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Abstract

:

Valvular heart conditions significantly contribute to the occurrence of cardiovascular disease, affecting around 2–3 million people in the United States. The anatomical characteristics of cardiac muscles and valves can significantly influence blood flow patterns inside the ventricles. Understanding the interaction between the mitral valve and left ventricle structures enables using fluid–structure interaction simulations as a precise and user-friendly approach to investigating outcomes that cannot be captured using experimental approaches. This study aims to develop a 3D-0D computational model to simulate the consequences of extending the anterior mitral leaflet towards the left ventricle in the presence of the thickness of the left ventricular septum and the mitral valve device. The simulations presented in this paper successfully showcased the ability of the model to replicate occlusion occurring at the left ventricular outflow tract and illustrated the impact of this blockage on the flow pattern and pressure gradient. Furthermore, these simulations conducted following anterior mitral leaflet splitting can emphasize the significance of this technique in reducing the obstruction at the left ventricle outflow tract. The computational model presented in this study, combining 3D and 0D elements, provides significant insights into the flow patterns occurring in the left ventricle before and after anterior leaflet splitting. Thus, expanding this model can help explore other cardiac phenomena and investigate potential post-procedural complications.
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1. Introduction


Valvular disorders of the heart are a prominent contributor to cardiovascular disease, impacting around 2–3 million individuals in the United States only [1]. Approximately 0.2% of the United States population is afflicted with hypertrophic cardiomyopathy (HCM), the predominant form of genetic heart disease [2,3]. This condition increases the susceptibility to heart failure, stroke, and many types of abnormal heart rhythms, including sudden cardiac death. HCM is a hereditary condition characterized by abnormal thickening of the heart muscle. Notably, more than two-thirds of HCM patients have an obstruction [4]. Hypertrophic Obstructive Cardiomyopathy (HOCM) is a significant cause of sudden cardiac deaths in young individuals, including highly skilled athletes, and affects both genders [5]. In most cases, the condition arises from an irregular enlargement of the interventricular septum, which leads to a narrowing that may impede or reduce the blood flow from the left ventricle (LV) to the aorta (Ao) [2,4,6]. Moreover, roughly 60% to 70% of these instances are characterized by the presence of systolic anterior motion (SAM) of the mitral valve (MV) and obstruction of the left ventricular outflow tract (LVOT) [7]. In addition to the thickening of the interventricular septum, the LVOT might experience a reduction in size either during or after cardiac valve surgeries. For example, therapies targeting mitral regurgitation (MR) may entail replacing the natural MV leaflet with either a metallic prosthetic valve or bioprostheses. These substitutions have the capacity to extend into the LVOT, potentially resulting in blockage [8].



In many cases, open MV surgery and the use of cardiopulmonary bypass are not viable due to a heightened surgical risk. Consequently, transcatheter MV implantation (TMVI) has emerged as an innovative alternative strategy for treating MR. TMVI is frequently performed in patients with irreparable MV disease, with a particular emphasis on preserving the intact mitral subvalvular apparatus [8]. Prior TMVI, all patients receive a contrast-dyed cardiac computed tomography (CT) scan to assess the LVOT and MV annulus. The obstruction of blood flow in the LVOT after TMVI can be caused by many reasons [9]. An example of a contributing component is the aorto-mitral-annular (AMA) angle, which denotes the angle created by the aortic and mitral valves. The angle influences the degree and orientation of the artificial mitral valve’s projection into the outflow tract [10]. Individuals diagnosed with HCM may increase the likelihood of encountering issues related to the Left Ventricular Outflow Tract (LVOT), which involve the thickening of the wall that separates the ventricles, a condition known as interventricular septal hypertrophy [11]. Additionally, having a smaller left ventricular chamber is considered a risk factor, as a bigger left ventricular cavity is normally more suitable for accommodating an artificial prosthetic MV [12].



Preserving the anterior mitral leaflet (AML) after TMVI might result in the narrowing of the LVOT [13,14]. Flow obstruction at LVOT may occur because of struts from the artificial valve protruding into the LVOT, or due to the AML being excessively elongated and protruding into the outflow tract. Placing a transcatheter heart valve into the native MV necessitates the AML planes to be in an open position, which may possibly obstruct the LVOT. The displacement of the AML towards the septum is more pronounced in specific situations, such as when the AMA planes are sharply angled, the septum between the ventricles bulges into the LVOT, and the AML is elongated. This shift can cause a considerable blockage in the LVOT, especially during TMVI. Moreover, after TMVI, a very enlarged AML may protrude forward into a narrowed LVOT, resembling situations seen in hypertrophic cardiomyopathy. To address this problem, a clinical approach involves surgically dividing the AML to alleviate the blockage in the residual space in the LVOT following the TMVI implantation (neo-LVOT), hence preventing the obstruction of the LVOT [15,16]. LVOT obstruction poses a substantial potential concern with TMVI, limiting its use in many patients [17,18]. By employing pre-procedural CT scans, it is possible to create customized models of the LV, which may then be used to mimic TMVI surgeries. Additionally, computational flow dynamic simulations can help in predicting the LVOT gradient after the surgery and can be considered as cost-effective tools for aiding clinical decisions and planning procedures before MV replacement.



Comprehending the interaction between the MV and the structure of the left heart enables the use of fluid–structure interaction (FSI) simulations as a precise and user-friendly approach to investigate outcomes that cannot be measured using clinical or experimental approaches. FSI modeling also emerges as a potent technique that could navigate structural heart interventions and facilitate the extended, more precise, and prevalent utilization of TMVI methodologies [15,19,20]. The objective of this study was to develop a computer model that use 3D FSI to simulate the consequences of moving the anterior leaflet of the MV towards the LV, taking into account the thickness of the left ventricular septum and the existence of a MV device. The model integrates geometrically ideal AML into a similarly idealized LV. The dimensions of the mitral annulus and anterior leaflet were obtained from anatomical measurements. The flow of blood was described using an incompressible Navier–Stokes fluid formulation. The Arbitrary Lagrangian–Eulerian (ALE) approach was utilized to compute the mesh deformation in both the fluid and solid areas. Furthermore, the inlet and outlet boundaries are connected to a 0D closed-loop circulatory circuit that inherently preserves blood volume. This 0D model offers a more precise representation of the cardiovascular system, thereby enhancing the accuracy of simulating cardiovascular dynamics.




2. Materials and Methods


2.1. Model Geometry


A 3D idealized model of the LV and anterior leaflet of MV was developed based on the clinical measurements obtained from previous studies. The long and short lengths of LV were derived from Schnittger et al. [21], while the dimensions of the AML were based on the model given by [22]. In this model, the junction of the MV and AoV planes was assumed to remain constant at 140 degrees [23]. MV prosthesis is comprising an atrial skirt to prevent leaking around the valve and a ventricular part for stability. In this model, a comprehensive depiction of the MV prosthesis was excluded. A simpler D-shaped prosthesis was inserted into the LV, with its length selected to be smaller than the MV posterior native leaflets (11 mm); see Figure 1a,b.



The left ventricular myocardial fibers have three distinct orientations in their architecture: local fiber, sheet, and normal-to-sheet, as detailed by Legrice et al. [24]. The developed 3D LV model specifies that the muscle fibers have a direction of −60° at the epicardium and +60° at the endocardium, relative to the circumferential plane that is perpendicular to the long axis of the LV [24] (see Figure 2a). The myocardium’s fiber orientation was estimated by using interpolation, which considered the proximity of each point to adjacent locations on the epicardial and endocardial surfaces [25]. Additional in-depth information explaining the process of reconstructing LV myocardial fiber orientation can be found in [25,26].




2.2. LV Mechanics and Fluid Formulation


The transverse isotropic hyperelastic model proposed by Holzapfel and Ogden [27] was utilized to describe the passive reaction of the LV (see Equation (1)).


        ψ =        a i   2  b i     e x p  ( b  (  I 1  − 3 )  )     ︸    ψ  i s o     +        a f   2  b f     e x p  (  b f    (  I  4 f   − 1 )  2  − 1 )     ︸    ψ f    +       1 2   k  ( J − 1 )  l n  ( J )   ) )     ︸    ψ  v o l         



(1)







The strain energy function  ψ  can be divided into three components:   ψ  i s o    for isotropic behavior,   ψ f   for fiber behavior, and   ψ  v o l    for volumetric behavior. Additionally, the first isochoric invariant of the right Cauchy–Green tensor,  C , is denoted by   I 1  . The fourth isochoric invariant,   I  4 f   , accounts for transverse isotropy and is defined as    F →  ·  ( C  F →  )   . Here,  F  represents the orientation of the local fiber unit vector. The determinant of the deformation gradient tensor is symbolized as J in the   ψ  v o l    component. It should be emphasized that cardiac fibers have an impact on the overall strain-energy function,  ψ , only when the value of    I  4 f   > 1   [27]. Small portion of LV apex, as shown in Figure 1a, were designated to have isotropic characteristics. Therefore, only the strain-energy associated with isotropic deformation, denoted as   ψ  i s o   , was applied to this segment. The parameters utilized in  ψ  are adopted from [27], where the isotropic parameters,   a i   and   b i  , are set to 2.280 KPa and 9.726, respectively.   ψ f  ,   a f   and   b f   in   ψ f   are set to 1.685 KPa and 15.779, respectively. k in the volumetric part is set to 250 KPa.



The active stress associated with muscular contraction, denoted as   T A   (Equation (3)) and integrated into the second Piola–Kirchhoff stress tensor,  S , as follows:


      T A  =  K  T A         e  [ −   ( 6 t − 1.8 )  4  ]                    t < 0.28 s           e  [ −   ( 1.8 t − 0.504 )  2  ]         t ⩾ 0.28 s          



(2)






     T =   ∂ ψ   ∂ E   +  T A   [    S →  ⊗  S →    2.5   +    N →  ⊗  N →    2.5   +  F →  ⊗  F →  ]      



(3)




where  E  in Equation (3) corresponds to the Green–Lagrange strain tensor,   K  T A    in Equation (2) denotes the amplitude of contractile strength and was set to 100 kPa [27,28]. The ventricular systole begins at a time of 0.28 s. Based on the results of [29], it is significant to notice that the active stress   K  T A    contributes only 40% in   S →   and   N →   compared to the active tension in the   F →  , as shown in Equation (3). The velocity and pressure of the blood flow were determined by solving the incompressible Navier–Stokes equation (Equation (4)) and the mass continuity equation (Equation (5)), respectively.
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      ∇ x    u f  →  = 0     



(5)







The velocity of the fluid in the LV cavity is represented by    u f  →  , while the pressure is denoted by the symbol p. In Equations (4) and (5), the symbol  I  denotes the identity matrix, while   ∇ x   represents the spatial gradient, defined as    ∇ x  =   (  ∂  ∂ x   ,  ∂  ∂ y   )  T   . The blood’s density and viscosity, represented as   ρ f   and   μ f  , respectively, were set to 1060 kg/m   3   and 4.71 ×   10  − 3    Pa s. The two-way coupling framework accurately captured the interaction between blood and LV structure. More precisely, the velocity of the fluid, denoted as    u f  →  , was made equal to    ∂   u s  →    ∂ t    (velocity at the LV structure surfaces). The Yeoh smoothing method was utilized to determine the displacement of the deformed mesh, thus facilitating a more consistent deformation of the mesh.




2.3. 0D Closed-Loop Windkessel Circulatory


To integrate the pre- and after-load circulatory systems into the 3D LV model, the outlet and inlet boundaries were linked to a 0D closed-loop circulatory circuit (Figure 2b), which was developed by [30]. The preservation of the overall blood volume was achieved by solving Equations (6)–(8) that describe the rate at which the volume changes in each compartment of the closed-loop analogue circuit.


       d  V  L A     d t   =  Q  v e n    ( t )  −  Q  i n    ( t )      



(6)






       d  V  a r t     d t   =  Q  a o    ( t )  −  Q  p e r    ( t )      



(7)






       d  V  v e n     d t   =  Q  p e r    ( t )  −  Q  v e n    ( t )      



(8)







The inflow into the LV, represented as   Q  m v   , was determined by integrating the velocity of the normal flow across the boundary of the inlet (MV annular plane). Moreover, the volume of the LV, denoted as   V  L V   , was calculated by integrating the fluid domain inside the ventricle. The flow rates of blood volume within various compartments of the circulatory model were represented as follows:


      Q  a o   =        P  L V , a o   −  P  a r t     R  a o        P  l v , a o   ⩾  P  a r t        0     P  L V , a o   <  P  a r t            
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      Q  p e r   =    P  a r t   −  P  v e n     R  p e r        
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      Q  v e n   =    P  v e n   −  P  L A     R  v e n        



(11)







The venous pressure,   P  v e n   , and arterial pressure,   P  a r t   , were calculated based on the venous and arterial volumes using Equations (12) and (13). In addition,   P  L V , a o    denoted the outlet boundary pressure.


      P  v e n   =    V  v e n   −  V  v e n , 0     C  v e n        



(12)






      P  a r t   =    V  a r t   −  V  a r t , 0     C  a r t        



(13)







The initial volumes of the venous and arterial systems are represented as   V  v e n , 0    and   V  a r t , 0   , respectively. The venous system’s compliance is denoted as   C  v e n   , while the arterial system’s compliance is denoted as   C  a r t   . The pressure of the LA,   P  L A   , was calculated using a prescribed function based on its volume   V  L A   :


      P  L A   =  P  l a , 0   +  E  L A     (  V  L A   −  V  L A , 0   )      



(14)




where


      E  L A   =  E  L A , m i n   + e  ( t )    (  E  L A , m a x   −  E  L A , m i n   )      



(15)




and


     e  ( t )  =       1 2       1 − cos (   π ( t − 0.74 )   0.16   )      ,     0.74 s < t ⩽ 0.90 s           1 2       1 + cos (   π ( t − 0.90 )   0.16   )      ,     t > 0.90 s           1 2       1 + cos (   π ( t − 0.90 )   0.16   )      ,     0 ⩽ t < 0.10 s          



(16)







The function   e ( t )   denotes a normalized time-varying elastance function that characterizes the contraction of the LA. The parameters of the 0D closed-loop circulatory circuit, originally proposed by [30], have been utilized with certain modifications for this study (see Table 1).



The generated 3D generic model utilized a fully coupled direct solver (PARDISO) and an automated Newton technique. In order to achieve stability in the Navier–Stokes equations, a hybrid approach using both streamline and crosswind diffusion numerical approaches is employed [31]. The simulation results were recorded at 2 ms intervals. The solution for time-dependent problems was configured with absolute and relative tolerances both set to 0.01. The mesh elements of the 3D model were created using a combination of prism, tetrahedral and pyramidal elements using COMSOL Multiphysics software (COMSOL AB, Stockholm, Sweden). To accurately capture the fluid-wall interactions near the myocardium, boundary layers consisting of two thickness elements were applied. Using the same configuration for the model, simulations were conducted using two different meshes, each with a maximum element size of 3 mm and 1.5 mm. The discrepancies in the measurements of pressure and velocity were found to be less than 5%. Consequently, our analysis led us to determine that a mesh with a maximum element size of 3 mm would be appropriate for all simulations pertaining to this 3D model.




2.4. Model Setting for SAM Simulations


In this 3D model, the anterior leaflet of MV was simulated as rigid part. Furthermore, a no-slip boundary conditions was applied on both the anterior leaflet and the artificial mitral valve boundary, as the latter is indicated in yellow in Figure 3. The MV anterior leaflet was rotated at various angles ranging from 0° (original position) to 30° towards the outflow tract, with increment of 10° (see Figure 3a). Additionally, the laceration (splitting) of the anterior MV leaflet at these different angles are illustrated in Figure 3b.





3. Results and Discussion


The model was executed for several cardiac cycles, and the results were examined after the model achieved a steady-state, as shown in Figure 4a. Figure 5 shows the velocity streamlines and structural deformation at four distinct time points throughout the cardiac cycle of the simulated 3D LV model. The filling phase (diastole) can be seen at time 1610 ms. The snapshot captured at 1760 ms displays the iso-volumetric contraction following the filling phase. Furthermore, during the closure of the MV and the subsequent opening of the AoV, the blood is directed into the after-load (systemic) circulation, as demonstrated at 1881 ms. Thereafter, the pressure in the LV decreases during the iso-volumetric relaxation as shown at 2060 ms. The occlusion of blood circulation at the LVOT is evident when the AML is shifted towards the outflow tract. Figure 5d demonstrates that obvious blockage occurs when the AML extends significantly into the outflow tract, resulting in elevated pressure gradients. In Figure 5, simulations illustrate that protrusion of AML into the LVOT leads to a higher degree of obstructed blood flow.



As part of this study, we simulated the four angles of AML after the anterior leaflet splitting (laceration) in order to investigate of its impact on the flow pattern at the LVOT. After MV anterior leaflet splitting, obstruction at the LVOT diminish as the blood flows seamlessly towards the AoV (see Figure 6). Additionally, Figure 6d shows less obstruction to the LVOT flow in comparison with case (d) when AML is preserved (Figure 5).



Snapshots of flow velocity profiles at different angulation of MV anterior leaflet are shown in Figure 7. It can be seen clearly the different flow profiles when displacing the AML towards LVOT from 0° to 30° (see Figure 7a). At 0°, no flow obstruction was seen as the blood is smoothly driven into the AoV. Moreover, slight obstacle to the flow was illustrated at angle 10° and 20°, while excessive simulation of the MV anterior leaflet, at 30°, reveals higher obstruction of the blood flow in comparison with 0°, 10° and 20°. Following the division of the AML, noticeable alterations were observed in the blood flow pattern during the ejection phase through the AoV (see Figure 7b).



In order to examine and contrast the blood flow patterns in these different models, the blood flow were measured at a line extended perpendicularly from the center of the AoV into the LV cavity, as seen in Figure 8e. This can provide a better understanding of the impact of different simulation scenarios on the blood movement during systole. As AML protrudes into the LVOT, more obstruction can be seen in the flow pattern (see Figure 8a–d). A slight difference was found at angle 0° prior and post AML splitting; however, more occlusion to the blood flow is illustrated as the AML is extended to outflow tract.



In this work, the flow profile at outlet boundary, the AoV, was studied. Figure 9 shows the flow profiles at different simulations. The profile was investigated by plotting the flow velocity at mid-line of AoV, as shown in Figure 9e. An obvious dropped in the flow was seen in Figure 9d in comparison with other cases (Figure 9a–c), before AML laceration. An improvement in the flow profile was existed after AML laceration, especially for case (Figure 9d). This clinical technique is used to alleviate the obstruction in the remaining area of the LVOT following the TMVI following the TMVI, hence preventing the obstruction of the LVOT [15,16].



During the TMVI procedure attempt, LVOT pressure gradients can be measured by by introducing a catheter equipped with sensors into the heart. One sensor is positioned near to the AoV, while another sensor is positioned close to the LV apex [32,33]. This enables surgeons to observe and measure the intraventricular pressure and the flow velocity at the outflow tract. By evaluating the pressure and flow during the process, it is possible to detect any potential LVOT obstruction. In this study, the pressure gradients ( Δ P) of different simulations of MV leaflet angulation were investigated as illustrated in Figure 4b. Moreover, the pressure gradient was calculated by taking the difference of LV pressure (at LV cavity) and maximum pressure near AoV. It is obvious that the pressure gradients value increased when anterior leaflet of MV extended into the outflow tract, as seen in Figure 4b for those the cases before AML splitting. In addition, as it was illustrated earlier in Figure 8 and Figure 9, a dropped in pressure gradients was seen in all cases after the laceration of anterior leaflet. The decrease in pressure gradients following the division of the anterior leaflet, as seen in Figure 4b, aligns with the findings published in prior studies [13,34,35]. The presence of an artificial valve in the mitral valve, along with the laceration of the anterior leaflet, did not result in the observation of critical LVOT gradients. The MV leaflet splitting approach is crucial because to the occurrence of significant LVOT blockage in up to 22% of patients undergoing transcatheter mitral valve implantation (TMVI) [17,18].



Prior to TMVI, it is essential to evaluate the LVOT and MV annulus. This can aid in choosing the optimal size of the MV prosthetic device. The protrusion of the MV device into the LV can cause AML to move excessively towards the outflow tract, resulting in the formation of LVOT obstruction [36,37]. Our simulations demonstrated the capability of the developed model to simulate occlusion at the LVOT, by showing the effect of this obstruction on flow pattern and pressure gradient. Additionally, simulations after AML splitting were studied to show the importance of this clinical approach in diminishing the LVOT obstruction, as the preservation of subvalvular apparatus of MV is necessary. Preserving the subvalvular apparatus, including native leaflets of MV, during mitral valve surgery, such as TMVI, significantly increases patients’ likelihood of surviving the treatment by greatly boosting their capacity to sustain LV function [38,39]. However, in some cases, LVOT obstruction may exist due to the movement of MV anterior leaflet towards outflow tract. To overcome such as complications, the surgical technique of AML splitting can be a solution to minimize the flow obstruction at LVOT following TMVI [16].



The ALE-FSI technique uses a well-defined fluid–structure interface. This approach directly solves solid and fluid variables to relate fluid-solid interaction. ALE-FSI is used in several vascular simulations [40,41]. Few models have used the ALE technique to simulate fluid dynamics on mitral leaflets [42,43,44]. In addition, some of these models have employed idealized 2D or 3D geometries, and most have concentrated on certain cardiac cycle stages like closure or opening rather than the full cycle. FSI simulations are cost-effective for studying intraventricular fluid dynamics. The presented model is an extension of our previously published study [26]. In addition, our model has been used and validated for different applications, such as modeling MV prolapse and replicating the motion of the MV leaflets in response to different pressures in the atria and ventricles, resulting in their opening and closing. The 3D-0D model of LV developed in this study accurately incorporates native MV anterior leaflet, MV prosthetic valve, and ventricular wall in the presence of HCM. In addition, MV annular plane (inlet) and Ao outlet boundary are linked to 0D closed-loop circulatory circuit, which incorporates implicit conservation of blood volume. This 0D model presents a more accurate representation of the cardiovascular system, and improves the accuracy in simulating cardiovascular dynamics.




4. Conclusions


In this study, a 3D-0D cardiac model was developed using a realistic (ALE) coupling technique. The performed simulations show the different applications of LV generic model. This model includes a prosthetic mitral valve placed in the LV to simulate the effects of moving the rigid AML towards the LVOT. Furthermore, this model was utilized to investigate the surgical technique of AML splitting in order to reduce the flow obstruction at LVOT following TMVI. Computational simulations have great potential to enhance the understanding of the impact of SAM on the flow pattern at the outflow tract. The 3D-0D computational model presented in this study offers valuable insights into the flow patterns within the heart under various conditions, such as different angles of MV anterior leaflet angulation and MV laceration, in the presence of HCM. The utilization of simplified geometric models for the LV and MV decreases the computational workload, hence enhancing the process of model creation [45,46]. The passive component of ventricular myocardial tissues was assumed to exhibit transverse isotropic hyperelasticity, despite their orthotropic characteristics [47]. The study conducted by Demer and Yin [48] demonstrated that a transverse isotropic hyperelastic material accurately reproduced mechanical responses in both uniaxial and biaxial conditions. The LV active reaction was represented using a time-based function. Future simulations will integrate the excitation-contraction mechanism described by Watanabe et al. [49] for active reaction of the LV muscle. The model presented in this study accurately reproduced the MV anterior leaflet movement towards intraventricular septum as a rigid boundary. In future work, the mechanical properties of MV leaflets would be incorporated using experimental hyperelastic isotropic material to replicate the physical movement of the MV anterior leaflet. The model presented here has the potential to be expanded for investigating additional cardiac phenomena and exploring post-procedural complications.
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Figure 1. Geometry of LV generic model including anterior leaflet and MV device. (a,b) illustrate the longitudinal and transverse views of the LV idealized model, respectively. 
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Figure 2. Myocarium fiber orientation, and pre− and after−load Windkessel model. (a) Changes in myocarium fiber orientation from the outer (epicardium) to the inner (endocardium) surface of the LV. (b) Closed−loop circuit coupled to the inlet and outlet boundaries of the 3D model. 
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Figure 3. The model setting for (a) SAM simulation by rotating the MV anterior leaflet at various angles towards the outflow tract, and (b) anterior leaflet after splitting. 
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Figure 4. 3D model pressure waveform and gradients. (a) shows LV, LA, Ao and arterial pressure of 3D generic model at 0° (with no AML splitting), and (b) illustrates the pressure gradients of all simulations. 
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Figure 5. Illustrations of simulated velocity fields and structural deformations of the LV generic model at four different time during the cardiac cycle, where (a–d) are simulated models at angle 0°, 10°, 20° and 30°, respectively, with the preservation of AML. 
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Figure 6. Snapshots of four time points of flow velocity and LV wall displacement. (a–d) show the simulations at angle 0°, 10°, 20° and 30°, respectively, after AML splitting. 
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Figure 7. Snapshots of flow velocity profiles at different angulation of MV anterior leaflet, where (a,b) illustrate the simulations before and after division of AML, respectively (left-to-right (0°, 10°, 20° and 30°)). 
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Figure 8. Blood flow measurements from a line that projected from the Aov towards the LV cavity. (a–d) show the simulations at angle 0°, 10°, 20° and 30°, respectively, before and after AML splitting. (e) shows the line projected perpendicularly from the AoV into the LV cavity. 
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Figure 9. Flow profile at the AoV. (a–d) show the simulations at angle 0°, 10°, 20° and 30°, respectively, before and after AML laceration. (e) shows the line where the flow vecloities were measured. 
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Table 1. Parameters of Windkessel circulatory model.
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	Parameter
	Value
	Unit
	Description





	   R w   
	   0.9   
	mmHg s mL    − 1   
	Systematic resistance



	   C w   
	   4.5   
	mL mmHg    − 1   
	Systematic compliance



	   R  a o    
	   0.08   
	mmHg s mL    − 1   
	Aortic valve resistance



	   R  p e r    
	   0.94   
	mmHg s mL    − 1   
	Peripheral resistance



	   R  v e n    
	   0.015   
	mmHg s mL    − 1   
	Venous resistance



	   C  v e n    
	65
	mL mmHg    − 1   
	Venous compliance



	   V  v e n , 0    
	3200
	mL
	Resting volume for vein



	   V  v e n , 0    
	400
	mL
	Resting volume for artery



	   V  l a , 0    
	4
	mL
	Resting volume for LA



	   P  l a , 0    
	1
	mmHg
	Resting pressure for LA



	   E  e s , l a    
	   0.25   
	mmHg mL    − 1   
	End-systolic elastance



	   E  e d , l a    
	   0.15   
	mmHg mL    − 1   
	End-diastolic elastance



	   t  c y c l e    
	   0.96   
	s
	Cardiac cycle



	Initial values
	
	
	



	    V  v e n      
	   73.5   
	mL
	



	    V  l a      
	641
	mL
	



	    V  a r t      
	4082
	mL
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