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Abstract

:

Bypass graft failures are linked to hemodynamic disturbances resulting from poor design. Several studies have tried to improve graft patency by modifying conventional graft designs. One strategy being employed is to induce spiral flow in bypass grafts using an internal ridge which has been proposed to optimize blood flow. However, there is still no study focusing on how the anastomosis angle can affect the hemodynamics of such a design despite its huge influence on local flow fields. To fill this gap, we aimed to understand and optimize the relationship between anastomosis angle and ridged spiral flow bypass graft hemodynamics to minimize disturbances and prolong graft patency. Steady-state, non-Newtonian computational fluid dynamics (CFD) analysis of a distal, end-to-side anastomosis between a ridged graft and idealized femoral artery was used to determine the anastomosis angle that would yield the least hemodynamic disturbances. Transient, pulsatile, non-Newtonian CFD analysis between a conventional and ridged graft at the optimal angle was performed to determine if such a design has an advantage over conventional designs. The results revealed that smaller anastomosis angles tend to optimize graft performance by the reduction in the pressure drop, recirculation, and areas in the host artery affected by abnormally high shear stresses. It was also confirmed that the modified design outperformed conventional bypass grafts due to the increased shear stress generated which is said to have atheroprotective benefits. The findings of the study may be taken into consideration in the design of bypass grafts to prevent their failure due to hemodynamic disturbances associated with conventional designs and highlight the importance of understanding and optimizing the relationship among different geometric properties in designing long-lasting bypass grafts.
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1. Introduction


Atherosclerosis is one of the most prevalent types of and precursor to cardiovascular diseases. It is characterized by the narrowing or complete occlusion of the arterial lumen due to the deposition of different substances such as fat or cholesterol onto the artery walls. These plaque-obstructed arteries reduce blood flow in affected tissues or organs, resulting in reduced oxygen and nutrient supply that can cause other cardiovascular conditions [1].



Bypass grafting is a common procedure used to restore normal blood flow in areas affected by atherosclerosis. Bypass grafting can be carried out using either autologous or synthetic grafts. However, both autologous and synthetic bypass grafts face significant failure rates. They commonly fail due to intimal hyperplasia, atherosclerosis, and thrombosis. These failures are often linked to disturbed hemodynamics in affected areas [2].



Disturbances in normal, physiologic hemodynamics are often linked to the development and progression of common vascular diseases. In particular, wall shear stress (WSS) has been a useful hemodynamic indicator of vascular pathogenesis. Low WSS is associated with smooth muscle cell proliferation linked to intimal thickening and an increase in adhesion molecules and low-density lipoprotein deposition linked to atherosclerosis [3]. Meanwhile, high WSS is associated with endothelial cell damage linked to thrombosis and the formation of lesions [4,5,6]. Increased synthesis of vascular endothelial growth factors at higher WSS has also been linked to intimal hyperplasia [7]. This lack of consensus as to the optimal WSS value highlights the need for caution when selecting WSS thresholds for optimization purposes. A safer approach would be to consider that normal, physiological WSS levels range from 0.1 Pa to 7 Pa [8,9].



Due to the association of disturbed hemodynamics with cardiovascular diseases, some studies have capitalized on the relationship between hemodynamics and endothelial homeostasis to manage vascular diseases. Pharmacological studies have utilized the irregular hemodynamics in diseased vessels to create shear-activated drug delivery systems. Giuliano et al., for example, looked into the possibility of using the high shear stress associated with thrombosis in delivering treatment to affected areas. Using numerical analysis, they studied how different types of drug delivery agglomerates respond to fluid dynamic stresses and what conditions are needed to optimally form these drug delivery systems. Physiologic shear conditions retain the structure of these nanoparticles while the high shear caused by clots fragments these structures and causes the release of lysing agents necessary to remove lumen occlusion [10,11]. These studies indicate great promise for using mechanical-responsive drug delivery systems in vascular diseases, but the technology is yet to be practically useful as current research is still limited [12].



Meanwhile, to prolong graft patency, the minimization of hemodynamic disturbances has become one of the most important guidelines in modern bypass graft designs. One particular line of research in bypass graft studies looks into the utility of spiral flow in improving bypass graft hemodynamics. Spiral flow is believed to be an indicator of a healthy vascular system, and it is observed to have potentially beneficial effects in bypass graft hemodynamics [13,14]. Zhang et al. determined how spiral flow affects the washout characteristics in regions prone to atherothrombosis. They used a spiral-flow-inducing mechanism to supply straight and spiral flow into 3D-printed angled conduits and used ultrasound visualization to qualitatively describe spiral flow in pipe bends which are predictable stasis zones. The authors then used CFD to analyze the impacts of spirality on these thrombosis-prone regions. The spiral flow was determined to have decreased areas of low velocity, imparted more uniform mixing, improved flow near the walls, and reduced retrograde flow [15]. In a study by Moshfegh et al., they determined the effect of spiral blood flow on the WSS in a stenosed model of the left main coronary artery. They assessed the WSS according to varying take-off angles, stenosis severity, and eccentricity using CFD. The results of their study indicate that spiral blood flow may be atheroprotective as it reduces the maximum WSS in the stenosis region and the post-stenotic regions affected by low WSS [16]. Hasan et al. showed in their study that spiral blood flow through a stenosed arterial region is beneficial. Using CFD, they observed that for an axisymmetric stenosis, swirling flow has the beneficial effect of reducing the turbulent kinetic energy in the post-stenosis region of the artery. They argued that the turbulent kinetic energy may damage blood cell materials and activate blood platelets, which may result in the development of diseases. Despite this beneficial effect, they also showed that spiral flow may induce detrimental effects on the vascular network as it may induce the development of oscillatory WSS and recirculation zones which may cause endothelial damage and thrombosis, respectively [17]. El Sayed et al. studied the use of spiral-flow-inducing grafts for arteriovenous (AV) channels. They used the spiral flow AV graft on patients with no available surficial veins for access sites in the upper arm, forearm, and chest wall. After one year of observations, they showed that the use of spiral flow grafts has patency rates superior to historic data from expanded polytetrafluoroethylene (ePTFE) grafts and heparin-bonded grafts. The results show minimal complications in subjects. This in vivo study showcases the practical use of spiral flow grafts and their effectiveness [18]. In short, these studies indicate that inducing spiral flow for the higher, atheroprotective shear stress generated by such flow is a possible strategy for improving bypass graft longevity. Further research on the application of spiral flow in bypass graft design must therefore be undertaken to capitalize on its stabilizing effects on hemodynamics.



A few studies have recently attempted to capitalize on the benefits offered by spiral flow in bypass grafts by modifying conventional bypass graft designs to induce a swirling fluid motion. In modifying the design, a practical approach must be taken to ensure fast and inexpensive design verification. Numerical simulations have become an integral part of the design process across different industries [19,20,21,22]. In bypass graft design, fluid flow simulations such as computational fluid dynamics (CFD) and fluid–structure interaction (FSI) analysis have been extremely useful. Li et al. utilized spiral folds in the inner walls of an artificial blood vessel to induce spiral flow. They performed FSI analysis and verified that such spiral folds can cause swirling flows with the three-dimensional bifurcation model. By increasing the pitch of the helix and the cross-sectional area of the artificial blood vessel, they were able to observe increased WSS and deformation [23]. In a particular in silico study, Ruiz-Soler et al. tried to improve the patency of a bypass graft for the femoral artery. They optimized its design by incorporating an internal ridge within the graft and assessing the effect of different geometric properties such as the shape, orientation, and number of ridges on blood flow. They concluded that the shape and orientation of the ridge are critical in improving bypass graft performance [24]. In another study by the same team, they compared the results of flow in peripheral artery bypass grafts designed with straight, spiral, helical, and hybrid configurations through CFD. Based on the results, it has been shown that the incorporation of spirality and/or helicity results in better hemodynamic properties with increased secondary velocity, increased time-averaged wall shear stress (TAWSS), reduced oscillatory shear index, and reduced relative residence time [25]. However, one issue in the multiple studies performed by their team is they only optimized the graft design based on the assumption that higher WSS leads to better graft performance. They did not consider that higher WSS may also lead to detrimental biological effects. Nonetheless, it has been shown that the induction of spiral flow can be achieved through the modification of conventional bypass graft geometry, and evidence suggests its effectiveness compared to traditional counterparts.



Of particular interest are the ridged bypass grafts. Their simple geometry is attractive from a manufacturing perspective, and preliminary results show promising performance. However, existing studies have not taken into consideration the effect of the anastomosis angle in their performance. In the literature it is well-documented that the angle between the bypass graft and host artery largely influences the flow field within the anastomosis region, making it a useful design criterion for optimizing the hemodynamic performance of bypass grafts. Liu et al. have shown, using CFD and particle image velocimetry, that the anastomosis angle in coronary artery bypass grafts has a positive correlation with local flow field disturbances. As the anastomosis angle increases, the number and extent of recirculation areas subsequently increase, indicating how inappropriate anastomosis angles may cause complications in treated vessels [26]. Yang et al. correlated anastomosis angles with real-world patient images of arteriovenous grafts. Patient-specific models of bypass grafts plagued with stenotic lesions were numerically observed. Their findings show that flow disturbances were observed directly in areas affected by the stenotic lesions and the extent of these disturbances was dependent on the anastomosis angle. This study brings forth real-world evidence of the role of the anastomosis angle in vascular pathogenesis [27]. Williams et al. attempted to minimize pathological flow fields in arteriovenous grafts through the optimization of the anastomosis angle. CFD revealed that intermediate values are the most suitable for bypass grafts since smaller anastomosis angles caused a substantial increase in pathologically low WSS while larger anastomosis angles caused an increase in pathologically high wall shear stress. Their study implies that the optimization of the anastomosis angle is an effective strategy for ensuring endothelial homeostasis in bypass grafting [28]. These studies show the huge impact of the anastomosis angle on the local hemodynamics of the anastomosis region, highlighting the importance of optimizing it to create more favorable blood flow conditions to prevent bypass graft failure [29,30]. However, these studies only use traditional bypass graft designs, and the effect of the anastomosis angle on spiral flow bypass grafts is yet to be explored in the literature.



In summary, we have seen from our literature review that although bypass grafting is already an established medical intervention for atherosclerosis, there is still a need for improving the technology because of the high failure rate observed for bypass grafts. These failures are linked to disturbed hemodynamics in affected areas which can effectively be controlled by altering the bypass graft geometry. The use of ridged spiral flow bypass grafts has been gaining attention in academia due to their stabilizing effects on the hemodynamics of the anastomosis region. However, there is still no study focusing on how the performance of ridged spiral flow bypass grafts is affected by the anastomosis angle. The anastomosis angle by itself is a useful tool for reducing hemodynamic disturbances within the anastomosis region due to its influence on local flow fields. The effects of anastomosis angle and spirality in blood flow must therefore be looked into since the combined effects of these two may provide a means to address the problems associated with bypass grafting.



In this paper, we aimed to address bypass graft failures by minimizing hemodynamic disturbances through the investigation and optimization of anastomosis angles for ridged spiral flow bypass grafts. We hypothesized that due to the significant influence of the junction angle in local flow fields within the anastomosis region, it can largely affect blood flow, and optimizing it could provide a synergistic effect with the spiral flow in stabilizing local hemodynamics. Steady-state CFD analysis was used to determine which angle could optimize the hemodynamics in a ridged graft design. Lower anastomosis angles were found to create more favorable flow conditions through the minimization of the pressure drop and areas affected by recirculation and abnormally high WSS. Finally, transient CFD analysis was performed to confirm that the spiral-flow-inducing graft design is more beneficial than the conventional graft design even at lower anastomosis angles.



To our knowledge, this is the first study to look into the relationship between the anastomosis angle and spiral flow in the context of ridged bypass graft design. The findings of the study may be taken into consideration in the design of bypass grafts to prevent their failure due to hemodynamic disturbances associated with previous designs. This may prove beneficial to people at risk or suffering from atherosclerosis.




2. Materials and Methods


2.1. Geometry


Geometries were generated using the computer-aided drawing (CAD) software Autodesk Fusion 360 v.2.0.13881. All geometries consist of an end-to-side anastomosis between the bypass graft and an idealized model of the femoral artery. The ratio of the graft diameter to the arterial diameter was set to one. A conceptual model of geometries used is shown in Figure 1.



In the first part of the study, geometries of spiral flow graft with varying anastomosis angles were generated. The spiral flow was induced by incorporating a semi-elliptical ridge (3.157 mm2) that revolved once around the length of the entire graft. At the inlet, the ridge is oriented 180° from the standard axis. The cross-sectional profile of the graft, as in Figure 2a, was taken entirely from the reference study [24]. The bypass graft was attached to the host artery at angles of 15° increments from 30° to 75°. To ensure that the flows into and out of the grafts were fully developed, sufficient entry and exit lengths were added upstream and downstream of the grafts, respectively, as seen in Figure 2b.



In the second part of the study, the performance of the optimized spiral graft was compared with that of a conventional non-spiral graft. For the non-spiral graft model, a hollow cylindrical tube (6 mm in diameter) without a ridge was used as the graft. The conventional and the ridged grafts were both connected to the host artery with the same anastomosis angle as that optimized in the first part of the study.




2.2. Mesh Generation


Using the ANSYS mesh generation software, a hybrid mesh was generated. Tetrahedral elements were used for the core regions while regular, prismatic elements were used near the walls to better capture the characteristics of the boundary layer, as seen in Figure 3. The number of elements was limited to 512,000 due to license limits. The orthogonal quality of the mesh was greater than 0.10 at all times to ensure a good quality mesh for the simulations.




2.3. Determination of the Optimal Anastomosis Angle


Steady-state CFD analysis was performed to evaluate the effects of the anastomosis angle on the hemodynamics in the distal region of the ridged-graft-to-artery anastomosis. The fluid material was blood. It was set to have a constant density of 1050 kg/m3, and its shear-thinning properties were considered by describing the viscosity using the Carreau model (time constant = 3.313 s; power-law index = 0.3568; zero-shear viscosity = 0.056 kg m−1 s−1; infinite shear viscosity = 0.0035 kg m−1 s−1). The flow was set to be laminar, and heat transfer effects were ignored. A constant, uniform velocity of 0.317 m/s and zero pressure were imposed on the inlet and outlet, respectively. Rigid wall and non-slip assumptions were used for the walls [24].



ANSYS-Fluent 2022 R1 Student Version was used to solve the CFD problem. Convergence was ensured by reducing the continuity and velocity residuals to 10−6, monitoring the overall mass balance, and waiting for the outlet velocity value to approach a constant value with further iterations.



The best anastomosis angle was decided by the comparison of pressure drop values, secondary velocity magnitudes, and areas affected by recirculation and abnormal wall shear stress (WSS) values. An increase in the secondary velocity magnitude and a decrease in all other variables would indicate improved graft performance [24].




2.4. Comparison of Performance between a Conventional Graft and Spiral-Flow-Inducing Graft


The performance of the angle-optimized graft was compared with that of a non-spiral graft using transient CFD analysis. In setting up the CFD problem, the same mesh and material properties used in the steady-state analysis were used. For the initial boundary condition, a pulsatile blood flow was imposed using a periodic velocity waveform based on magnetic resonance (MRI) readings in the femoral artery of healthy subjects, as seen from the waveform in Figure 4 [31]. Similar to the steady-state simulations, a zero-pressure boundary condition was used for the outlet, and rigid and no-slip conditions were imposed on the walls of the models [24].



As for the solver, the SIMPLE algorithm was used. The time step size was set to 0.009 s with a maximum of 25 iterations per time step. The convergence threshold was set to 10−6. To avoid instabilities, the simulation was run for five periods, and results were extracted from the final cycle.





3. Results


3.1. Optimization of Anastomosis Angle


3.1.1. Pressure Drop


The human vascular system, just like any other fluid flow system, evolves to reduce flow resistance and induce fluid flow [32]. It is therefore expected for blood to flow with low resistance, thus reducing the pumping power required of the heart to circulate the fluid throughout the body. The amount of resistance is indicated by the total pressure drop between the inlet and the outlet. It represents the amount of friction, static, and acceleration pressure drops experienced by the fluid between two points [33]. Small pressure drops indicate lesser fluid flow resistance, so it must be sought when designing a bypass graft.



Looking at the pressure contour on the longitudinal section of the geometric model shown in Figure 5, it can easily be seen that the anastomosis angle heavily influenced the pressure distribution of the flow. Much of the difference between the four models can be observed in the entry length to the graft. A greater pressure reduction in this area was observed with the larger anastomosis angles. In essence, this indicates that larger anastomosis angles result in higher inflow resistance in bypass grafts.



In addition to this, another notable difference is the area around the anastomosis toe. The anastomoses with larger angles had higher pressure gradients within these regions as evidenced by lower pressure (bluer) areas on the anastomosis toe. This could be explained if we consider the anastomosis to be a pipe bend configuration. At the bend (anastomosis), the flow direction changed. At the bend exit, due to inertia, centrifugal force caused the fluid to migrate toward the outer curve or extrados (host artery bed) and away from the intrados (anastomosis toe), explaining the relatively lower pressure values at the upper region of the host artery compared to the lower region within the anastomosis region [34,35].



The results presented in Table 1 show a positive relationship between the anastomosis angle and pressure drop. The pressure drop increased by about 5–6% per an increase of 15° in the anastomosis angle. This is congruent with findings in the literature, indicating the benefit of smaller anastomosis angles in bypass graft performance through the reduction of the pressure drop [8,36,37].




3.1.2. Axial Velocity and Secondary Velocity


The axial velocity profiles across the longitudinal section of the model across different anastomosis angles are shown in Figure 6. Linking the discussion to the pressure distributions observed, the velocity profile supported the idea of greater inflow resistance in larger anastomosis angles. At lower anastomosis angles, the flow achieved a faster velocity (orange) much earlier in the entry graft length compared to larger anastomosis angles, indicating less resistance to flow. The jump from orange to red values signified the graft inlet where the area was reduced due to the presence of the ridge, so the velocity increased based on the continuity equation.



Following the pipe bend analogy, similar observations can be made regarding the velocity profile in the anastomosis region as those relating to the pressure profile. The flow separation observed in the pressure field was confirmed by the velocity profile, showing higher velocities at the host artery bed and a dead zone in the anastomosis toe. Likewise, the same relationship between the anastomosis angle and velocity gradient was observed where a larger anastomosis angle resulted in higher velocity gradients.



Furthermore, the axial velocity contours prove that spiral flow has indeed been developed as a result of the internal ridge within the graft. At the anastomosis, the blood flow shifted toward the artery bed, as indicated by the high-velocity region in the lower portion of the artery immediately after the anastomosis. Due to inertia, the flow was expected to stay within this region if the flow had been straight [34]. Looking further downstream, near the model outlet, the high axial velocity regions had instead shifted toward the upper region of the artery, which is only possible if the flow is spiral.



Secondary velocity refers to the swirling characteristics of flow, consisting of the radial and tangential velocity components. Its magnitude is calculated using Equation (1).


    v   s e c o n d a r y   =        v   r a d i a l       2   +       v   t a n g e n t i a l       2     



(1)







A higher secondary velocity indicates the presence of greater spirality in flow, so it is expected to impart benefits to blood flow through higher, atheroprotective WSS and reduction in stagnation, recirculation, and turbulence [14,15,16,17].



Figure 7 shows the secondary velocity contours and crossflow streamlines 50 mm from the anastomosis toe. The contours indicate the magnitude of the secondary velocity. Because of the spirality of flow, the overall bulk fluid motion was shifted from the center toward the upper region of the artery, causing asymmetry. This is consistent with the higher axial velocity regions in the upper region of the artery observed near the model outlet in Figure 6. This flow asymmetry brought the bulk motion nearer to the walls, allowing higher shear stress to be developed [25]. However, it is worth noting that compared to the axial velocity, the magnitude of the secondary velocity was much smaller.



Meanwhile, the black lines in Figure 7 represent the surface streamline. This represents the paths through which zero particle masses would pass, and it is calculated using the Runge–Kutta method of vector variable integration [38]. Consistent with the secondary velocity profile, the cores of the surface streamlines were shifted toward the upper artery region. Single dominant spiral flows were observed in the 45°, 60°, and 75° grafts. Meanwhile, two concentric spiral flows, associated with significantly lower secondary velocity magnitudes, were observed for the 30° graft. Because not all of the spiral flow character was directed in the artery walls (due to some spiral character being lost in the inner spiral flow), a weaker swirling motion was experienced by the artery walls, reducing the shear forces and friction generated on the walls. This could explain the lower WSS pressure drop observed for the 30° graft relative to higher anastomosis angles [39].




3.1.3. Wall Shear Stress


Wall shear stress (WSS) is the measure of the force exerted by a fluid motion on a solid boundary and vice versa toward the direction of the local tangent plane. The amount of shear stress generated on blood vessel walls is critical for endothelial homeostasis, so WSS is viewed as an essential predictor or indicator of cardiovascular diseases [40].



Despite the consensus that WSS is important for endothelial homeostasis, two opposing claims exist about the optimal WSS for bypass grafts. One hypothesis claims that high WSS must be sought because low WSS values cause stenosis due to the intimal thickening of vessel walls and occlusion of the blood vessel lumen due to plaque formation [3,41]. Meanwhile, the other hypothesis suggests that higher WSS may have detrimental effects on bypass graft performance as it is linked to endothelial damage that can result in thrombosis and lesions [4,5,6], and possibly, intimal thickening as well [7]. To avoid these complications, we optimized the anastomosis angle of the bypass grafts by selecting the angle that would yield WSS values that are closer to normal, physiological WSS levels (0.1–7 Pa) [8,9].



Figure 8 shows the spatial average of WSS according to the anastomosis angle. The values reported were computed over the whole wall of the host artery. The results indicated a positive linear relationship between the anastomosis angle and the spatial average values of WSS (r2 = 0.9923). This relationship may be explained by both the bulk motion and the secondary flow components of the fluid. As observed in the axial velocity contour maps (Figure 6), higher axial velocities near the walls and higher velocity gradients were observed for larger anastomosis angles which translate to increased shear stress [42]. Furthermore, the swirl motion represented by the secondary velocity also generated higher shear stress in the artery walls due to the tangential velocity vector [39]. This seemed to suggest that increasing the anastomosis angle between the graft and artery may have the beneficial effect of reducing the tendency of the graft to induce intimal thickening by increasing the WSS. However, this presented a problem wherein an increased anastomosis angle resulted in the development of pathologically high WSS.



The colored areas in Figure 9 show the regions of the unrolled artery affected by pathologically high and low WSS. These areas were only located near the anastomosis region. Hence, only pertinent regions were shown instead of the entire length of the host artery. Significant effects were observed when looking at the relationship between the anastomosis angle and areas with abnormally high WSS (>7 Pa). The areas affected by abnormally high WSS were situated in the region of the artery that directly receives blood flow from the graft outlet. Based on the axial velocity profile, upon flow separation, high-velocity fluid streams were accelerated by centrifugal force toward this region, justifying why they were exclusively found in this area. In Figure 10, large decreases in areas of abnormally high WSS were observed whenever the anastomosis angle was decreased, even being completely eliminated at a 30° angle, suggesting the effectiveness of using smaller anastomosis angles.



The anastomosis angle seems to have no significant effects when looking at areas affected by pathologically low WSS. The smallest and largest areas affected by pathologically low WSS had a percentage difference of only 5.3%, so no significant improvement would be observed whichever angle is used. Moreover, the areas affected by pathologically low shear stresses were located in the bypassed region where little to no blood is expected to flow. Improvement within this area is of little use in optimizing the performance of bypass grafts.




3.1.4. Recirculation


The presence of recirculation is associated with the development and progression of cardiovascular diseases. Due to flow stagnation caused by recirculating flow, substances found in the blood can easily adhere to and accumulate on blood vessel walls. As such, recirculation is linked to atherosclerosis, thrombosis, endothelial damage, as well as intimal thickening [43,44,45,46,47]. The optimal graft design must therefore be able to induce blood flow with minimal recirculation regions.



Figure 11 shows the areas affected by recirculation (negative axial velocity), as seen in the cross-section of the artery one millimeter and five millimeters away from the anastomosis toe. Recirculation regions were found in the upper regions of the artery. This is in line with the flow separation in the pressure and axial velocity contours, and it corresponds to the dead zone observed in the region. Since the centrifugal force due to inertia shifted the bulk motion outwards toward the host artery bed, a low-velocity region formed within the toe region that allowed for recirculation.



The size of recirculation is influenced by the anastomosis angle as higher anastomosis angles tend to have larger recirculation regions. This was observed in the two monitoring planes. Of particular interest is the total elimination of recirculation in the second monitoring plane at lower anastomosis angles. This size dependence of the area of recirculation on the anastomosis angle is also consistent with the pressure and velocity contours observed for the models.



The location of recirculation regions and the dependence of their size on the anastomosis angle is consistent with findings in the literature [26,48,49], indicating the advantage of smaller anastomosis angles in bypass graft design through the minimization of recirculation regions.





3.2. Data Validation


To validate the results of the simulation, we compared the results obtained with the simulation to data available in the literature. A qualitative comparison was performed by comparing the result of the steady-state, 60° graft simulation in Figure 12a against the measurements of Kokkalis et al. in an in vitro study characterizing the secondary flow characteristics of a ridged graft design using vector Doppler imaging, as seen in Figure 12b [50]. The secondary velocity profile of the present study was quite similar to that observed in an actual experiment. Regions of high and low secondary velocity magnitudes from the imaging procedure were successfully replicated in the present study.



To further confirm the validity of the results, a quantitative comparison was also performed. The pressure drop, secondary velocity, WSS, and recirculation values calculated from the steady-state simulation of the 60° ridged graft were compared to the results obtained in the reference study [24]. Table 2 summarizes these data.



In four out of five variables observed, the percentage difference between the reference and calculated data was reasonably low. However, of note is the percentage difference between the area affected by recirculation at Plane 2 of the previous and present studies. The data from the literature are significantly higher than the calculated value which may seem to invalidate the results of the present study. However, it must be noted that these two data sets did not come from the same, exact geometry. The reference study did not present the result for the steady-state simulation for their optimal design (one elliptical ridge, oriented at 180°). Only the simulation result for a graft with one circular ridge oriented at 180° was available for comparison. Their data showed that while keeping other variables fairly equal, the use of a tall, elliptical ridge significantly reduced the extent of recirculation at the second monitoring plane located 5 mm from the anastomosis toe compared with the use of a circular ridge [24]. This could be explained by the increased secondary velocity caused by the elliptical ridge. Zhang et al. had shown that swirling flow creates a sweeping washout effect that effectively reduces wall collisions and, in turn, both stasis and retrograde flow [15]. The increased secondary velocity of the elliptical ridge must have enhanced the washout characteristics in the outflow, thereby reducing the area affected by recirculation. This, with its possible synergistic effect with other optimized design parameters, may explain the huge difference between the recirculation percentage in the second monitoring plane despite close values for other variables.





4. Discussion


The failure of bypass grafts used in the treatment of atherosclerosis is often attributed to poor hemodynamics in affected areas. Since hemodynamics is heavily influenced by the geometry of the vessels, efforts have been made to discover the optimal geometry for improved bypass graft performance. One such effort was undertaken by the team of Ruiz-Soler et al. who designed a ridged, spiral-flow-inducing bypass graft under the assumption that swirling flow imparts atheroprotective mechanisms [24]. We sought to enhance the findings of their team by changing two factors in their methodologies. First, we evaluated how changing the anastomosis angle could affect the performance of their ridged graft design which was optimized only for a 60-degree anastomosis angle. This is motivated by numerous studies highlighting the huge influence of the anastomosis angle in local flow fields in the vicinity of an anastomosis. Second, whereas Ruiz-Soler and their team optimized their design based on the assumption that high WSS values are more favorable to bypass graft performance, we performed our optimization based on the assumption that WSS values within the normal physiologic range are favorable to bypass graft performance since extremely high WSS may induce thrombosis and endothelial damage [4,5,6].



4.1. Optimal Anastomosis Angle


The results show that local hemodynamics in the anastomosis region is heavily influenced by the anastomosis angle, so optimizing the angle is a potential strategy for improving bypass graft patency. The optimal design must display reduced pressure drops, smaller recirculation regions, and minimized areas affected by abnormally high or low WSS. Suggestions from the literature also indicate the potential benefits of spiral flow, so higher secondary velocity magnitudes could indicate better bypass graft performance.



Figure 13 summarizes the results observed for the pressure drop, secondary velocity, recirculation area, and areas of abnormally high and low WSS according to anastomosis angle. The values were normalized to the 60° graft values. The chart was arranged so that more favorable values were projected outwards; thus, the optimal graft would occupy the largest area in the chart.



The 30° graft outperformed the other grafts on three variables. Significant reduction in areas of recirculation and abnormally high WSS resulted from using a 30° anastomosis angle. The pressure drop between the inlet and outlet was also slightly reduced when using the smallest angle. In these variables, clear, negative relationships between the angle and graft performance were observed.



Looking at the areas affected by abnormally low WSS, the 30° graft was slightly outperformed by the 60° graft. However, as previously discussed, any improvement based on this variable may not be important due to the minuscule difference between the highest and smallest values observed and because little to no blood flow is expected in these areas anyway.



Lastly, the 30° graft fared the worst in terms of flow spirality, as indicated by the secondary velocity magnitude. However, it must be noted that the secondary velocity does not directly indicate superior graft performance. It is just suggested to enhance other hemodynamic metrics such as WSS, so although the 30° graft had the weakest spiral character, no direct detrimental biological effects arose from it. Increased spiral character, even if it raised WSS as observed from other anastomosis angles, may have hurt graft performance due to increased pressure drop and larger areas affected by abnormally high WSS.



Therefore, the use of smaller anastomosis angles seemed to have enhanced the hemodynamic performance of ridged, spiral-flow-inducing graft design. This is congruent with studies in the literature which state that smaller anastomosis angles are beneficial to bypass graft performance. This benefit is often attributed to less “disturbed flow” caused by smaller anastomosis angles which are characterized by reduced WSS peaks and gradients, flow separation, recirculation area, and secondary flow components [47].




4.2. Comparison of Spiral-Flow-Inducing Graft Design vs. Conventional Graft Design


To assess whether the inducement of spiral flow was beneficial to graft performance, a subsequent transient simulation was performed to compare the performance of the 30° graft with and without an internal ridge. The TAWSS was used as a basis for comparison between the two configurations. TAWSS is the temporal average of WSS in a single cardiac cycle [51].



Figure 14 shows the TAWSS contours of the host artery that has been grafted at a 30° anastomosis angle using non-spiral and spiral configurations. A qualitative analysis of the two models shows two prominent differences between the non-spiral and spiral flow. First, it can be seen that a conventional, non-spiral graft resulted in a symmetric TAWSS profile that extended distally from the anastomosis toe, whereas a ridged, spiral-flow-inducing graft resulted in an asymmetric one. This agreed with the findings of Ruiz-Soler et al. [24,25], showing that a ridged graft design resulted in an asymmetric TAWSS contour due to the bulk swirling motion in the host artery. Another noticeable difference lies in the region where the blood flow from the graft directly impinged the artery bed. In the non-spiral configuration of the graft, the said region was characterized by low TAWSS. Meanwhile, in the spiral graft configuration, elevated TAWSS was observed on the region, extending proximally from the anastomosis toe toward the occlusion. Closer inspection also shows higher TAWSS along the suture line of the anastomosis. This may also be explained by the fluid dynamics within bends where the change in fluid direction causes the fluid to shift toward the extrados due to inertial centrifugal forces. As such, the blood flow shifts toward the host artery bed where the bulk fluid motion and secondary flow components caused the generation of higher shear stresses.



Quantitatively speaking, the spiral configuration resulted in higher TAWSS. Table 3 compares the maximum and area average values of TAWSS. The values were averaged across the entire length of the host artery. The non-spiral graft yielded a higher maximum TAWSS value, but its difference from the maximum value of the spiral configuration was practically negligible. On the contrary, the spiral configuration resulted in a higher TAWSS area average than that of its counterpart. In support of this, Figure 15 shows the percentage count of elements in the model according to the TAWSS value. As can be seen, a larger area of the artery was covered with elevated TAWSS when the spiral graft configuration was used. Conversely, at lower TAWSS, the non-spiral graft configuration had higher counts.



Low TAWSS is associated with the development and progression of intimal hyperplasia. McGah et al. performed a longitudinal study to observe hemodynamic values on implanted femoral bypass grafts. Through combined ultrasound imaging and CFD processes, they correlated regions of stenosis with low TAWSS [52]. Similarly, Jackson et al. linked low values of computed TAWSS to increased intimal thickening on lower limb venous bypass grafts measured through ultrasound imaging [53]. As previously described, low shear stresses acting on endothelial cells prevent the inhibitory effects of the nitric oxide signaling pathway against smooth muscle cells and increase the presence of low-density lipoproteins, macrophages, and adhesion molecules in affected areas. These reasons may explain why low TAWSS causes graft stenosis [3,41].



The use of the internal ridge to induce spiral flow in the blood may therefore enhance graft patency and longevity by raising TAWSS. The ability of spiral-flow-inducing grafts to raise TAWSS has been documented by several computational studies [23,25,54,55]. A study by El Sayed et al. further confirmed the effectiveness of spiral flow in increasing the patency rates of arteriovenous grafts in vivo [18].





5. Conclusions


In this paper, we aimed to address bypass graft failures by minimizing hemodynamic disturbances through the investigation and optimization of anastomosis angles for ridged spiral flow bypass grafts. We hypothesized that due to the significant influence of the junction angle in local flow fields within the anastomosis region, it can largely affect blood flow, and optimizing it could provide a synergistic effect with the spiral flow in stabilizing local hemodynamics. Through CFD, we were able to determine that the anastomosis angle indeed heavily influences the local hemodynamics in bypass graft anastomosis and thus can be used in enhancing bypass graft patency and longevity. Primarily, we observed that smaller anastomosis angles tend to minimize hemodynamic disturbances associated with ridged spiral flow grafts. The smaller anastomosis angle minimized the pressure drop and areas affected by recirculation and abnormally high WSS, all of which are believed to cause bypass graft failure. This fills the research gap on how the anastomosis angle can play a role in the hemodynamic performance of ridged spiral flow grafts. Additionally, we have confirmed that the use of spiral flow bypass grafts can outperform conventional, straight flow bypass grafts as they can offer higher, atheroprotective shear conditions. Our study demonstrates how important optimizing and understanding the relationship among different geometric properties are in designing long-lasting bypass grafts. Future studies in bypass graft designs must therefore ensure that each geometric property is optimized individually and with respect to its relationship to other properties.



Several simplifying assumptions were used to reduce the complexity and computational cost of solving the problem. Geometries were idealized, so future studies may include imperfections in their geometric models, or if computational resources permit, use more accurate imaging and patient-specific models. The study did not include the proximal anastomosis region in the analysis, so it can be looked into in future research. Fluid–structure interaction (FSI) analysis may be used in future iterations to take into consideration the reciprocal effects of hemodynamics and vessel wall deformation which were neglected in this study.
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Figure 1. Conceptualized geometric model for CFD simulation. 
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Figure 2. Geometric model used for CFD simulation. (a) The cross-sectional profile of the ridged bypass graft; (b) model dimensions based on anastomosis angle. 
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Figure 3. Hybrid mesh generated for the discretization of the computational model. 






Figure 3. Hybrid mesh generated for the discretization of the computational model.



[image: Applsci 13 04046 g003]







[image: Applsci 13 04046 g004 550] 





Figure 4. Pulsatile velocity waveform of the femoral artery for transient CFD analysis. 
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Figure 5. Pressure contours across the longitudinal section of the models. 
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Figure 6. Axial velocity contours across the longitudinal section of the models. 
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Figure 7. Secondary velocity contours and cross-flow streamlines 50 mm from the anastomosis toe. 
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Figure 8. Spatial average of WSS over the whole host artery walls. 
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Figure 9. Areas on the host artery (unrolled) affected by abnormal WSS. Only pertinent regions where abnormal WSS was observed were shown instead of the whole arterial length. 
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Figure 10. Extent of the area affected by abnormal WSS. The 30-degree anastomosis angle resulted in the total elimination of abnormally high WSS, so it is not present in the chart on the right. 
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Figure 11. Areas affected by recirculation 1 mm and 5 mm away from the anastomosis toe. 
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Figure 12. Qualitative validation of the simulation results by comparison of secondary velocity contours on the cross-section of the artery 5 mm from the distal anastomosis toe of a 60° ridged graft. (a) CFD result; (b) Doppler imaging result from Kokkalis et al. [50]. 
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Figure 13. Comparison of hemodynamic performance resulting from bypass grafts of varying anastomosis angles. 
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Figure 14. Time-averaged wall shear stress contours of the artery (unrolled) using a 30° anastomosis angle with non-spiral and spiral graft configurations. 
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Figure 15. Frequency distribution of TAWSS values in the artery. 
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Table 1. Total pressure drops experienced by blood, based on anastomosis angle.
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	Angle (Degrees)
	Total Pressure Drop (Pa)





	30
	474.8



	45
	498.39



	60
	526.22



	75
	554.61
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Table 2. Quantitative validation of simulation results by comparison of different variables from CFD simulation against data from the literature.
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	Variable
	Data from Literature

(One Circular Ridge, Oriented at 180°)
	CFD Result

(One Elliptical Ridge, Oriented at 180°)
	Percentage

Difference (%)





	Pressure drop (Pa)
	545.86
	526.22
	3.66



	Secondary velocity (m/s)
	0.022
	0.024
	8.70



	WSS (Pa)
	2.432
	2.09
	15.13



	Recirculation Plane 1 (%)
	5.31
	5.21
	1.90



	Recirculation Plane 2 (%)
	3.52
	1.00
	111.50
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Table 3. TAWSS values according to graft configuration at a 30° anastomosis angle.
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	Configuration
	Maximum (Pa)
	Area Average (Pa)





	Non-spiral
	4.679
	0.944



	Spiral
	4.663
	1.067
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