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ARTICLE INFO ABSTRACT

Keywords: Background: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, affecting
Atrial fibrillation ' over 1% of the population. It is usually triggered by irregular electrical impulses that cause the
Universal left atrial appendage coordinates atria to contract irregularly and ineffectively. It increases blood stasis and the risk of thrombus

Computational fluid dynamics
Atrial morphing

Atrial modeling

Proper orthogonal decomposition

formation within the left atrial appendage (LAA) and aggravates adverse atrial remodeling.
Despite recent efforts, LAA flow patterns representative of AF conditions and their association
with LAA stasis remain poorly characterized.

Aim: To develop reduced-order data-driven models of LAA flow patterns during atrial remodeling
in order to uncover flow disturbances concurrent with LAA stasis that could add granularity to
clinical decision criteria.

Methods: We combined a geometric data augmentation process with projection of results from
180 CFD atrial simulations on a universal LAA coordinate (ULAAC) system. The projection
approach enhances data visualization and facilitates direct comparison between different
anatomical and functional states. ULAAC projections were used as input for a proper orthogonal
decomposition (POD) algorithm to build reduced-order models of hemodynamic metrics,
extracting flow characteristics associated with AF and non-AF anatomies.

Results: We verified that the ULAAC system provides an adequate representation to visualize data
distributions on the LAA surface and to build POD-based reduced-order models. These models
revealed significant differences in LAA flow patterns for atrial geometries that underwent adverse
atrial remodeling and experienced elevated blood stasis. Together with anatomical morphing-
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restricted our analysis to the first four POD modes because they represent more than 90% of the variance of TAWSS, OSI, and ECAP.
The POD eigenvectors describe the spatial organization of the hemodynamic fields, whereas the eigenvalues measure the weight of
each mode. Regarding the TAWSS, these weights tend to cluster near zero for AF anatomies, especially those with large LAA stagnant
volume, implying that the overall magnitude of TAWSS is lower throughout the appendage in these cases. The OSI eigenvalues show
less clear segregation, although there is a palpable trend for mode 2 to have higher positive weights in AF anatomies with significant
LAA stasis. The spatial organization of this mode shows positive values along the LAA tip line and negative values along the ostium.
Lastly, for the ECAP eigenvalues, there is an appreciable trend for mode 1 to have higher weights in AF volumes with high stagnant
volumes. Similarly to TAWSS eigenvalues, AF and non-AF anatomies tend to cluster together. Overall, the TAWSS and OSI POD data
imply that LAA blood stasis is more likely in appendages with low wall shear stresses, especially in those where stresses oscillate
significantly near the LAA tip [19,70].

4.1. Limitations and future work

We simulate flow through rigid atria to reflect impaired wall kinetics associated with AF. Fixed-wall CFD simulations of LA flow
differ significantly from moving-wall simulations in normal atria and less substantially in atria with impaired function [21,24]. Thus,
our non-AF simulations should represent normal LA anatomy but not normal LA function. Although this is a limitation, we believe this
is an acceptable compromise for this study, since considering fixed walls allows the dissecting of geometrical and functional effects
of atrial remodeling, providing information on the determinants of LAA stasis. We believe that the non-AF anatomy simulations
provide valuable data by capturing the geometry of the atrium before adverse remodeling occurs. In addition, running fixed-wall
simulations considerably reduces the cost of segmenting and meshing CT images, rigging, and morphing and allows CFD simulations
to run faster. These simplifications allowed us to reach a total number of 180 simulations, which is significantly higher than most
previous CFD studies of LA hemodynamics, allowing the evaluation of dimensionality reduction techniques.

No MV model was considered in the atrium outflow, similar to most previous CFD investigations of the LAA flow. This choice
is justified by simulations of the whole left heart [11], suggesting that MV leaflet movement has little effect on LA flow patterns
and, therefore, on LAA washing. Similarly, the inflow for all simulations was based on a patient-specific AF profile, which limited
the patient-specificity of the analysis but allowed us to isolate the effect of the flow profile from the atrial remodeling effects.
Furthermore, we imposed equal flow rates at the four PV atrial inlets. Although LAA stasis has been shown to vary with PV flow
rate split, particularly in patients with AF [25], the even flow split approximation is widely used when patient-specific data on this
parameter are not available [15]. Keeping the flow split and other patient-specific parameters constant throughout our simulations
(wall kinetics, blood viscosity, heart rate, PV orientations, etc.) allowed us to isolate the effects of specific variables on LAA stasis.
We also assumed blood to behave as a Newtonian fluid, even if non-Newtonian effects could be significant in LAAs with low shear
stress and stasis [31,52].

Regarding the generative methodology based on anatomical rigging and morphing, future efforts will address user dependence by
fully automating the definition of the bones, which may be achieved via skeletonization. Regarding the proposed ULAAC method, we
are currently working to extend the parameterization to 3D/4D parameters, such as blood velocities and vortex dynamics, that could
be relevant for characterizing LAA stasis behavior. Extending to time can be done by performing spatiotemporal POD [71] while 3D
POD is trivial once a 3D ULAAC system is available.

Despite leveraging a relatively large database of CFD models, the baseline patient-specific segmentations for these models come
from only 6 subjects varying only one parameter at a time and constituting only a small sample among all possible LAA/LA mor-
phologies. Our results show that the 30 simulations of each patient tend to cluster together in the POD eigenvalue space, especially
for TAWSS and ECAP, suggesting that these simulations are not independent. Consequently, this work should be viewed as a first
effort toward applying modal decomposition to hemodynamic metrics to identify and interpret the determinants of LAA thrombosis,
rather than as an exhaustive demonstration of this idea. More atrial geometries are needed to confirm and generalize the results
obtained here and to fully characterize how atrial remodeling affects LAA stasis, with the exciting possibility to study additional
parameters such as the LAA bending angle [67]. Despite these limitations, the notion that hemodynamic metrics of each patient
leave a distinct low-dimensional footprint that withstands variations in geometrical parameters and cardiac output is compelling
and deserves further investigation. Moreover, combined with the flexibility of our rigging and morphing methods, reduced-order
modeling of hemodynamic metrics could shed light onto the key morphological parameters determining LAA stasis.
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