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Abstract

:

Blood is a shear-thinning non-Newtonian fluid in which the viscosity reduces with the shear rate. When simulating arterial flow, it is well established that the non-Newtonian nature is important in the smallest vessels; however, there is no consistent view as to whether it is required in larger arteries, such as the carotid. Here, we investigate the importance of incorporating a non-Newtonian model when applying a plaque deposition model which is based on near-wall local haemodynamic markers: the time-averaged near wall velocity and the ratio of the oscillatory shear index to the wall shear stress. In both cases the plaque deposition was similar between the Newtonian and non-Newtonian simulations, with the observed differences being no more significant than the differences between the selected markers. More significant differences were observed in the haemodynamic properties in the stenosed region, the most significant being that lower levels of near-wall reverse flow were observed for a non-Newtonian fluid.
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1. Introduction


Blood is a heterogeneous suspension of small deformable red blood cells, white blood cells, platelets and other matter in plasma. Red blood cells characterise the main rheological behaviour of the fluid [1]. Unless flow is sufficient to keep them dispersed, red blood cells tend to adhere to each other due to bridging by plasma proteins [2]. In bulk shear flow, aggregation increases blood viscosity at low shear rates. As the shear rate increases, the progressive breakup of aggregates leads to a decrease in viscosity (“shear thinning”) [3]. Despite this fact, a large body of literature concerning computational haemodynamics characterises blood as a Newtonian fluid under the assumption that this is acceptable in large arteries [4].



A number of studies have compared Newtonian and non-Newtonian models and have suggested that there are significant discrepancies. Gijsen et al. [5] presented both experimental and numerical results for unsteady flow in a 90° curved tube and observed a number of differences which led to the conclusion that a non-Newtonian flow can not be accurately predicted with a Newtonian model, although they also suggest that a Newtonian model can provide reasonable results if the Reynolds number is re-scaled based on the characteristic viscosity. Kumar et al. [6] presented a 3D comparison using the Carreau–Yasuda (C-Y) non-Newtonian model. The simulations were performed in ANSYS using a patient-specific model for a patient with partial arterial narrowing. They concluded that the wall shear stress (WSS), in particular, was highly influenced by the non-Newtonian nature of the blood. Weddell et al. [7] used a finite element to implement the C-Y model. This was compared to a Newtonian model in idealised artery geometries with straight sections of arteries and bifurcations at a pre-defined angle. The results were seen to be highly influenced by the non-Newtonian nature of the blood, although many of the arteries were narrower than the carotid. Wang and Bernsdorf [8] presented a 3D study using the lattice Boltzmann method (LBM) for the idealised situation of steady flow in a cylindrical artery with differing levels of stenosis, where the C-Y model was used for the non-Newtonian simulations. They found significant differences, particularly in the severely stenosed case. Rabby et al. [9] also considered simulations though an axi-symmetric artery model. This was performed using the finite-volume approach with pulsation flow and using the cross non-Newtonian model. They also observed differences between the two fluid models, which were more significant in the most severe stenosis. In contrast, a number of studies have suggested differences are small. Baaijens et al. [10] used the Casson and a power law non-Newtonian model to perform 2D simulations of the carotid bifurcation using a finite-element approach. They concluded that the general flow structure is not influenced by the use of a non-Newtonian model and that where they did observe differences, these were dependent on the non-Newtonian model used. Boyd and Buick [11] considered a 2D carotid artery model using the LBM and a C-Y non-Newtonian model. They considered the velocity and shear, particularly in the near-wall region, and concluded that any differences were small. Morbiducci et al. [12] presented a comparison in a 3D model of carotid bifurcation using a finite-volume simulation and both Carreau and Ballyk shear-thinning models for the blood. They concluded that a Newtonian model is reasonable for bulk flow metrics, such as the WSS. Where differences were observed, they were seen to be dependent on the bifurcation model being used. Perktold et al. [13] performed 3D simulations using the finite-element method and a Casson non-Newtonian method. They observed features such as reverse flow, flow separation and recirculation zones and concluded that the resulting WSS were predominantly determined by the bifurcation angle.



These contrasting observations can in some way be reconciled in terms of differences between the physical and numerical models. Gijsen et al. [5] performed simulations at the carotid bifurcation which showed significant difference between the Newtonian and non-Newtonian models; however, when the simulations were repeated [5] for slightly different physical parameters (those used in [13]), the differences were less significant. This was similarly observed by Abugatta et al. [14] were differences were observed between a C-Y and a power law non-Newtonian model. Although some authors recommend using a non-Newtonian mode [15], other authors have suggested that the differences are small; for example, Morbiducci et al. [12] found the sensitivity of the oscillatory shear index (OSI) and time-averaged wall shear stress (TAWSS) to be no more than 10% and that these levels were not significant compared to the resolution of imaging of the artery geometry and uncertainties in the inlet velocity. Similar conclusions were also arrived at by Lee and Steinman [16] and Gharahi et al. [17], who found that the need for a non-Newtonian model was dependant on the specific geometry which was being simulated. There is no general consensus as to whether a non-Newtonian model is required [18]; however, where differences are observed it is often in haemodynamic properties close to the wall, such as the WSS observed in [6] and even in larger arteries such as the aorta [19].



Application of the lattice Boltzmann method (LBM) to stenosis development has been more limited, with a small number of models being proposed. Tamagawa and Matsuo [20] proposed a blood clotting model where a tracer particle was transported and adhered to the wall when both its proximity and the shear rate were below specified thresholds. The adhesion rule was later extended [21] to include concentration and surface tension. An alternative approach [22,23] also considered tracer particles, with adhesion accruing based on a prescribed residence time in the vicinity of the wall. A further approach [24] considered combination of residency time and an integrated accumulation of the stress. Karimpour and Javdan [25] considered an LBM model where regions of high OSI were considered as prone to atherosclerosis and, at each step, layers of deposits were progressively deposited. More recently, the model considered here has been proposed [26], which simulates the early stages of stenosis development based on the local haemodynamics, in particular by enabling the stenosis to form in regions of low time-averaged velocity and low wall shear stress. This model has the advantage that the stenosis develops in a local manner using deposits which are sufficiently small that their physical size does not influence the development [26], as opposed to [25] where this happens in layers. Additionally, the developing stenosis tends to be smoother and does not exhibit a staircase boundary in [25], which leads to boundary roughness and fluctuations in the wall velocity, both of which feed into the OSI calculation.



In this paper, we consider the implementation of a recently proposed plaque growth model [26] and in particular examine the extent to which the use of a non-Newtonian fluid model affects the performance of the model, the development of the stenosis and the near-wall haemodynamic properties of the blood. The plaque growth model simulates the development of a stenosis by modelling the deposition of plaque on the artery wall using markers derived from the near-wall haemodynamic parameters, which are known to be the most dependant on the non-Newtonian nature of the fluid. This means that the plaque deposition model will be potentially more sensitive to the non-Newtonian nature of the blood, compared to models of flow in a fixed artery geometry. To investigate this, we compared stenosis development between a Newtonian and non-Newtonian fluid using two different haemodynamic markers to trigger the stenosis formation and development. Further, five commonly measured and/or simulated near-wall haemodynamic parameters were considered on the stenosis wall, again to investigate the impact of the non-Newtonian features of the blood.



The numerical approach is set out in Section 2 in terms of the LBM, the non-Newtonian model and the boundary conditions, including the plaque deposition model. The parameters used in the simulation are set out and determined in Section 3. The results are presented in Section 4 for the stenosis development and changes in the near-wall haemodynamic properties as the stenosis develops. These are presented for both the Newtonian and non-Newtonian models and the results compared. Finally, the conclusions are set out in Section 5.




2. Numerical Model


Here, we briefly describe the lattice Boltzmann method (LBM) approach and how it can be adapted for non-Newtonian fluids, the plaque development model and the specific details applied in this study. The simulations are performed in 2D with a rigid wall approximation. The rigid wall is a good approximation in the stenosed region, and the 2D simulation allows the main features of the flow to be observed and differences between the non-Newtonian simulations and the Newtonian approximation to be assessed.



2.1. The Lattice Boltzmann Method


The LBM in a numerical method which mimics the Navier–Stokes equation based on a kinetic approach [27]. Although the LBM is a more recent development compared to alternative simulation approaches in computational fluid dynamics, such as the finite-volume and finite-element methods, it is now well established and considered as an alternative to the conventional approaches, and it includes blood flow [28,29,30,31,32,33,34] and non-Newtonian [35,36,37,38,39,40,41,42] simulations. It is considered to have a number of advantages over conventional methods [43]: incorporation of microscopic interactions, particularly for simulating complex fluids such as colloidal suspensions, bubbles, solid particle suspension and polymer-solvent systems [44]; suitability for parallel computing; and, of particular reliance to this study, dealing with complex boundaries [43] and implementing non-Newtonian fluid models in an efficient manner, as will be seen in Section 2.1. Disadvantages of the LBM are that it is generally implemented on a regular mesh, preventing a higher mesh density being included in areas such as turbulent boundary layers, and there are limitations in areas of high-Mach number, large pressure or density variation and thermo-hydrodynamic problems. Often, these can be overcome by coupling with alternative approaches; however, this can reduce the overall simplicity and efficiency of the LBM approach.



A Newtonian fluid is described in terms of the distribution function    f i   ( x , t )    which satisfies the Bhatnagar–Gross–Krook (BGK) LBM equation [27,45,46]


   f i   ( x +  e i  , t + 1 )  −  f i   ( x , t )  = −  1 τ    f i   ( x , t )  −  f i  e q    ( x , t )   .  



(1)







The index i labels the link directions,   e i  , of the mesh used in the simulations. Here, we consider the mesh D2Q9, where D is the number of dimensions and Q is the number of velocity directions on the mesh—including the “rest-particle” given by    e 0  =  ( 0 , 0 )    and


      e i  =  cos   π 2   ( i − 1 )   , sin   π 2   ( i − 1 )         for i = 1 , 2 , 3 , 4        e i  =  2   cos   π 2   ( i − 1 )  +  π 4   , sin   π 2   ( i − 1 )  +  π 4         for i = 5 , 6 , 7 , 8  .     



(2)







The local fluid properties at each mesh node are found from the associated distribution functions,    f i   ( x , t )    as


  ρ  ( x , t )  =  ∑  i = 0   i = 8    f i   ( x , t )    and   ρ  ( x , t )  u  ( x , t )  =  ∑  i = 0   i = 8    f i   ( x , t )   e i   



(3)




and the equilibrium distribution function,    f i  e q    ( x , t )   , is obtained from the local density and velocity as


   f i  e q    ( x , t )  =  w i  ρ  1 + 3  e i  · u +  9 2    (  e i  · u )  2  −  3 2    u  2   ,  



(4)




where    w 0  = 4 / 9  ,    w 1  =  w 2  =  w 3  =  w 4  = 1 / 9   and    w 5  =  w 6  =  w 7  =  w 8  = 1 / 36  . The discretization method derives from the lattice gas model, which preceded the LBM, in which discrete fluid particles moved between the sites of the regular mesh with a speed of unity (taking it to the neighbouring sites) or zero (remaining at the site). In the LBM, the distribution functions   f i   are used in place of the discrete particles to overcome a number of limitations and to provide a statistical representation of the fluid. This is achieved through streaming of the distribution functions to nearest neighbour nodes, represented by the left-hand side of Equation (1), followed by a collision step, represented by the right-hand side of Equation (1), corresponding to the distribution functions relaxing towards their equilibrium form. Despite the simplicity of this discretization and the use of only nearest neighbour sites in the LBM equation, the scheme gives second-order accuracy [47].



The continuity and Navier–Stokes equations can be derived from the LBM equation, Equation (1), using a Chapman–Enskog expansion, following Frisch et al. [48]. Taylor expanding the the left-hand side of Equation (1) with respect to  x  and t, we find that to the second order in the small expansion parameter  ϵ :


      ∂  f i    ∂ t   +  e i  ·  f i  + ϵ   1 2     e i  · ∇  2   f i  +  e i  · ∇   ∂  f i    ∂ t   +  1 2     ∂ 2   f i    ∂  t 2      .   



(5)







Expanding   f i   in terms of the equilibrium value,   f i  ( e q )   , gives


   f i  =  f i  ( e q )   + ϵ  f i  ( 1 )   +  ϵ 2   f i  ( 2 )   + O    ϵ  3   ,  



(6)




where conservation of mass and momentum require


   ∑ i   f i  ( k )   = 0 ,  ∑ i   e i   f i  ( k )   = 0  k = 1 , 2  .  



(7)







Finally, the differentials are also expanded in terms of  ϵ :


   ∂  ∂ t   = ϵ  ∂  ∂  t 1    +  ϵ 2   ∂  ∂  t 2    ,   ∂  ∂ x   = ϵ  ∂  ∂  x 1    .  



(8)







The right-hand side of Equation (1) can also be expanded as


    −  1 τ    f i  ( 1 )   + ϵ  f i  ( 2 )     .   



(9)







Considering separately the terms of different order in  ϵ  in Equations (5), (6), (8) and (9), and summing over i, while considering the constraints in Equation (7), yields the continuity Equation [27]


     ∂ ρ   ∂ t   + ∇ · ρ u = 0 .   



(10)







Repeating the procedure but multiplying Equations (5) and (9) by   e i   before the summation achieves the Navier–Stokes Equation [27]


      ∂  u α    ∂ t   +  ∇ β   u α   u β  = −    ∇ α  p  ρ  + ν  ∇ β    ∇ α  ρ  u β  +  ∇ β  ρ  u α    ,   



(11)




where  α  and  β  represent the vector components and summation over repeated Greek indices is assumed. The kinematic viscosity of the fluid is found from the relaxation time,  τ , in Equation (1) as


  ν =   ( 2 τ − 1 )  6  .  



(12)







The strain rate tensor,   S  α β   , can be calculated at each site from the distribution function as [49]


   S  α β   =   − 3   2 τ    ∑ i    f i  −  f i  e q     e  i α    e  i β   .  



(13)







The   f i  e q    terms are usually calculated as part of the velocity calculations in the Newtonian LBM algorithm. This means that calculating the shear through Equation (13) manner removes the need to calculate derivatives of the velocity and provided an efficient method of implementing a non-Newtonian fluid [47,50]. Further, this is a local calculation method, which is particularly advantageous if the LBM is being implemented in parallel.




2.2. Non-Newtonian Simulations


For a shear-thinning fluid such as blood, the viscosity,  μ , is no longer constant but is a function of the shear viscosity,   γ ˙  , defined as


   γ ˙  = 2   D  I I    ,  



(14)




where   D  I I    is the second invariant of the strain rate tensor [51]:


   D  I I   =  ∑  α , β    S  α β    S  α β   .  



(15)







The shear-thinning nature of blood can be mimicked using the C-Y model [52,53,54,55]:


  μ   γ ˙   =  μ ∞  +   μ 0  −  μ ∞    1 +   λ   γ ˙  a     n − 1  a    ,  



(16)




where   γ ˙   is the shear rate, and  α , n and  λ  are empirically determined constant parameters [51]. The parameters  α  and n are dimensionless, and  λ  has units of time. The C-Y model is continuous for all    γ ˙  ≥ 0  , and   μ 0   and   μ ∞   are limiting values of the viscosity in the lowest and highest shear rate cases, respectively.




2.3. Boundary Conditions


The cardiac pulse was simulated using the profile shown in Figure 1 [56].



The pulse shape was derived from 3560 cardiac cycles of Doppler ultrasound measurements taken from six female and eleven male volunteers who had no symptoms or diagnosis of cardiovascular disease and so can be assumed to be normal human subjects [56]. It has been applied in a range of simulations of the carotid artery [57,58,59,60,61]. This was implemented at the base of the geometry where the distribution functions are set to their equilibrium values, Equation (4), for the time-dependant normal velocities shown in Figure 1. A boundary-layer was introduced over a length of approximately 1 mm, over which the velocity linearly reduced to zero. This bottom boundary is approximately 10 cm below the region of interest shown in the results section. At the top of the artery, an extrapolation scheme [62] was used to produce an outflow condition. This was applied approximately 20 cm from the region of interest.



The geometry of the artery is shown in Figure 2, which shows the external carotid artery (ECA), internal carotid artery (ICA) and common carotid artery (CCA) as well as sections   S 1  –  S 6  . These were selected post-simulation to cover the region where the stenosis forms and are used to present the stenosis development. The healthy artery is depicted by the solid lines, and the dotted lines show the extent of plaque development, which is considered here. This was implemented, following [63], using second-order boundary conditions which represent the wall with sub-grid accuracy to overcome the restrictions of modelling the artery geometry on the underlying fixed grid. The underlying idea of Guo [63] is shown in Figure 3, where the fluid sites (filled circles) and the wall sites (empty circles) are separated by the curved boundary, represented by the solid line. The squares represent the wall points where the curved boundary intersects the lattice links. At the site   x f  , Equation (1) requires the distribution function   f 5   to stream from the wall site   x w  , which is not available. This is calculated in terms of an equilibrium and a non-equilibrium part as


     f i    x w   =  f i  ( e q )     x w   +  1 −  1 τ    f i  ( n e q )     x w    ,   



(17)







From stability considerations, Guo [63] suggested two different formulations, depending on the value of   δ *   defined as the distance along the link between   x f   and   x b   normalised by the length of the link. For a diagonal link such as   e 5  , this corresponds to the y-component (or x-component) of the vector as depicted in Figure 3. The non-equilibrium part is calculated as


   f i  ( n e q )     x w   =  f i  ( n e q )     x f   ,   if  δ *  ≥ 0.75   



(18)




and


   f i  ( n e q )     x w   =  δ *   f i  ( n e q )     x f   +  1 −  δ *    f i  ( n e q )     x  f f    ,   if  δ *  < 0.75  .  



(19)







The equilibrium part is found from Equation (4) in terms of a fictitious density and velocity    ρ w ′    x w     and    u w ′    x w     with    ρ w ′    x w   = ρ   x f     and     u w ′  =  u  w 1  ′     for    δ *  ≥ 0.75  , and     u w ′  =  δ *   u  w 1  ′  +  1 −  δ *    u  w 2  ′    , for    δ *  < 0.75  , where   u w ′   is determined by extrapolation based on the known boundary velocity,    u b  = u   x b   = 0   and the known velocities of     u f  = u   x f      and     u  f f   = u   x  f f      . The two approximations are quantified [63] as:


     u  w 1  ′  =    u b  +   δ *  − 1   u f    δ *    ,   



(20)




and


     u  w 2  ′  =   2  u b  +   δ *  − 1   u  f f     1 +  δ *     .   



(21)







This enables the artery wall to be modelled to sub-grid resolution with second-order accuracy.



Additionally, the plaque deposition model [26,64] was implemented at the end of each period to simulate the plaque deposition and development of the stenosis. This model monitors near-wall parameters over the previous period and then selects a point on the artery wall where the plaque will be deposited. When the model was first developed [26], this point was determined using the parameter   u  ( 1 )   , which was defined as the magnitude of the velocity one lattice unit from the wall. This was found for all nodes with a link cutting the boundary and averaged over a period:


    u  ( 1 )   ¯  =  1 T   ∫ 0 T   u  ( 1 )    ( t )  d t ,  



(22)




where T is the period. The selected point was where this integrated value had a minimum value. The plaque deposition model is implemented here in the same manner [26], using the same parameters; however, the markers used to identify the position for plaque deposition are the TAWSS and O:WS, which are defined as [65]


   O:WS  =   OSI   TAWSS    



(23)




where the TAWSS is defined as


   TAWSS  =  1 T   ∫ 0 T   W S S  d t  



(24)




and the OSI as


   OSI  = 0.5  1 −    ∫  0  T  W S S  d t    ∫  0  T   W S S  d t    ;  



(25)




and the plaque is deposited where O:WS has a maximum value. The TAWSS marker performs similarly to the TA near-wall velocity introduced in [26] for a Newtonian fluid but is more appropriate when considering a non-Newtonian fluid. Plaque deposition occurs where TAWSS has a minimum value. These two markers were selected based on the observations [65] that they both led to the development of a realistic stenosis.



Full details are provided in [26]; here, we present an overview of the algorithm.



	
The LBM simulation is run until it reaches equilibrium using the healthy artery model.



	
A single period of the flow is simulated.



	
The haemodynamic parameter (TAWSS or O:WS) is monitored over the period at all wall-adjacent fluid sites.



	
The site where TAWSS has a minimum value (or O:WS a maximum) is selected.



	
The artery wall is moved into the fluid at the selected site by a distance of 0.3 of the grid length (this may move it beyond the fluid site, which will then become a wall site).



	
Steps 1–5 are repeated.








3. Model Parameters


Within the LBM simulations, non-dimensional parameters which describe the flow are calculated in terms of lattice units (lu) determined by the unit length of the underlying mesh (taken as a separation of 1 lu in the horizontal and vertical directions) and the time unit of one time-step. The LBM parameters are then selected to ensure that the key non-dimensional parameters calculated from the lu terms matches with those calculated from the SI terms describing the flow which is being simulated.   R  e δ    is determined by:


  R  e δ  =   U δ  ν   



(26)




where  δ  is the Stokes layer thickness expressed as:


  δ =    ν T  π   .  



(27)







The Womersley number is given by


  α =  D 2     2 π   T ν    .  



(28)







Table 1 shows the SI parameters which describe the artery and flow, along with the Boltzmann parameters based on an artery diameter of 36 lu. These parameters preserve the model and the artery. In contrast to other numerical approaches, the mesh density relates to both the accuracy of the simulation but also the non-dimensional parameters describing the flow. This spatial resolution applied here has been investigated in [64], where the simulation results were compared to a grid with double the resolution and the same global   R e   and  α . The result suggested that the arterial diameter of 36 lu provides adequate resolution, with differences in the normalised velocity being typically around   10  − 3    and no larger than   5 ×  10  − 3    , comparable with observations elsewhere [47,66], and this resolution has also been found to be appropriate in comparable carotid artery simulations [26,64,65].



For non-Newtonian simulations, the C-Y model parameters, based on [67] are shown in Table 2, along with their Boltzmann equivalents.



We can rearrange Equation (27) to find the peak simulated velocity   U  0 B    as:


   U  0 B   = R  e δ      η B  π   T B    ,  



(29)




where a subscript “A” refer to that variable in physical SI units, and subscript “B” refers to variables in the LBM (lattice) units. Furthermore, from Equation (28):


   T B  =   2 π   η B       D B   2 a    2  .  



(30)







For fixed values of   R  e δ    and  α , and   D B  , the suitable value of   U B   was selected. Matching Reynold’s numbers, we can find:


   η B  =  η A      U  0 B    U  0 A     2    T B   T A   .  



(31)







The values of  λ  are related by:


   λ B  =  λ A    T B   T A   .  



(32)








4. Results and Discussion


The effect of the non-Newtonian nature of blood is now considered in two ways. Firstly, the effect it has on the plaque deposit model and the subsequent development of the stenosis is considered. Secondly, changes to the near-wall haemodynamic properties are presented.



4.1. Stenosis Development


Results of the simulations are presented in Figure 4 and Figure 5 when TAWSS and O:WS are used as markers, respectively.



As observed in [26], the stenosis develops in layers as the plaque deposition is laid down sequentially on the ECA and ICA. The coloured lines in Figure 4 and Figure 5 represent the completion of each layer, after which the development switched to the other artery branch. Here,   T s   is the number of grid sites removed from the artery as the stenosis develops, which gives a measure of the evolution of the stenosis rather than a precise time-scale. The values given in the figures correspond to the times where the development of one layer finishes due to the changing haemodynamics, and the process switches to the other wall. We also note that there is no requirement in the model for the plaque to develop sequentially on the two walls. Indeed, a more detailed investigation of this process [64] showed that during the development of a layer on any wall, there are typically also small deposits elsewhere. In Figure 4 and Figure 5, the overall formation of the stenosis is similar for both the Newtonian and the non-Newtonian models; however, some differences can be observed. On the ECA, in Figure 4, the second, third and fourth layer do not significantly increase the stenosed region for the Newtonian case, while for the non-Newtonian case there is an observable difference between the first and last layers. Differences are also evident on the ICA where the second layer develops more significantly in the non-Newtonian model. However, these differences do not significantly affect the final stenosed geometry and are no greater than the differences between the two different markers (TAWSS in Figure 4 and O:WS in Figure 5).



These differences are also evident in Figure 6 and Figure 7 which show, for markers TAWSS and O:WS, respectively, the development of the stenosis for both the Newtonian and non-Newtonian models and also a comparison between the two. The variable   T s *   represents the value of   T s   normalised by the maximum number of   T s   for the simulation. Figure 6c and Figure 7c show the differences   Δ  T s *  =  T  s N  *  −  T  s C Y  *    for the Newtonian and non-Newtonian model, which are generally small. A red/orange line is present through the ECA side corresponding to the differences in the layers discussed for Figure 4a. There is also a light blue region near the wall for the ICA region in Figure 7—this corresponds to the differences in layer 2 observed in Figure 4b. Figure 8 shows how the area in the ECA and ICA, corresponding to sites converted from fluid to wall, grows with   T s *  . Although the final level of plaque deposition is seen to be similar in Figure 8a,b, there are noticeable differences for   0.2 ≤  T s *  < 0.6   and   0.8 ≤  T s *  ≤ 1  . The first of these is due to the differences observed in Figure 4, Figure 6 and Figure 7, and the second, while smaller, again represents a difference in the development. Figure 9 shows differences in the rate at which the artery is being occluded on the artery sections shown in Figure 2. These differences are fairly small, but they do show the development being altered due to the non-Newtonian nature of the blood.




4.2. Near-Wall Haemodynamics


These observed changes in the artery geometry can potentially alter the haemodynamics in the artery. To investigate this, the TA near-wall velocity (   u  ( 1 )   ¯  ), the TA of the tangential component of the near-wall velocity (   u t  ( 1 )   ¯  ), OSI, the relative residency time


   R R T  ∝      ∫ 0 T   W S S  d t  T   ( 1 − 2  OSI  )    − 1    



(33)




and the reverse flow index (RFI), representing the fraction of the period where   u t  ( 1 )    is negative, are shown in Figure 10 for the ECA and in Figure 11 for the ICA. For data storage efficiency, the temporal resolution of these figures was downsampled to every 19th   T s   to give a resolution of 40 points.



In terms of RRT, the constant of proportionality in Equation (33) was found by normalising with respect to the value three diameters upstream of the bifurcation [68,69]. RRT [70,71] is a parameter typically used as a measure of the effect of residency times for elements of the blood in atherosclerotic processes, although it should be noted that it is not derived from tracer measurements but rather indirectly from the WSS and OSI.



Figure 10a,b for the ECA show initial changes in the near-wall velocity, with the low-velocity region expanding in the downstream direction. Differences are observed for    T s *  > 0.3  , where the non-Newtonian shows a region of lower velocity, particularly in range A:   39   mm  < y < 45   mm   . This region is also evident in Figure 10c,d, where an additional difference is also observed in that the initial region where    u t  ( 1 )   ¯   is negative—representing significant reversed flow during the period—which is initially present in range B   42   mm  < y < 47   mm   , is maintained for a shorter time in the non-Newtonian case. The OSI and RRT are presented in Figure 10e–h. A comparison of both shows anincreased value of both in range A for   0.25 <  T s *  < 0.5   in the case of the non-Newtonian simulations. In range B, the values of OSI and RRT are initially higher for the non-Newtonian simulations, but they reduce slightly earlier and less sharply at    T s *  ≃ 0.2  . The RFI, shown in Figure 10i,j, displays the most significant differences between the Newtonian and non-Newtonian simulations in region B. For    T s *  < 0.2  , RFI is significantly lower for the non-Newtonian case. In region A, the RFI is maintained at a slightly higher value in the non-Newtonian simulations for   0.43 <  T s *  < 0.6  .



The reduced RFI for the non-Newtonian case can be understood in terms of both the nature of the non-Newtonian fluid and the geometry formed by the stenosis. The non-Newtonian fluid has more resistance to flow change, compared to the Newtonian fluid, due to it having a higher effective viscosity. This is largest in regions with a low near-wall velocity (as is observed in the region of high RFI in Figure 10a,b) and consequently a low shear rate. Since the limiting viscosity is used to calculate the Womersley number, this results in a lower effective Womersley number for the non-Newtonian fluid, a higher viscous resistance and a reduced phase difference between the boundary layer flow and the central flow. Thus, in Region B, when the near-wall velocity decreases and the observed reverse flow is formed, the effective Womersley number decreases in the non-Newtonian fluid as the local shear rate decreases. The corresponding reduction in phase difference reduces the time-span of the reverse flow, while the higher viscous resistance dampen the reverse flow, both relative to a Newtonian fluid. Similar effects have been observed by Zheng and Wen-Jei [72], who observed a resistance to flow change from forward to backward for a non-Newtonian fluid at the aorta bifurcation, and by Nakamura and Sawada [73], who found that the non-Newtonian nature of blood tends to restrain the occurrence of flow separation in an accelerating flow and promotes the disappearance of flow separation in decelerating flow. The small differences in the stenosis geometry observed in the ECA in Figure 5 also affect the RFI. Here, for example considering the red contour (  T s   = 68 and 105 for the Newtonian and non-Newtonian, respectively), the non-Newtonian geometry levels out the artery wall and cuts out the “dead" region where reverse flow is generated. This is less evident in the Newtonian case, where an, albeit smaller than the unstenosed case, “dead” zone is present at the upstream end of the stenosis. This is expanded by the tendency of the plaque layer to be laid from the bottom to the top [26], extending the “dead” zone. This gives an effect of using a non-Newtonian model, where the reverse flow in the region downstream of the plaque growth is significantly reduced in terms of the time-averaged near-wall tangential velocity,    u t  ( 1 )   ¯  , in Figure 10d; the percentage of the period where the flow is reversed, RFI in Figure 10i; as well as a small reduction in the time during which high values of OSI, Figure 10f, and RRT, Figure 10h are maintained. Despite this picture of the overall reduction in reversal/oscillatory flow, Figure 10f,h also show a slight increase in the magnitude of OSI and RRT in region A. Additionally, around the upstream development of the stenosis, there is a difference in the near-wall velocity relative to the Newtonian case. Figure 11 shows the same haemodynamic properties in the ICA. Again, there is considerable similarity in the results from the Newtonian and non-Newtonian simulations. There are also a number of differences comparing Figure 11a,b; the time-averaged near-wall velocity is somewhat lower for the non-Newtonian simulation, particularly for    T s *  < 0.5  . In the same region in Figure 11c,d, both the magnitude and the extent of negative tangential near-wall flow are reduced for the non-Newtonian model. The magnitude of the OSI in Figure 11e,f are similar between the Newtonian and non-Newtonian simulations; however, the OSI reduces earlier for the non-Newtonian case, suggesting that the oscillatory nature of the flow reduces more rapidly. This is mirrored in Figure 11g,h, where the magnitudes are similar, but the RRT reduces earlier for the non-Newtonian case. Figure 11i,j show the most striking differences: they both show a similar region where reversible flow occurs; however, there is a marked difference in the percentage of the period where reversible flow occurs. In the Newtonian case, there is a region   48   mm  < y < 53   mm   , where the flow is reversed for over   60 %   of the period, which is maintained until    T s *  ≃ 0.6  . In the non-Newtonian case, reversible flow typically occurs for no more than   45 %   of the period and is typically around   30 %   of the period, for   48   mm  < y < 53   mm    and    T s *  < 0.6  . This is similar to the phenomenon observed on the ECA in Figure 10i,j.



Carotid arteries are three-dimensional structures, and the flow within them also exhibits three-dimensional features such as secondary flows and helical motion [57,74,75]. Since the results presented here are two-dimensional, these 3D features are not simulated, and their effect on the haemodynamic parameters, such as the TAWSS and O:WS is missing. Despite this, 2D modelling does allow the main haemodynamic features to be captured and tracked at the different levels of stenosis development considered here. Three-dimensional features will have some effect on the haemodynamic markers presented and are also used to guide the plaque deposition model. However, these differences will also exist in terms of specific differences in the details of artery geometry and pressure pulse between different individuals. The aim of this work is to consider general features, and, in cases where a detailed patient-specific model is required, a 3D approach [29,76] will provide additional detail. The 2D approach taken here is appropriate for obtaining details of the more general changes which occur during plaque deposition and stenosis development.



We also note that this study has focused solely on haemodynamic factors; however, atherosclerosis involves multiple pathological mechanisms and different molecular, genetic, environmental, and cellular factors, which are not accounted for in a computational fluid dynamics model such as the one considered here. An overview of these factors is provided by Björkegren and Lusis [77] and Kowara and Cudnoch-Jedrzejewska [78].





5. Conclusions


The stenoses formed using both the Newtonian and non-Newtonian models were fairly similar in terms of the final shape of the geometry; however, small differences were observed in both in final geometry and the formation. Differences were also observed in the near-wall haemodynamics between the two models. In both the ECA and the ICA, the non-Newtonian model reduces the reversible flow in terms of both the spatial region where it occurs and its magnitude. There is also a small reduction in the near-wall TA velocity and the oscillatory nature of the flow measured through the OSI. Overall, some differences were noticed in the near-wall flow characteristics, particularly in the reverse flow in the region of plaque deposition, indicating that the use of a non-Newtonian model is required to capture these features. Despite this, in the simulations presented here, the development of stenosis, which is determined by these wall haemodynamics, was not significantly sensitive to the non-Newtonian nature of the fluid, with any differences being small and not significant relative to the differences between the different markers considered. This suggests that differences in the near-wall velocity, TAWSS and OSI, which were used to determine the position of the plaque deposition, were in terms of the magnitude and not the distribution along the artery wall. It is worth noting that this study did not consider severely stenosed arteries, where non-Newtonian affects will be more significant.
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	Carreau–Yasuda
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	Lattice Boltzmann Method
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Figure 1. Carotid artery velocity waveform, obtained from Holdsworth et al. [56]. 
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Figure 2. Artery geometry. The healthy artery is depicted by the solid lines and the stenosed artery by the dotted lines. Also shown are sections   S 1  –  S 6  , which are used to present the development of the stenosis. 






Figure 2. Artery geometry. The healthy artery is depicted by the solid lines and the stenosed artery by the dotted lines. Also shown are sections   S 1  –  S 6  , which are used to present the development of the stenosis.



[image: Fluids 08 00282 g002]







[image: Fluids 08 00282 g003] 





Figure 3. The extrapolation scheme. The fluid sites are shown as filled circles and the wall sites as open circles. They are separated by a physical boundary represented by the solid line. Also shown are the sites   x f  ,  x w   and   x  f f   , which are used in the extrapolation boundary scheme, and the normalised distance   δ *  . 
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Figure 4. Layer development of the stenosis using TAWSS as a marker for (a) the Newtonian model and (b) the non-Newtonian C-Y model. 
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Figure 5. Layer development of the stenosis using O:WS as a marker for (a) the Newtonian model and (b) the non-Newtonian C-Y model. 
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Figure 6. Stenosis development using TAWSS as a marker for (a) Newtonian model, (b) non-Newtonian C-Y model and (c) their comparison. 
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Figure 7. Stenosis development using O:WS as a marker for (a) Newtonian model, (b) non-Newtonian C-Y model and (c) their comparison. 
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Figure 8. Area removed from (a) the ECA and (b) the ICA by the developing stenosis using TAWSS and O:WS as markers for both the Newtonian and Non-Newtonian C-Y models. 
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Figure 9. Change in artery diameter as the plaque is deposited and the stenosis develops along the sections (a)   S 1  , (b)   S 2  , (c)   S 3  , (d)  S 4  , (e)   S 5   and (f)   S 6   using TAWSS and O:WS as a marker for both the Newtonian and non-Newtonian models. 
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Figure 10. Near-wall haemodynamics on the ECA over the development of stenosis using TAWSS as a marker: (a,b)    u  ( 1 )   ¯  ; (c,d)    u t  ( 1 )   ¯  ; (e,f) OSI; (g,h) RRT; and (i,j) RFI, on the outer wall of the ECA, using a Newtonian model (left column) and non-Newtonian C-Y model (right column). 
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Figure 11. Near-wall haemodynamics on the ICA over the development of the stenosis using TAWSS as a marker: (a,b)    u  ( 1 )   ¯  ; (c,d)    u t  ( 1 )   ¯  ; (e,f) OSI; (g,h) RRT; and (i,j) RFI, on the outer wall of the ICA, using a Newtonian model (left column) and non-Newtonian C-Y model (right column). 
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Table 1. Carotid artery parameters, based on Holdsworth et al. [56] and equivalent Boltzmann scaled parameters.






Table 1. Carotid artery parameters, based on Holdsworth et al. [56] and equivalent Boltzmann scaled parameters.





	Parameter
	Artery
	Boltzmann (lu)





	   u 0   
	   1.07    m  s  − 1      
	   0.08152   



	D
	   6.4 ×  10  − 3     m   
	36



	   ν =  ν ∞    
	  3.5 ×  10  − 6     Pa · s
	   0.0015   



	T
	   0.91   s   
	66,987



	  α  
	   4.5   
	   4.5   



	   R  e δ    
	307
	307










 





Table 2. C-Y model parameters from Abraham et al. [67] and equivalent Boltzmann scaled parameters.






Table 2. C-Y model parameters from Abraham et al. [67] and equivalent Boltzmann scaled parameters.





	Parameter
	SI
	Boltzmann (lu)





	   μ 0   
	  2.17 ×  10  − 4     Pa · s
	   0.068364   



	   μ ∞   
	  3.5 ×  10  − 6     Pa · s
	   0.0015   



	  λ  
	   1.5   s  − 1     
	603,619



	a
	   0.64   
	   0.64   



	n
	   0.2128   
	   0.2128   
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