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Abstract. Left atrial appendage occlusion devices (LAAO) are a feasi-
ble alternative for non-valvular atrial fibrillation (AF) patients at high
risk of thromboembolic stroke and contraindication to antithrombotic
therapies. However, optimal LAAO device configurations (i.e., size, type,
location) remain unstandardized due to the large anatomical variabil-
ity of the left atrial appendage (LAA) morphology, leading to a 4-6%
incidence of device-related thrombus (DRT). In-silico simulations can
be used to estimate the risk of DRT and identify the critical param-
eters, such as suboptimal device positioning. However, simulation out-
comes depend a lot on a series of modelling assumptions such as blood
behaviour. Therefore, in this work, we present fluid simulations results
computed on two patient-specific LA geometries, using two different com-
mercially available LAAO devices, located in two positions: 1) mimick-
ing the real post-LAAO intervention configuration; and 2) an improved
one better covering the pulmonary ridge for DRT prevention. Different
blood modeling strategies were also tested. The results show flow re-
circulations at low velocities with significant platelet accumulation in
LAA-deep device positioning uncovering the pulmonary ridge, poten-
tially leading to thrombus formation. In addition, assuming Newtonian
blood behaviour may result in an overestimation of DRT risk.

Keywords: Left atrial appendage occlusion - Blood behaviour -
Platelet adhesion - Device related thrombus - In-silico fluid simulations

1 Introduction

Atrial fibrillation (AF) is a life-threatening condition with stroke prevention as
a cornerstone of its clinical management. Among AF patients, >90% AF-related
strokes develop in the ear-shaped and highly trabeculated cavity called the left
atrial appendage (LAA) [4]. Although anticoagulation therapy is the first-line
treatment, the non-negligible number (>50%) of non-valvular AF patients with
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anticoagulants contraindications, along with the increasing incidence of the AF
population, creates the unmet need to reduce the risk of stroke [9]. In the past
decade, left atrial appendage occlusion (LAAQO) has emanated with a poten-
tial role for stroke prevention. However, an effective LAAO device implantation
requires a high level of expertise from clinicians, as the shape and size of the
LAA can greatly vary. Therefore, device settings (e.g., design, size, position)
must be accordingly tailored to avoid unusual events at follow-up such as device
embolization, peri-device leaks, or device-related thrombus (DRT), due to sub-
optimal device characteristics selection. Of these, thrombus formation on device
surface, DRT, is the major concern of LAAO with a documented incidence of
4-6% [2]. The DRT mechanism appears to be a multifactorial process enrolling
abnormal hemodynamic patterns related to the clinical patient characteristics
(e.g., age, comorbidities), postoperative complications (e.g., incomplete device
endothelialization, effusion), or deep-device-LAA implantation; recently corre-
lated as a DRT-independent predictor [3,5].

Transesophageal echocardiography (TEE) is the most commonly used imag-
ing technique for LA/LAA morphological and hemodynamic (Doppler echocar-
diography) analysis, but the spatial and time resolution limitations may hinder
the hemodynamic interpretations or measurements for device selection and con-
sequently, DRT assessment. Cardiac computed tomography (CCT) modality or
pre-planning tools (e.g., FEOps HeartGuide [17], 3mensio [10], VIDAA plat-
form [1]) can provide accurate morphological estimations and recommend better
device settings, albeit disregarding the importance of blood flow patterns. Alter-
natively, in-silico flow simulations are an emerging powerful concept for the pre-
vention of DRT that can help understand the morphology of LA/LAA and the
complex characterization of blood flow. Multiple computational fluid dynamics
(CFD) studies (see [15] for a recent literature review) have been published on the
hemodynamics representation of the LA in patients with AF [6,7,14], including
thrombus models with discrete phase methods (DPM) [23], and more recently,
rheological characterization of blood with non-Newtonian approaches [8]. How-
ever, only a few investigations have incorporated the occlusion procedure. Some
studies have focused on blood flow behavior in several device configurations [1].
Others have also added particles to mimic platelet adhesion to the surface of the
device [19], and more advanced ones explore the mechanical properties of the
devices for optimal in-silico representation of deployment [26].

Accordingly, the main goal of this work was to identify the impact of device
configuration (type, size, position) in DRT risk post-LAAO intervention on
two patient-specific geometries with DRT in follow-up scans with the result-
ing in-silico haemodynamic analysis. The most common commercialized devices
(Amplatzer Amulet from Abbott Vascular, USA; and Watchman from Boston
Scientific, USA) were virtually implanted in the real post-LAAO device settings
and other proposed improved configurations for DRT prevention. Rheological
blood variations and platelet concentrations were also tested.
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2 Material and Methods

2.1 Clinical Data

Patient-specific 3D left atria geometries were extracted in Slicer 4.11' from the
manually obtained binary mask segmentations of the retrospective pre- and post-
occlusion computed tomography (CT) images provided by ANONYMOUS. The
six-month follow-up CT scan showed the presence of a device-related thrombus in
both of the cases analysed. Cardiac CT studies were performed on a 64-slice dual
source CT system (Siemens Definition, Siemens Medical Systems, Forchheim,
Germany) and then reconstructed into isotropic voxel sizes (0.37-0.5 mm range;
512 x 512 x [270-403] slices) after approval from the ethical committee and
informed consent of the patient.

2.2 Occluder Device Configurations and 3D Model Generation
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Fig. 1. Modeling pipeline of several device deployments in each of the patients. LAAO:
Left atrial appendage occlusion; CT: computed tomography; PR:pulmonary ridge.

Two device positioning were defined for each patient. First, the real location
of the LAAO device had to be extracted. To achieve that, apart from the pre-
and post-CT LA geometries, the LAAO device was manually segmented in the
post-CT images (Fig. 1 segmentation). Then, a fiducial registration from Mesh-
lab v2021-072 was employed between pre- and post-LAAO meshes to place the
CT segmented device in the pre-oclusion mesh (Fig. 1 registration). Finally, the
segmented device and the pre-CT LA mesh were together uploaded into the web-
based VIDAA platform [1] to simulate the device deployment with computer-
aided design (CAD) models of the most used occluders; the plug type Watchman
and the pacifier type Amplatzer Amulet. The device segmentation allows the
identification of the device’s size, type, and location from the post-CT images,
which is then used for the selection of the CAD model of the device to deploy in

! https://www.slicer.org/.
2 http://www.meshlab.net.
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the pre-CT LA geometry. In both analysed patients, clinicians ended up implant-
ing the devices quite deep in the LAA, i.e., uncovering the pulmonary ridge
(lateral fold formed by the coalescence of the LAA and the Left Superior Pul-
monary Vein (LSPV); therefore, a second device positioning, closer to the ostium
(interface between LA main cavity and the LAA) and covering the pulmonary
ridge, was also evaluated. For this second configuration, the recommended LAAO
device size was estimated within the VIDAA platform based on anatomical mea-
surements following the guidelines provided by device manufacturers [13]. Both
device designs (e.g., plug and pacifier devices) were implanted in each patient to
test their performance. For Patient 1, both plug type device configurations (the
real and the second proposed configuration) were mimicked with the pacifier
type device. In Patient 2, the paficier was the starting device. The result was
four configurations per patient (see Fig. 1).

To solve the fluid domain, tetrahedral volumetric meshes of 12 x 10° elements
were generated in Gmsh 4.8.4 with the LAAO devices deployed and LA geom-
etry downloaded from VIDAA. Mesh resolution follows the request proposed by
[11], and sensitivities studies [15,20] in the field.

2.3 Computational Fluid Dynamic Simulations

Boundary Conditions and Setup of Simulations: Generic clinical mea-
surements collected from a patient with AF were imposed to define the bound-
ary conditions. Catheter pressure data and echo Doppler velocity profile were
defined in the pulmonary veins and mitral valve, respectively, based on sensi-
tivity analyses on LA-based fluid models [15]. Moreover, LA wall motion was
included through a passive mitral valve annulus motion function from a half-
scaled version of Veronesi et al. [21]. Then, a spring-based dynamic solution of
the CFD solver was employed to ensure motion diffusion through the LA wall
geometry. The model setup also included three boundary layers of 0.0001 mm
thickness. Two cardiac cycles were simulated in 176 steps per beat with a time-
step of 0.01s, according to the patients heart rate (HR). In-silico studies were
performed within the fluid flow solver Ansys Fluent 2022 (ANSYS Inc, USA).

Modelling Strategies for Rheological Variations: The different approaches
to test the blood rheological scenarios were the following: i) the assumption of
blood as a homogeneous and incompressible Newtonian fluid [6,16] with con-
stant 1060 kg kg/m3 density and 0.0035 Pa Pa/s viscosity; and ii) a Carreau
model defining a non-Newtonian approach [7], where the viscosity is a function
dependent on the shear rate. The dynamic viscosity behavior in Carreau’s model
is described by the following equation:

1= Moo + (M0 — Noo)[1 +¥*AZ] 7D/ (1)
where A as time constant, n the power-law index, 79 the zero shear viscosity
and 7)o, the infinite shear one. The values, pg = 0.056 Pa- s, ps = 0.0035Pa

3 http://gmsh.info.
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Pa- s, A = 1.902s, n = 0.3568, were implemented from [25] to model the blood
conditions.

Platelet Adhesion Model: Similar to Planas et al. [19], a first approximation
of a thrombus model based on a discrete phase modeling (DPM) was combined
with the continuous phase (blood flow). The DPM was coupled within the CFD
solver to interact with the fluid flow and complement the DRT risk estimation. A
given number of particles representing clusters of platelets were injected through
the pulmonary veins during the initial 10 time steps of each beat of the cardiac
cycles. The number of platelets per injection nyi: = ¢, - Vo4, particle diameter
dp, LA volume (V4), and total flow rate @, were calculated accordingly for each
patient. To do so, values such as particle density (p, = 1550 kg m~?), molecular
viscosity (1,), surface tension (,), and blood platelet concentration (c, = 2-108
mL~1!) were assumed under physiological conditions®.

du, u—u
my = my L 4 F. 2)

Tr

where u represents the fluid velocity, m, the particle mass, u, the particle veloc-
ity, p the fluid density and the term m,, (u — u,) /7, the drag force. The term, F,
describe the Saffman’s lift force [12]. The inclusion of the DPM interaction in the
CFD solver reported a slight difference in the LAA ostium average velocities in
comparison to the cases only with the continuous domain solution. Nevertheless,
due to the personalized characteristics of the particles, the influence of DPM on
flow behavior was negligible. The platelets adhesion model defines the worst-case
DRT scenario, in which all particles touching the LAA under certain conditions
are adhered by the wall-film constraint imposed on the entire endothelial LAA
wall. In platelets, the assumption of no division after their collision has been
made, so there is no particle splashing. The O’Rourke [18] separation model
with an angle of 90° is also taken into account. The number and location of
platelets were used to estimate the risk of thrombus formation.

2.4 Hemodynamic Indices

Average velocities, the simulated blood flow patterns, and the endothelial cell
activation potential (ECAP) were assessed on the device surface at key instants
in the cardiac cycle. The § viscosity metric (0yise. = nonNewt.yise. — Newt.yise.)
was incorporated to define the viscosity differences between non-Newtonian and
Newtonian regimes. Additionally, the number of wall-adhered platelets was com-
puted at the end of the simulation. All indices were calculated on the second
cardiac beat to avoid convergence problems.

3 Results

The device configurations with the covered pulmonary ridge shown in Fig. 3
(third and fifth row) provided higher velocities without re-circulations patterns

4 https://bionumbers.hms.harvard.edu/search.aspx.
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in the surrounding areas near the device surface. The presence of mean velocities
below 0.2 m/s during atrial systole and sustained in diastole (t = 0.6s) were only
present in real LAAO positionings, which could indicate a higher risk of DRT,
compared to the devices covering the PR. No significant differences were found
between device types. However, the assumption of Newtonian models showed
higher velocities compared to the non-Newtonian strategy (Fig.3 black block).

High risk of coagulability is associated with the increase of number of wall-
adhered platelets, commonly located in the pulmonary ridge region with deep-
LAA positioning (Fig. 3 first, second and forth row). Moreover, susceptible areas
with platelet accumulation were also seen in the plug type device even in the
covered location due to the space left by the device surface curvature with the
LAA endothelial wall. In contrast, the disk of the pacifier device allowed a better
dispersion of the adhered platelets. Under the Newtonian regime, the highest
deposition occurred in the plug device, with almost 20% of the platelets injected
attached (Fig.3 first row).

The ECAP maps in Fig.3 (last column) display low values achieved for the
pacifier device on both configurations (i.e., lowest risk of thrombus formation)
due to the higher blood flow velocity values. Meanwhile, indistinctively of the
location, the plug device obtained regions with ECAP values higher >1.5, espe-
cially the uncovered location where the regions with the peak values matched
the low velocities seen in the streamline calculation.
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Fig. 2. Impact of viscosity changes on platelet accumulation near the device surface for
real left atrial appendage (LAAO) occlusion and improved configuration covering the
pulmonary ridge throughout the cardiac cycle with the different rheological strategies
tested in Patient 1. Blue color represents the dynamic behavior of the § viscosity
(non-Newtonian viscosity - Newtonian viscosity) and the red color, the accumulation
of platelets adhered to the wall. The gray line delimits the systolic (t = 0-0.3s) and
diastolic phases (t = 0.31-0.655s). (Color figure online)

Finally, quantitative and temporal variations of blood viscosity in the device
area can be seen in Fig. 2, showing higher viscosities in uncovered PR configu-
rations within the LAA due to lower velocities than configurations proximal to
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Fig. 3. Patient 1: The first two columns show the simulated blood flow patterns in the
left atria (LA) in early- (t = 0.35s) and late- (t = 0.6s) diastole evaluated with var-
ious configurations of occluder devices. The third column corresponds to the platelet
adhesion model at the end of the cardiac cycle (t = 0.89s) and, the last column rep-
resents the endothelial cell activation potential (ECAP) values of the endothelial wall
of the appendage near the device surface by cutting at the level of the LAA ostium. A
frontal view of the device’s surface is shown in white. The black rectangle highlights the
comparison between Newtonian and non-Newtonian models in the real LAAO configu-
ration. The black arrows indicate re-circulation at low velocities, platelet accumulation,
and high ECAP values on the device surface.
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the location of the LAA ostium. In the non-Newtonian approach, the systolic
phase displayed higher viscosities. Moreover, significant differences in platelet
accumulation were evident in blood behavior models, with the Newtonian mod-
els exhibiting the highest platelet accumulation. Non-Newtonian models showed
a rise in platelet accumulation coinciding with the E-wave in the diastolic phase,
whereas Newtonian models exhibited an exponential increase prior to the open-
ing of the mitral valve and a relatively maintained concentration throughout the
cardiac cycle. Similar conclusions were obtained in Patient 2.

4 Discussion and Conclusions

The modeling of pathophysiological factors underlying thrombus formation with
computational fluid simulations is not an easy endeavor. Moreover, the credibility
of the in-silico models requires personalization and verification as a standardiza-
tion process inside the V&V40 guidelines [22]. Hence, it is essential to compare
models with different LA-based modeling choices to achieve best practices.

The clinical records of the patients analyzed reported a DRT post-
intervention. A correct assessment and pathology interpretation requires a
parameter combination following Virchow’s triad [24]. In the present study, the
primary drivers of blood stasis, hypercoagulability, and endothelial injury have
been illustrated in a number of virtually implanted configurations that are not
frequently reported in the literature. In addition, the virtual web-based platform
VIDAA [1] has been employed to create different virtual occlusion configurations.
The utilization of a platform such as VIDAA facilitates decision-making and
leads to the attainment of an optimal configuration, thus minimizing instances
of DRT. In our experiments, the deployment of all devices adhered to clinical
standards and experimental data that lead to a satisfactory procedure.

Recent clinical studies [2] indicate a slightly better performance in DRT
rates after intervention with the pacifier device compared to the plug, which is
consistent with the hemodynamic results obtained from the simulation analy-
sis. Lower velocities with re-circulations patterns were detected at the edges of
the plug device, particularly in configurations where the device was positioned
deeply. The performance of both devices improved when the pulmonary ridge
was covered. This supports the conclusion of Freixa et al. [5] that such an app-
roach may reduce the incidence of DRT. However, the presence of high ECAP
values and some complex flow in the plug device even in the covered configura-
tion suggest that device shape has a potential role in blood stasis. Moreover, a
proximal location may not be always feasible, as it may lead to improper device
compression or insufficient endothelization, rising the risk to suffer a mitral valve
leaf’s intersection (with the pacifier disk) or device embolization.

Previous studies in modeling fluid flow in atrial fibrillation (AF) have largely
relied on the assumption of Newtonian rheology. However, Gonzalo et al. [§]
recently discovered that this assumption led to an overestimation of the hyperco-
agulability state in AF patients. The current study concurs with these findings,
revealing that variations in blood rheology significantly influence the platelet
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adhesion model. The results indicate that there is a correlation between the
amount of platelets adhered and increases in flow velocity, with this relationship
being especially pronounced in the Newtonian approach (Fig.2).

In the present study, the benefits of using real post-LAAO configurations in
conjunction with non-Newtonian models for DRT stratification in fluid simula-
tions were acknowledged. However, certain assumptions were made regarding the
device placement (only the metallic structure was segmented in the plug device),
CAD models, and the lack of patient-specific boundary conditions. To improve
the realism of the models, further exploration is needed, such as incorporating
shear stress in the platelet adhesion or using agent-based models.
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