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SUMMARY

The left atrial appendage (LAA) is a complex and heterogeneous protruding structure of the left atrium
(LA). In atrial fibrillation (AF) patients, it is the location where 90% of the thrombi are formed. However,
the role of the LAA in thrombus formation is not fully known yet. The main goal of this work is to perform a
sensitivity analysis to identify the most relevant LA and LAA morphological parameters in atrial blood flow
dynamics. Simulations were run on synthetic ellipsoidal left atria models where different parameters were
individually studied: pulmonary veins (PV) and mitral valve (MV) dimensions; LAA shape; and LA volume.
Our computational analysis confirmed the relation between large LAA ostia with low blood flow velocities
and thrombus formation. Additionally, we found PV configuration exerted a critical influence on LAA blood
flow patterns. These findings contribute to a better understanding of the LAA structure and to the support of

clinical decisions for AF patients.
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1. INTRODUCTION

Around 70-90% of thrombi in non-valvular atrial fibrillation (AF) patients are formed in the left
atrial appendage (LAA), a protruding structure located in the left atrium [18, 30]. The LAA is
known to act as a decompression chamber during left ventricular systole and in periods of high
left atrial pressure [2]. Chronic atrial fibrillation (AF) causes rigidity on LA walls, preventing its
proper contraction [28]. Likewise, this condition alters normal left atrial haemodynamics and leads
to blood stagnation in the LAA, increasing the risk of thrombus formation [8, 5].

The most deleterious consequence regarding thrombus formation is the possibility of its
dislodging and liberation onto the circulatory system, as it may travel to the brain and cause
an embolic stroke. Oral anticoagulant treatments are initially considered for reducing the risk of
thrombus formation [27, 34]. Differently, the high number of patients with contraindications to
anticoagulant therapies, mainly due to high haemorrhagic risk, are subjected to a LAA physical
isolation [25]. The devices used for LAA closure have to cope with the highly heterogeneous
structural nature of the appendages for fulfilling their occluding function [16, 10]. However, due
to the LAA morphological heterogeneity and the difficulty in acquiring LA haemodynamics data,
the LAA role and importance in LA functionality remains uncertain. Therefore, the consequences
of its occlusion are not fully understood and controlled, which may lead to possible unknown
physiological sequelae.

Left atrial appendages are characterized by a high patient-specific geometrical variability [13, 4].
Using necropsy synthetic resin cast, Ernst et al. [7] analyzed 220 LAA morphologies and reported
variations of: LAA volume between 0.7 — 19.2 mL; for maximum ostium diameter between 10 — 40
mm; and length ranging from 16 — 51 mm. Advanced imaging techniques such as Computational
Tomography (CT) or 3D Rotational Angiography (3DRA) provide accurate 3D reconstructions of
LAA geometries. Researchers have proposed to classify them into four different types of shapes [5]:
chicken wing, windsock, cactus or cauliflower. It was recently reported that patients with non-
chicken wing LAA morphology were more prone to undergo thromboembolic events than those
with chicken wing LAA type [18, 5]. However, this morphological classification is based on indices
that are not always well defined and reproducible such as the notion of dominant/secondary lobes
or structural complexity; in consequence it is often difficult to reach a consensus about the different
categories. Furthermore, relevant structural information around the LAA such as pulmonary vein
configuration and LA volume are never considered. Therefore, the relationship between LAA

morphology and stroke is still controversial.

*Abbreviations: LA, Left Atrium; LAA, Left Atrial Appendage; ECAP, Endothelial Cell Activation; 3DRA, 3D
Rotational Angiography



The influence of LAA haemodynamics on thrombus formation has been studied by many
researchers [5, 21, 3]. The main factors causing thromboembolic events are described by Virchow’s
triad [28]: hypercoagulability, haemodynamic changes, and endothelial injury dysfunction.
Therefore, a decrease in fluid velocity within the LAA is directly related to an increased
risk of thrombus formation. Blood flow information is usually measured from Transesophageal
Echocardiographic (TEE) images (including Doppler acquisitions) before and after LAA occlusion
interventions to plan and evaluate the correct positioning of the device. However, they only provide
partial flow data on a plane or a given point of view. Several studies [3, 8, 11] suggest that among
patients with AF, subgroups with low LAA flow velocities are associated with a higher risk of
stroke and the presence of spontaneous echocardiographic contrast (j 0.4 m/s) and even with the
identification of thrombus within the LAA and a higher incidence of thromboembolic events (; 0.2
m/s). Nevertheless, this velocity-based parameter, measured in one point in space (LAA ostium)
and time (end diastole), constitutes a non-reproducible and too simple index for characterizing the
complex patterns of LAA haemodynamics. Detailed haemodynamic characterization is nowadays
possible using the novel 4D-flow Magnetic Resonance Imaging (MRI) technique [19, 6], yet it is
still in its infancy.

Computational modelling approaches simulating the physical and biological behavior of
physiological organs have been developed to comprehensively analyze blood flow characteristics and
predict thrombus formation in other regions of the human body. For instance, a 3D computational
fluid dynamic (CFD) study on abdominal aortic aneurisms [1] suggested that shear flow, spatially
and temporally determined, influenced endothelium activation, thus promoting thrombus formation.
A few number of papers [33, 29, 14, 24] can be found in literature with CFD studies of
LA/LAA configurations performed merely on synthetic geometries or in 1-2 patient-specific
geometries acquired with CT/MR imaging, but without jointly analyzing haemodynamic and
morphological indices to investigate the risk of thrombus formation. In previous preliminary
studies [23, 22] based on CFD simulations run on patient-specific LAA geometries, we found
that non-chicken-wing LAA morphologies were associated to indices linked to higher risk of
thrombus formation (e.g. flow vortices). In addition, the obtained results suggested the importance
of analyzing the whole atrial configuration (i.e. PV patterns, LA volume) together with different
LAA morphologies. However, the comparison among haemodynamics of different patient-specific
LA/LAA geometries is hampered by the great amount of varying morphological parameters
describing each geometry and influencing atrial blood flow. The aim of the present paper is to
perform a sensitivity analysis to assess the specific contribution of several morphological descriptors
in the haemodynamics of different artificially generated LA/LAA configurations and their potential

relation with thromboembolic events. The combined analysis of morphological descriptors with
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haemodynamics could shed light on the relevance of the LAA structure and its role in the

cardiovascular system.

2. MATERIALS AND METHODS

Patient-specific LA data was used as baseline for the design and creation of a sensitivity analysis
where several synthetic left atria were generated for the study of the influence of: PVs and MV
dimensions; LA volume; and LAA structure. The final synthetic dataset was composed of 36
different LA/LAA configurations. LA tetrahedral meshes were built with a modelling pipeline using
several Open-Source software: Gmsh T Autodesk MeshMixer ¥ and MeshLab . CFD simulations
over one cardiac cycle were obtained with the ANSYS Fluent (Academic Research CFD version)
solver. Post-processing of the CFD simulations results initially derived the following indices to
characterize blood flow patterns at each time step: Reynold number, pressure values, velocity vectors
(in different regions such as the mitral valve = MV, and the LAA), vorticity, wall shear stress
(WSS) and shear strain magnitudes. These parameters were posteriorly visualized with ParaView ¥
(5.2.0-RC3 version) for their further analysis and manipulation, including blood flow streamlines
and vorticity patterns. Additionally, more advanced haemodynamics descriptors related to thrombus
formation were estimated (using Matlab R2016b; The Mathworks, MS, USA) such as the time-
averaged WSS (TAWSS), the oscillatory shear index (OSI), the relative residence time (RTT) and the
endothelial cell activation potential (ECAP). All these haemodynamics descriptors were integrated
regionally for the LAA and the rest of the LAA independently. The 90th percentile of these parameter
values were taken for their posterior statistical analysis and comparison in the designed experiments

to evaluate the significance of each morphological descriptor under study.

2.1. Left atrial appendage meshes from imaging data

Patient-specific data was used as the starting point of the simulation pipeline (see Figure 1). Eleven
patients with paroxysmal atrial fibrillation from the OLV Hospital in Aalst, Belgium, were selected
for our study. The local ethical committee approved this study and informed consent was obtained
from every participant. All patients presented a low risk of thrombus formation according to the
clinically used CHADSVASC score (equal to zero or 1). 3D Rotational Angiography (3DRA)
images were acquired with an Innova 3D system (GE Healthcare, Chalfont St Giles, UK) and
Thttp://gmsh.info/

thttp://www.meshmixer.com/

Shttp://www.meshlab.net/
Thttps://www.paraview.org/
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Figure 1. Data processing for evaluation of LA and LAA morphologies and its haemodynamics descriptors
to predict the thrombus formation. The sensitive study focused on LAA morphologies and some parameters
of the ideal LA used in the creation different synthetic patient models.

Table I. Population-based statistics from imaging data guiding the generation of synthetic left atria (LA)
configurations. LAV: LA volume; PVs: pulmonary veins; MV: mitral valve. Levels and magnitude: low (L),
average (A) and high (H).

Levels and magnitude Combinations of Levels

Parameters Low (L) Avg(A) High () LL LA LH AL AA AH HL HA HH
LAV (mL) _ 121.1 170.6 2502 L L L A A A H H H
PVs (cm?) 122 1.95 3.05 L A H L A H L A H
MV (em?)  6.03 8.56 250 L A H L A H L A H

reconstructed with the scanner workstation, providing isotropic 3D images with 0.23 mm and 0.45
mm volumetric pixel size for 512 and 256 pixels per dimension, respectively. Segmentation of
LA/LAA was achieved with semi-automatic thresholding and region-growing algorithms available
at the scanner console. From the resulting binary masks, surface triangular-element meshes were
generated with the classical Marching Cubes method. A Taubin filter was applied (using Meshlab)

for smoothing the surface meshes while preserving the original volume.

2.2. Synthetic model of the left atria

From the study of the AF patient database we obtained atrial volumes and dimensions for their PVs
and MV. Using these measurements, we estimated their basic statistics using the maximum, average
and minimum population trends, obtaining three different levels for each variable. These values
were used for the creation of three synthetic ellipsoidal left atria, where PV and MV were manually
incorporated (using Meshmixer) following the spatial locations of a real LA case as a template
(Figure 2a). Combining these elements, we built a set of nine different LA configurations (see
Table I) that consistently enabled the analysis of their individual contribution to the overall model.

Out of the eleven patients, four different LAAs representing their large geometrical variability were
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Figure 2. a) Patient-specific model used as a reference to create the synthetic left atria (LA) model. the
ideal one including a realistic left atrial appendage (LAA). b-e) Synthetic LA integrated with four different
patient-specific LAA geometries.

chosen (Figure 2b-e). These appendages were placed and integrated into the synthetic ellipsoidal LA
models respecting the spatial relationships with respect to the PV and MV of the real LA template.
These configurations yielded 36 different LA/LAA synthetic models (see Table I), where in each
one of them only one morphological parameter was changing, which was required for the sensitivity
analysis of their specific contribution to atrial haemodynamics. Finally, tetrahedral volumetric
meshes were generated (using Gmsh) from each synthetic surface mesh for the subsequent CFD

simulations.

2.3. LAA shape descriptors

We estimated some simple shape descriptors to roughly characterize LAA geometries, inspired on
measurements used by clinicians to select the optimal dimensions of the LAAO devices, including:
the LAA volume and its number of lobes; the diameters (DMin, DMax) of the LAA neck/ostium; the
height (OsD) and area of the ostium (OsA), equivalent to the landing zone concept (where ideally
the LAAO devices should be implanted); a straight line length (H) estimating the depth of the LAA;
and HO0, which is the distance between the middle point of H and the further point of the LAA (i.e.

its apex). Figure 3 shows some of these measurements on a patient-specific LAA geometry.



Figure 3. Left atrial appendage (LAA) geometrical parameters: LAA height (H), LAA depth (Hp), maximum
and minimum ostium diameters (DMax, DMin, respectively) and depth (OsD).

2.4. Computational Fluid Dynamics model

Computational fluid dynamics (CFD) simulations were run on the 36 different synthetic models.
A first order implicit unsteady formulation was used for the solution of the momentum equations
in conjunction with a standard partial discretization for the pressure (under-relaxation factors set
by default to 0.3 and 0.7 for the pressure and momentum, respectively). Blood flow in the LA
was modeled using the incompressible Navier Stokes and continuity equations. Residuals of mass
and momentum conservation equations lower than 0.001 were considered as absolute convergence
criteria. Blood was modeled as an incompressible Newtonian fluid of density density = 1060kg/m?
[15]. The dynamic viscosity of blood in large vessels and the heart at normal physiological
conditions is = 0.0035Pa - s [15]. Simulations were run using a laminar flow hypothesis under
isothermal and non-gravitational effects. All walls were simulated rigid and with no-slip conditions,
replicating the worst case scenario in AF, without atrial wall contraction. The differential equations
were solved using a time-step d¢t = 0.01s. At the inlets of the left atrial model (i.e. the four PVs) a
time-varying pressure function was applied (see Figure 4) following clinical observations available
in Fernandez-Perez et al. [9]. At the outlet (i.e. the mitral valve, MV) a pressure of 8 mmHg [20]
was imposed during the ventricular diastolic phase. In ventricular systole, the MV is closed and was

simulated as a wall boundary. The systole phase lasted 0.4 s and the diastole phase lasted 0.65 s [9].

Table II. Advanced haemodynamic indices. TAWSS: time-averaged wall shear stress; OSI: Oscillatory shear
index; RTT: relative residence time; ECAP: endothelial cell activation potential.

TAWSS OSI ECAP RTT
T fWSSdt

+ [IWsSS|dt | 32 ks | [1—(2-0SI) - TAWSS] ™!
0 [ W SS|dt
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Figure 4. Left: boundary conditions applied to the mitral valve (MV, outlet), consisting in wall conditions

during left ventricle (LV) systole and pressure equal to 8 mmHg during diastole. Right: generic blood

velocities (u) waveform applied to the pulmonary veins (inlets) during the whole cardiac cycle. LAA: Left
Atrial Appendage.

2.5. Haemodynamic descriptors

Velocity streamlines of simulated flows were used to visualize fluid dynamics profiles and vorticity
information. Vortex structures were computed calculating the g-criterion [24], obtained using the
second invariant of the velocity gradient tensor, aiming at identifying regions with vortices since
they could be associated with thrombus formation. Furthermore, we estimated regional statistics
(e.g. average and standard deviation) of variables such as flow velocity, strain rate, wall shear
stress (WSS), pressure and local Reynolds number for the different LA/LAA configurations in the
sensitivity analysis. We also computed several parameters potentially related to the risk of thrombus
formation such as the time averaged wall shear stress (TAWSS), the oscillatory shear index (OSI),
the relative residence time (RRT) and the endothelial cell activation potential (ECAP), as can be
seen in Table II. The TAWSS captures the mechanobiological effects of the WSS in the LAA
wall: small values of WSS represent low flow velocities, which are related with blood stasis and
higher coagulation risk. The OSI is a nondimensional parameter that has been proved successful
in identifying atheroprone regions of human carotid bifurcation [1]. A maximum value of OSI
(0.5) corresponds to complex changes of blood flow patterns and can also be related with blood
coagulation [?]. The ECAP parameter, defined by Di Achille et al. [1], unifies both TAWSS and OSI
variables, being an interesting index highly related with the localization of thrombogenic areas: wall
regions exposed to both high OSI and low TAWSS would yield high ECAP values associated with

endothelial susceptibility and risk of thrombus formation risk. Finally, the relative residence time



Table III. Shape descriptors for patient-specific left atrial appendage (LAA) geometries. Dmax, Dmin:
maximum and minimum ostium diameters, respectively. OsA, OsD: ostium area and depth, respectively.
H and Hy: LAA height and depth, respectively.

Samples | Dmax Dmin OsA  OsD Hy H Lobes Volume
(mm) (mm) (em?) (mm) (mm) (mm) Lobes (mL)
Sample 1 | 31.5 246  6.08 3.0 399 212 3 16.95
Sample 2 | 24.5 162 3.12 4.8 31.6  18.0 7 8.66
Sample 3 | 329 238  6.15 8.0 358 195 0 14.77
Sample 4 | 329 224 579 3.0 323 198 5 13.42

(RRT) parameter proposed by Himburg et al. [12], combines WSS and OSI to reflect the residence

time of blood particles near the wall.

2.6. Sensitivity and statistical analysis

The sensitivity and statistical analysis was run on the 36 synthetic LA/LAA configurations that
combined the different morphological descriptors under study. Three different levels (average, avg;
maximum, max; minimum, min) were used for the LA volume and PVs-MV areas, as can be seen
in Table I). To reduce the number of results and combinations, we choose to simultaneously apply
the same level to PV and MV areas for each experiment. Therefore, the number of experiments
after the combination of these three variables was equal to 32 = 9 (see Table I). In addition, the
type of LAA morphology (i.e. the four different samples) was a qualitative variable that increased
the number of experiments to 36, nine different LA configurations for each LAA. The statistical
analysis was carried out using a multivariable ANOVA, estimating the main effect of LA/LAA shape
descriptors on the haemodynamics ones based on the statistically significant value (p < 0.05), after
Bonferroni estimation. Values used for the statistical analysis corresponded to the 90th percentile of
each haemodynamics variable, integrated over the LAA surfaces. These values meant that 10% of
LAA surface attained higher magnitudes than the 90th percentile one. Left atrial appendage ostium
velocities were consistently obtained for all points belonging to the same plane for all samples
(around 1 to 3 mm away from the interface between the LA and LAA); only the maximum velocity

value at end-diastole was kept for the subsequent statistical analysis.

3. RESULTS

In this section, shape and haemodynamic descriptors obtained in all experiments of the sensitivity
analysis will be described, focusing on the influence of LAA morphology and LA environment in

blood flow patterns.
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Figure 5. Mitral valve spatial average outflow velocity for different left atrial appendage (LAA) morphologies

(Sample 1-4) with the average dimensions (AA) of all remaining morphological parameters (pulmonary veins

and mitral valve areas, LA volume), including one case without LAA (LAAO) simulating its occlusion. As
a reference, the mitral valve inflow velocity pattern from Fernandez-Perez et al. [9] is also plotted.
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Figure 6. Average blood flow velocity in the ostium of the four different LAA morphologies (remaining
shape descriptors fixed to average values, AA). a) Systole; b) Diastole.

3.1. Shape descriptors

Table III gathers the shape descriptors estimated for the four chosen patient-specific LAA
geometries. Sample 2 had the lowest volume and the smallest dimensions in several parameters
(ostium dimensions, LAA distances), while having the largest number of lobes. Sample 1 had the
largest LAA volume and from the ostium to the apex lengths. Sample 3 was the smoothest (zero
lobes) and the one with the largest ostium depth (OsD). Three experts independently classified the
studied LAA morphologies into each one of the four classical categories (chicken wing, windsock,
cactus and cauliflower; see descriptions in Appendix 1). However, complete consensus was reached

just in one of them, Sample 4 in the cactus category. For the remaining LAA morphologies, we
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Figure 7. Vortex structures during systole and diastole in the timepoints reaching maximum velocity peaks.
Four samples in the times 0.23 s, 0.46 s and 1.03 s. The visualization of vortex were created computing the
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Figure 8. Endothelial cell activation potential (ECAP) index distribution map for different left atrial

appendage (LAA) morphologies (Sample 1-4) and pulmonary veins / mitral valve (PV-MV) experiments

(EXP). The first and second index of experiment notation indicate the magnitude of LA volume and PV-MV
dimensions, respectively. Levels and magnitude: low (L), average (A) and high (H).

obtained: Sample 1, 2/3 experts labelled it as windsock and one as cactus; Sample 2, 2/3 experts
labelled it as cauliflower and one as cactus; and Sample 3, each expert labelled it differentely as

cauliflower, chicken wing and windsock.
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Figure 9. Averaged values over all experiments of left atrial appendage (LAA) ostium blood flow velocities

(a,c) and endothelial cell activation potential (ECAP, b,d). Top row: influence of pulmonary vein size on the

three different LA volume (LAV) configurations. Bottom row: influence of LA volume for the four different
LAA morphologies.

3.2. Haemodynamics descriptors

3.2.1. Influence of LAA morphology on haemodynamics In the first experiments of the sensitivity
analysis the only varying morphological parameter was the LAA, fixing the remaining LA structures
(i.e. LA volume and PV-MV configuration). The mitral valve blood outflow profiles during diastole
in four experiments with the same LA configuration (average values, AA) and different LAA
morphologies, including one case without LAA (LAAO) to simulate its occlusion, are plotted in
Figure 5. As a reference, the mitral valve inflow velocity pattern obtained by Fernandez-Perez et
al. [9], from where PV boundary conditions were taken, is also shown. These patterns represent the
filling process of the left ventricle and can be related with gradient pressure and dysfunction of the
mitral valve. Figure 5 exposes the three phases of diastole in the LA: the E wave, a short low blood
flow period and the final atrial contraction. Sample 2 LAA morphology generated slightly lower
mitral valve flow peak velocities than the remaining ones, including the LAAO case. The E/A wave
values from these curves were: 2.20 for Sample 1; 2.23 for Sample 2; 2.14 for Sample 3 (the lowest);
2.26 for Sample 4; and 2.41 for synthetic LAAO (the highest). As a reference, the E/A wave value

obtained by Fernandez Perez from clinical experiments was 1.94, as seen in Figure 5.
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Table IV. Summary of haemodynamics descriptors for all sensitivity analysis configurations. Left atrial
appendage ostium velocity values under 0.20 m/s are emphasized since they are related to a higher risk
of thrombus formation. Levels and magnitude: low (L), average (A) and high (H). LAV: LA volume. PV:
pulmonary veins. MV: mitral valve. TAWSS: time-averaged wall shear stress; OSI: Oscillatory shear index;
RTT: relative residence time; ECAP: endothelial cell activation potential.

Samples Experiment Maximum velocity in Ostium | TAWSS OSI RRT ECAP
LAV PVMV (m/s) (Pa) ) (s) (Pa~lh)
Sample 1 L L 0.19 0.58 0.28 2833 240
L A 0.26 1.05 0.28 13.08 1.09
L H 0.50 2.24 025 4.88 0.40
A L 0.11 0.49 026 2689 222
A A 0.20 0.73 029 133 1.22
A H 0.39 1.73 026 4.76 0.43
H L 0.12 0.61 025 2422 2.02
H A 0.23 1.14 026 1138 0091
H H 0.45 2.06 0.27 5.09 0.47
Sample2 | L L 0.20 1.47 021 8.39 0.87
L A 0.23 2.40 024 3.69 0.40
L H 0.43 4.83 028 225 0.25
A L 0.10 1.27 020 823 0.77
A A 0.16 1.89 021  3.78 0.39
A H 0.43 4.72 024 1.84 0.20
H L 0.12 1.34 0.20 8.29 0.79
H A 0.22 2.48 022 3.67 0.39
H H 0.40 4.33 025 2.8 0.25
Sample3 | L L 0.17 0.50 032 3259 253
L A 0.29 1.08 0.33 16.67 1.65
L H 0.51 2.78 031 423 0.46
A L 0.18 0.68 030 3198 272
A A 0.26 1.22 032 1576 146
A H 0.43 2.36 030 4.62 0.46
H L 0.12 0.57 028 29.75 253
H A 0.27 1.36 030 1734 1.59
H H 0.45 2.77 027 4.63 0.43
Sample4 | L L 0.20 0.71 0.30 26.18 2.19
L A 0.27 1.50 031 1057 1.07
L H 0.43 2.75 0.30 3.90 0.41
A L 0.13 0.63 030 24.64 212
A A 0.20 0.88 0.28 9.89 0.93
A H 0.40 2.31 0.31 4.19 0.45
H L 0.13 0.65 028 2451 2.13
H A 0.22 1.20 028 12.12  1.18
H H 0.38 2.26 030 4.95 0.53

Figure 6 shows blood flow velocity traces in the LAA ostium for the experiments described above

(only varying LAA morphology), both in systole and diastole. The observed flow patterns followed

the same behaviour than the imposed inlet boundary condition in the pulmonary veins but there were

differences between the four LAA morphologies. In systole, Sample 2 and Sample 1 presented the

highest (0.32 m/s) and lowest (0.18 m/s) velocity peak values. Interestingly, Sample 2 and Sample

1 had the smallest and largest LAA ostium area, respectively. Nevertheless, flow velocities and

morphological descriptors do not hold a unique and linear relation, especially over time. Mitral valve

opening in diastole drives blood flow towards the LV through the MV, thus reducing blood volume
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penetrating the LAA and considerably changing flow behavior from systole, as it can be appreciated
in Figure 6. During diastole, Sample 2 was the LAA geometry that reached the lowest ostium
velocities (0.07 m/s). Nevertheless, the four LAA morphologies had LAA ostium peak velocities
in diastole below the threshold (< 0.2m/s)that is associated with a high risk of thrombus formation.

Given that during systole the MV is closed, blood flow did not exit the LA during this phase and
a great amount of blood entered the LAA, substantially more than during diastole, as can be seen in
Figure 7 7. This figure depicts vorticity maps for the experiments only varying LAA morphologies
(Sample 1-4) in timepoints within the cardiac cycle reaching maximum velocity peaks. The presence
of vortices within the LAA constitute an important haemodynamics characteristic since they are
found in regions with complex flows, thus with an increased risk of thrombus formation, in particular
when combined with low velocities (see videos in Appendix 2). Figure 7 also shows that during LA
filling (systole) the highest velocities appear inside the LAA. Later, during the passive LV filling
(diastole, 0.46s) highest velocities are found in the MV. Finally, in LA contraction (last part of
diastole) the number of vortices increased, appearing all over the atrial chamber. Sample 4 is the
LAA morphology with more vortices associated to low velocities during systole, suggesting a higher
risk for thrombus formation, comparing to the other LAA.

The reduced LAA blood flow, especially in diastole, induced low velocity and WSS magnitudes
that yielded low TAWSS and greater WSS vector deflection, increasing the OSI. Both events led to
increased ECAP and RRT values, thus increasing the risk of thrombus formation, in particular in
the most distant LAA regions (i.e. close to the apex), as can be seen in Figure 8. Moreover, LAA
morphologies with lobes attained extremely high ECAP values in these regions as they induced

complex flow patterns and were reached by scant blood flow.

3.2.2. Influence of LA environment on haemodynamics LAA 90th percentile values of the
haemodynamic descriptors (TAWSS, OSI, RTT, ECAP; see complete cumulative plot in Appendix
3 Figure 10; 11; 12; 13), together with peak velocities in LAA ostium are shown in Table IV.
Experiments with small PVs and MV areas (L in Table IV) were consistently associated with the
lowest LAA velocities, being below 0.2 m/s, thus with a high risk of thrombus formation [3].
These low velocity values in LAA ostium corresponded to high values of ECAP and RRT inside
the appendage. Values of RRT and ECAP were also influenced by the morphology and volume of
the LAA. For instance, Sample 2 attained the lowest values of RRT and ECAP, arguably due to its
smallest size and the small mechanical stimuli. This is in agreement to observations from Figure 8,
where Sample 1, 3 and 4 present larger regions with higher ECAP values (red in the figure) than
Sample 2. It can also be appreciated that the ECAP distribution did not seem linearly related to the

amount of secondary lobes (e.g. Sample 2 is the one having more lobes).
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Finally, Figure 9 shows the averaged values over all experiments of LAA ostium blood flow
velocities and ECAP values when only changing PV size for the three different LA volumes and
when only changing LA volume for the four different LAA morphologies. From the figure, we
can observe that PV size has a larger influence on LAA ostium velocities and ECAP values than
LA volume, confirming the importance of LA configuration to direct blood flow towards the LAA.

Figure 9 also shows a critical role of LAA morphology, especially in ECAP values.

4. DISCUSSION AND CONCLUSIONS

LAA thrombi pathogenesis has not been fully elucidated yet, due to the biological, physical and
anatomical complexity in this atrial structure. Despite the high percentage of thrombi formation
in the LAA of AF patients, the current existing data, mainly from medical images, relating LAA
morphology and blood flow with thrombi formation are too simplistic for evaluating the risk of
thromboembolic events in these patients. For elucidating this phenomenon, we have developed
a pipeline with 3D CFD simulations that estimates advanced haemodynamical characterization
indices that can be related to morphological descriptors. Furthermore, the developed sensitivity
analysis framework, generating tens of synthetic LA/LLAA configurations, enabled the individualized
study of the influence of each one of these morphological descriptors, something unachievable
with the analysis of complex clinical data. The present study evaluates the influence of LA and
LAA anatomical variations in blood flow patterns and their relation with thrombi formation. An
automatization of these measurements could lead to an improvement of LAAO devices selection and
to a prior determination of thrombus generation risk. Four different LAA morphologies were studied,
where experts could not reach a consensus on their assignment into the classical classification [5].
The difficulties for obtaining full agreement among experts/clinicians on this LAA morphological
classification suggest to be cautious when relating some morphologies (i.e. chicken wing) with a
reduced risk of thrombus formation. From a mechanical point of view, it makes sense that a smoother
and more regular LAA morphology should be associated with less complex blood flows and with
higher velocities. However, it is also as important to consider the LA configuration around the LAA
for a better morphological characterization. Our results point at the need of using a combination of
advanced morphological descriptors, including LA and LAA ones, rather than a classification for
determining the LAA coagulation risk [26].

Isolating the LAA influence from the rest of the LA variables it was observed that the LAA
ostium area (OsA) played a major role in regulating velocities within the appendage due to the

continuity and momentum conservation equations during systole. Lower OsA values yielded high
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velocities within the LAA, usually associated with a low risk of thrombus formation. Such was
the case of Sample 2, which exhibited the highest LAA velocities. Differently, Sample 3 had the
highest OsA and consequently the lowest velocities, this time associated with a higher risk of thrombi
formation. Lee et al. [17] recently proposed that ostium diameter and blood flow velocity were the
main parameters influencing thrombus formation. They suggested ostium areas higher than 3.5 cm?
and velocities less than 37 cm/s were under higher risk. They also proposed LAA orifice areas higher
than 4 e¢m? and velocities lower than 40 cm/s as independent stroke predictors. In terms of LAA
orifice area, we reached the same conclusion, given that Sample 2 (OsA = 3.12 em?) exhibited less
thrombogenic risk. However, the combinations of different factors is more relevant that the effect of
an individual parameter.

In addition, LAA volume also played an important role in regulating coagulation risk. Appendages
with lower LAA volume (e.g. Sample 2 and Sample 3) were less prone to exhibit high ECAP values
compared with those of higher volume, since high blood flow volume with high enough velocities
can reach all LAA regions in an homogeneous way. These results are in agreement with findings by
Yaghi et al. [31]; they showed that large left atrial volumes were associated with stroke risk, arising
stasis conditions attributed to rouleaux formation. Furthermore, some studies claimed that multi-
lobar atrial appendage morphology may favor blood stasis. Al-Saady et al. [2] suggested the long,
blind ended trabeculae pouch as potential candidates for blood stagnation. The number of lobes has
also been shown to be an independent risk factor for thrombus presence [32]. However, among the
LAAs in our study the one with seven lobes (Sample 2) attained the lowest blood coagulation risk
due to other factors (e.g. OsA and LAA volume), which have a direct influence on blood flow within
the appendage.

One of the most relevant findings from our sensitivity analysis is the critical role of the
pulmonary vein configuration, being the morphological parameter with more influence on LAA
haemodynamics. An increment in PV size, independently of the LAA morphology, is translated
into an increase in the incoming LA blood volume and, thus, flow velocity in the ostium, reducing
the risk of thrombus formation. LAA morphology influence was amplified with PV size. Velocity
magnitudes were directly related to blood volume-to-LA volume aspect ratio. When the LA volume
increased, ostium velocities decreased when PV dimensions were maintained. These results could
represent a change of paradigm in how risk of thrombus formation is studied with respect to the LAA
morphology and blood flow velocities; LA configuration including PV patterns should be taken into
account when analysing clinical data from AF patients for the assessment of the risk of thrombus
formation.

Future work will focused on a more detailed study of different PV patterns and its relation with

blood haemodynamics, as well as increasing the number of studied LAA to get enough statistical



17

power to draw more robust conclusions on the impact of LAA morphology in atrial blood flow and

the risk of thrombus formation.
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A. APPENDIX SECTION

A.l. Appendix 1: full description of morphological and haemodynamic indices for the four studied
LAA morphologies.

A.l.1. Sample 1 Sample 1 was the appendage with the highest volume, a relatively high OsA and
three lobes (Table 3). It presented an average MV output velocity profile (Figure 5). Its ostium
velocities during systole were the lowest and average low during diastole (Figure 6). Several vortex
structures were found within the appendage during systole with relatively high velocities and some
of them during diastole with low velocities distal to the ostium region (Figure 7). High ECAP value
regions were found next to apex regardless of the LA configuration (Figure 8). In LA conformations

with less thrombogenic tendency, ECAP distribution was maintained but with reduced magnitudes.

A.1.2. Sample 2 Sample 2 was the smallest appendage with seven lobes and a volume magnitude
half the value of Sample 1 (Table 3). Its MV outlet velocities (Figure 5), overall dimensions and
ostium area were the lowest. Consequently, ostium systolic velocities were the highest, whilst
diastolic the lowest (Figure 6). During systole, a high number of vortex structures were identified
all over the LAA with highest velocities than the other samples (Figure 7). In addition, it always
exhibited the lowest ECAP values compared with the rest of samples independently of its LA

configuration (Figure 8).

A.1.3. Sample 3 Sample 3 appendage had high volume, no lobes and the greatest OsA (Table 3).
MYV outlet velocities were similar to those of sample 1, 4 and LAAO (Figure 5). Ostium systolic
velocities were average whilst diastolic were the highest but not far from samples 1 and 4 (Figure 6).
Vorticities with high velocity values were identified during systole near the ostium and some near
the apex with lower velocities. During diastole, some vortex structures with low velocities originated

in the LAA, near the ostium region (Figure 7).

A.14. Sample 4 Sample 4 attained the highest ECAP values due to its high volume and OsA,
specially near the apex (Figure 8). This appendage also had the highest 90th percentile value,
meaning that high ECAP values had higher prevalence than in the rest of samples (Table 4). Sample
4 had five lobes and average volume and dimensions (Table 3). MV and ostium velocities were
average for both systole and diastole (Figure 5 and Figure 6). It was the appendage morphology
exhibiting the highest amount of low velocity vorticities during diastole (Figure 7). It attained high

ECAP values but with lower prevalence than sample 1 and 3 (Figure 8).
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A.2. Appendix 2: videos of vorticity maps in systolic and diastolic phases for each LAA

morphology.

Videos of dynamic vorticity maps in systolic and diastolic phases with average LA configuration

and for each LAA morphology, showing the time dependence of blood flow in the models.

A.3. Appendix 3: Cumulative Histogram for main haemodynamic descriptors for each LAA

10.

morphology.
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