear stresses (Fig. 3B).
However, this only leads to larger regions of moderately elevated shear
stress values while regions of potentially critical stress values remain of
comparable size independently of the AAo geometry or the neo-sinus
(Fig. 3C).

By Lagrangian tracing of mass-less particles (see also the supplemen-
tary video), we could follow and categorize their individual pathways
and evaluate how many particles are advected, contribute to the sinus
washout or stagnate in the sinus. Results reveal that the more par-
ticles contribute to the washout in the control model compared to a
larger aorta which leads to a lower washout rate for the THVT model
(−34.1%). For the THVT model with neo-sinus, the reduced washout
rate (−34.9% less than in control) is equally split between sinus and
neo-sinus.

Although the risk of stagnation after entering the sinus is highest
in the native sinus of both THVT models, absolute values are highest
in the control model and the least in the neo-sinus of the THVT
model. This raises the question whether the total amount is relevant
in assessing the risk for thrombosis or whether the activation levels of
the stagnating particles are more relevant. Indeed, the smallest amount
of stagnating particles in the neo-sinus of the THVT model was found to
have significantly higher activation levels compared to any other group
with +29.1% for THVT without neo-sinus, +24.0% in the native sinus
of THVT with neo-sinus and even +80.2% for the control. Although
fewer particles are stagnating in the sinus of the THVT models, the
larger aorta seems to lead to higher activation levels of stagnating
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particles than for the normal aorta. Our findings of a larger aorta
increasing the risk for thrombosis are consistent with a recent study
by Oks et al. [27]. Here, the model with the largest STJ diameter
leads to the highest residence time of flow in the sinus portion as
well as increased platelet stress accumulation compared to smaller
STJ diameters. The observation of higher risk of potential thrombus
formation in a configuration with neo-sinus (TAV) compared to one
without (surgical aortic valve) is in line with clinical reports stating a
higher likelihood of leaflet thrombosis in TAV patients (up to 35% [2,6–
9]) than patients with surgical valve prostheses (up to 4.0% [37,38]).
Significantly higher platelet activation levels for particles stagnating in
the neo-sinus could also provide an explanation for the occurrence of
thrombi particularly in the neo-sinus region [5,8,39].

In [29], we proposed first hypotheses on the relation between
thrombus formation and a larger aortic root based on mean flow pat-
terns. Lower backflow velocities, higher backflow rate and less motion
in the sinus were suggesting a lower sinus washout rate. In combination
with higher turbulent dissipation rate in the AAo, we postulated that
the combination of platelet activation in the AAo and flow stagnation
in the sinus promotes thrombosis formation in larger aortas. In this cur-
rent study, we confirmed these hypotheses by quantitative Lagrangian
data showing less efficient sinus washout and higher platelet activation
levels for stagnating particles in larger aortas of THVT patients.

Limitations

The computational study is limited by the idealized generic aor-
tic root configuration excluding large variations in individual patient
morphology. However, by choosing the parameterization values of the
ascending aorta according to our previously conducted pilot study
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based on patient data [29], we ensure the physiological plausibility
of the applied geometries. Moreover, parameterized generic configu-
rations allow the systematic study of particular aortic root features on
the flow field as in this case, aortic diameters.

In this study, only systolic acceleration towards peak systole was
simulated. We consider this phase of the cardiac cycle most relevant
when assessing platelet activation, because highest values of viscous
shear stresses and highest intensity of turbulent fluctuations are ob-
served in the AAo during peak systole. Nevertheless, it may be helpful
to extend the present study also to the diastolic phase which may show
additional particle stagnation.

The lack of coronary flow and coronaries in the performed FSI study
is expected to change the flow in the sinus portions. However, several
studies found less flow along the sinus base and a higher proneness to
stagnation for the non-coronary cusp [40,41]. Therefore, results of this
study might underestimate the actual sinus washout in an aortic root
with coronaries.

5. Conclusions

The occurrence of high shear stresses in the ascending aorta was
comparable between both normal (control) and larger aorta (THVT)
as well as configurations with and without neo-sinus. However, La-
grangian particle tracing revealed a lower washout efficiency in the
larger aortic root of THVT patients. Although fewer particles stag-
nated in the sinus of the THVT model, platelet activation indices were
significantly higher for stagnating particles in the native sinus and
especially high for particles stagnating in the neo-sinus of the larger
aortic root. These observations could provide an explanation for (a)
a higher occurrence of thrombus formation in transcatheter valves
compared to surgical valves without neo-sinus and (b) the aortic side
of the leaflet in the neo-sinus as the prevalent region for thrombi.

During the pre-procedural CT scan, aortic diameters are measured
routinely to plan the intervention. With the knowledge gained from
our findings, these measurements could help to identify patients at
higher thrombosis risk before the actual procedure. After surgery, the
awareness of possibly higher thrombosis risk facilitates the choice of
a suitable anti-coagulation scheme. However, a wider range of aortic
diameters should be evaluated to extend our understanding of blood
flow patterns which is presently limited to two specific geometrical pa-
rameter sets representing patients with and without THVT. This way, a
specific threshold above which a patient may be subjected to increased
thrombosis risk can be identified, improving clinical guidelines and
supporting clinicians in their pre- and post-surgical decision-making.
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