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Abstract

:

Long-term fiber tissue remodeling and the progressive thickening of the aortic valve leaflets called calcific aortic stenosis lead to cardiac blood outflow obstruction. This disease is the most prevalent heart valve pathology in developed countries. Surgeons can perform aortic valve replacement through traditional open-heart surgery involving a cut (incision) in the chest or use minimally invasive methods such as transcatheter aortic valve implantation (TAVI). These types of surgery have numerous advantages and limitations. Recently, the Ozaki operation for aortic valve replacement using tissue from the autologous pericardium has been proposed. Despite being a promising technique for aortic valve pathology treatment, there is a lack of long-term results and optimal selection of leaflet sizing. Numerical fluid simulations can help surgeons predict operation outcomes for each patient. Nevertheless, the description of the material model for leaflet mechanics leaves an open question. Furthermore, selecting the most suitable model to describe the different conditions of the aortic valve is difficult. We performed a numerical analysis of aortic valve leaflet material models to describe the hemodynamics in normal, pathological, and Ozaki cases. We also reveal wall shear stress, von Mises stress, and displacement distributions. Based on the parameters mentioned above, we found that the Ozaki case model behaved similarly to the mathematical model describing the normal case. Numerical simulations also provide information on the mechanisms of aortic valve work in different states of the heart cycle.
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1. Introduction


Aortic stenosis is a common valvular disorder, especially in the elderly (over 15% of adults aged 70 suffer from this pathology), leading to obstruction of the left ventricular outflow tract [1]. Aortic stenosis results in blood flow decrease to the vertebral, basilar, and carotid arteries. Moreover, an aortic valve pathological constriction narrows the valve aperture, and leaflet deformation disturbs blood flow between the left ventricle and the aorta. Aortic valve leaflet calcification appears to be the reason for such disorders. Calcinosis spreads from the base of the cusps to the free edge, reducing their mechanical function and effective orifice area [2]. It also imposes an additional load on the heart, causing it to work more intensively. Therefore, it may lead to disorders in heart muscle work.



Furthermore, severe aortic valve stenosis is one of the major causes of premature mortality among older adults. As life expectancy increases, the number of people living with aortic valve disorders is expected to triple from 290,000 in 2003 to over 850,000 by 2050 [3,4,5].



There are more than 275,000 aortic valve reconstructive operations in the world annually [6]. In the past, management options were either open-heart surgery or transcatheter aortic valve implantation (TAVI). However, a rapid evolution in the approach to TAVI and selection and stability guidelines has emerged in the last 5–10 years, as approved by numerous papers [7,8,9,10,11,12].



Artificial valves can generally be divided into two categories: mechanical and bioprosthetic valves. The major disadvantages of mechanical valves are thromboembolic complications and the need for lifelong anticoagulation therapy. On the contrary, bioprosthetic valves are completely devoid of the drawbacks of mechanical valves. Nevertheless, these implants are prone to structural valve degeneration, consequently causing repeated surgery [13]. The bioprosthetic valve leaflets are fabricated from specific porcine valves or bovine heart tissues. Despite advancements in artificial bioprosthetic valve technology, the hemodynamic characteristics are still not comparable to native human valves [14].



A solution was proposed by S. Ozaki et al. [15,16,17,18,19]. The technique of aortic valve reconstruction using glutaraldehyde-treated autologous pericardium has been actively adopted in clinical practice [20,21,22]. Daily Ozaki surgeries performed worldwide help gather meaningful statistics. The conventional Ozaki procedure requires a large amount of pericardium tissue; therefore, the technique still requires conventional sternotomy. Thus, aortic valve neo-cuspidation procedure (AVNeo) improvement methodologies have been suggested. For example, the authors of [23,24] introduced a mini-invasive method of the Ozaki operation and its potential for young people and pediatric patients with congenital heart disease.



The Ozaki procedure is a relatively new technique for treating aortic valve pathology. Although it shows good mid-term results, data on long-term circumstances are few. Therefore, it is too early to discuss the Ozaki procedure’s absolute superiority over other methods of aortic valve replacement. The best option depends on the specific aortic valve problem, as well as the expertise and experience of the health care team.



Computational modeling and in silico simulations may be crucial in predicting long-term adverse outcomes. Computational models of aortic valve performance can be used to develop decision-making support software based on robust machine learning algorithms [25,26,27,28,29].



There are various methods utilized for aortic valve hemodynamic simulation. A substantial review of contemporary aortic valve models has previously been presented [30]. Papers [31,32,33,34] are devoted to different aspects of aortic leaflet geometric design and modeling. Experimental methods, primarily PIV (particle image velocimetry), have been adopted to visualize streamlines and vortical flow fields through artificial aortic valves, as presented in [35,36,37]. Most papers discuss FSI (fluid–structure interaction) models falling into two general categories: (a) immersed boundary methods (a solid body is immersed in a fixed fluid mesh); and (b) an arbitrary Lagrangian–Eulerian approach (a fluid mesh is moving simultaneously with a solid-body grid).



Peskin developed the first categorical approach (called the immersed boundary method) in 1972 [38] to simulate fluid–structure interaction. A fixed grid discretizes the fluid domain; Navier–Stokes equations are written in a Eulerian coordinate system, while the structure is represented in Lagrangian coordinates. The development of this method is presented in papers [39,40]. The advantages of the immersed boundary method include low computational costs and a simplified grid generation, which avoids mesh movement/regeneration. On the other hand, this method exhibits less accurate blood pressure on the leaflet and wall shear stress, which is an important hemodynamic factor in assessing cardiovascular pathology development due to boundary smearing [41,42].



Another category of methods is based on the ALE (arbitrary Lagrangian–Eulerian) approach considering mesh deformation in the fluid domain with respect to the solid domain motion. The ALE–FSI approach provides more accurate results at the fluid–structure interface. Although, the method demands significantly higher computational resources.



Two-dimensional (2D) models of aortic valve blood flow are proposed in [43,44]. Additionally, biotransport aspects due to aortic valve pathology are discussed in [45]. Three-dimensional (3D) models are presented in papers [46,47,48]. Patient-specific models are presented in papers [49,50,51]. Furthermore, there are alternative methods of FSI problem solution for aortic valve hemodynamic simulation such as the smoothed particle hydrodynamics method (SPH) [52,53] and the lattice Boltzmann method (LBM) [54]. Recently, studies on the performance of the aortic valve cusp’s mechanical properties during blood flow are of major interest to researchers [55]. However, the correct choice of the leaflet material model and the appropriate parameters are still an open question. Table 1 compares the models used with parameters from various sources. Thus, choosing the most appropriate model to describe aortic valve biomechanics under various conditions is still challenging. In the present work, we describe a numerical analysis of aortic valve leaflet material models to simulate blood flow for the following three cases: blood flow in the healthy state, pathology, and post-Ozaki procedure. We assume similar results for the normal state and Ozaki case but different results for the pathological case, suggesting the use of appropriate material models.




2. Materials and Methods


We solved the problem with the FSI approach using COMSOL Multiphysics (Comsol Inc., Stockholm, Sweden) software. An idealized two-dimensional aortic valve geometry was designed on the basis of ultrasound images and the literature review. We performed a numerical analysis of the hemodynamic characteristics depending on the aortic valve leaflet material model used in different situations. Velocity, pressure, WSS, and OSI were computed for three cases: normal, pathological, and Ozaki procedure.



2.1. Geometry and Meshing


Using data from [42,44], we designed an idealized 2D geometry including the aortic valve cusp, aorta root, Valsalva sinus, and ascending aorta (Figure 1). The geometric dimensions are also shown in Figure 1b.



A mesh convergence study was performed at steady-state peak velocity to determine the optimum mesh density. We observed that the accuracy of the solution does not change for models with more than 10,000 elements. We used five boundary layers to calculate accurately near the walls. Additionally, the mesh was denser in the valve leaflets’ closure as shown in Figure 2a.



We conducted a sensitivity analysis of the velocity components to satisfy the mesh independency requirement. The dependence of the peak velocity on several mesh elements is shown in Figure 2b. Increasing the number of mesh elements does not result in a large change in peak velocity values.




2.2. Fluid Properties


Blood flow is considered an incompressible Newtonian fluid flow with a constant density of 1060 kg/m3 and dynamic viscosity of 0.004 Pa∙s. The average Reynolds number is equal to 3685, approving the turbulent nature of the fluid flow through the valve. Furthermore, the modeled flow is pulsatile, so turbulent zones are expected to occur in the downstream regions. Blood, a multiphase fluid comprising plasma, blood cells, and platelets, exhibits a shear-thinning behavior at low shear rates and near-Newtonian behavior at higher shear rates. Recently, blood flow was shown to be Newtonian in turbulent downstream flows [63].



Many turbulent models are used for hemodynamic modeling in the aortic valve. Some authors have used a RANS-based model, such as Spalart–Allmaras [64],   k − ε   [44],   k − ω   [49], or other models. Another approach is to use a large eddy simulation (LES) model; unlike RANS models, Navier–Stokes equations are filtered from eddies that are too small to be calculated using computational discretization. A LES model was used for aortic valve simulation in [65,66]. We should note that LES models do not apply to 2D geometry. Furthermore, there is a direct numerical simulation (DNS) where full Navier–Stokes equations are solved without averaging, filtering, or assumptions about the production and dissipation of turbulence. This kind of simulation requires very fine temporal and spatial discretization and, consequently, considerable computational resources for its solution.



We used a   k − ε   RANS model to simulate turbulent flow. The model introduced two additional transport equations and two dependent variables: the turbulent kinetic energy (k) and the turbulent dissipation rate (ε).




2.3. Mechanical Properties of Aortic Valve Leaflets


To model three cases of aortic valve cusps (healthy state, pathology, and Ozaki procedure), it is necessary to describe the mechanical properties of the aortic valve leaflet corresponding to these cases.



2.3.1. Mechanical Properties of Aortic Valve Leaflets in the Healthy State


The three-parameter isotropic hyperelastic Mooney–Rivlin model was adopted to model aortic cusps in the healthy state:


  W =  C  10    (     I 1   ¯  − 3  )  +  C  01    (     I 2   ¯  − 3  )  +  C  11    (     I 1   ¯  − 3  )   (     I 2   ¯  − 3  )  ,  



(1)




where    C  10   = 32,823    kPa ,     C  01   = 2955    kPa ,     C  11   = 585,790    kPa   . We described healthy state aortic valve leaflets using an isotropic hyperelastic model following the study of May-Newman et al. [67]. They showed that invariant-based law prediction requires fewer computations than fiber-based descriptions for computational efficiency. They showed a strain energy function of two strain invariants, which used only three coefficients, and accurately predicted the stress–strain behavior over a wide range of deformations.



We must acknowledge that mechanical models, either isotropic or anisotropic, consider structural composition effects but do not show mechanical compliance by themselves. We did not obtain the anisotropic hyperelastic model for compliant tissue or the isotropic hyperelastic model for strengthened tissue. Experimental tests for aortic valve leaflets provided us with a J-shape curve that either isotropic or anisotropic models could successfully approximate. The prevalent structural component of aortic valve (AV) tissue is collagen [68]. If we assume that healthy leaflets’ mechanical properties strongly depend on the mechanical behavior of collagen fibers, a transversally isotropic model can be applied to such a case.



The thickness of the AV is less than the other two in-plane dimensions (by two orders of magnitude), and the AV is considered a planar tissue [69,70]; therefore, the 2D case described here is also valid. Weinberg et al. [71] confirmed that transversally isotropic models can be used with several limitations, such as 2D cases.



The tensile strength of collagen is approximately 120 MPa, which is only one order of magnitude lower than that of high tensile steel (about 1110 MPa), and an elastic modulus of about 1.2 GPa, which confers substantial stiffness [71]. However, it stretches only minimally (about 13%) [72]. On the other hand, elastic fibers are the most extensible biosolids with a low modulus of approximately 0.3–1.1 MPa and can reach failure strains of >150%. However, elastic fibers demonstrate a low tensile strength of approximately 2 MPa, which limits their load-bearing capacity [68].



Therefore, we assumed that the fibrous architecture of the aortic valve tissue was a homogeneous distribution of collagen fibers oriented in a single direction, circumferential to the longitudinal axis.




2.3.2. Mechanical Properties of Calcified Aortic Valve Leaflets


Following Qin et al. [73], the calcification was assumed to be homogeneous, isotropic, and linear elastic. We assumed that the leaflets were completely calcified. The calcified cusps become stiffer, and a non-linear response due to soft tissue can be neglected. Authors of various papers on calcified valve hemodynamic simulation also share this assumption [44,49]. The linear elastic material can be described using Young’s modulus (  E = 2    MPa   ) and Poisson’s ratio (  ν = 0.45  ) (Table 1).




2.3.3. Mechanical Properties of AVNeo Aortic Valve Leaflets (Ozaki Operation)


When performing the Ozaki procedure, aortic valve leaflets are cut from the pericardium with a heterogeneous distribution of collagen fibers. Anisotropic hyperelastic models such as the Holzapfel–Gasser–Ogden model [74] can be exploited in this case:


  W =  C  10    {  exp  [   C  01    (    I ¯  1  − 3  )   ]  − 1  }  +    k 1    2  k 2      ∑  i = 1  2    [  exp  {   k 2     E ¯  α  2   }  − 1  ]    ,  



(2)






    E ¯  α  = κ  (    I ¯  1  − 3  )  +  (  1 + 3 κ  )   (    I ¯   4  (  α α  )    − 1  )  ,  



(3)




where    C  01   = 30.03    kPa   ,    C  10   = 3.47  ,    k 1  = 74.5  ,    k 2  = 63.19  , and   κ = 0.2   are the material parameters;     I ¯  1    is the first deviatoric strain invariant; and     I ¯   4  (  α α  )      is the pseudo-invariant of   C ¯   and     E ¯  α   . Parameter κ (0 ≤ κ ≤ 1/3) describes the level of dispersion in the fiber directions. When κ = 0, the fibers are completely aligned (no dispersion). When κ = 1/3, the fibers are randomly distributed, and the material becomes isotropic.





2.4. Mathematical Problem Statement


We used Navier–Stokes equations and an incompressibility equation to describe fluid flow:


  ∇ ⋅   υ   f   = 0 ,  



(4)






  ρ   ∂   υ   f     ∂ t   + ρ  (    υ   f   ⋅ ∇  )    υ   f   = ∇ ⋅   σ   f   ,  



(5)






    σ   f   = − p  I  +  τ  ,  



(6)




where     υ   f     is the fluid velocity,     σ   f     is the stress tensor,  ρ  is the fluid density,  p  is the pressure, and   τ   is the extra stress tensor. We used the   k − ε   model to describe turbulent flow:


    ρ   ∂ k   ∂ t   + ρ   υ   f   ⋅ ∇ k = ∇ ⋅  (   (  μ +    μ T     σ k     )  ∇ k  )  +  P k  − ρ ε ,      P k  =  μ T   (  ∇   υ   f   :  (  ∇   υ   f   +    (  ∇   υ   f    )   T   )  −  2 3     (  ∇ ⋅   υ   f    )   2   )  −  2 3  ρ k ∇ ⋅   υ   f   ,     ρ   ∂ ε   ∂ t   + ρ   υ   f   ⋅ ∇ ε = ∇ ⋅  (   (  μ +    μ T     σ ε     )  ∇ ε  )  +  C  ε 1    ε k   P k  −  C  ε 2   ρ    ε 2   k     



(7)




where  k  is the turbulent kinetic energy;    μ T  = ρ  C μ     k 2   ε    is the turbulent viscosity;  ε  is the turbulent kinetic energy dissipation rate; and    C μ   ,    σ k   ,    σ ε   ,    C  ε 1    , and    C  ε 2     are the model parameters. Considering rigid body dynamics, the equation of motion is written as:


  ρ    ∂ 2    u   s     ∂  t 2    = ∇ ⋅   σ   s   +  f  ,  



(8)




where  ρ  is the density,     u   s     is the displacement field,     σ   s     is the Cauchy stress tensor, and   f   is the volumetric force/force per deformed volume in the actual configuration.



For hyperelastic materials, the relationship between stress and strain is defined as follows:


    σ   s   =   ∂ W   ∂ ε   ,  



(9)




where  W  is the strain energy density.




2.5. Boundary Conditions


Equations (4)–(9) must be supplemented by initial and boundary conditions to provide the system closure.



No-slip boundary condition:


    u   f   ⋅  n  =   u   f      t r   ⋅  n  .  



(10)







Velocity profile set at the inlet:


   υ 0   ( t )  =  {    0.5  (  1 − cos  (  5 π t  )   )  ,   t ∈  [  0 , 0.4  )  ,     0 ,   t ∈  [  0.4 , 0.6  )  .      



(11)







Pressure   p = 0   is set at the outlet.



The FSI interface states that the fluid displacements and solid domain must be compatible. Tractions at this boundary must be at equilibrium, and the fluid must obey the no-slip condition. The following equations create these conditions:


    u   s   =   u   f   ,  



(12)






    υ   s   =   υ   f   ,  



(13)






    σ   s   ⋅   n ^  s  =   σ   f   ⋅   n ^  f  .  



(14)








2.6. FSI Problem


The FSI problem was solved using the ALE–FSI approach in the COMSOL Multiphysics software (Comsol Inc., Stockholm, Sweden) package. In the ALE method, the movement of a solid body is described using a reference coordinate system that can be arbitrarily moved without any relation to the structure’s transformation or fluid movement. As a result, both parts effectively combine, and the description located in the transformation flow becomes possible. We used the Navier–Stokes equation to describe the fluid motion. Then, we determined the total force acting on the solid:


   f  =  n  ⋅  {  − p  I  +  (  μ  (  ∇   u   f   +    (  ∇   u   f    )   T   )  −  2 3  μ  (  ∇ ⋅   u   f    )   I   )   }  ,  



(15)




where  p  is pressure,  μ  is dynamic viscosity, and   n   is normal to the solid body boundary.



The Navier–Stokes equations are solved in the spatial (deformed) frame, whereas the equations of solid mechanics are defined in the material (undeformed) frame, a transformation of the force is necessary:


   F  =  f  ⋅   d υ   d V   ,  



(16)




where   d υ   and   d V   are the mesh element scale factors for the spatial frame and the material frame, respectively.





3. Results


In this section, we present the results obtained for velocity, pressure, von Mises stress, wall shear stress (WSS), and oscillatory shear index (OSI) for three aortic valve cases: normal, aortic stenosis (calcification of cusps), and aortic valve neo-cuspidation (Ozaki operation).



3.1. Velocity Field and Pressure


The inlet velocity profile is shown in Figure 1c, with a maximum velocity of 98 cm/s at 0.21 s. Figure 3a–c shows the flow velocity profiles through the aortic valve. The maximum flow rate for a healthy valve was 1.7 m/s at 0.19 s; for calcified leaflets, the maximum rate reached 2.8 m/s at 0.2 s; for the Ozaki procedure model of the aortic valve, the maximum rate was 1.53 m/s at 0.18 s. The maximum values throughout the cardiac cycle are shown in Figure 1d.



Comparing the results, we can say that the first case with a maximal velocity of 1.7 m/s describes normal conditions, the second with a maximal velocity of 2.8 m/s simulates mild aortic stenosis, and the third with a maximal velocity of 1.53 m/s indicates the absence of stenosis and normal blood flow. Similar results can also be observed in papers [75,76,77]. Many papers have not considered the turbulent nature of fluid flow despite the average Reynolds number values being about 3000 for similar geometries and flow velocities, which suggests a transient regime.



Furthermore, vortex phenomena can be observed in Figure 3a–c. In the first case, vortices begin forming at t = 0.15 because the leaflets move. However, they disappear quickly, and two new circulating streams are created only in the middle of the diastolic phase (t = 0.4 s). The vortices are directed clockwise and counterclockwise. After full closure, the vortices practically dissolve because the velocity is close to zero.



Figure 4 compares the calculated results of the peak velocities for the normal and Ozaki cases with in vivo experimental data [78]. The results provide a fairly accurate description of the experimental data.



The values of the transvalvular pressure gradient are shown in Figure 5. In the calcified aortic valve cusps, there is an elevated pressure relative to other cases, reaching a maximum of 17.8 mmHg. The peak pressures for the healthy state and Ozaki procedure are 7 and 6 mmHg, respectively.



Vortices form earlier and are maintained longer with the calcified leaflets. Unlike the first case, two circulation streams begin to form at t = 0.3. They point in opposite directions too. However, they do not disappear completely during the full cardiac cycle. Moreover, two other vortices form in the sinus, suggesting that the next blood flow portion will face alongside them and vortices can accumulate. We can observe asymmetric vortices in the third case because different leaflets move. One vortex becomes larger than the other as a result of symmetry.




3.2. Von Mises Stress


The distribution of von Mises stress in the aortic valve leaflets is shown in Figure 6a–c. The maximum stress values are concentrated at the base of the valve cusps. At peak systole, the maximum values were 555.4 kPa in the calcified valves, 210.4 kPa in the healthy valve leaflets, and 133.5 kPa in the case of the behavior after the Ozaki procedure.



We also obtained the values of the first principal stresses and strains, as shown in Figure 6d. We found the highest stresses in the healthy valve model and the highest de-formations in the AVNeo model (up to 60%). Conversely, the calcified leaflet model showed minimal deformations (up to 20%).




3.3. Wall Shear Stress and Hemodynamic Indicators


Two of the key characteristics in analyzing hemodynamic models of the aortic valve are wall shear stress (WSS) and the oscillatory shear index (OSI).



The shear stress tensor can be expressed via the stress tensor     σ   f     and the vector of the normal   n   to the boundary:


   t  =   σ   f   ⋅  n  ,  



(17)






    t   s   =  t  −  (   t  ⋅  n   )   n  .  



(18)







The oscillatory shear index shows the deviation of the wall shear stress vector direction from the prevailing direction of the blood flow during the cardiac cycle:


  O S I =  1 2   (  1 −    |   1 T     ∫ 0 T     t   s   d t     |     1 T     ∫ 0 T    |    t   s    |  d t       )  .  



(19)







The WSS obtained in this study corresponds well with previous results [79,80]. The averaged WSS ranges from 0.1 up to 10 Pa. As seen in Figure 7, the WSS values are low and do not exceed 15 Pa, whereas peak magnitudes are observed at the edges of the aortic valve leaflets. The maximal values of WSS quantitively correlate with the results presented in paper [80], ranging from 23 to 32 Pa in different cases. In our case, the maximum value is 51.6 Pa for the calcified cusps model and 20.4 Pa and 23.8 Pa for the models describing normal conditions and AV neo-cuspidation of the aortic valve, respectively.



The large WSS values for the second case are explained by the increased flow velocity, which increased relative to the normal case as a result of the decreased elasticity of the aortic valve cusps, which did not allow them to open wide enough. An OSI of 0 indicates a unidirectional net forward flow, whereas 0.5 reflects a 180-degree change in the direction of the shear vector during the cardiac cycle. The OSI values for the considered models are presented in Table 2. The wall shear stress is shown in Figure 7. The maximum values are concentrated at the ends of the leaflets and range from 5 to 55 Pa. The maximum WSS values are shown in Figure 8a.



A key variable in analyzing 3D models is the effective orifice area (EOA), and the analog for 2D models is the minimum distance between the aortic valve leaflets (Figure 6b). Figure 6b shows that in this model, the distance between the leaflets was minimal and, at peak systole (t = 0.21 s), was 26% less than the normal valve condition. By contrast, the third case had the largest opening of the cusps, and at the peak systole, the distance between the leaflets was 22% greater than the normal valve condition.



Wall shear stress is one of the main characteristics of studying the biomechanics of the aortic valve. Low and high WSS affect arterial surfaces at the cellular level [81].





4. Discussion


4.1. Wall Shear Stress


Prognostic data that modern visualization methods cannot provide can be evaluated with the help of CFD and FSI modeling and biomechanical methods [86,87,88]. Nowadays, advanced computational algorithms make it possible to produce realistic and accurate 2D and 3D models, considering blood pressure, detailed anatomy, feedback mechanisms in the circulatory system, and deformation of the vessel wall [89,90,91,92]. A clinician can determine temporally and spatially varying hemodynamic parameters in a non-invasive way, including wall shear stress, oscillatory shear index, relative residence time, and pressure that cannot be studied through visualization or clinical measurements [93,94,95,96].



Hemodynamic alterations significantly affect WSS distribution on the aortic valve leaflets and are a key factor in calcification progression [49]. When leaflets become stiffer, the efficiency of blood flow transport through the restricted aortic valve decreases. The model that can capture this effect has also been approved by clinical observations [97].



In the case of blood flow, WSS may play a role in the pathogenesis of aneurysmal disease and atherosclerosis development. Lower WSS promotes atherosclerotic plaque development in blood vessels [98].



Altered wall shear stress in aortic valve leaflets may cause pathological developments such as calcification progress or structural and morphological changes. According to our results, the diseased aortic valve cusps were exposed to dramatically high WSS compared to the healthy leaflets as previously suggested by Salman et al. [80].



We should also note that the developed model demonstrates a correlation between the WSS values and small gap vicinity (the central gap between the leaflets), which was recently approved by Nowak et al. [99]. When the leaflets open, the WSS average values rapidly decrease.




4.2. Deformations


As mentioned earlier, the minimum distance between the cusps is similar to the effective opening area (EOA) in the 3D case. The obtained regularities qualitatively correlate with the results presented by Amindari et al. [55]. They also investigated aortic valve leaflet deformations in various cases. The maximum first principal deformations ranged from 15% for a normal valve condition to 35% for a calcified valve. In our model, we obtained slightly different results: For the model with calcified valves, the maximum deformations were 17.4% in peak systole, 21.4% for the normal state, and 52.3% for the AVNeo model. The experimental data for porcine valve leaflets [100] indicate deformations in the range of 30% at peak systole.




4.3. Hemodynamic Indicators


Hemodynamic indices play a crucial role in the evaluation of aortic valve performance. According to medical data [13], aortic stenosis is classified into three categories: mild, moderate, and severe. The corresponding blood flow velocities are <3.0 m/s, 3.0–4.0 m/s, and >4.0 m/s, respectively.



In this regard, it is worth noticing the vortices’ formation in Figure 2. When simulating the normal valve state, two circulating flows (t > 0.3 s) form and persist throughout the cardiac cycle, indicating a unidirectional flow. A similar pattern can be observed when simulating flow through calcified valve leaflets; however, vortices begin to form earlier and persist until the end of the diastole. Earlier vortex formation is associated with a higher flow velocity. In the simulation of the third case, we can observe a slight asymmetry in the movement of the valve cusps and, consequently, the displacement of the vortices relative to the middle.



The unidirectional flow is also indicated by the oscillatory shear index (OSI), which is equal to 0.024 for the normal model, 0.03 for calcified cusps, and 0.04 for the AVNeo model (Ozaki procedure), respectively.



In mild aortic stenosis, the average transvalvular pressure gradient is <25 mmHg; in moderate, it is 25–40 mmHg; and in severe, it is >40 mmHg [82]. The maximal values of transvalvular pressure obtained in this model are shown in Figure 3.




4.4. Vortices


It is well-established that vortices formation is related to the presence of the Valsalva sinuses [101]. Nevertheless, there are different views on blood flow dynamics within the sinuses [85,102].



Some authors consider that these chambers hold and expand the vortex ring during the systole stage, and the vortex also promotes leaflet closure [103,104,105].



Another point of view states that the vortex ring generated during valve opening is convected away toward the aorta, and a secondary vortex with an opposite rotation forms and remains within the sinus until the valve begins to close [106,107]. Our study also suggests that secondary vortices occur before the aortic leaflet closing stage. Moreover, multiple vortices occur in various cases.




4.5. Limitations


4.5.1. Geometry


Our proposed approach has some limitations. We considered an idealized 2D geometry of the aortic valve, which significantly reduces computational resources and does not accurately describe the structure of a real aortic valve. In the future, we plan to implement a 3D model considering the personalized geometry of the aortic valve.




4.5.2. Boundary Conditions


Furthermore, one of the simplifications was our description of aortic walls as absolutely rigid. In the future, a model of linearly elastic material can represent them, as implemented in the works of [45,47].On the other hand, Kivi et al. [108] compared the influence of rigid and flexible walls. They demonstrated a 0.1% difference for pressure and velocity, but computational time increased by about 20% for flexible walls.



There are ways to set outlet boundary conditions, zero outlet pressure, pressure with lag, and the Windkessel model. We used zero outlet pressure to accelerate calculations, representing one more limitation of the present model.



Despite the consistency of the model results with other studies, it would not be superfluous to specify the model parameter values on the basis of experimental data.






5. Conclusions


Our study complements existing works in the field of applicability analysis for different material models describing various medical cases. We propose a mathematical model of aortic valve biomechanics to describe the hemodynamics in the healthy state, pathology (calcification), and post-Ozaki operation (AV neo-cuspidation).



We implemented three models to describe the biomechanics of the aortic valve cusps: the three-parameter Mooney–Rivlin model, the linear elastic model, and the HGO model. We obtained the distributions of WSS and flow velocity fields. The strain values and hemodynamic indices were evaluated. The results are in qualitative and quantitative agreement with previously published works.



The linear elastic model accurately described the calcified state of the aortic valve. The HGO model described the valve leaflets after neo-cuspidation in the various ranges of key indices close to the normal aortic valve leaflets.
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Figure 1. (a) B-mode views are used to determine aortic valve dimensions and the time-dependent inlet velocity profile measured via pulsed Doppler mode [44]. (b) Idealized 2D geometry with dimensions. (c) Velocity profile applied at the inlet boundary. (d) Boundary conditions. 






Figure 1. (a) B-mode views are used to determine aortic valve dimensions and the time-dependent inlet velocity profile measured via pulsed Doppler mode [44]. (b) Idealized 2D geometry with dimensions. (c) Velocity profile applied at the inlet boundary. (d) Boundary conditions.



[image: Mathematics 11 00428 g001]







[image: Mathematics 11 00428 g002 550] 





Figure 2. (a) Mesh view and (b) the peak velocity’s dependence on the number of mesh elements. 
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Figure 3. Velocity field and streamlines for (a) healthy state, (b) diseased model, (c) AVNeo model, and (d) maximum velocity. Time points are shown with red dots on the cardiac cycle. Flow direction is demonstrated with streamlines. 
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Figure 4. Comparison between peak velocity from model and in vivo experimental data [78]. 
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Figure 5. Transvalvular pressure gradient (TPG) for healthy, calcified, and neo-cuspidated aortic valves. 
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Figure 6. Von Mises stress and minimal distance between leaflets for (a) healthy state, (b) diseased model, (c) AVNeo model, and (d) maximum first principal stress and strain. Time points are shown with red dots on the cardiac cycle. Von Mises stress is shown on a logarithmic scale with maximum and minimum values. 
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Figure 7. Wall shear stress (WSS) distribution along the aortic valve leaflets for the healthy state, diseased, and AVNeo model during the cardiac cycle represented with red dots at key time moments. 
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Figure 8. (a) Maximum wall shear stress with shear vectors along the boundary; (b) minimal distance between leaflets; (c) time-averaged wall shear stress (TAWSS). 
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Table 1. Comparison of material models to describe aortic valve biomechanics.
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Material Model (Energy Potential)

	
Parameters

	
Source






	
Normal Aortic Leaflets

	
Linear elastic isotropic material

	
   E = 2    MPa ,    ν = 0.3   

	
[44]




	
Linear elastic orthotropic material

	
          E  c i r c   = 6.885    MPa ,       G  x y   = 1.121    MPa ,         E  r a d   = 1.624    MPa ,       G  y z   = 1.121    MPa ,         E  l o n g   = 1.624    MPa ,       G  x z   = 0.56    MPa ,               ν  x y   = 0.106 ,      ν  y z   = 0.106 ,      ν  x z   = 0.45         

	
[56]




	
   W =  μ α   (   λ 1 α  +  λ 2 α  +  λ 3 α  − 3  )  +  1 2  K    (  J − 1  )   2    

	
   α = 12.275 ,   μ = 75310    Pa    

	
[45]




	
   W =  C  10    (     I 1   ¯  − 3  )  +  C  01    (     I 2   ¯  − 3  )  +  C  11    (     I 1   ¯  − 3  )   (     I 2   ¯  − 3  )    

	
      C  10   = 32,823    kPa ,     C  01   = 2955    kPa       C  11   = 585,790    kPa      

	
[47,57]




	
   W =   ∑  p = 1  N      μ p     α p       (   λ 1   α p    +  λ 2   α p    +  λ 3   α p    − 3  )    

	
    μ 1  = 7.6    Pa ,     μ 2  = 570    Pa ,     α 1  =  α 2  = 26.26   

	
[48]




	
   W =  c 0   [   e   c 1     (   I 1  − 3  )   2  +  c 2     (   I 4  − 1  )   2    − 1  ]  + p  (  J − 1  )    

	
    c 0  = 5    kPa ,     c 1  = 10 ,    c 2  = 20   

	
[58,59,60]




	
     W =  C  10    {  exp  [   C  01    (    I ¯  1  − 3  )   ]  − 1  }  +     +    k 1    2  k 2      ∑  i = 1  2    [  exp  {   k 2     [    I ¯  1  +  (  1 − 3 κ  )    I ¯   4 i   − 1  ]   2   }   ]    +     +  1 D    (  J − 1  )  2  ,   i = 1 , 2     

	
          C  01   = 61.303    kPa  ,      k 1  = 9.295 ,        C  10   = 0.285    kPa  ,      k 2  = 99.684 ,             κ = 0.333 ,     θ =  0 °  ,     D = 5 ×   10   − 4           

	
[51,61]




	
Bovine and Porcine Valve

	
   W =    c 0     c 1     [   e   c 1   (    I ¯  1  − 3  )    − 1  ]  +    c 2    2  c 3     [   e   c 3     (  κ   I ¯  1  +  (  1 − 3 κ  )    I ¯  4  − 1  )   2    − 1  ]    

	
          c 0  = 4    kPa ,       c 2  = 128    kPa ,         c 1  = 9.6 ,      c 3  = 29.4 ,         θ =  13.1 °      

	
[62]




	
   W =   ∑  i = 1  N     2  μ i     α i 2       (   λ 1   α i    +  λ 2   α i    +  λ 3   α i    − 3  )    

	
        μ 1  = 19.58    kPa ,       α 1  = 67.74 ,        μ 2  = 260.56    kPa ,       α 2  = 27.47       

	
[52]




	
TAV/BAV

	
   W =    c 0   2   (    I ¯  1  − 3  )  +    c 1   2   (   e   c 2   (    I ¯  1  − 3  )    − 1  )    

	
      c 0  = 0.5    MPa ,     c 1  = 0.02    MPa       c 2  = 100     

	
[31,46]




	
   W =    c 0   2   (    I ¯  1  − 3  )  +    c 1   2   (  ω  e   c 2     (    I ¯  1  − 3  )   2    +  (  1 − ω  )   e   c 3     (    I ¯  4  − 1  )   2    − 1  )    

	
        c 0  = 117.137    kPa ,       c 3  = 132.455    kPa ,         c 1  = 41.435    kPa ,      ω = 0.988 ,        c 2  = 109.742    kPa ,      θ =   45  °        

	
[33]











[image: Table] 





Table 2. The hemodynamic key indicators for normal, calcified, and AVNeo computational models.
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Normal Aortic

Valve Model

	
Calcified Aortic

Valve Model

	
AVNeo

Model






	
Peak velocity (m/s)

	
1.7

	
1.1–1.7 [82] *

	
2.75

	
2.5–2.9 [83] *

	
1.53

	
–




	
Mean TPG (mmHg)

	
6.94

	
6.47 [78] *

	
17.84

	
15 ± 4 [84] *

	
6.18

	
6.36 [78] *




	
Maximum 1st principal stress (kPa)

	
85.5

	
–

	
77.8

	
–

	
83.7

	
–




	
Maximum 1st principal strain (%)

	
21.5

	
17 [56] **

	
17.5

	
20 [56] **

	
52.9

	
37 [56] **




	
Average WSS (Pa)

	
20.4

	
15–21.3 [85] *

	
51.6

	
25 [49] **

	
23.8

	
–








Left column—model results; right column—* in vivo and in vitro experimental data, ** numerical experiment data.
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