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Background: A large majority of thrombi causing ischemic complications under atrial fibrillation (AF) originate in the left atrial appendage (LAA), an anatomical structure departing from the left atrium, characterized by a large morphological variability between individuals. This work analyses the hemodynamics simulated for different patient-specific models of LAA by means of computational fluid–structure interaction studies, modeling the effect of the changes in contractility and shape resulting from AF.

Methods: Three operating conditions were analyzed: sinus rhythm, acute atrial fibrillation, and chronic atrial fibrillation. These were simulated on four patient-specific LAA morphologies, each associated with one of the main morphological variants identified from the common classification: chicken wing, cactus, windsock, and cauliflower. Active contractility of the wall muscle was calibrated on the basis of clinical evaluations of the filling and emptying volumes, and boundary conditions were imposed on the fluid to replicate physiological and pathological atrial pressures, typical of the various operating conditions.

Results: The LAA volume and shear strain rates were analyzed over time and space for the different models. Globally, under AF conditions, all models were well aligned in terms of shear strain rate values and predicted levels of risk. Regions of low shear rate, typically associated with a higher risk of a clot, appeared to be promoted by sudden bends and focused at the trabecule and the lobes. These become substantially more pronounced and extended with AF, especially under acute conditions.

Conclusion: This work clarifies the role of active and passive contraction on the healthy hemodynamics in the LAA, analyzing the hemodynamic effect of AF that promotes clot formation. The study indicates that local LAA topological features are more directly associated with a thromboembolic risk than the global shape of the appendage, suggesting that more effective classification criteria should be identified.
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INTRODUCTION

The risk of clot formation, ischemic events, and their neurological consequences (1, 2) increase significantly with the pathological condition of atrial fibrillation (AF), a cardiac arrhythmia characterized by irregular electrical activity due to the presence of multiple trigger points on the atrial surface. Although the pathogenesis is still unknown, a vast majority of intracardiac thrombi detected in patients with AF were observed in the left atrial appendage (LAA) (3). This is an anatomical structure departing from the left atrium (LA), partly leaning on the outer wall of the left ventricle, that in normal conditions contracts actively (4) in phase with the atrium. It is reported to play a role in the pressure regulation of the LA, acting as a decompression chamber during the pressure peak corresponding to the ventricular systole (5) and releasing atrial natriuretic peptide (ANP), which can normalize atrial pressure through the activation of specific receptors (6). The LAA is currently classified into four main morphological variants, commonly identified on the basis of the resembling shape as follows: chicken wing, windsock, cactus, and cauliflower. Possible relation between the morphological classification and the thrombo–embolic risk has been widely investigated in the literature (7, 8), and a number of numerical studies have been performed on patient-specific models, aiming at identifying hemodynamic changes produced by AF that can be related to higher clotting (9, 10). In particular, the blood shear strain rate (SSR) is a fluid dynamic parameter that can be easily estimated from computational analyses and is commonly correlated with thromboembolic risk (9, 11–14). In fact, SSR is directly related to blood stagnation, which impairs the balance between procoagulant biochemical species, such as thrombin, and anticoagulants promoting the accumulation of the former and the reduction of the latter (15). Moreover, low shear conditions favor platelet activation, adhesion, and stabilization of platelet aggregates, enhancing platelet–fibrin and platelet–endothelium interactions (16).

Still, the numerical studies available in the literature often model the appendage walls as rigid, thus neglecting the contractility and the alteration of the physiological properties and geometric features produced by persistent AF conditions (10, 17). Other studies have included pathological alterations in terms of contractility and remodeling, clearly indicating that these factors can play a major role in the fluid dynamics in the LAA and its alterations produced by AF (14). However, these were applied to simplified anatomical models. This work analyses four patient-specific geometrical models of LAA, classified according to the four morphological variants (9) by means of computational fluid–structure interaction (FSI) simulations.

The models include the active and passive contractility of the LAA walls in conditions of sinus rhythm and AF conditions and simulate their remodeling expected after persistent AF (18, 19). The aim of the work is to clarify the mechanisms related to AF that promote clot formation, and their potential association with anatomical phenotypes and hemodynamic parameters, which could suggest more effective stratification approaches to the thromboembolic risk.



MATERIALS AND METHODS


Models Design

The left atrium is characterized by very complex flow patterns, which depend on the number, shape, and position of the pulmonary veins; the location and shape of the mitral valve; the LAA orifice; and the pressure and flow conditions acting at the veins and valvular ostium (20, 21). Hence, to isolate the role of the atrial appendage and avoid introducing the effect of the patient-specific features characterizing the surrounding anatomy, only the appendage was modeled and analyzed in this work. This assumption does not produce substantial approximations in the determined flow, especially in the distal regions, where the effect of the atrial flow regime becomes negligible and the presence of fluid stagnation increases the risk of clot formation (9).

During the cardiac cycle, the LAA walls deform under the cyclic mechanical actions exerted by blood, while influencing the hemodynamics as a consequence of its passive movement and active contraction. Hence, a two-way FSI simulation was preferred, where the fluid and structural domains are solved in parallel and converge at each step.

A commercial software Ansys 19.2 was used for the simulations. The structural domain was analyzed using an implicit time integration scheme in the Ansys Transient Structural module, as recommended for static and low-frequency dynamic analyses (22, 23). Despite involving a computationally expensive inversion of the global stiffness matrix, these integration schemes have the advantage of achieving global equilibrium at each iteration. Hence, their solutions are unconditionally stable and accurate also for relatively coarse time steps. The fluid domain is solved by employing the computational fluid dynamic (CFD) package Ansys CFX. This code adopts a vertex-based finite volume method to solve the Navier-Stokes equations in an Eulerian description. This approach is particularly convenient when dealing with unstructured tetrahedral meshes, as it strongly reduces the number of degrees of freedom and computational footprint compared to cell-based solvers (24). Moreover, the position of the control volume centered at the boundaries facilitates the treatment of boundary conditions (25) and their exchange at the interface between the two domains. The structural and fluid dynamics solutions were coupled in a two-way FSI simulation through the System Coupling available in the Ansys workbench, which facilitates the data transfer between individual single-physics solvers (26).

The analyzed LAA geometries were defined starting from patient-specific morphologies used in the work by Bosi et al. (9). These are based on radiological scans (computed tomography scan) that return the blood content internal to the LAA and represent the four typical morphologies of the adult population not affected by AF. A detailed description of the segmentation process is provided in Bosi et al. (9). The considered portion of the LAA included the neck and a portion of the atrium between the proximal part of the LAA and the pulmonary veins (Figure 1A). This moves the boundary conditions away from the LAA orifice, allowing the contraction of the whole LAA (including its neck region) and the establishment of higher freedom to the fluid parameters at the LAA inlet. The obtained morphologies were processed on the open-source Autodesk program MeshMixer, where they were re-meshed and their imperfections were corrected.
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FIGURE 1. (A) Description of the selection method adopted for the LAA study region; (B) schematic procedure used to generate the inner and outer LAA walls, starting from the external blood surface; and (C) example of mesh for both the solid and fluid domains with the selected size.


The obtained models were closed with a bulge at the open inlet, obtained from a non-uniform rational basis spline (NURBS) tangent to the wall surface at the orifice. This acted as an open surface for the application of the fluid boundary conditions.

To generate the external surface of the LAA solid structure, the internal wall surface (corresponding to the external blood surface) was first smoothened to remove all discontinuities due to the presence of the trabecule and offset in the external direction by 2.1 mm (see Figure 1B). This thickness was selected on the basis of the average wall thickness measured in ovine models (27) and used as an external surface in the construction of the solid part. In particular, the internal and external meshes were transformed into poly surfaces and integrated into a solid volume through the commercial computer-aided design (CAD) software Rhinoceros 7.0.

As mentioned above, chronic AF is typically associated with enlargements in the LAA volume. Although the increase of volume associated with this condition is well documented and quantified, no information on the anatomical changes associated with this remodeling is found in the literature. Hence, to verify potential fluid dynamic changes produced by persistent AF, enlarged versions of the four LAA models were created by scaling them up by 150% (28). Despite this being a basic assumption, it is useful to analyze the effect of the LAA size, without introducing other spurious effects.

The CAD models were imported in ANSYS Workbench and meshed with quadratic tetrahedral elements for the fluid part and with linear tetrahedral elements for the structural part. The mesh density was selected on the basis of a convergence analysis performed on the chicken wing morphology, selected for the setup of all parameters as reported to be the most common, observed in nearly 50% of the patient’s population (29). In particular, an average mesh density of 70 element/mm3 was used for both the structure and the fluid (see Figure 1C). The four models are represented in Figure 2.
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FIGURE 2. Left atrial appendage CAD models obtained for the four different patient specific shapes, seen from two views.




Rheological and Mechanical Properties

Human blood is a concentrated suspension of deformable and aggregable cellular elements in plasma. This can lead to a non-Newtonian shear thinning behavior characterized by thixotropic and viscoelastic properties (30–32). Despite the availability of a number of non-Newtonian models, these are based on steady-state studies (33). Therefore, they are inadequate to describe blood rheology in pulsatile conditions due to the strong time-dependency of the cell aggregation mechanism. Hence, in this work, it was preferred to model the fluid as Newtonian, with a density of 1,062 kg/m3 and a viscosity of 0.0037 Pa⋅s, replicating the common physical properties of human blood at large shear rates. The Newtonian behavior is a common assumption that enables direct comparison of the presented work with similar studies in the literature while providing conservative results. In fact, regions, where prolonged stasis is detected, are likely to be even more stagnant under in vivo conditions, due to red blood cell aggregation and thrombus formation (34).

The tissue of the LAA wall exhibits reduced anisotropy, and the typical non-linearly stiffening constitutive behavior observed in biological soft tissues (27), is characterized by a low-modulus region, a transitional region characterized by a progressive stiffening with strain increases, and a stiff region at larger strains. However, the clinical morphological scans were acquired from pressurized operating hearts, already partially stressed/strained, hence, the wall material was modeled as linear elastic. Anisotropy is reported to be reduced in the wall of the atrium and its appendage (27). Hence, for simplicity, the material was modeled as isotropic. The Young’s modulus was set equal to 1.5 MPa, this being the intermediate between that reported for the low and high regions in the left atrium of porcine hearts (35). To account for the material incompressibility, a Poisson’s ratio of 0.49 was selected. During LAA contraction, the volume of the appendage is reported to reduce by approximately 60% of its maximum value as a combined effect of the tissue elastic response to the pressure variation and the active contraction of the wall muscle (36). Therefore, a uniformly distributed pressure was imposed at the open surface of the fluid of the chicken wing model, replicating the physiological atrial pressure curve obtained from the Wiggers diagram, and the change of volume due to the muscular contractive action was obtained through the setting of a virtual contraction of the structural part. This was achieved by defining orthotropic thermal expansion coefficients of the structural elements. In particular, a local reference system was imposed for each element of the mesh, with the x-y plane lying parallel to the inner wall. The coefficient of thermal expansion along the wall thickness (local direction z) was defined to maintain volume conservation (for any contraction along the plane there is a corresponding expansion along the thickness), thus mimicking the cardiac muscular behavior. Then, the virtual change of temperature applied to the structure to simulate active contraction was adjusted to replicate clinical evaluations of filling and emptying volumes of the LAA in healthy conditions (36) for the chicken wing morphology. In particular, the coefficients of thermal expansion were set equal to 0.05 in the in-plane directions (x and y) and equal to −0.10 in the out-plane-direction (z); and the temperature curve was varied between 0 and 5°C, so as to achieve a relative volume change during the cycle of approximately 60%. For the FSI simulations, the timestep used is 21.5 ms.

In Figure 3, a cross-section of the chicken wing structural domain model at the maximum expansion and the maximum contraction is represented. The same material parameters were applied to all models.
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FIGURE 3. Cross-section of the chicken wing model at the maximum expansion (left) and at the maximum contraction (right).




Boundary Conditions

All nodes of the LAA proximal cross-section were fully constrained. Although this limits the ability of this region to follow a physiological dynamic, the fixed region is in the atrium and far from the neck of the LAA, which remains totally free to contract.

For the simulation of sinus rhythm conditions, a uniformly distributed pressure was applied at the open surface of the fluid, based on the physiological atrial pressure described in the Wiggers diagram (37, 38). Then, as described above, a virtual change of temperature was applied to the structure to simulate active contraction (see Figure 4).
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FIGURE 4. Thermal load (continuous line) and physiological atrial pressure curve (dashed line).


For the simulation of acute and chronic AF conditions, no active contraction was enforced (by applying a constant virtual temperature equal to 0°C), and the pressure curve applied at the fluid-free surface was modified to account for the lack of atrial contraction (39–42). Hence, the structure only undergoes a passive expansion due to the pressure curve imposed at the opening surface of the fluid. In the case of chronic AF, typically associated with remodeling, the enlarged version of the appendage was used. The simulated heart rate was 70 beats/min, corresponding to a duration of each cycle equal to 860 ms. This is an idealized condition in the case of AF, which was characterized by irregular rhythm and was adopted to allow direct comparison of the results, isolating the effect of the loss of contraction and remodeling. Up to six cardiac cycles were simulated for each morphology, and stabilization of flows was detected for all cases as early as the second cycle.




RESULTS

In total, four different patient-specific models associated with the different morphological classes of the LAA (chicken wing, cactus, windsock, and cauliflower) were analyzed. For each patient-specific morphology, three conditions were analyzed: sinus rhythm, acute AF, and chronic AF, for a total of 12 different numerical simulations.

The volume changes obtained for the different cases are summarized in Table 1. The average of the volume variations for the four morphologies in sinus rhythm agrees with the physiological reference value used in the model calibration, as defined by Li et al. (36).


TABLE 1. Percentage volume change simulated for all models and all operating conditions.
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The physical quantities analyzed in the models are the SSR and the peak of velocity at the LAA orifice. As all analyses become periodical after the second cycle, the results were evaluated over the third cardiac cycle. The diagrams in Figure 5 represent the average wall SSR calculated in the region from the neck of the LAA (smallest orifice cross-section) to its distal end during the cardiac cycle for the four appendages in the three different conditions. For clarity, the time in the diagrams is relative to the represented cycle (goes from 0 to 860 ms) rather than to the analysis time (from 1,720 to 2,580 ms).
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FIGURE 5. Average wall SSR estimated for all models in sinus rhythm (top), acute AF (middle), and chronic AF (bottom) conditions.


The color maps in Figures 6A–C represent the distribution of wall SSR at the respective peak of the average wall SSR identified from the diagrams in Figure 5. To support a more effective visualization of the range of wall SSR, a logarithmic rainbow scale is used in the pictures, with the red color indicating the regions of lowest shear rate where blood clotting is promoted.
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FIGURE 6. Color maps of the maximum wall SSR at the instant of the cycle when they reach the maximum value, estimated for all models and all operating conditions.


To identify regions of the potential risk of thrombosis, the fluid wall that remains exposed for the entire duration of the cycle to SSR values below 10 and 5 s–1 are represented in Figure 7. These thresholds were selected to better identify the regions of low and very low persistent shear rates, where red blood cell aggregation is expected to be more pronounced with a consequent increase in viscosity (in the real case) and clotting (43).
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FIGURE 7. Risk area maps in (A) sinus rhythm, (B) AF acute, and (C) AF chronic.


For the different simulations, the percentage of LAA area exposed to SSR values below 10 and 5 s–1 for the entire cycle is summarized in Table 2.


TABLE 2. Percentage of LAA area exposed to SSR values below 10 and 5 s–1 for the entire cycle for the different operating conditions and all models.
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In the clinical setting, velocity remains the most used parameter for the purposes of a hemodynamic assessment (44). Hence, the maximum velocity predicted during the cycle at the LAA orifice cross-section for the different simulations was determined and reported in Table 3.


TABLE 3. Maximum velocity in sinus rhythm, AF acute, and AF chronic [cm/s].

[image: Table 3]



DISCUSSION

Although the contraction parameters were set for the chicken wing model, under sinus rhythm conditions they produce a very similar percentage of volume changes in all models (about 57%), with the exception of the cauliflower, which experienced volume changes of around 30% higher (see Table 1). The different behavior of this model could be associated with the fact that it was the only one where the trabecular structure was absent. These may act as tie beams connecting the two main walls defining the appendage chamber, thus reducing the ability of the LAA to modify substantially its shape under the effect of the internal and external loads. These differences are well reflected in the average wall SSR in the LAA region, which is very similar to the chicken wing, cactus, and windsock models during the whole cardiac cycle, peaking during the active contraction to values around 20 s–1 and looks amplified by about 30% for the cauliflower (see Figure 5, Top).

Under acute and chronic AF conditions, the volume changes reduce dramatically for all cases by over an order of magnitude, with the cactus model exhibiting the largest volume change and the windsock the lowest, for both acute and chronic conditions (see Table 1). Volume variations for the chronic models were expectedly slightly larger, due to the stronger displacements produced by the same pressure acting on larger sections. Interestingly, although the average wall SSR in the LAA region still appears to relate well with the volume change for each condition, it only reduces to about one-fifth of the one predicted in sinus rhythm in the acute case, and to one-third in the chronic case. Globally, the levels of SSR predicted from the models compare well with those indicated in Vella et al. (14), although that study identified higher values observed in the acute conditions than in the enlarged chronic condition. This discrepancy may be because, in Vella et al. (14), LAA wall displacements were imposed, limiting the interplay between the different wall extensions and the elastic expansion and recoil of the structure. This suggests that FSI approaches are more adequate to capture the different factors controlling the phenomenon.

A comparison of the diagrams in Figure 5 for sinus rhythm and AF conditions indicates that the increase in wall SSR is not just associated with the active contraction producing the atrial systole, but the consequent relaxation phase is equally important, producing an increase in the SSR lasting for the ventricular systole. During this phase, when there is no flow leaving the atrial chamber through the mitral valve, the relaxation of the LAA (a similar effect can be expected for the whole atrial chamber) produces a flow that prevents blood stasis and all potential associated risks.

The color maps of wall SSR distribution (see Figure 6) indicate that, in normal conditions, the shear rate reduces at the distal edges and, in particular, after the trabecule and at the lobes. Knees, such as the abrupt bends characterizing the main body of the chicken wing and windsock, are also associated with some reduction in shear rate. These effects become more pronounced and extended in AF conditions, especially under acute conditions, maintaining the same spatial distribution.

The risk maps in Figure 7 offer a clearer visualization of the regions where flow conditions promoting blood thickening and clotting are more likely to occur. These risk regions are extremely reduced (less than 5% of the LAA surface is constantly below 5 s–1) and confined at the distal portion of the lobes for the healthy case, but occupy over 55% under acute AF conditions.

This confirms that the active contraction of the LAA plays a clear and marked role in the correct hemodynamics of the region, allowing adequate washing and reducing the risk of clot formation. The maps of risk also show very clearly the crucial role of the lobes (Figure 7A) and knees (see yellow regions in Figure 7B) in establishing low shear rate regions.

The general behavior appears to be very homogeneous for all models, with the exception of larger volume changes during the cycle and wall SSR predicted for the cauliflower in sinus rhythm conditions (this morphology is infrequent, and reported in only about 3% of patients according to Di Biase et al. (29). Under AF conditions, despite the significant morphological differences, all models are well aligned in terms of shear rate values and predicted level of risk.

The association of the LAA morphology with the insurgence of ischemic events is still controversial, with the chicken wing anatomy alternatively identified as the safest one (29, 45) or as the one associated with higher risks (46). Other reports indicate the cauliflower type as a potential predictive risk factor (47, 48). The presented study justifies the incoherency of these findings, diminishing the role of the current morphological classification and attributing more relevance to local topological features, such as the number and depth of lobes, the presence of bends, and the extent of trabeculation. This is supported by a number of clinical studies (48–50) and indicates the need for a new classification, better related to anatomical characteristics that influence more directly the hemodynamics within the LAA.

Velocities predicted at the orifice were lower than those clinically detected in clinical studies (44). However, direct comparison is not possible, as the velocity measured in patients from echocardiography also includes the motion of the orifice as the effect of atrial motion, which is not taken into consideration in the presented model. It is interesting to observe that, although velocities drop substantially as an effect of AF (Table 3), no direct relation between the velocity magnitude and the estimate of the risk can be found. In fact, the orifice velocity depends on the rate of volume variation and the orifice cross-section, so that it is not directly related to the hemodynamics that establishes in the distal portion of the appendage.

The study is based on a number of assumptions and simplifications on the modeled region, the boundary conditions, the material properties, and the rheological characteristics of blood. Although analyzing only the atrial appendage may neglect the effect of the complex fluid dynamics established in the left atrium, the effect of this contribution over the velocities and shear rates estimated on the LAA from previous studies typically dissipates in the first third of the appendage (9, 14). Moreover, the flow patterns in the atrium strongly depend on a number of boundary conditions, such as the pressure at each pulmonary vein or the flow through the mitral valve, whose modeling requires further assumptions and uncertainties. The wall tissue was modeled as linear elastic, with Young’s modulus intermediate between that in the low and high rigidity regions in animal tests. Although this choice simplifies the study and avoids substantial alterations of the patient-specific morphologies, the compliance of the atrial wall directly contributes to the component of volume change associated with a passive response to pressure. Hence, its role on the behavior under AF conditions can be relevant. Moreover, it is not known if and how this parameter changes during remodeling. The wall thickness was selected on the basis of animal data and kept constant for all models. The Young’s modulus and wall thickness attributed to the LAA structure necessarily have an influence on the passive emptying and filling of the LAA. Lower Young’s moduli and thinner walls would increase the fluid pressure contribution compared to the active contraction component. In AF conditions, where the active contraction is missing, modifying these parameters would result in changes in volume variations and SSR values, potentially affecting the evaluation of the thromboembolic risk. Similarly, the passive phases are also directly influenced by the pressure curve imposed at the inlet of the fluid domain, with filling and emptying volumes increasing with the mean and amplitude of the applied pressure load. For what concerns the active phase, the electro-mechanical coupling which characterizes the muscle action was emulated by applying a thermal contraction, following the procedure proposed by Carmody et al. (51). In this case, the thermal response of the material was set to accompany the contraction in a specific direction with dilatation in the orthogonal directions, similar to muscle behavior. Changes in these parameters would alter the effect of the active emptying and the corresponding filling phases. Finally, blood was assumed as Newtonian, thus underestimating the increase of viscosity in the regions of prolonged low shear rate. As mentioned above, this is a conservative assumption, which underestimates the predicted stagnation and clotting potential.

All parameters described above were set on the basis of the available sparse information found in literature and were applied unchanged to all models. This has allowed for the replication, a physiological behavior consistent with clinical observations, providing a better understanding of the phenomena studied. However, the availability of more specific data in healthy and patients with AF about the LAA pressures and dynamics, and the characterization of post-mortem human samples will be essential to increase the reliability of future models.



CONCLUSION

This work analyses four patient-specific LAA anatomies belonging to different morphological types to investigate the mechanisms that promote clot formation in AF conditions. The analysis was performed by means of FSI simulations, modeling the active and passive contractility of the LAA walls in sinus rhythm, and in the/AF condition, also replicating the LAA remodeling typically caused by persistent AF.

The study confirms that the active contractility of the LAA muscular wall is essential in ensuring a physiologically healthy flow, and its impairment caused by AF conditions is the leading factor promoting hemodynamic conditions related to the thromboembolic risk. Hence, FSI models modeling active contraction and the interaction between tissues and pressurized blood are crucial to provide a better insight into the phenomenon.

Most importantly, no major differences were observed between the models in terms of critical flow parameters, indicating that the morphological class is not directly associated with the thromboembolic risk. Still, regions of very low SSR appeared to be concentrated in specific anatomical areas among the various models studied, in particular, in the lobes, after highly trabeculated regions, and in the areas characterized by sudden bends. These observations suggest that a different classification, based on local features rather than on the global gross shape of the LAA, may serve as a better descriptor of thromboembolic risks.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

This study was carried out in accordance with the recommendations of the South East Research Ethics Research Committee, Ayelsford, Kent, United Kingdom, with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the South East Research Ethics Research Committee, Ayelsford, Kent, United Kingdom. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

All authors was fully involved in the study and has contributed significantly to the submitted work, in terms of conception and design of the study, analysis and interpretation of the results, and critical review of the manuscript.



FUNDING

This work was supported by the Programme Patto per il Sud Regione Sicilia - FSC 2014/2020 (Project Computational Molecular Design and Screening CHeMISt) PON FSE-FESR Research and Innovation 2014 – 2020 (PON R&I), DDG of MIUR n. 2983 of 05.11.2018, and the Royal Academy of Engineering Fellowship (RF/201920/19/221).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.894187/full#supplementary-material

Supplementary Video 1 | A cross-section video of the chicken wing model during a complete cardiac cycle, structural part.

Supplementary Video 2 | A color-maps video of the maximum wall SSR during a complete cardiac cycle, fluid part.



REFERENCES

1. Hagiwara Y, Fujita H, Oh SL, Tan JH, Tan RS, Ciaccio EJ, et al. Computer-aided diagnosis of atrial fibrillation based on ECG signals: a review. Inf Sci. (2018) 467:99–114. doi: 10.1016/j.ins.2018.07.063

2. Nattel S. New ideas about atrial fibrillation 50 years on. Nature. (2002) 415:219–26. doi: 10.1038/415219a

3. Yaghi S, Song C, Gray WA, Furie KL, Elkind MSV, Kamel H. Left atrial appendage function and stroke risk. Stroke. (2015) 46:3554–9. doi: 10.1161/STROKEAHA.115.011273

4. Petty GW, Brown RD, Whisnant JP, Sicks JD, O’Fallon WM, Wiebers DO. Ischemic stroke subtypes. Stroke. (1999) 30:2513–6. doi: 10.1161/01.STR.30.12.2513

5. Al-Saady NM, Obel OA, Camm AJ. Left atrial appendage: structure, function, and role in thromboembolism. Heart. (1999) 82:547–54. doi: 10.1136/hrt.82.5.547

6. Tabata T. Relationship between left atrial appendage function and plasma concentration of atrial natriuretic peptide. Eur J Echocardiogr. (2000) 1:130–7. doi: 10.1053/euje.2000.0019

7. Lane DA, Boos CJ, Lip GYH. Atrial fibrillation (chronic). BMJ Clin Evid. (2015) 2015:0217.

8. Yaghi S, Chang AD, Akiki R, Collins S, Novack T, Hemendinger M, et al. The left atrial appendage morphology is associated with embolic stroke subtypes using a simple classification system: a proof of concept study. J Cardiovasc Comput Tomogr. (2020) 14:27–33. doi: 10.1016/j.jcct.2019.04.005

9. Bosi GM, Cook A, Rai R, Menezes LJ, Schievano S, Torii R, et al. Computational fluid dynamic analysis of the left atrial appendage to predict thrombosis risk. Front Cardiovasc Med. (2018) 5:34. doi: 10.3389/fcvm.2018.00034

10. Masci A, Barone L, Dedè L, Fedele M, Tomasi C, Quarteroni A, et al. The impact of left atrium appendage morphology on stroke risk assessment in atrial fibrillation: a computational fluid dynamics study. Front Physiol. (2019) 9:1938. doi: 10.3389/fphys.2018.01938

11. De Sousa DR, Vallecilla C, Chodzynski K, Jerez RC, Malaspinas O, Eker OF, et al. Determination of a shear rate threshold for thrombus formation in intracranial aneurysms. J Neurointerv Surg. (2016) 8:853–8. doi: 10.1136/neurintsurg-2015-011737

12. Menichini C, Xu XY. Mathematical modeling of thrombus formation in idealized models of aortic dissection: initial findings and potential applications. J Math Biol. (2016) 73:1205–26. doi: 10.1007/s00285-016-0986-4

13. Sarrami-Foroushani A, Lassila T, Hejazi SM, Nagaraja S, Bacon A, Frangi AF. A computational model for prediction of clot platelet content in flow-diverted intracranial aneurysms. J Biomech. (2019) 91:7–13. doi: 10.1016/j.jbiomech.2019.04.045

14. Vella D, Monteleone A, Musotto G, Bosi GM, Burriesci G. Effect of the alterations in contractility and morphology produced by atrial fibrillation on the thrombosis potential of the left atrial appendage. Front Bioeng Biotechnol. (2021) 9:586041. doi: 10.3389/fbioe.2021.586041

15. Mackman N. New insights into the mechanisms of venous thrombosis. J Clin Invest. (2012) 122:2331–6. doi: 10.1172/JCI60229

16. Ouared R, Chopard B, Stahl B, Rüfenacht DA, Yilmaz H, Courbebaisse G. Thrombosis modeling in intracranial aneurysms: a lattice Boltzmann numerical algorithm. Comput Phys Commun. (2008) 179:128–31. doi: 10.1016/j.cpc.2008.01.021

17. Dedè L, Menghini F, Quarteroni A. Computational fluid dynamics of blood flow in an idealized left human heart. Int J Numer Method Biomed Eng. (2021) 37:e3287. doi: 10.1002/cnm.3287

18. Benra FK, Dohmen HJ, Pei J, Schuster S, Wan B. A comparison of one-way and two-way coupling methods for numerical analysis of fluid-structure interactions. J Appl Math. (2011) 2011:456–68. doi: 10.1155/2011/853560

19. Hirschhorn M, Tchantchaleishvili V, Stevens R, Rossano J, Throckmorton A. Fluid–structure interaction modeling in cardiovascular medicine – A systematic review 2017–2019. Med Eng Phys. (2020) 78:1–13. doi: 10.1016/j.medengphy.2020.01.008

20. Otani T, Al-Issa A, Pourmorteza A, McVeigh ER, Wada S, Ashikaga HA. Computational framework for personalized blood flow analysis in the human left atrium. Ann Biomed Eng. (2016) 44:3284–94. doi: 10.1007/s10439-016-1590-x

21. Vedula V, George R, Younes L, Mittal R. Hemodynamics in the left atrium and its effect on ventricular flow patterns. J Biomech Eng. (2015) 137:111003. doi: 10.1115/1.4031487

22. Liu Y. ANSYS and LS-DYNA used for structural analysis. Int J Comput Aided Eng Technol. (2008) 1:31–44. doi: 10.1504/IJCAET.2008.021254

23. Yang KH. ‘Modal and Transient Dynamic Analysis’,. Basic Finite Element Method as Applied to Injury Biomechanics. Amsterdam: Elsevier (2018). p. 309–82. doi: 10.1016/B978-0-12-809831-8.00008-8

24. Charest MRJ, Canfield TR, Morgan NR, Waltz J, Wohlbier JG. A high-order vertex-based central ENO finite-volume scheme for three-dimensional compressible flows. Comput Fluids. (2015) 114:172–92. doi: 10.1016/j.compfluid.2015.03.001

25. Berggren M, Ekström SE, Nordström J. A discontinuous galerkin extension of the vertex-centered edge-based finite volume method. Commun Comput Phys. (2009) 5:456–68.

26. Chimakurthi SK, Reuss S, Tooley M, Scampoli SANSYS. Workbench system coupling: a state-of-the-art computational framework for analyzing multiphysics problems. Eng Comput. (2018) 34:385–411. doi: 10.1007/s00366-017-0548-4

27. Javani S, Gordon M, Azadani AN. Biomechanical properties and microstructure of heart chambers: a paired comparison study in an ovine model. Ann Biomed Eng. (2016) 44:3266–83. doi: 10.1007/s10439-016-1658-7

28. Lacomis JM, Goitein O, Deible C, Moran PL, Mamone G, Madan S, et al. Dynamic multidimensional imaging of the human left atrial appendage. EP Eur. (2007) 9:1134–40. doi: 10.1093/europace/eum227

29. Di Biase L, Santangeli P, Anselmino M, Mohanty P, Salvetti I, Gili S, et al. Does the left atrial appendage morphology correlate with the risk of stroke in patients with atrial fibrillation? J Am Coll Cardiol. (2012) 60:531–8. doi: 10.1016/j.jacc.2012.04.032

30. Apostolidis AJ, Armstrong MJ, Beris AN. Modeling of human blood rheology in transient shear flows. J Rheol. (2015) 59:275–98. doi: 10.1122/1.4904423

31. Chien S. Shear dependence of effective cell volume as a determinant of blood viscosity. Science. (1970) 168:977–9. doi: 10.1126/science.168.3934.977

32. Fedosov DA, Pan W, Caswell B, Gompper G, Karniadakis GE. Predicting human blood viscosity in silico. Proc Natl Acad Sci USA. (2011) 108:11772–7. doi: 10.1073/pnas.1101210108

33. Yilmaz F, Gundogdu MY. A critical review on blood flow in large arteries; relevance to blood rheology, viscosity models, and physiologic conditions. Korea-Australia Rheol J. (2008) 20:197–211.

34. Ducci A, Pirisi F, Tzamtzis S, Burriesci G. Transcatheter aortic valves produce unphysiological flows which may contribute to thromboembolic events: an in-vitro study. J Biomech. (2016) 49:4080–9. doi: 10.1016/j.jbiomech.2016.10.050

35. Momtahan N, Poornejad N, Struk JA, Castleton AA, Herrod BJ, Vance BR, et al. Automation of pressure control improves whole porcine heart decellularization. Tissue Eng Part C Methods. (2015) 21:1148–61. doi: 10.1089/ten.tec.2014.0709

36. Li CY, Gao BL, Liu XW, Fan QY, Zhang XJ, Liu GC, et al. Quantitative evaluation of the substantially variable morphology and function of the left atrial appendage and its relation with adjacent structures. PLoS One. (2015) 10:e0126818. doi: 10.1371/journal.pone.0126818

37. Wiggers CJ, Katz LN. THE CONTOUR OF THE VENTRICULAR VOLUME CURVES UNDER DIFFERENT CONDITIONS. Am J Physiol Content. (1922) 58:439–75. doi: 10.1152/ajplegacy.1922.58.3.439

38. Wright BE, Watson GLF, Selfridge NJ. The Wright table of the cardiac cycle: a stand-alone supplement to the Wiggers diagram. Adv Physiol Educ. (2020) 44:554–63. doi: 10.1152/advan.00141.2019

39. Fukunami M, Yamada T, Ohmori M, Kumagai K, Umemoto K, Sakai A, et al. Detection of patients at risk for paroxysmal atrial fibrillation during sinus rhythm by P wave-triggered signal-averaged electrocardiogram. Circulation. (1991) 83:162–9. doi: 10.1161/01.CIR.83.1.162

40. Steinberg JS, Zelenkofske S, Wong SC, Gelernt M, Sciacca R, Menchavez E. Value of the P-wave signal-averaged ECG for predicting atrial fibrillation after cardiac surgery. Circulation. (1993) 88:2618–22. doi: 10.1161/01.CIR.88.6.2618

41. Weng LC, Hall AW, Choi SH, Jurgens SJ, Haessler J, Bihlmeyer NA, et al. Genetic determinants of electrocardiographic P-wave duration and relation to atrial fibrillation. Circ Genomic Precis Med. (2020) 13:389–95. doi: 10.1161/CIRCGEN.119.002874

42. Yagishita A, Goya M, Hirao K. Simultaneous recording of the P wave during atrial fibrillation. Circulation. (2018) 138:2057–60. doi: 10.1161/CIRCULATIONAHA.118.037198

43. Ranucci M, Laddomada T, Ranucci M, Baryshnikova E. Blood viscosity during coagulation at different shear rates. Physiol Rep. (2014) 2:e12065. doi: 10.14814/phy2.12065

44. Fukuda N. Transthoracic Doppler echocardiographic measurement of left atrial appendage blood flow velocity: comparison with transoesophageal measurement. Eur J Echocardiogr. (2003) 4:191–5. doi: 10.1016/S1525-2167(02)00166-X

45. Lee JM, Seo J, Uhm J-S, Kim YJ, Lee H-J, Kim J-Y, et al. Why is left atrial appendage morphology related to strokes? An analysis of the flow velocity and orifice size of the left atrial appendage. J Cardiovasc Electrophysiol. (2015) 26:922–7. doi: 10.1111/jce.12710

46. Korhonen M, Muuronen A, Arponen O, Mustonen P, Hedman M, Jäkälä P, et al. Left atrial appendage morphology in patients with suspected cardiogenic stroke without known atrial fibrillation. PLoS One. (2015) 10:e0118822. doi: 10.1371/journal.pone.0118822

47. Kimura T, Takatsuki S, Inagawa K, Katsumata Y, Nishiyama T, Nishiyama N, et al. Anatomical characteristics of the left atrial appendage in cardiogenic stroke with low CHADS2 scores. Hear Rhythm. (2013) 10:921–5. doi: 10.1016/j.hrthm.2013.01.036

48. Khurram IM, Dewire J, Mager M, Maqbool F, Zimmerman SL, Zipunnikov V, et al. Relationship between left atrial appendage morphology and stroke in patients with atrial fibrillation. Hear Rhythm. (2013) 10:1843–9. doi: 10.1016/j.hrthm.2013.09.065

49. Yamamoto M, Seo Y, Kawamatsu N, Sato K, Sugano A, Machino-Ohtsuka T, et al. Complex left atrial appendage morphology and left atrial appendage thrombus formation in patients with atrial fibrillation. Circ Cardiovasc Imaging. (2014) 7:337–43. doi: 10.1161/CIRCIMAGING.113.001317

50. Koplay M, Erol C, Paksoy Y, Kivrak AS, Özbek S. An investigation of the anatomical variations of left atrial appendage by multidetector computed tomographic coronary angiography. Eur J Radiol. (2012) 81:1575–80. doi: 10.1016/j.ejrad.2011.04.060

51. Carmody CJ, Burriesci G, Howard IC, Patterson EA. An approach to the simulation of fluid-structure interaction in the aortic valve. J Biomech. (2006) 39:158–69. doi: 10.1016/j.jbiomech.2004.10.038


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Musotto, Monteleone, Vella, Di Leonardo, Viola, Pitarresi, Zuccarello, Pantano, Cook, Bosi and Burriesci. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcvm-09-894187-t002.jpg
Sinus rhythm AF acute AF chronic

<5571 <10s™! <5571 <10s™' <5s ' <10s™!

Chicken Wing 3% 17% 64% 93% 52% 76%
Cactus 3% 11% 55% 93% 33% 63%
Windsock 4% 17% 86% 100% 60% 96%

Cauliflower 0 3% 64% 95% 46% 79%






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Role of Patient-Specific Morphological Features of the Left Atrial Appendage on the Thromboembolic Risk Under Atrial Fibrillation



		INTRODUCTION



		MATERIALS AND METHODS



		Models Design



		Rheological and Mechanical Properties



		Boundary Conditions









		RESULTS



		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fcvm-09-894187-t001.jpg
Sinus rhythm AF acute AF chronic

Chicken wing 56.15% 3.24% 3.30%
Cactus 57.86% 4.10% 4.46%
Windsock 57.43% 2.50% 2.77%

Cauliflower 74.12% 3.84% 3.85%





OPS/images/fcvm-09-894187-g001.jpg
pulmonary veins

A

©
o
9
e
©
=
—
)
%
v

~

wall surface

internal

LAA neck region

external LAA
wall surface

edge of analysed region

292
Pt
4

A

TS

LA

R s s
PR LA
TN A A AT O AT, )
AT
i Tt
= RATANL)
A4
LAV o
SanTEI
A o wa 04 !
LR AAPRACEEN
X L
.&.1\, Yo vd

a,
*
5
'4», S
Yo
XYy
L

~
3
Y
NG

— .8
AT,
LS
vt
Y )

A By 3
oy -...uut;
et i

PO ahuny,
va»ﬁ...w..

> avavs
o YA e X
-ty
4% At s
an
ki

“
.‘ T
ceay
- v, - &
OGS
At n s
LY
v
St

(TATATATAT)

XA
VY,

ey
S
AT, &
AT RN e
A TATATAR o g
0
A '4',4.'.3 AN IR
2

N
v X

o)

r

A
v p AT

NV L

..i:fuvs#-n:.?

.. Va VA7

AN LA
VAT S

L AATATA D

e LA

S ALY
ﬁ(b(&(ﬂhﬂoﬂ *) >
AYaw, A
s eravaa AT A

O A RN Ve P sy

L,
2

K]
7‘7

!

5 ATAvAY:

N

¢
S

A
v
B

¥
oy L
DAY

O]
s

A,
)

PO

&7

LRk
)

7
5,

SIAVVa
T

LT}
¢
o

TAPAX
Ay,

A A a1y s
BANATL e AR, & LS

53
ATy aT .iav.quhﬂf gt

ad 5
2
REEANTS

el

A

2OTATAVAYATY o
AT
Ty
o)

L
A TARLma
% & aramanTd

TR -

L
anss

A
o TR,

-
o
S
DS
A':“
>

T A AT
. v

2

.

SN
BN TAN AT,
ATy,
0y

VAR,

-
40

W e, SR
A s
A >

LA

TRy

AT

¥
PTIC R A
I

VA,

)
A0

ST
5

AT

X &
AT vy

s,
A A
vy FAWA <
N ASIoEs
X
XNLOR
L
iy

Ao
:4.'7 e
e
8
A
AN
v
-"'u
¥
A')'”v.
A

A%
N

.
LT,
N =
T
e
o
v,
VaATAY, o %
AYATA

AN

VA, VAN
)
AN

O AR
AN *
AVavy a5

v

IV,

ST s
-

-

structural domain mesh

fluid domain mesh

40,00 {(mm)

20,00

00

30,00

10,00





OPS/images/fcvm-09-894187-t003.jpg
Sinus rhythm AF acute AF chronic

Chicken Wing 15 2:5 4.6
Cactus 10 2.8 4.4
Windsock 15 22 3.5

Cauliflower 20 1.9 4.7





OPS/images/fcvm-09-894187-g007.jpg
AF Acute W Sinus Rhythm >

@)

AF Chronic

V) w
QV>w
Y™

Chicken Wing

Cactus

Windsock

Cauliflower

Risk map

SSR>10st

5<SSR<10st

SSR<5¢s1





OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

The Role of Patient-Specific
Morphological Features of the
Left Atrial Appendage on
the Thromboembolic Risk Under
Atrial Fibrillation





OPS/images/fcvm-09-894187-g006.jpg
Sinus Rhythm >

AF Acute

@)

AF Chronic

SSR
15.85
12.82
10.36
8.38
6.77
5.48
4.43
3.58
2

‘ D . ; ISMI

Chicken Wing Cactus Windsock Cauliflower








OPS/images/fcvm-09-894187-g003.jpg
-

maximum expansion maximum contraction






OPS/images/fcvm-09-894187-g002.jpg
YV Vw

chicken wing cactus windsock cauliflower






OPS/images/fcvm-09-894187-g005.jpg
SSR [s-1]

SSR [s-1]

SSR [s-1]

e
™
-

. . .
|
s.w ’ I |
| 4 :
| =2 L
0.00 ! | '
0 100 200 |, 300 400 500 600 ! 700 800,
: cyc'e ﬁme [msl l?{ atnal Syst()'e }:
| |
_ventricular systole N ventricular diastole g
30.00
Average Wall SSR AF Acute
2500
20.00
15.00
10.00
5.00 b
W
0.00 . :
0 100 200 . 300 400 500 600 700 800,
: cycle time [ms] tole) ,
_ventricular systole \:‘ ventricular diastole \: o
30.00
Average Wall SSR AF Chronic
25.00
20.00
15.00
10.00
5.00
0.00 : !
0 100 200 . 300 400 500 600 700 800,
I cycle time [ms] X
_ventricular systole \:, ventricular diastole ‘: o
- chicken wing - = cactus - « windsock e cauliflower





OPS/images/fcvm-09-894187-g004.jpg
— thermal load

pressure [kPa]

v =] v o v Q
™~ ™~ - o o o
L Il 1 | L
l"‘\‘-“
..lllnhlll'n.'.'..'.. |||||||||| |....ml o
- = l ©
- [=
4 I
\ =
©
< £
\ ©
|
| @
8 S
I S B
/ ©
. 7T
\ 3 e
— , [ —
E II [+}]
m -~ m
g , o-l
ks N g =
© [+})
2 \ °
o)) 7
% ” o Wc
- -
= ---" .
~ Ll T N b
-
v ~
0 ~ M
o ~ ©
o S
S X . ?
® N 8 z
' e T m
. \ 3
=
[ T T T T o c
w - ™ ™~ - o W

[2.] aanjesadwa) jenjiia





OPS/images/logo.jpg
’ frontiers | Frontiers in Cardiovascular Medicine





