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Abstract

:

A three-dimensional, transient computational fluid dynamics analysis was conducted on an idealised geometry of a coronary artery fitted with representative geometries of an Absorb bioresorbable vascular scaffold (BVS) or a Xience drug-eluting stent (DES) in order to identify and compare areas of disturbed flow and potential risk sites. A non-Newtonian viscosity model was used with a transient velocity boundary condition programmed with user-defined functions. At-risk areas were quantified in terms of several parameters linked to restenosis: wall shear stress, time-averaged wall shear stress, oscillatory shear index, particle residence time, and shear rate. Results indicated that 71% of the BVS stented surface area had time-averaged wall shear stress values under 0.4 Pa compared to 45% of the DES area. Additionally, high particle residence times were present in 23% and 8% of the BVS and DES areas, respectively, with risk areas identified as being more prominent in close proximity to crowns and link struts. These results suggest an increased risk for thrombosis and neointimal hyperplasia for the BVS compared to the DES, which is in agreement with the outcomes of clinical trials. It is intended that the results of this study may be used as a pre-clinical tool to aid in the design of bioresorbable coronary stents.






Keywords:


stent; coronary artery; bioresorbable vascular scaffold; computational fluid dynamics












1. Introduction


Atherosclerosis, the main cause of coronary artery disease [1], is most commonly treated by percutaneous coronary intervention (PCI), with approximately 100,000 being performed in 2019/20 alone in the UK [2], the majority of which involve the implantation of a stent to restore luminal diameter. However, the implantation of stents can come with complications such as acute/late thrombosis or neointimal hyperplasia. While modern drug-eluting stents (DES) have reduced acute stent thrombosis rates when compared to bare metal stents [3], there remains the issue of late and very late stent thrombosis, concerning thrombus formation over a longer period [4]. More recently, bioresorbable vascular scaffolds (BVS) were developed [5], theoretically eliminating these instances of late restenosis as the scaffold is dissolved and excreted after an intended period of time [6] as it provides no benefits after six months [7]. Although BVS also delivers an anti-proliferative drug, the term DES has traditionally been used to refer to a metal stent with a drug-eluting coating.



The first BVS to receive a Conformité Européenne (CE) mark (in 2015) and US Food and Drug Administration (FDA) approval (in 2016) for the treatment of coronary artery disease was the Absorb (Abbot Vascular, Santa Clara, CA, USA) and it is consequently the focus of the largest number of clinical trials [8]. These trials focused on the comparison in performance to equivalent cobalt chromium Xience DES (Abbot Vascular, Santa Clara, CA, USA), with results showing that the occurrence of target lesion failure (TLF) after three years was 3.6 percentage points higher for the Absorb BVS [9]. Given the limited information available on the performance of BVS after three years, Capodanno et al. [10] designed a decision-analytic Markov model to predict clinical outcomes of BVS compared to DES, which showed an incremental benefit in quality-adjusted life expectancy of BVS over DES after 19 years. They concluded BVS may still provide a benefit to patients, but that device refinements that translate into better thrombosis rates at three years are crucial.



Bangalore et al. [11] emphasise that the clinical need for BVS technology remains. They suggest that the poor outcomes of the Absorb BVS could be due to its design (strut geometry and/or mechanical properties), patient selection, implantation technique, or a combination of factors. Taking encouragement from the development of the DES after concerns about the safety of early generation versions, they advocate a blended approach for the BVS, involving refining its design and optimising the procedure by making use of intravascular imaging and avoiding vessels that are too small or too large, for example. Serruys et al. [12] advise that the introduction of new technology in this field is a long journey over at least one decade. They are optimistic that BVS can be enhanced through thin struts and new technologies and materials.



One focus of research concerns the polymer microstructure of the BVS. Unlike metal stents, BVS possess significant localised structural irregularities arising from crimping and expansion during implantation that cause asymmetric degradation; it is suggested that these features have clinical implications [13,14]. Stent dimensions must be a key area for investigation since they were dominant factors for the adverse effects of DES [15]. Lafont and Mennuni [16], in commenting on Capodanno et al. [10], list various aspects of the BVS design that should be adjusted to prevent early, late, and very late thrombosis. To reduce early thrombosis, they refer to optimising the strut geometry amongst other issues.



It is established in the literature that local hemodynamics, such as low oscillating wall shear stresses (WSS) [17,18,19,20,21], high particle residence times [22], and high shear rates [23,24], correlate with increased restenosis via neointimal hyperplasia and/or thrombosis. Stent strut thickness was shown to be the geometric factor that largely dictates areas of low WSS. Thus, it has been suggested that the additional strut thickness of the Absorb BVS is the cause of these unfavourable clinical outcomes [9,25]. However, there is a lack of three-dimensional transient analyses that quantify the at-risk areas of a BVS geometry relative to industry-standard DES in coronary arteries. Given that the Absorb BVS was taken off the market in 2017, and with design refinements to improve early outcomes being key [10], an investigation of how strut thickness and strut width affect hemodynamic flow in this new generation of BVS is particularly essential. The aim of this study is to use computational fluid dynamics (CFD) to quantify relative risks between the BVS and DES designs with respect to various hemodynamic metrics as a tool to assess design effectiveness. The study does not consider the resorption of the BVS, which occurs relatively slowly over about two years. Rather, it is concerned with the short-term response of the artery to the introduction of the stent as early risk factors, while the stent is exposed, have been theorised as leading causes for cases of thrombosis long after the endothelium has covered the stent, especially in small vessels [9].




2. Methods


2.1. Fluid Domain Geometry


An idealised straight vessel of luminal diameter 2.7 mm was modelled with an expanded stent of diameter 3 mm and length 8 mm. Dimensions for vessel deformation and length were taken from a virtual stent expansion performed by Chiastra et al. [26] on a straight coronary artery, and the diameter specifications are with reference to the 8 mm Absorb BVS [27]. The geometry of the stent patterns was determined from scaled photographs and reported values in the literature [28] and was modelled in SolidWorks (Dassault Systemes, Vélizy-Villacoublay, France). The Absorb BVS has a strut thickness of 150 µm, while the Xience DES has a strut thickness of 81 µm. The number of struts on the DES and BVS models was the same so the distance between DES struts was slightly greater. The difference in link strut shape in the Xience geometry was neglected as wall shear values in the area between stent struts are influenced primarily by strut thickness [29,30,31,32,33]. Since the pattern in the stent geometry repeats around its circumference, with three link struts per revolution (Figure 1), only one-third of the fluid domain was modelled. By using cyclic symmetry boundary conditions, the computational domain and time required for simulations would therefore be greatly reduced.



The entrance length necessary to allow the velocity profile to develop fully on arrival to the stented region at the peak velocity of 0.27 m/s was calculated using the hydrodynamic entrance length equation for laminar flow [34]:


    L   h   ≈ 0.05   Re  ⁡  d    








where d is the vessel diameter and Re is the Reynolds number:


    Re  ⁡  =     ρ v d   μ    








where ρ is the fluid density, v is the average speed and µ is the dynamic viscosity. Assuming a fluid density of 1050 kg/m3 and a constant dynamic viscosity of 0.00345 Pa s, the Reynolds number was calculated to be 222 and     L   h     was calculated as 30 mm. This additional length was added to the inlet section of the fluid domain.




2.2. Mesh Generation


A hybrid tetrahedral/hexahedral meshing approach was used as it was shown that computational effort can be halved compared to a fully tetrahedral mesh [35]. The geometry was partitioned in Ansys DesignModeller and meshed using Ansys Mesh (Ansys Workbench 17.2, Ansys Inc., Canonsburg, PA, USA) in order to generate a uniform hexahedral grid on the inlet, outlet, and internal sections of the fluid domain. For the stented region and areas that are directly in contact with the stent struts, a tetrahedral mesh was used, where elements on the struts were approximately half the size of those in the neighbouring regions (Figure 1 and Figure 2a).



Grid Convergence Analysis


Roache’s grid convergence index (GCI) [36,37] was used to assess grid independence using three progressively finer meshes with a target effective mesh refinement factor [38] (Equation (1)) of 1.5:


    r   i , i + 1   =         N   i       N   i + 1           1   D      



(1)




where     r   i , i + 1     is the refinement factor,     N   i     is the number of computational nodes in a finer mesh,     N   i + 1     is the number of nodes in the mesh to be refined, and D is the dimensionality of the mesh.



The coarse, medium, and fine meshes of the BVS (Figure 2) and DES fluid domains were analysed under identical boundary conditions consisting of a steady state inlet velocity of 0.27 m/s (peak flow) and a zero-pressure outlet, with a convergence criterion for all residuals ≤1 × 10−6. The area-weighted-average (AWA) WSS was observed to converge in all cases. This quantity was the focus of the mesh independence study due to the importance of WSS, which depends on the velocity gradient at the wall, in assessing the risk of restenosis [17,18,19,20,21]. Table 1 presents mesh sizing parameters and refinement factors.



The results of the grid convergence study are presented in Table 2. The reported GCI values incorporate the recommended safety factor of 1.25 [36] and give an error band for the discretisation error present in a mesh. The observed order of convergence, p, was 1.85 for the BVS and 1.51 for the DES.



If   GC   I   23   /   r   p   GC   I   12   ≈ 1  , then it can be said that the solutions are within the asymptotic convergence range [38]. This was true for both BVS and DES meshes with values of 1.002 and 0.987, respectively, and hence, grid convergence was achieved with error bands of 0.483% and 1.58% for the BVS and DES fine meshes, respectively.





2.3. Fluid Properties


Blood was modelled as an incompressible fluid of density 1050 kg/m3. Its viscosity was specified by the Carreau viscosity model for pseudoplastics to account for the non-Newtonian (shear thinning) behaviour at shear rates less than 100 s−1 [39]. The Carreau model gives viscosity as a function of shear rate:


  μ =   μ   ∞   +     μ   0   −   μ   ∞         1 +     λ   γ  ˙      2         n − 1   / 2    



(2)




where     γ  ˙    is shear rate,     μ   ∞     is the infinite shear rate viscosity,     μ   0     is the zero-shear-rate viscosity,   λ   is the time constant, n is the power law index, n = 1 indicates Newtonian behaviour, n > 1 indicates shear thickening behaviour, and n < 1 indicates shear thinning behaviour. The constants used were taken from the literature [40] and are defined as     μ   ∞     = 0.00345 Pa s,     μ   0     = 0.056 Pa s,   λ   = 3.313 s, and n = 0.3568.




2.4. Boundary Conditions


At the inlet, a velocity that was uniform over the boundary but which varied with time in accordance with a human cardiac cycle of period T = 0.9 s was applied. This was based on the in vivo measurements of cross-sectional average flow velocity in the left anterior descending (LAD) coronary artery reported by Davies et al. [41], which were translated into a Fourier series (Figure 3) using Equations (3)–(6).


  v   t   =   a   0   +   ∑  k = 1   ∞        a   k     cos  ⁡    k ω t     +   b   k     sin  ⁡    k ω t          



(3)




where     a   0    ,     a   k     and     b   k     are constants:


    a   0   =   1   N − 1     ∑  i = 1   N − 1      v   i      



(4)






    a   k   =   2   N − 1     ∑  i = 1   N − 1      v   i     cos  ⁡    k ω   t   i          



(5)






    b   k   =   2   N − 1     ∑  i = 1   N − 1      v   i     sin  ⁡    k ω   t   i          



(6)




where     v   i     and     t   i     are the sampled cross-sectional average flow velocity and time, respectively, and ω is the angular frequency of the signal (  2 π / T   rad/s where T is the time period of one cardiac cycle).



A Fourier series with 17 coefficient pairs was deemed to provide satisfactory correspondence with the experimental data and it was written into a Fluent (Ansys Workbench 17.2) user-defined function in the programming language C and applied to the inlet.



A zero-pressure condition was applied at the outlet with sufficient length for full flow reattachment after the stented region. The distance necessary for this was determined by the analysis of preliminary steady-state results at maximum velocity (0.27 m/s), which showed that disturbed flow behaviour ceased almost immediately after the stented region due to the highly laminar nature of the flow, and hence, a 5 mm extension downstream of the stented region was judged to be sufficient.



Cyclic symmetry was used to reduce the size of the fluid domain to one-third of its original size. The no-slip condition was applied to geometry representing the endothelial surface and the stent strut surface, meaning that the velocity of the fluid relative to these surfaces was zero.




2.5. Simulation


The Fluent laminar pressure-based double-precision solver and the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm (with second-order time discretisation) were used for the simulations presented in this study. The SIMPLE algorithm was shown to produce solutions of second-order temporal accuracy when used with a second-order time discretisation method [42]. The Reynolds number was calculated to be 222 at a velocity of 0.27 m/s and assuming blood density 1050 kg/m3 and dynamic viscosity 3.45 mPa s in a vessel of diameter 2.7 mm, and hence a laminar solver was used.



A convergence criterion for all residuals was set at ≤1 × 10−6 with the allowable number of iterations per time step set such that this criterion was enforced at each time step (of 5 ms). This was favoured over adaptive time-stepping methods in order to simulate the inlet velocity waveform more accurately and provide more accurate time-averaged statistics, as well as permit inspection of the solution at defined times via regular data exports.



Periodic consistency was verified by running a simulation beyond one cycle on the coarse mesh with a 1 × 10−5 residual convergence criterion. Figure 4 shows that while velocity was consistent between cardiac cycles, WSS during the initial 0.06 s of the first cycle was inconsistent with WSS in subsequent cycles. Therefore, the period of the simulation during 0.06 s–0.96 s was used to give a complete representative cardiac cycle and for any time-averaged calculations. The final simulations had 192 time steps of 5 ms each.



Simulations were completed on a workstation equipped with 16 GB DDR4 RAM and a 3.7 GHz Intel Xeon E3-1240 v6 quad-core CPU with hyper-threading for a total of eight parallel processes. Each time step met a residual convergence criterion of 1 × 10−6, prior to which convergence was achieved in area-weighted-average WSS (unchanging to four decimal places). Wall clock solution times were 65 h and 68 h for the BVS and DES cases, respectively.




2.6. Calculation of Parameters to Evaluate Risk


The identifiers used to quantify the risk of restenosis were the instantaneous WSS (    τ   w    ), time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI), relative residence time (RRT), and shear rate (    γ  ˙   ). It was observed that atherosclerotic plaque formation correlated best with low mean WSS [17,18] and oscillation in the WSS direction [17]. These characteristics are associated with an increased residence time of circulating particles, and thereby prolonged exposure of atherogenic (atherosclerosis-promoting) agents to the endothelium, whereas particles are cleared rapidly from regions of relatively high WSS and unidirectional flow [17,18]. The oscillation of flow direction affects the alignment of endothelial cells, which may influence the passage of atherogenic agents into the artery wall [17]. OSI was defined to provide a measure of the degree of deviation of the WSS from its average direction and strong correlations were observed between exposure to a high OSI and intimal thickness [43]. Increased permeability of the endothelium has been linked to a higher OSI [44]. However, the OSI is insensitive to shear magnitude (a strong oscillatory flow could have a similar OSI as a much slower flow) and thus the relative residence time parameter was defined given the belief that mean WSS and oscillatory flow may act together to influence endothelial permeability [44]. Increasing shear rates have been shown to promote thrombosis by means of increased platelet concentration near the artery wall and platelet activation [23,24]. Table 3 presents the ranges for TAWSS, OSI, and RRT that are found to promote atherosclerosis and a pathogenic range for shear rate.



2.6.1. Instantaneous Wall Shear Stress


Wall shear stress is the shear stress that is applied to a wall as a result of a normal velocity gradient. It was calculated computationally using the properties of the flow adjacent to the wall.




2.6.2. Time-Averaged Wall Shear Stress


The TAWSS was calculated at each node using Equation (7):


  TAWSS =   1   T     ∫  0   T        τ   w     d t   ≈   1   N     ∑  i = 1   N        τ   w        



(7)




where T is the time period,       τ   w       is the instantaneous WSS magnitude at a time step i for a total of N time steps. TAWSS is equal to the mean WSS magnitude over a given time period due to the definition of the average value of a function over an interval a → b:


    f   a v g   =   1     b − a       ∫  a   b    f   x   d x    



(8)








2.6.3. Oscillatory Shear Index


OSI is a dimensionless index that describes the deviation of the WSS vector from a unidirectional flow [43] (Equation (9)):


  OSI = 0.5   1 −       ∫  0   T        τ  →    w   d t         ∫  0   T          τ  →    w     d t        



(9)







OSI is calculated using Equation (10) by taking the mean values of WSS magnitude, as well as the mean values for the x, y, and z-components of WSS.


  OSI = 0.5   1 −          ∑  i = 1   N      τ   w x         2   +       ∑  i = 1   N      τ   w y         2   +       ∑  i = 1   N      τ   w z         2        ∑  i = 1   N        τ   w            



(10)




where     τ   w x    ,     τ   w y     and     τ   w z     are the x, y, and z-components of WSS present at a time step i for a total of N time steps.




2.6.4. Relative Residence Time


Introduced by Himburg et al. [44], RRT is a function of both TAWSS and OSI (Equation (11)):


  RRT ~     TAWSS   1 − 2 OSI       − 1    



(11)







Their derivation of RRT at a particular site was in terms of the distance a fully entrained particle would travel during a cardiac cycle. The associated time taken was shown to be directly proportional to the right-hand side of Equation (11). Hence, despite neither being non-dimensional nor having the dimension of time, the term       TAWSS   1 − 2 OSI       − 1     has come to characterise indirectly the time particles may be in contact with the vessel wall. RRT is a useful comparative tool as it incorporates both the mean WSS and the level of oscillation present over the cardiac cycle in a particular location, where OSI has an increasing influence on RRT as it approaches its limit of 0.5.



The TAWSS and OSI over the cardiac cycle were calculated for each cell in the mesh using a user-defined function, which executed at the end of each converged time step, while RRT was defined as a custom parameter, which referenced the stored values for TAWSS and OSI.




2.6.5. Shear Rate


In the present study, the shear rate governs the viscosity of the fluid as defined in the Carreau model, and thus the shear stresses in the fluid and those acting on the wall.






3. Results


3.1. Instantaneous Flow Characteristics


At the point in the cardiac cycle when the velocity in the coronary artery was a maximum, the flow was observed to be fully developed before reaching the stented region as the boundary layer reached a constant height within the inlet entrance length. Low-velocity regions between stent struts were observed to exhibit stagnating and recirculating behaviour, which persisted throughout the cardiac cycle (Figure 5). Areas of recirculation were more prominent downstream of stent struts and were approximately three times longer and deeper in the BVS compared to the DES case at maximum velocity (at 0.56 s in the cardiac cycle) and about 2.5 times longer and deeper in the BVS case at minimum velocity (at 0.1 s in the cardiac cycle). The extent of the stagnation region upstream of the strut in the BVS case was 13% greater at maximum velocity and 27% greater at minimum velocity compared to the DES.



Low-velocity regions in close proximity to stent struts cause areas of low WSS (<0.4 Pa) due to reduced velocity gradients at the wall. The WSS in the axial direction, along both the artery wall and stent struts, is plotted in Figure 6a–d to highlight these regions at maximum and minimum flow velocity for both BVS and DES geometries. The WSS was at a maximum at the point where the flow met the inner surface of the stent struts (i.e., the surface furthest from the artery wall), and was greatly reduced in the regions between struts. The peak WSS between stent struts was twice as high in the DES than in the BVS (approximately 1.65 Pa compared to 0.82 Pa at maximum flow; approximately 0.33 Pa compared to 0.17 Pa at minimum flow), with smaller differences between WSS on strut inner surfaces (WSS was approximately 18% higher in the BVS at both maximum and minimum flow). Figure 6a,b show that the low WSS regions between stent struts at peak flow velocity were more prominent downstream of a strut as opposed to upstream of the following strut, as the small peaks of WSS in these areas were skewed in the downstream direction. This was observed only to a slight extent at minimum flow velocity (Figure 6c,d).



Figure 7 shows that the BVS geometry had larger areas of WSS under the risk threshold of 0.4 Pa in both peak and minimum velocity cases. At peak velocity, the BVS and DES caused 37.2 mm2 and 18.2 mm2 of surface area under the risk threshold of 0.4 Pa, respectively. At minimum velocity, the BVS caused 88.1 mm2 of risk area, while the DES caused 84.5 mm2. Note that the calculations of the area include both the artery wall and stent surface. In terms of percentage areas, at peak velocity, the BVS caused 33% of its stented region to be under 0.4 Pa, while the DES caused 18.5% of its stented region to be under 0.4 Pa as total surface areas in the stented region were 112.8 mm2 and 98.3 mm2 for the BVS and DES, respectively. At minimum velocity, the DES had a greater percentage of its area at risk—86% compared to 78% in the case of the BVS.




3.2. Time-Averaged Wall Shear Stress


Figure 8 highlights the extent of areas that have an average WSS in the atherogenic range of less than 0.4 Pa over the entire cardiac cycle. Figure 8a indicates that areas of low TAWSS spanned most of the area between stent struts, with the only areas above 0.4 Pa being the inner surface and sides of the stent struts. Figure 8b shows that risk areas caused by the DES geometry were in close proximity to the contact areas of the stent and the inner wall and did not extend as far into the areas between stent struts as in the BVS case.



Figure 9 shows the distribution of TAWSS over the stented region for both cases where each bar is a band of 0.1 Pa. The surface area under these low TAWSS conditions (<0.4 Pa) was 80.4 mm2 for the BVS and 44.1 mm2 for the DES, which was 71% and 45% of their respective total stented areas.




3.3. Oscillatory Shear Index


The OSI over the cardiac cycle is highlighted in Figure 10a,b. In the BVS case, areas downstream of crowns and alongside longitudinal link struts reached a maximum OSI of 0.27 at small points near the middle of these longitudinal struts (Figure 10a). In the case of the DES (Figure 10b), the flow was much less oscillatory, with a maximum value of 0.14 observed in much smaller regions in corners where longitudinal link struts met the curvature of crown sections. OSI values of zero in areas other than close to stent struts were expected as the flow in the coronary artery applied to the inlet of the fluid domain did not reverse direction. Neither case exhibited OSI in an atherosclerosis-promoting range of >0.3.




3.4. Relative Residence Time


Relative residence times over the risk threshold of 10 Pa−1 are highlighted in Figure 11. Figure 11a shows continuous areas of high RRT (>10 Pa−1) along the interface between the stent and artery wall, with larger areas downstream of stent struts and alongside longitudinal link struts. Figure 11b also shows high levels of RRT in the same areas but to a lesser extent. The surface areas subject to an RRT of at least 10 Pa−1 were 25.5 mm2 for the BVS geometry and 7.5 mm2 for the DES geometry, which were 23% and 8% of their respective areas. The full distribution of RRT in the stented region is given in Figure 12.




3.5. Shear Rate


Shear rates were found to be highest on the leading edge of stent crowns at the downstream end of the stent (Figure 13). BVS geometry promoted higher shear rates on stent strut inner surfaces and lower shear rates between stent struts. The maximum shear rates were 2196 s−1 for the BVS and 1775 s−1 for the DES. While BVS shear rates were approaching levels where thrombus formation has been shown to occur (approximately 2600 s−1) [23,47], they do not reach the pathogenically high-risk levels of 5000 s−1.





4. Discussion


The development of BVS gave optimism of a revolution in coronary intervention and, despite some concerns following clinical trials, it has been advocated that more clinical trials along with non-clinical studies and design refinement are pursued, including investigation of new materials, designs, and implantation techniques [11,15]. The Absorb BVS has been the focus of the largest number of clinical trials [8], but it was taken off the market in 2017. A meta-analysis by Ali et al. [9] combined three-year outcomes from all Absorb clinical trials spanning 3389 patients, 2164 of whom were randomly selected to be fitted with an Absorb BVS. Some findings directly relevant to the stents are summarised and presented in Table 4. All reported relative risks (RR) have p values of at most 0.03.



The primary outcome for these studies was target lesion failure (TLF), which was 1.37 times as likely to occur with the use of the Absorb BVS than with Xience DES. Leading causes of this difference were target vessel myocardial infarction and device thrombosis, which was 2.83 times as likely to occur with Absorb than Xience in the clinical studies analysed.



Stone et al. [48] report five-year outcomes from the Absorb IV randomised trial comparing a BVS with a DES and involving 2604 patients. Despite careful patient selection and improved implantation technique, the rate of TLF at five years was greater for the BVS (17.5% compared to 14.5% for the DES, p = 0.03). In contrast, five-year device thrombosis rates were not significantly different (1.7% for BVS, 1.1% for DES, p = 0.15). They speculate that outcomes would likely be improved using BVS with better expansion characteristics, lower recoil, and thinner struts to improve fluid dynamics and promote faster and more complete endothelialisation.



Geometric features of a stent, such as strut thickness and width, will influence the local hemodynamics. Moreover, it is well established that correlations exist between local hemodynamics and increased restenosis via neointimal hyperplasia and/or thrombosis [17,18,19,20,21,22,23,24]. This provides motivation to model the flow through BVS and DES geometries in order to quantify relative risks between the BVS and DES designs with respect to various hemodynamic metrics and suggest reasons for the adverse clinical outcomes. A limitation of the current study is the idealised geometry consisting of a straight and circular vessel. Zhu et al. [49] have provided a comprehensive catalogue of the human coronary artery axial geometry, including curvature, torsion, and tortuosity, which showed considerable geometric variability between individuals. Recent work [50,51] has given a quantitative assessment of the amount of helical flow in coronary arteries and showed its association with WSS patterns. However, the aim of the current study was to quantify relative risks between the BVS and DES designs and so the main consideration was to have a common base model artery. Future work may involve a range of artery geometries that better represent the coronary vasculature. The model did not include endothelial covering of the stents or any bioresorption of the BVS. This was done to examine early risk factors while the stent is exposed, which have been theorised as the main causes for cases of thrombosis long after the endothelium has covered the stent, especially in small vessels [9].



In both the BVS and DES models, stagnating and recirculating flow was observed between stent struts throughout the cardiac cycle. This caused low WSS between struts, especially in the BVS case where the peak WSS between struts was half that in the DES at corresponding times during the cardiac cycle. This can be related to the increased thickness of the BVS struts, which present a greater obstacle to the oncoming flow and consequently promote more extensive regions of recirculation downstream of the struts. While a similar proportion of the stented regions of the BVS and DES were exposed to WSS under the risk threshold of 0.4 Pa at the minimum flow rate, due to the very low velocity in the coronary artery, the BVS was more at risk at peak velocity with 33% of its stented region under 0.4 Pa compared to 18.5% for the DES. The calculation of TAWSS demonstrated the BVS to be at much greater risk with 71% of its stented area being in the atherogenic range, including most of the area between struts, compared to only 45% of the DES area.



Relative residence time is a function of both TAWSS and OSI. In both the BVS and DES designs, the OSI did not exceed the risk threshold and deviation from unidirectional flow was confined to very small regions. Thus, the distribution of RRT was similar to that of TAWSS and also predicted a greater risk for the BVS with 23% of its surface area subject to an RRT above the threshold compared to 8% of the DES area. High relative residence times were generally found alongside stent struts and longitudinal link struts.



Table 5 summarises the results of this study by listing the surface areas with a heightened risk of restenosis and showing the percentage increase in risk area for the BVS compared to the DES.



Of particular note is the 82.3% increase in the surface area exposed to low TAWSS for the BVS geometry when compared to the DES, and the 240% increase in the area experiencing high particle residence times (although it is noted that the surface areas affected by high RRT are very small). These are major indicators of an increased risk of thrombosis for the BVS via prolonged exposure of platelets and atherogenic agents to the endothelium.



The clinical finding that thrombosis in particular was more likely to occur in the Absorb BVS than in the Xience DES [9] correlates well with the results of the present study and supports its ability to quantify relative risks for restenosis. Parallels cannot be drawn with respect to thrombus volume in either case as these were not reported.



Kolandaivelu et al. [29] showed that a custom-built 162 µm thick metal stent was 49% more thrombogenic than a stent of an almost identical design with half the thickness, while the present study predicts a 240% increase in risk area in the worst case. However, areas of potential risk do not directly translate into thrombus volume in practice, and so a more precise link between risk areas and thrombus volumes cannot be made. Indeed, Kolandaivelu et al. [29] advise that stent thrombosis may arise from the flow disturbance around the stent struts or by virtue of the thrombo-pathology associated with flow disruptions and the injured vessel wall, or some combination of these.



Comparison of Simulation Results with Existing Work


Transient wall shear stresses for the thinner DES geometry were verified by comparison with the study by Chiastra et al. [26] who determined that a 90 µm thick, 8.5 mm long cobalt chromium stent under the same flow velocity caused 38.65% of their region of interest to have a TAWSS of less than 0.4 Pa. This compares favourably with the present study, which found a stent of thickness 81 µm caused 45% of its stented area to have TAWSS values under 0.4 Pa. When the deformed wall regions before and after the stent are included in the calculation for the present study (as they are in Chiastra et al. [26]), this gives a value of 37.6%, which is very similar to the value of 38.65% previously reported.



In terms of instantaneous WSS at maximum velocity (accounting for the region of interest), the present study predicted 15.5% of the area under 0.4 Pa whereas Chiastra et al. [26] calculated 12.8%. A lower value would be expected in the present study due to the slightly thinner stent strut. However, the absence of a non-Newtonian viscosity model might be a limitation in the referenced simulation. It is extrapolated that the current simulation is also valid for the thicker BVS geometry as all boundary conditions and calculations were identical in the two cases, as were vessel geometries apart from the thickness and width of stent struts.





5. Conclusions


This study has compared various hemodynamic risk factors between a BVS and a DES using a time-dependent, three-dimensional CFD model accounting for non-Newtonian blood viscosity. Each of the risk factors—WSS, TAWSS, OSI, RRT, and shear rate—has been associated with an increased risk of restenosis [17,18,19,20,21,22,23,24,43,44,45]. The analysis identified sites in the stented regions for both the BVS and DES that are more susceptible to thrombosis and neointimal hyperplasia and suggests an increased risk for thrombosis and neointimal hyperplasia for the BVS compared to the DES, correlating with the results of in vivo studies and clinical trials [9,25].



It is intended that the results of this study may be used to inform design choices regarding the cross-sectional shape of stent struts and strut patterns in order to reduce the risk of restenosis, resulting in a safer and more effective stent design.
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Figure 1. Stented region of coronary artery model with BVS (fine mesh). 
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Figure 2. Surface meshes near stent struts in the BVS model. 
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Figure 3. Average velocity over the cardiac cycle—in vivo data [41] and the generated Fourier series representation. 
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Figure 4. Average velocity and wall shear stress in stented region calculated over 2.25 cardiac cycles. 
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Figure 5. Streamlines of velocity between stent struts. The plane is cut to illustrate flow in the axial direction, from left to right along the artery. (a) BVS—peak velocity; (b) DES—peak velocity; (c) BVS—minimum velocity; (d) DES—minimum velocity. 
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Figure 6. Wall shear stress in the stented region in the axial direction. (a) BVS—peak velocity; (b) DES—peak velocity; (c) BVS—minimum velocity; (d) DES—minimum velocity. 






Figure 6. Wall shear stress in the stented region in the axial direction. (a) BVS—peak velocity; (b) DES—peak velocity; (c) BVS—minimum velocity; (d) DES—minimum velocity.



[image: Fluids 08 00241 g006]







[image: Fluids 08 00241 g007] 





Figure 7. Distributions of wall shear stress at peak and minimum flow velocities for the BVS and DES cases. (a) peak velocity; (b) minimum velocity. 
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Figure 8. Areas of low TAWSS magnitude (one-third of the interior stented region). (a) BVS; (b) DES. 
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Figure 9. Distribution of TAWSS in the stented region for the BVS and DES cases. 
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Figure 10. Oscillatory shear index (one-third of the interior stented region). (a) BVS; (b) DES. 
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Figure 11. Relative residence time (one-third of the interior stented region). (a) BVS; (b) DES. 
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Figure 12. Distribution of relative residence time in the stented region for the BVS and DES cases. 
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Figure 13. Shear rate at peak velocity (one-third of the interior stented region). (a) BVS; (b) DES. 
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Table 1. Mesh sizing parameters and refinement factors.
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Parameter

Stent Design

	
Fine

	
Medium

	
Coarse




	
BVS

	
DES

	
BVS

	
DES

	
BVS

	
DES






	
Mesh elements

	
2,681,415

	
2,695,283

	
659,490

	
646,258

	
196,442

	
193,516




	
Mesh nodes

	
1,354,050

	
1,344,475

	
346,514

	
339,487

	
108,203

	
106,269




	
   Refinement   factor     r   i , i + 1     

	
1

	
1

	
1.575

	
1.582

	
1.474

	
1.473




	
Global element size

	
0.045 mm

	
0.0719 mm

	
0.11 mm




	
Stent region element size

	
0.0375 mm

	
0.0625 mm

	
0.1 mm




	
Stent face element size

	
0.0188 mm

	
0.0313 mm

	
0.05 mm











 





Table 2. Grid convergence results summary.
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Mesh

	
AWA WSS (Pa)

	
%Decrease in AWA WSS as Mesh Refined

	
GCI




	
BVS

	
DES

	
BVS

	
DES

	
BVS

	
DES






	
Fine

	
1.365

	
1.349

	
0.51%

	
1.24%

	
0.483%

	
1.58%




	
Medium

	
1.372

	
1.366

	
0.94%

	
1.94%

	
1.121%

	
3.118%




	
Coarse

	
1.385

	
1.393

	
NA

	
NA

	
NA

	
NA











 





Table 3. Risk thresholds for evaluation parameters [24,45,46].
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	Parameter
	Risk Threshold





	    τ   w    /TAWSS
	<0.4 Pa



	OSI
	>0.3



	RRT
	>10 Pa−1



	Shear rate
	>5000 s−1










 





Table 4. Absorb v Xience clinical findings [9].
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Finding

	
%Occurrence

	
Random-Effect RR (95% Confidence Interval)




	
Absorb BVS

	
Xience DES






	
Target lesion failure

	
11.7%

	
8.1%

	
1.37 (1.09–1.72)




	
Target vessel myocardial infarction

	
7.8%

	
4.2%

	
1.68 (1.23–2.29)




	
Ischaemia-driven target lesion revascularisation

	
6.6%

	
4.4%

	
1.41 (1.03–1.93)




	
Device thrombosis

	
2.4%

	
0.6%

	
2.83 (1.27–6.31)











 





Table 5. Summary of risk areas.
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Parameter

	
At-Risk Area (mm2)

	
%Increase in Risk Area




	
BVS

	
DES

	
∆






	
    τ   w     < 0.4 Pa—minimum velocity

	
88.1

	
84.5

	
3.6

	
4.3%




	
    τ   w     < 0.4 Pa—maximum velocity

	
37.2

	
18.2

	
19

	
104%




	
TAWSS < 0.4 Pa

	
80.4

	
44.1

	
36.3

	
82.3%




	
OSI > 0.3

	
0

	
0

	
0

	
0%




	
RRT > 10 Pa−1

	
25.5

	
7.5

	
18

	
240%




	
Shear rate > 5