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Abstract

:

The complicated interaction between a fluid flow and a deformable structure is referred to as fluid–structure interaction (FSI). FSI plays a crucial role in the functioning of the aortic valve. Blood exerts stresses on the leaflets as it passes through the opening or shutting valve, causing them to distort and vibrate. The pressure, velocity, and turbulence of the fluid flow have an impact on these deformations and vibrations. Designing artificial valves, diagnosing and predicting valve failure, and improving surgical and interventional treatments all require the understanding and modeling of FSI in aortic valve dynamics. The most popular techniques for simulating and analyzing FSI in aortic valves are computational fluid dynamics (CFD) and finite element analysis (FEA). By studying the relationship between fluid flow and valve deformations, researchers and doctors can gain knowledge about the functioning of valves and possible pathological diseases. Overall, FSI is a complicated phenomenon that has a great impact on how well the aortic valve works. Aortic valve diseases and disorders can be better identified, treated, and managed by comprehending and mimicking this relationship. This article provides a literature review that compiles valve reconstruction methods from 1952 to the present, as well as FSI modeling techniques that can help advance valve reconstruction. The Scopus, PubMed, and ScienceDirect databases were used in the literature search and were structured into several categories. By utilizing FSI modeling, surgeons, researchers, and engineers can predict the behavior of the aortic valve before, during, and after surgery. This predictive capability can contribute to improved surgical planning, as it provides valuable insights into hemodynamic parameters such as blood flow patterns, pressure distributions, and stress analysis. Additionally, FSI modeling can aid in the evaluation of different treatment options and surgical techniques, allowing for the assessment of potential complications and the optimization of surgical outcomes. It can also provide valuable information on the long-term durability and functionality of prosthetic valves. In summary, fluid–structure interaction modeling is an effective tool for predicting the outcomes of aortic valve surgery. It can provide valuable insights into hemodynamic parameters and aid in surgical planning, treatment evaluation, and the optimization of surgical outcomes.
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1. Introduction


Millions of patients suffer from aortic valve diseases, which reveals a global problem [1,2,3]. Currently, in the United States, the overall prevalence of mitral or aortic valvular heart disease in the context of a patient’s age is estimated at 2.5% of the general population, and in people older than 75 years, it exceeds 10%. Assuming the aging population worldwide, the prevalence of such pathologies is expected to grow exponentially [4,5]. In Russia, diseases of the circulatory system account for 47% of the causes of mortality [6]. According to the European Society of Cardiology, Russia belongs to countries with a very high risk of CVD, as cardiovascular mortality exceeds 450 cases per 100,000 population for men and over 350 cases for women [7]; also, mortality from CVD increased by 12% according to 2021 research data [8]. One of the ways of helping to manage valve disease is the use of mathematical modeling and biomechanical methods, using computer tools to support medical diagnosis and design of prostheses, as well as providing many predictive data that contemporary imaging methods cannot provide [9,10,11,12,13,14,15,16]. CFD and FSI approaches have gained a wide spread within several last decades [17,18,19,20]. This review is conditionally divided into two parts (Figure 1); the first one is devoted to the aortic valves, pathologies, and methods of reconstruction for different types of valve prostheses. The second part consists of an overview of mathematical modeling that may help the outcome of valve replacement (Table 1), including models of transcatheter valve replacement, comparison valves made of bovine and porcine pericardium, numerical modeling at various scales (tissue and cellular), and predictions of the Ozaki procedure. The aim of this work is to demonstrate the progress of computer modeling methodology, as well as to systematize knowledge about the treatment of heart valve disease from the 20th century to the present day so the researchers can analyze the approaches used by their predecessors.




2. Materials and Methods


A systematic literature search was carried out before 30 April 2023 using keywords such as aortic valve, FSI modeling, TAVR, Ozaki procedure, bioprosthetic valves, mechanical valve, and others.



A search scheme for Scopus, Pubmed, and ScienceDirect databases is presented below (Figure 2). A total of 162 articles were included.



The procedure for selecting studies went as follows: Initially, relevant articles were selected from the databases and organized in an Excel spreadsheet. Repeated entries were then removed. The inclusion criteria for articles were restricted to (1) a survey of the methodological literature on aortic valves since aortic insufficiency, along with mitral heart valve pathologies, is among the most frequent diseases in cardiology. Other criteria used to exclude studies were (2) notes from conference proceedings, (3) abstract comments, (4) studies with geometries from animals other than porcine and bovine, and (5) computational methods on polymer valves as their clinical testing in humans is currently very limited.



2.1. Aortic Valves


A normally formed tricuspid aortic valve (AV) consists of three semilunar leaflets [49]. The aortic valve is located between the left ventricular outflow tract and the ascending aorta. The fibrous ring (annulus fibrosus, AF) of the AV has a cylinder shape in which the valve is fixed in the form of a crown [50,51]. The aortic root is a valvular–aortic complex consisting of the annulus fibrosus (AF) of the AV, semilunar cusps, sinuses of Valsalva, commissural rods, and arches connecting the tops of the commissures. Forming the outflow tract of the left ventricle, the function of the aortic root structure is to maintain the elements of the aortic valve [52].



The AV has two states: open in systole, when blood flows from the ventricle into the aorta, and closed in diastole when the direction of blood flow is reversed, but the reverse flow is prevented by the leaflets’ closing (Figure 3) [53,54]. At this stage, two specific valve pathologies can be distinguished—aortic stenosis and aortic insufficiency (Figure 4).



Aortic insufficiency (AI) is the absence of complete closure of the aortic valve cusps in diastole and the occurrence of reverse blood flow (regurgitation) from the aorta to the cavity of the left ventricle [55]. In case of severe insufficiency, up to 60% of the systolic blood volume can return to the left ventricle [56].



AI can be caused by a congenital malformation of the aortic valve leaflets and/or abnormalities in the geometry of the aortic root and ascending aorta. Some of the reasons lead to the slow development of chronic aortic regurgitation and induce physiological compensation, while others lead to the sudden onset of acute aortic regurgitation. Most often, with the development of chronic AI, slow compensatory LV dilatation, and eccentric myocardium hypertrophy are observed, which maintains the sufficiency of cardiac output.



The causes of AI may be (Figure 3) aortic root aneurysm, infective endocarditis, congenital aortic deformities, calcific degenerations, rheumatic diseases, systemic hypertension, myxomatous degeneration, and ascending aortic dissection, as well as Marfan syndrome [57].



If aortic regurgitation develops rapidly, physiological compensation does not occur promptly, which entails acute and severe regurgitation, a sudden catastrophic increase in LV diastolic pressure, and a decrease in cardiac output. The development of acute AI can be a result of infective endocarditis, chest trauma, and aortic dissection [58].



The main causes of AV insufficiency are infective endocarditis and aortic root aneurysm [59]. Aortic root aneurysms are prone to aortic dissection [60,61], with dilatation of the thoracic aorta occurring in about 40% of patients [62]. It is also common for patients with this disease to have a bicuspid aortic valve (BAV), which is the most common congenital heart disease and occurs in 1–2% of the population [63]. The geometries of the bicuspid valve are shown in Figure 5.



There are controversies about the heritability of BAV, but more and more evidence points to the genetic cause of its occurrence [64,65,66,67,68]. The fact that the presence of BAV predisposes to a number of tissue diseases, including aortic dilatation and dissection, also suggests that the defect is accompanied by dysfunction of the tissue structure [43,66,69,70,71,72].



Aortic stenosis is a narrowing of the left ventricular outflow tract in the region of the aortic valve, leading to difficulty in the blood outflow from the left ventricle to the aorta and a sharp increase in the pressure gradient between them [73].



Aortic stenosis can be caused by rheumatic disease or, more commonly, by calcification of a native bicuspid or tricuspid valve (Figure 3) [74]. There is a correlation between the prevalence of aortic stenosis and the increasing age of patients. The distribution of AS increases from 0.2% in the group aged 50–59 years to 9.8% in the group of patients 80–89 years old. It is assumed that the prevalence of AS in the population is increasing due to increasing life expectancy and the aging of the population. It should be clarified that AS is the most common reason for aortic valve replacement [75].



Calcified aortic valve stenosis (CAS) is caused by the accumulation of calcium in the tissues and mineral conglomerate thickening, which leads to poor blood flow from the left ventricle to the aorta. In Western countries, CAS has become the third most common cardiovascular disease in elderly patients, after coronary heart disease and hypertension [76].



In developed countries, aortic stenosis caused by rheumatic disease is rare and generally occurs in conjunction with mitral valve disease. In this case, adhesive fusion of the valve is characteristic, in contrast to calcified AC [77,78].



The classic surgical technique for CAS is the replacement of the affected valve with a prosthesis [79,80]. Currently, three main types of artificial heart valves (Figure 6) are mechanical, bioprosthetic, and tissue-engineered valves [81]. A perfect heart valve prosthesis should precisely replicate the characteristics of a normal heart valve and hemodynamics, but currently available valve prostheses do not meet these requirements. Thus, patients undergoing transcatheter implantation of a heart valve bioprosthesis are at an increased risk of thromboembolism in the first few months [82,83,84]. None of the currently available heart valve prostheses have the ability to fully grow, repair, remodel, and regenerate.




2.2. Mechanical Valve Prostheses


The first mechanical prosthetic aortic valve was successfully implanted in 1952, and in 1960, a replacement of the mitral valve was performed [84,85,86]. The first bicuspid valve was introduced by St. Jude Medical Inc., which has undergone many changes over the past decades [87].



There are several types of mechanical valves (Figure 7) such as ball valves, which were mainly used from 1965 to 1967 in which most of the complications with them were associated with severe pressure changes caused by obstruction of the blood flow [88]; and tilt-plate valves, which were created to overcome the hemodynamic problems of ball valves and bicuspid valves.



The main advantage of mechanical valves is their durability; nevertheless, their use is associated with a significant risk of thrombogenicity and the need for lifelong anticoagulation therapy to prevent blood clotting. The complications associated with these valves make them undesirable for some patients, such as pregnant women and injured people [89,90]. However, mechanical valves may be safer for some patients, especially younger ones [91].




2.3. Biological Valve Prostheses


About 40–60% of the world’s heart valve replacement operations are carried out with the use of biological prostheses produced using animal tissues (bovine (Figure 8) or porcine) fixed in glutaraldehyde (GA) [92,93,94,95]. GA treatment prevents the denaturation of the collagen structure; however, such treatment is known to accelerate the calcification of the prosthesis [96]. Bioprosthetic heart valves (BHVs) are less thrombogenic than mechanical ones, have more natural hemodynamic characteristics, lower pressure gradients, and a larger orifice area [97,98]. The main disadvantages of BHVs include almost 4 times lower durability and up to 15% chances of thromboembolic complications, possibly associated with a rougher fibrous surface of the biological tissue of the prosthesis [99].



The main advantage of BHVs is the possibility of their implantation using a minimally invasive technique called transcatheter aortic valve implantation (TAVI), which is currently approved for patients with any level of surgical risk [3,100]. Since 2002, when the TAVI procedure was first introduced, a variety of prostheses, different in their design parameters, have been developed; the biological materials of the leaflets, methods of their processing, shapes and materials of prosthesis frameworks, etc. were changed [101,102]. Transcatheter implantation is a novel alternative method for correcting aortic stenosis in patients considered inoperable or at high risk of traditional aortic valve replacement [103,104,105]. But currently, unpleasant consequences such as problems with flap durability, paraclap leaks, and the occurrence of thrombosis persist [106].



Over time, the functioning of BHVs containing biological tissue treated with GA begins to deteriorate, which occurs over 1–2 decades and is explained by the immune response and calcification [107]. Long-term studies have shown that the incidence of structural valve degeneration 15 years after implantation is between 30% and 60%, which is partly caused by the process of calcium accumulation [108] associated with the level of mechanical stress [109].




2.4. Advanced Developments in the Field of Heart Valves


An advanced approach to aortic valve reconstruction with favorable initial results was developed called the Ozaki procedure [110,111,112]. The authors stated that their procedure can be applied to a wide range of aortic valve diseases, including aortic stenosis, aortic regurgitation, and others. The Ozaki procedure consists of the replacement of three native aortic leaflets with leaflets made from the patient’s own pericardium. One of the advantages of this technique is the preservation of aortic root hemodynamics while providing a more efficient valve orifice area [113].



A xenogeneic valve was obtained from biological tissue. To avoid its rejection, cellular antigen and nucleic acid residues are removed (i.e., to decellularize biomaterials—to remove cells and nucleic acids in the extracellular matrix to reduce the immunogenicity of biomaterials from non-autologous sources). Several studies have shown that the combined decellularization method can not only increase the decellularization efficiency but also maximize the protection of the extracellular matrix [114,115], which prevents calcification.



Valves made of flexible polymeric materials such as polytetrafluorethylene (PTFE), poly(styrene-block-isobutylene-block-styrene) (SIBS), and polyurethane (PU) have also emerged as potential candidates for heart valve prostheses [116,117]. First, they can be mass-produced compared to the limited sources and high cost of biological valves, and second, they have precisely regulated physical and biochemical properties. However, the greatest challenges for them remain prosthesis failure due to the difference in elastic modulus between polymers and native tissue and durability [115,118,119].





3. Numerical Simulation


3.1. Valve Modeling


Numerical approaches are currently widely used in clinical practice to study biofluidflow parameters and their changes under pathological conditions [12,19,20,120,121]. There are three main classes of relevant computational models (Figure 9): FE, CFD, and Fluid–Structure Interaction (FSI) analysis. FE models cover only the structural region, such as the aortic root and native and prosthetic valve leaflets. This type of analysis allows one to study structures by solving mechanical continuum equations. CFD simulation provides information about the pressure and velocity fields in the fluid domain by solving the continuity and Navier–Stokes equations [122,123,124]. This approach does not take into account structural fields and therefore does not allow the assessment of structures such as valve motion. To perform an accurate dynamic analysis that includes modeling of blood flow during the cardiac cycle in combination with the structural mechanics of the valve, FSI analysis is necessary because it considers both the structural and fluid flow domains [125,126].



The Arbitrary Lagrange–Euler method (ALE) [45], smoothed-particle hydrodynamics (SPH) [127], and the IBM (immersed boundary method), as well as the Lattice Boltzmann Method [48] are currently the three most popular methods for solving FSI problems in hemodynamic studies. The ALE and SPH methods are commonly used to study blood flow in the cardiovascular system and its interaction with rigid bodies, such as mechanical valves [128,129,130,131,132,133]. However, the instability of the adaptive remeshing algorithm, high cost, and tedious determination process limit their use for bioprosthesis valve modeling [134], which involves complex contact and FSI problems during transient computation [135,136,137,138,139,140,141,142,143,144,145,146,147,148]. Although it is now possible to reduce the computational costs somewhat by using the direct interaction scheme (IB-LBM), adding the immersed boundary method (IBM) as a boundary force calculator (it is a combination of the positive aspects of both methods, such as the use of a Cartesian grid and the ability to perform algebraic operations in parallel) [149,150,151]. However, parameters are constantly being added that should be paid attention to during modeling; previously, the mechanics of the leaflets were most often considered, but now it is also necessary to take into account the distribution of pressure on the surface of the leaflets, the balance of the momentum of the flow, the dynamics of eddies during aortic curvature, and the distribution of shear stress; the relationship between kinetic energy and spirality in prosthetic hemodynamic is poorly understood [152,153,154,155,156,157,158].



The use of coarse mesh [159], increased viscosity [155], or trimming the computational power to the pipeline-type models [160] is necessary due to large jet flows, strong boundary layer detachment, vortex and stall formation, and high nonlinear and instantaneous valve deformation. All of these can threaten the physiological accuracy of the calculations and require appropriate compromises in the use of computational and time resources.



Also, the lack of medical data plays an important role. For example, studies that show potential significant improvements in transvalvular systolic gradient, blood flow, aortic valve orifice area, and cardiac output after TAVR are difficult to quantify due to the lack of data on structurally normal native heart valves, and it is also difficult to determine the optimal flow profile because it requires prediction of valve size, design type, and orientation [161,162]. However, the progress of research does not stand still, and improvements in numerical method models are constantly being applied.




3.2. Numerical Simulation of Transcatheter Valve Replacement


However, some complex problems are already being solved with the help of numerical methods. For example, the basis for modeling the TAVI operation was created [21], and a number of patient-specific models that reproduce the process of valve replacement were developed [22,163]. These models can be used as information support for surgeons when planning a surgical intervention before transcatheter valve implantation.



When calculating them, the following are determined: geometric (the size of the aortic ring), kinematic (the area of the aortic valve), and hydrodynamic (the velocity of the bloodstream) characteristics [164]. It was also found that the characteristics of the material strongly affect the deformation of the leaflets in the systolic phase [23]. Moreover, the anisotropic behavior of both stent and leaflet should be included when assessing the fatigue life of TAVR systems [165,166].



Liu et al. [44] proved that it is possible to reduce the load on the leaflets and stents of the model by changing the geometry of the petals, which increases the reliability of the stent design and reduces the possibility of thrombosis since most studies did not include the relationship between structural design and flow fields, and also did not conduct relevant parametric studies, since they used the characteristics of valves already available on the market [167,168] or the models were too simplified [169]. This is consistent with a study by Govidarajan et al. [170], which suggested that efficient valve opening could reduce energy loss.



As clinical data are often limited in information content, boundary conditions (BC) for dynamic modeling are often specified as idealized dependences of inlet and outlet pressures or flows and are applied to the left ventricular outflow tract and ascending aorta, respectively [171,172].



Some researchers [27] indicate that these methods have limitations that question the clinical relevance of studies conducted using them. Thus, when setting BC using a strict definition of flow, regurgitation in the diastolic phase is determined in advance, which does not allow adequate assessment of the physiological characteristics of the valve. Regurgitation is a function of valve characteristics and cannot be predetermined. On the other hand, when determining BC using a pressure gradient at the inlet and outlet of the valve, the physiological blood flow that is created by the left ventricle is not ensured, regardless of the pathology and valve resistance. Based on this, a variant of the combined method of setting the BC is described, namely in systole, which is proposed to set the blood flow provided by the left ventricle, and in diastole, which is proposed to set the pressure gradient on the valve caused by the residual blood pressure.



It should be clarified that numerical modeling is widely used for both self-expanding and balloon-expandable transcatheter heart valve prostheses [28,29,30,44]. Thus, retrospective modeling of a balloon-expandable valve based on stress fields revealed a high load in the aortic sinus (Figure 10). This analysis is promising for predicting adverse outcomes, such as aortic root rupture, conduction disturbance, and the presence of leakage between the implanted valve and surrounding tissue structure [24,31,32,33,173,174]. In particular, numerical modeling is a potential solution for the problem of predicting the outcome of the transcatheter replacement with BAVs, as this operation remains challenging because the incidence of paravalvular regurgitation and the need for a permanent pacemaker is higher than with open surgery [175,176,177].




3.3. Numerical Modeling for Comparison of Porcine and Bovine Aortic Valves


FSI methods are not only used to model transcatheter valve implantation; for example, they allow the comparison of porcine and bovine aortic valves, which were clinically proven to be reliable in various characteristics [96,179,180]. The influence of the properties of both bovine and porcine pericardium on the design of a transcatheter aortic valve at a pressure of 120 mm Hg [35], and the effect of valve bore shape and stiffness on blood flow to assess valvular dysfunctions were studied [36]. It was also suggested that a bovine pericardial valve has better hemodynamic characteristics [181,182,183]. In addition, since the orientation of collagen fibers is a key factor influencing the strength and fatigue characteristics of pericardial tissue, some results suggest that unscreened (the process of optimum collagen fiber direction identification) porcine pericardial tissue will have more stable mechanical properties [96].



Li et al. [37] compared maximum flow rate, maximum pressure, pressure gradient, geometric orifice area, and shear flow stress; it was also shown that bovine pericardial valves have better hemodynamic characteristics and lower leaflet loading compared to porcine pericardial valves. The mean and peak net pressure gradients for the four bovine aortic valve models were 8.1% and 8.4% lower than for the porcine pericardium aortic valve models, respectively.



In addition, larger valves for both porcine and bovine aortic valves have shown better hemodynamic performance, which is consistent with previous studies and clinical experience [46,137,144,184]. The geometric opening area of the 25 mm porcine and bovine aortic valves was 44% and 33% larger than that of the 19 mm valves, respectively [185] (Figure 11). This fact contradicts studies in which there were no differences in survival between the two types of aortic bioprostheses [186,187].




3.4. Multi-Scale Modeling


Significant progress was made in the numerical modeling of heart valves at various scales (tissue and cellular). Models of the interaction between fluid and solid body structure for the movement of the heart valve were developed, which makes it possible to predict the functioning of the valve in the systolic and diastolic phases of the cardiac cycle [39,41,188].



In tissue-level modeling, much effort was recently made to formulate and implement digital models consistent with the acquired data [42,88]. In cellular modeling, some results that are associated with experimental data were also obtained [189,190].



It was observed that the wrinkled structure of fibrous tissue serves to protect the tissue and cells within from increased stress. Thus, when large strains are observed in an organ-scale bicuspid valve, they are not transferred to the level of tissues or cells in the region of interest. Therefore, it can be assumed that the difference in calcification is not due to a difference in mechanical deformation [38].



Also, for the organ-scale model, the velocity fields for the bicuspid and tricuspid valves were constructed. Two major differences were observed between tricuspid and bicuspid valves. First, the leaflets of a bicuspid valve do not open as smoothly and are more subjected to flexure. Secondly, the bicuspid valve does not open as wide, and the blood passing through the valve in the systolic phase forms a narrower jet with a less uniform distribution of flow velocity in the cross-section.




3.5. Ozaki Procedure Modeling


Numerical modeling methods are also used to predict the outcome of Ozaki surgery. In [116], the performance of a diseased aortic valve, a normal aortic valve, and three options of corrected diseased aortic valve was modeled and compared using the Ozaki procedure, varying the direction of the fibers in the leaflet substitute relative to its circumferential direction. Figure 12 shows the AV reconstruction model.



The models allowed researchers to estimate and compare the effective orifice area, the distribution of blood flow velocities, and leaflet stress and strain in five different cases. The study showed that the Ozaki operation on the affected AV can have high clinical effectiveness despite the fact that the direction of the fibers in the autologous pericardium, which acts as a substitute for native leaflets, does not affect the kinematic and hemodynamic characteristics of the reconstructed valve [129].




3.6. Numerical Modeling of a Bileaflet Mechanical Valve


Numerical studies of the mechanical valve have also made several important discoveries: for example, a study was published in which a bicuspid valve was implanted for the first time in an anatomical geometry including its aortic root, ascending and descending aorta, and aortic arch with its main branches (Figure 13). The simulation results were also compared with a model excluding the mobile valve geometry, and the importance of the model with concentrated parameters for the output boundary condition was analyzed. The proposed numerical model and protocol were found to be suitable for performing virtual surgeries with the real geometry of the patient’s vascular network, which will help physicians predict the results of future surgery [191].



It was also proved that the orientation of the valve does not significantly affect the distribution of shear in the ascending aorta, as well as the symmetric closure and minimal rebound of the flaps, which contradicts the study conducted by Borazjani et al. [192]; the 0-degree orientation showed less asymmetry and rebound—factors that are important parameters in determining the amount of intermittent regurgitation [193,194].





4. Discussion


FSI (fluid–structure interaction) simulation of the aortic valve is a computational technique that combines computational fluid dynamics (CFD) and structural mechanics to analyze the behavior of the aortic valve under fluid flow conditions [155,195,196]. FSI and CFD applications are widely used in biomedical engineering [121,197,198,199,200].



In this simulation, the aortic valve is typically modeled as a thin elastic structure, while the blood flow through the valve is modeled using the Navier–Stokes equations to capture the fluid dynamics [201,202,203]. The FSI simulation takes into account the interaction between the fluid and the valve structure, allowing for a more realistic representation of the valve’s behavior [204,205].



Estimating the fluid forces acting on the valve leaflets during the cardiac cycle is a crucial component of the FSI simulation [206]. These forces, which are used to predict the deformation of the valve leaflets and the ensuing changes in the flow pattern, are computed based on the fluid velocity, pressure, and viscosity [206,207].



The FSI simulation can provide valuable insights into the functioning of the aortic valve, including the opening and closing dynamics, the stress and strain distribution on the valve leaflets, and the flow characteristics within the valve and downstream in the aorta. It can also be used to study the impact of different pathologies, such as calcification or valve stenosis, on the valve function [208].



Overall, the FSI simulation of the aortic valve is a powerful tool for understanding the fluid–structure interactions in the cardiovascular system and can help in the design of better treatments for valve diseases.



There are several paths open to scientists for further perspectives in development: many researchers take prefabricated valves in the study, while geometry plays a major role. Additionally, the relationship between kinetic energy and spirality in the hemodynamics of prosthetic valves has not been studied; also, the postoperative ventricular hemodynamics of aortic valve replacement with bioprostheses has not been sufficiently studied (or studied superficially), and there may be other variants of bioprostheses. The mechanical valve has not been studied enough because most of the mechanical valves have not been studied.




5. Conclusions


This systematic review is devoted to the structure, main types of dysfunctions, and comprehensive numerical modeling of the aortic valve and can be useful for choosing methods when planning further research in this area. The sources used were selected according to two main types—the literature on aortic valves and literature on computational modeling methods in problems related to heart valves and heart diseases. The main conclusions of this review are as follows:



The two main diseases of the aortic valve are aortic stenosis and aortic insufficiency; the classic surgical correction technique in this case is the replacement of a non-functioning aortic valve (patient’s valve) with a valve prosthesis, which can be mechanical, biological, or made from the patient’s own pericardium.



Computational modeling is now widely used to study and model complex clinical practice problems.



The main problem in such calculations is the instability of the adaptive algorithm, the high cost of calculations, and the lack of medical data.



New parameters are constantly added when modeling, which is worth paying attention to. Previously, the mechanics of the leaflets were often considered, but now it is necessary to note the distribution of pressure on the surface of the leaflets, the balance of the momentum of the flow, and the dynamics of turbulations when aorta curves.



In most studies, the boundary conditions are specified in the form of pressure at the entrance and output.



Numerical computations of the Ozaki procedure are not yet reproduced on a non-individual scale since the reconstruction technique is considered to be relatively new.



Table 2 below summarizes the main conclusions for the numerical modeling sections of the article.
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Figure 1. Flowchart of the review. 
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Figure 2. Flowchart of the research. 
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Figure 3. Valve pathology flowchart. 
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Figure 4. Geometry of the valve behavior for different pathologies in systole and diastole. 
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Figure 5. Valve geometry types. Left: tricuspid. Right: bicuspid. Top: complete valve geometry. Bottom: cutouts showing tracking locations. 
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Figure 6. Flowchart of prosthetic valve types. 
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Figure 7. Types of mechanical valves. 






Figure 7. Types of mechanical valves.



[image: Fluids 08 00295 g007]







[image: Fluids 08 00295 g008] 





Figure 8. Bovine biological heart valve prosthesis. 
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Figure 9. Flowchart of computational models. 






Figure 9. Flowchart of computational models.



[image: Fluids 08 00295 g009]







[image: Fluids 08 00295 g010] 





Figure 10. SAPIEN S3 transcatheter heart valve deployment in a patient who experienced aortic root rupture with detection of high stress in the region where the rupture occurred [178]. 
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Figure 11. The SCVPG, NPG and mean FSS on the leaflets during systolic phase were obtained from FSI simulations. (a,d) were SCVPG for porcine and bovine model, respectively. (b,e) were NPG for porcine and bovine model, respectively. (c,f) were mean FSS for porcine and bovine model, respectively [37]. 
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Figure 12. (a) Surgical reconstruction of the aortic valve; (b) simulated operation on AVNeo; (c) illustration of the discrepancy between the circumferential direction of the substitute and the internal orientation of the pericardial fibers [129]. 
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Figure 13. Numerical geometry of the aorta with valve and subsequent branches [191]. 
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Table 1. Some examples of aortic valve numerical modeling.
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	Article + Year
	Application
	Revised Model
	Personalized Model
	Analyzed Characteristics





	Michael et al. 2019 [21]
	TAVR
	FSI
	No
	Radial force



	Bosi et al. 2018 [22]
	TAVR
	Matlab, Abaqus
	Yes
	Influence of chosen material on valve diameter



	Amindari et al. 2021 [23]
	TAVR
	FSI
	No
	Aortic ring size, valve area, jet velocity



	Mao et al. 2018 [24]
	TAVR
	CFD
	Yes
	Deployment height



	Sturla et al. 2013 [25]
	Aortic root
	FSI
	No
	Tissue deformation and stress



	Wu et al. 2016 [26]
	TAVR
	FSI
	Yes
	Pressure and velocities



	Kalyana et al. 2015 [27]
	Aortic valve
	FSI
	No
	Pressure and flow



	Tzamtzis et al. 2013 [28]
	TAVR
	MSC
	No
	Radial force



	Bosmans et al. 2016 [29]
	TAVR
	FEM
	Yes
	Influence of chosen material on valve diameter, leakage



	Finotello et al. 2017 [30]
	TAVI
	Matlab, Abaqus
	Yes
	Material properties, discretization



	Wang et al. 2015 [31]
	TAVI
	FSI
	No
	Stress



	Dowling et al. 2019 [32]
	TAVR
	CFD
	Yes
	Size and depth of implantation



	Bianchi et al. 2019 [33]
	TAVR
	CFD
	Yes
	Depth of implantation, stress, pressure, velocities, contact force, contact surface



	Whelan et al. 2018 [34]
	Bovine valve
	Uniaxial tension
	No
	Tensile strength, strength at break, fatigue performance



	Travaglino et al. 2020 [35]
	Transcatheter aortic valve
	Bayesian optimization
	No
	Stress, contact surface



	Loon et al. 2004 [36]
	Aortic valve
	FSI
	No
	Pressure, shear stress, velocity



	Li et al. 2021 [37]
	Porcine and bovine valves
	FSI
	No
	Blood flow velocity, systolic transverse pressure gradient, geometric surface, flux shear stress, strain/stress



	Weinberg et al. 2008 [38]
	Bicuspid and tricuspid valves
	FSI
	No
	Deformation, dynamic tension, dependence of fluid velocity on radial position, surface curvature, dynamic proportions of cells



	Hart et al. 2003 [39]
	Aortic valve
	FSI
	No
	Flow velocity, pressure



	Nicosia et al. 2003 [40]
	Aortic valve, aortic root
	FEM LS-Dyna
	No
	Flow velocity, material



	Weinberg et al. 2005 [41]
	Valve cusps
	FEM
	No
	Tissue deformation



	Stella et al. 2007 [42]
	Valve cusps
	Biaxial tension
	No
	Radial stress, thickness



	Weinberg et al. 2006 [43]
	Valve cusps
	FEM
	No
	Wall shear stress, strain



	Liu et al. 2022 [44]
	TAVI
	FSI
	No
	Flow velocity, maximum principal stress distribution



	Pil et al. 2023 [45]
	Valve cusps
	FSI
	No
	Wall shear stress, OSI, TAWSS



	Abdi et al. 2023 [46]
	Aortic root, aortic valve
	FSI
	No
	Wall shear stress, OSI, TAWSS



	Bosi et al. 2020 [47]
	TAVI
	FSI
	Yes
	max principal strain, prosthesis deployment



	Morany et al. 2023 [48]
	Aortic valve, aortic root
	FSI
	No
	Velocity, maximum principal stress distribution, wall shear stress
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	Section
	Summary





	Numerical modeling during transplant valve implantation
	
	-

	
the basis for modeling the TAVI operation was created;




	-

	
computer models were created for patients specifically, what can be used by surgeons when planning the transcatheter implantation procedure;




	-

	
computed stress distributions give more information about the rupture of the root of the aorta;




	-

	
was shown that by changing the geometry of the lobes, the stress on the flaps and the model stent is reduced.









	Numerical modeling for comparing porcine and bovine aortic valves
	
	-

	
conventional patient assessment and access to the personalized computational framework proposed here might play an important role in predicting and quantifying potential outcomes when different treatment options are available in borderline cases, thus adding further useful information to the clinical decision-making process.









	Modeling at different scales of an organ
	
	-

	
It became possible to predict the functioning of the valve in the systolic and diastolic phases of the heart cycle;




	-

	
no connection was found between the degree of calcification of the valve and the level of mechanical 