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Abstract

:

Determination of abdominal aortic aneurysm (AAA) rupture risk involves the accurate prediction of mechanical stresses acting on the arterial tissue, as well as the wall strength which has a correlation with oxygen supply within the aneurysmal wall. Our laboratory has previously reported the significance of an intraluminal thrombus (ILT) presence and morphology on localized oxygen deprivation by assuming a uniform consistency of ILT. The aim of this work is to investigate the effects of ILT structural composition on oxygen flow by adopting a multilayered porous framework and comparing a two-layer ILT model with one-layer models. Three-dimensional idealized and patient-specific AAA geometries are generated. Numerical simulations of coupled fluid flow and oxygen transport between blood, arterial wall, and ILT are performed, and spatial variations of oxygen concentrations within the AAA are obtained. A parametric study is conducted, and ILT permeability and oxygen diffusivity parameters are individually varied within a physiological range. A gradient of permeability is also defined to represent the heterogenous structure of ILT. Results for oxygen measures as well as filtration velocities are obtained, and it is found that the presence of any ILT reduces and redistributes the concentrations in the aortic wall markedly. Moreover, it is found that the integration of a porous ILT significantly affects the oxygen transport in AAA and the concentrations are linked to ILT’s permeability values. Regardless of the ILT stratification, maximum variation in wall oxygen concentrations is higher in models with lower permeability, while the concentrations are not sensitive to the value of the diffusion coefficient. Based on the observations, we infer that average one-layer parameters for ILT material characteristics can be used to reasonably estimate the wall oxygen concentrations in aneurysm models.






Keywords:


abdominal aortic aneurysm (AAA); intraluminal thrombus (ILT); porous structure; patient-specific; computational fluid dynamics (CFD); parametric analysis












1. Introduction


An abdominal aortic aneurysm (AAA) is a progressive and localized dilation of the infrarenal aorta that results from the degradation of the extracellular matrix in the arterial wall [1], which is often asymptomatic but fatal upon rupture [2]. The mortality of patients with ruptured AAA is 50–80% [3] and about half die before being admitted to the hospital [4]. Previous findings show that AAA-related death has been the 12th–15th leading cause of death in the USA, UK, and several European countries [4,5,6]. In particular, acute AAA ruptures are estimated to cause 4% to 5% of sudden death in developed countries and are ranked as the 14th leading cause of death in the United States [7]. The prevalence of AAA in general population ranges from 1.0% to 14.2% in men and 0.2% to 6.4% in women [8].



The rupture of AAA is facilitated by the structural degradation of the arterial wall until the mechanical stress acting on the wall exceeds the strength of the tissue and generally occurs jointly with the formation of an intraluminal thrombus (ILT) in the AAA bulge. The ILT is present in approximately 75% of AAAs [9].



ILTs are composed of fibrin, blood proteins, blood cells, platelets, and cellular debris [10]. Their complex structure is traversed from the luminal to the abluminal surface by a continuous network of interconnected canaliculi [11]. ILT has been shown to be a non-homogeneous material, with two major types: “continuous” and “discrete” transitions [10,12]. A continuous ILT is homogeneous and uniform, associated with gradual transmural changes in structural mechanics with strong radial connectivity; while a discrete ILT is differentiated into three layers: luminal, medial, and abluminal [13]. The luminal layer is considered as nearest to the blood, followed by the medial, and the abluminal is nearest to the aneurysm wall [7]. Characteristic properties are generally distinct among these three primary layers. Each layer of discrete ILT varies in color: the luminal appears red because of the greater proportion of erythrocytes. The medial (white to yellow) and abluminal (dark yellow to brown) layers are acellular and have greater density toward the abluminal side [14,15]. It should be noted that not all ILTs contain all three layers. Specifically, the medial and abluminal layers have similar microstructural features and are commonly considered as one uniform layer [16]. Figure 1b shows an ILT, removed intact from a large AAA, with visible characteristic layers of discrete thrombus. In particular, two distinct layers are found within most ILT, as reported by [16,17].



The role of ILT in AAA rupture is unclear. Diverse findings from the literature regarding the role of ILT in AAA progression are discussed by Wilson et al. [13], which have shown that ILT provides a biomechanical advantage by decreasing wall stresses but contributes to oxygen deprivation in the arterial wall and decreases its strength. Qualitative information is obtained on how ILT presence influences mechanical stresses in AAA models by a few earlier investigations [19,20,21,22,23,24]. These studies have found that from a mechanical vantage, ILT can act as a structural enhancement; thus, reducing the risk of aneurysm rupture by bearing some of the arterial mechanical load. However, it is known that ILT presence influences localized transluminal oxygen flow, which can trigger angiogenesis and aggravate inflammatory response in the aneurysmal wall [25].



To maintain the health of the arterial wall, sufficient transluminal oxygen transport is essential. Several prior studies have demonstrated the “hypoxia-mediated wall weakening” and hypothesized that ILTs can play a key role in directly influencing collagen and elastin production and decreasing arterial wall strength [26,27]. The deposition of ILT leads to a relatively hypoxic environment with increased proteolytic activity in the aortic wall nearest to the thick ILTs [26]. Under normal circumstances, aortic wall oxygenation reaches media and adventitia from the lumen, leaving less dependency on the nutrients provided by the vasa vasorum [28]. With increasing aortic wall inflammation, the vasa vasorum dilates to maintain the vessel integrity [29]. In support of the hypoxia theory, Vorp et al. [27] demonstrated that areas with thick ILT had lower oxygen pressure compared with those with thin ILT which resulted in greater inflammation, greater hypoxia-specific peptide, and decreased tensile strength. Therefore, the hypoxic environment in AAA may decrease the aortic wall structural integrity and lead to its eventual rupture (see a comprehensive review of investigations on the potential importance of hypoxia in [30]).



Mathematical models and numerical simulations have been demonstrated to show a high potential to generate and test competing hypotheses and pave the way for a more substantial research effort in vascular disease (recent progress in AAA computational modeling is reviewed in [31]). Although ILTs consist of layers with different material properties, earlier finite element analyses of AAAs have largely considered ILT to be homogeneous in mechanical characteristics and assumed a uniform consistency of its tissue for the purposes of modeling. Furthermore, it has been established that the oxygen diffusion coefficient fluctuates in multiple ILT layers [32]. Hence, one limitation of the prior computational models is how to estimate differences in oxygen transport regarding different ILT structural features. Improvements to ILT modeling can be made by applying unique properties to each individual layer as suggested by [33].



An insignificant effect of variation in ILT constitutive properties on aortic wall stress has been previously observed by Vorp et al. in [19] using an impermeable model. However, a more recent study [11] suggests that the permeable structure of the ILT may influence its role in AAA rupture. The effects of porous structure modeling have been explored earlier for soft tissues including large arteries [34,35,36,37,38]. ILT tissue contains large water content and is permeable to plasma fluid flow, which can affect oxygen transport within the aneurysmal wall. The range of ILT’s permeability measurements reported in the literature is wide [39], which is undoubtedly due to the heterogeneity of the multi-layered material and its age at the time of experimental permeability assessment. Moreover, the ILT porous structure varies spatially as well. However, to our knowledge, the values of these parameters have never been measured for different ILT layers. These observations recommend that non-homogeneous ILT structural composition needs to be handled more cautiously in future AAA simulations (see [10] for a comprehensive summary on ILT structure and mechanical characterization). While there are several porous structure models of AAA available in the literature [40,41,42], the effect of coupling between oxygen transport, hemodynamics, and fluid flow through the porous media is a missing component. However, it has been shown that the blood flow affects the luminal oxygen transport and local concentrations within the AAA, particularly in the regions of disturbed flow and reattachment [43]. These previous models include ILT through a porous [40] or poroelastic [44] medium but often in idealized geometries of aneurysms, or by neglecting the contribution of oxygen transport in rupture assessment of AAA [41,45].



It has been suggested that ILT tissue porous properties do not affect wall stresses [45], however, the related effects on oxygen flow needs to be explored as well. Sun et al. [46] performed a parametric study on a patient-specific AAA model, varying the oxygen diffusivity values within an impermeable ILT, and concluded that varying the oxygen diffusivity in the physiological range did not significantly change the wall oxygen concentration. Loffredo et al. studied the effects of permeability on shear stresses in a descending thoracic aneurysm but did not consider the oxygen transport [47]. Prior investigations show the poroelastic behavior with variation in thrombus permeability but without considering the oxygen diffusivity contribution to the mass transport [44,47]. In summary, the aforementioned studies above have concluded that the integration of porous medium to model thrombus influences local shear stress and oxygen concentrations and the observations are linked to its permeability [47] but have failed to emphasize the combined effects of oxygen diffusivity and permeability and to which extent they play a key role. Our laboratory has previously developed a computational model of oxygen transport in an idealized AAA which contains a one-layer porous ILT [48]. Our earlier studies in [48,49] have thoroughly explored the effect of varying ILT biomechanical parameters such as permeability and oxygen diffusivity in an idealized AAA model. We have also explored the contribution of ILT on oxygen flow in patient-specific AAA geometries using fluid–structure interaction (FSI) methodology [50], as well as the effects of ILT oxygen diffusivity coefficient [49]; however, in a non-porous ILT model. In summary, previous porous ILT models are very limited and all of them assume that ILT has a uniform structure. In addition, most of them have not investigated oxygen transport.



The objective of this study is to consider the multi-layered, heterogeneous structure of the ILT to investigate the relation between its porous structure and oxygen flow to the aneurysmal wall. We augment our previous computational coupled fluid–porous structure–mass transport model for AAA [48] via a parametric study of ILT structural features with the purpose of systematically investigating the influence of changing ILT oxygen diffusivity    D  i l t     and permeability    K  i l t     on oxygen flow in both idealized and patient-specific AAAs. To the best of our knowledge, this is the first study which takes into account the multi-layer structure of the porous ILT and analyzes oxygen transport. Computational results including oxygen contours and filtration velocities inside ILT are presented and discussed.




2. Materials and Methods


Computational models of AAAs containing ILT are constructed in a similar way to the previous research by authors, presented in [49]. The model consists of three domains: the blood in the lumen, the ILT, and the aneurysmal wall. In order to explore how the structure of ILT affects oxygen transport, two layers for the ILT region are considered. In particular, we examine AAA geometries that either lack an ILT, contain a one-layer ILT, or contain a two-layer ILT. A schematic of the three-dimensional CAD models of axisymmetric AAAs is shown in Figure 1a.



The AAA models were designed in the commercially available Fusion 360 CAD software and meshed using the ANSYS SpaceClaim geometry component in ANSYS Workbench (version 22.2, ANSYS Inc., Canonsburg, PA, USA). For each geometry, the AAA domain is set to be 24 cm long [51] with an arterial wall thickness of 0.1 cm. The blood vessel is defined with a radius of R = 1 cm [52] at the inlet and outlet, with a bulge diameter (BD) of 7 cm [27,53]. Both the one-layer and two-layer ILT models are constructed with a length of 8 cm. The luminal ILT and abluminal ILT are modeled as two separate layers, and the total thickness of ILT is 1.5 cm, considered within the range of patient data in [54]. As reasonably assumed by [19], one-third of the total two-layer ILT medium thickness is the luminal layer while two-thirds of the thickness is the medial and abluminal layers. A visual comparison of the geometries is demonstrated in Figure 1.



In the following, we summarize the mathematical model and governing equations. The subscripts f, w, and ilt denote the lumen, the arterial wall, and the ILT domain, respectively, and review the models used in this study. A summary of material properties and all model parameters for AAA domains is provided in Table 1.



2.1. Blood Flow in the Lumen


Blood flow in the lumen is assumed to behave as an incompressible, Newtonian viscous fluid since the aorta is a large artery. Blood flow is also considered to be laminar and steady. Therefore, flow inside the artery is described by the Navier–Stokes equations:


   ρ f   (   U f  .   ∇  U f   )  = ∇ .  σ f       i n    Ω f   



(1)






  ∇ .  U f  = 0      i n    Ω f   



(2)







Here,    ρ f    stands for blood density.    U f    denotes the blood flow velocity field with    σ f  = −  p f  I + 2  μ f  D  (   U f   )    as the fluid Cauchy stress tensor, where    p f    and    μ f    define the blood pressure and dynamic viscosity, respectively. The symmetric part of the blood velocity gradient is given as   D  (   U f   )  =  1 2   (  ∇  U f  + ∇  U f    T   )   .



The oxygen transport in the lumen is modelled by the convection-diffusion equation:


  ∇ ·  (  −  D f  ∇  C f  +  U f   C f   )  = 0      i n    Ω f   



(3)







   C f    and    D f    denote the oxygen concentration in the lumen and oxygen diffusion coefficient in the blood, respectively. The effect of oxygen binding to hemoglobin on oxygen concentrations in the lumen is neglected, considering that the focus here is on comparisons of relative transport over the arterial wall and ILT.




2.2. Aortic Wall and Intraluminal Thrombus


In order to capture the influence of the interstitial flow on oxygen transport, the ILT and arterial wall tissues are modeled as porous regions using the Brinkman equation. The porous model, following the theory of mixtures, assumes that fluid and solid phases co-exist and both phases are permeable to oxygen. The mass and momentum balance equations are given as:


   ∇ ·  (   ρ f   (   U p  ×  U p   )   )  − ∇ ·  (   μ f   (  ∇  U p  +    (  ∇  U p   )   T   )   )  = −    μ f   K   U p  − ∇  p p       i n    Ω w   ∪   Ω  i l t      ∇ ·  U p  = 0      i n    Ω w   ∪   Ω  i l t     



(4)




where    U p    and    p p    refer to the fluid velocity and pressure inside the porous media, respectively. The variable    U p    is also known as intramural flow or filtration velocity. The parameter  K  is the permeability coefficient, which is permitted to differ between the wall and ILT; particularly,    K  i l t     and    K w    define the ILT and wall permeability values.



The advection-diffusion-reaction equation, which accounts for convective oxygen transport as well as the consumption of oxygen in smooth muscle cells, is used to model the oxygen transport in the arterial wall tissue:


  ∇ ·  (  −  D w  ∇  C w  +  U p   C w   )  = S      i n    Ω w   



(5)







Here,    C w    is the oxygen concentration in the arterial wall that has a correlation with wall porosity (   γ w   ) and oxygen concentrations in the fluid (   C  w , f    ) and the solid (   C  w , s    ) phases of the porous wall domain as    C w  =  γ w   C  w , f   +  (  1 −  γ w   )   C  w , s    . The parameter    D w    defines the wall oxygen diffusivity. Furthermore,  S  is the reaction term that accounts for the metabolic consumption of oxygen and is assumed to be linearly proportional to cell availability,   S =  (  1 −  γ w   )    r  C w   , and the constant  r  is defined as the oxygen reaction rate [59], obtained under the assumption that the volume flux of oxygen is completely consumed by the smooth muscle cells.



Similarly, oxygen transport in the porous ILT is modeled by the advection-diffusion equation, given by:


  ∇ ·  (  −  D  i l t   ∇  C  i l t   +  U p   C  i l t    )  = 0      i n    Ω  i l t    



(6)







Here,    C  i l t     denotes the oxygen concentration in the ILT that has a correlation with ILT porosity (   γ  i l t    ) and oxygen concentrations in the fluid (   C  i l t , f    ) and the solid (   C  i l t , s    ) phases of the porous ILT domain as    C  i l t   =  γ  i l t    C  i l t , f   +  (  1 −  γ  i l t    )   C  i l t , s    . The parameter    D  i l t     defines the ILT oxygen diffusivity. ILT has no smooth muscle cells; therefore, it is assumed that there is no oxygen consumption in the ILT.



Finally, the transfer coefficient (τ), and interfacial area density (  I A D  ) for both the wall and ILT regions are computed. The detail of the calculation procedure is provided in [48,59], and the resulting values are listed in Table 1. These coefficients account for the transfer of oxygen molecules between the fluid and solid phases within the porous media in both ILT and wall tissues.




2.3. Parameter Identification


To evaluate the effects of physiologic variations of oxygen diffusion coefficient    D  i l t     and permeability    K  i l t    , as well as the bilayered structure of ILT on the oxygen distribution within AAA tissue, a parametric study is conducted as follows. Nine finite element models were constructed from Cases 0 to 8, all with the same geometries described earlier. Each model is distinct by the variation of the ILT structural parameters    D  i l t     and    K  i l t    . Because the patient-specific ILT porous properties and the oxygen diffusivity of the inner and outer ILT layers are not known, multiple modeling paradigms are considered (Table 2). Case 0 represents the AAA with no ILT model and is developed for comparison purposes. Cases 1, 2, 3, 5, 6, and 7 consist of a one-layered ILT assuming homogeneity of the ILT region. Additionally, to evaluate the effects of a non-homogeneous ILT structure, a bilayered model is created by dividing the ILT thickness into two layers, representing the luminal and abluminal regions. Cases 4 and 8 are simulated using this two-layered ILT model.



The range of the values describing the ILT oxygen diffusivity is determined from previous studies by Moore and Ethier [58] and Sun et al. [46]. Specifically, we considered a range of oxygen diffusivity values for the thrombus region where    D  m i n     is based on the diffusivity of oxygen through the wall,    D w    = 1.08 × 10−9 m2/s obtained from [60,61] and the value for    D  m a x     is based on the diffusivity of oxygen in the blood plasma,    D  f     = 1.6 × 10−9 m2/s which is consistent with the prior investigations in [55,62]. A mean value of    D  a v g   =  (   D f  −  D w   )  / 2   is also chosen for the average oxygen diffusivity in the ILT which equates to 1.34 × 10−9 m2/s. ILT permeability parameter    K  i l t     is found to be from 10−18 m2 [63] to 10−7 m2 [40]. Therefore, the range of permeability values is adopted from studies by [40,47] where we define 10−15 m2 as the minimum (   K  m i n    ), 10−7 m2 as the maximum (   K  m a x    ), and 10−11 m2 as the average (   K  a v g    ) values. The permeability of the wall is assumed as    K w    = 1.05 × 10−15 m2 for all the simulations.



Simulations are performed to compare oxygen distribution patterns in Cases 1–4, where    K  i l t     is kept constant with its average value of 10−11 m2 and    D  i l t     is varied. Specifically, in Case 1 we use the constant minimum oxygen diffusivity equal to 1.08 × 10−9 m2/s, while in Case 2 we use maximum oxygen diffusivity of 1.60 × 10−9 m2/s. In Case 3 we use an average of both oxygen diffusivity and permeability values in the ILT region. Case 4 is a two-layered model with oxygen diffusivity values of 1.08 × 10−9 m2/s and 1.34 × 10−9 m2/s for luminal and abluminal layers, respectively. Cases 5, 6, 7, and 8 are simulated with the average value of    D  i l t    , but we varied the permeability. In Case 5 we use a constant permeability equal to the minimum permeability 10−15 m2, in Case 6 we use the maximum permeability 10−7 m2 and in Case 7 we use a gradual change in permeability. In Case 7 a gradient of permeability is proposed to represent the layered structure of ILT by considering a gradual change in permeability through the ILT thickness due to the heterogeneity of the material. The gradient of permeability is obtained by solving a 3D Poisson equation defined on the ILT region with Dirichlet boundary conditions and capturing a distribution of this model parameter. The boundary conditions are defined to be equal to    K  m a x     on the luminal surface and    K  m i n     on the abluminal surface of ILT that is in contact with the arterial wall. It should be noted that the permeability parameter decreases through the ILT thickness according to [11,64], since luminal ILT has a looser network than the abluminal ILT [15] and therefore larger permeability and diffusivity coefficients. Case 8, which is a two-layered model, has the minimum and maximum permeability of 10−15 and 10−7 m2 in abluminal and luminal layers, respectively.




2.4. Computational Details and Boundary Conditions


In this section, the computational approach and boundary conditions are summarized. A fully developed unidirectional velocity profile    U f  i n       = 0.3 m/s is applied at the inlet of the lumen. The flow rate is chosen to match physiological Reynolds numbers in the abdominal aorta under the resting condition [65]. In particular, the Reynolds number of 1100 based on the entrance lumen diameter and the inlet flow condition is obtained, which is within the realistic range for Reynolds numbers in the abdominal aorta [56].



The inlet oxygen concentration is    C f  i n     = 5.12 × 10−3 kg/m3, calculated by assuming a uniform inlet oxygen partial pressure of 100 mmHg [66] and by using the molar mass of oxygen. At the outlet, the reference pressure value is applied, which can be arbitrarily set for incompressible flow. The arterial wall exterior surface is modeled as an opening boundary condition which allows the fluid to cross the boundary surface in either direction; enabling oxygen to either exit through the wall or enter the tissue. The influence of the vasa vasorum on this boundary is modeled by imposing the partial pressure of oxygen. Specifically, the abluminal wall partial pressure is fixed at 50 mmHg [57], as experimental studies showed that the level of adventitial oxygen tension is half of the oxygen tension in the blood [60,67]. A zero-flux condition is prescribed on the normal direction  n  of the two end cross-sectional areas of the arterial wall. The walls are rigid with a no-slip condition.



The model is complemented by the following continuity conditions and the conservative interface flux condition for oxygen at the interface between the ILT and the wall, and the ILT and the lumen:


    C f  =  C w  ,      (   U f     C f  −  D f    ∇  C f   )  . n =  (   U p   C w  −  D w  · ∇  C w   )  . n      o n    Γ  f − w       C f  =  C  i l t   ,       (   U f     C f  −  D f    ∇  C f   )  . n =  (   U p   C  i l t   −  D  i l t   · ∇  C  i l t    )  . n       o n    Γ  f − i l t       C  i l t   =  C w  ,      (   U p   C  i l t   −  D  i l t   · ∇  C  i l t    )  . n =  (   U p   C w  −  D w  · ∇  C w   )  . n     o n    Γ  i l t − w     



(7)







Moreover, on the interface between the lumen and wall, and the lumen and ILT a conservative interface flux condition for the filtration flow is applied. For a multilayer ILT model there is also an additional condition between ILT layers, where    Γ  i l t   1 − 2     indicates the interface between luminal (index 1) and abluminal (index 2) layers:


    C  i l t − 1   =  C  i l t − 2   ,     (   U p   C  i l t − 1   −  D  i l t − 1   · ∇  C  i l t − 1    )  . n =  (   U p   C  i l t − 2   −  D  i l t − 2   · ∇  C  i l t − 2    )  . n      o n    Γ  i l t   1 − 2     



(8)







Numerical simulations are performed to simulate blood flow coupled with the oxygen transport in the bloodstream, as well as convective and diffusive oxygen transport in the wall and ILT regions. Fully coupled fluid dynamics and oxygen transport system of Equations (1)–(8) are implemented and numerically solved in ANSYS CFX Workbench software (v.22.2, ANSYS Inc., Canonsburg, PA, USA), by using a monolithic approach. The advection equations are discretized by a flux-corrected upwind scheme, with a conservative length scale and auto timescale. The diffusive terms in the transport equations are discretized by the second-order central differencing scheme, and the convective term in the Navier–Stokes equation is linearized by Picard iterations. The numerical simulations are solved using the domain-decomposition MPI directives in a parallel mode. For the residuals of the linear system of equations, the convergence criteria of 10−6 is considered.



The geometries are split into linear tetrahedral elements and a mesh convergence study is performed to assure an optimally sized mesh. Three different mesh densities with sizes from 106 to 3 × 106 tetrahedral elements (coarse, medium, and fine mesh) were used for the sensitivity test. The mesh sensitivity test is carried out by monitoring fluid flow solutions as well as the oxygen concentration at some examined sections. The solution was considered mesh-independent for an error lower than 5% in terms of blood velocity and pressure. It has been observed that the maximum difference in wall oxygen concentration between fine and medium mesh was less than 4.2%, but between the medium and coarse mesh was less than 18.7%. Hence, the medium computational mesh consisting of approximately 1.8 million tetrahedral elements is found to be sufficient to obtain grid-independent results.





3. Results


In this section, the computational results, specifically the oxygen concentration measures inside the AAA tissue are obtained and analyzed to investigate the effects of ILT structural composition. Zakerzadeh et al. [48] provided additional results on velocity fields inside the lumen and distribution of the filtration velocities within the arterial wall. Profiles of oxygen concentration in AAA including the lumen, ILT, and wall domains can also be found in our prior research [48,49].



The contours of oxygen concentration distributions are demonstrated in Figure 2 for each AAA case with ILT included in the analysis. Only the ILT region is plotted, and the contours are obtained on the ILT cross-section that cuts the domain in half.



The contours on the top panel of Figure 2 demonstrate the comparison of the oxygen distributions in the ILT obtained by varying the diffusion coefficient    D  i l t     based on Table 2 protocol, while the bottom panel simulations represent cases where permeability    K  i l t     is varied in one- and multi-layer ILTs. In the top panel of Figure 2, Case 1 has minimum oxygen diffusivity of    D  m i n     = 1.08 × 10−9 m2/s, Case 2 has maximum oxygen diffusivity of    D  m a x     = 1.6 × 10−9 m2/s, Case 3 has the average oxygen diffusivity, and finally, Case 4 is a two-layered model and has different    D  i l t     in the luminal and abluminal layer with the values of 1.08 × 10−9 m2/s and 1.6 × 10−9 m2/s respectively. For all the cases, it has been noted that the distribution of oxygen concentration differs across the ILT as shown in the contours indicated by the red color near the lumen, having higher values of oxygen concentration, and blue color at the edge of the tissue that represents the minimum oxygen concentration along the inner wall surface. In the bottom panel of Figure 2, Case 5 has a minimum permeability of 10−15 m2, and a gradual decrease in oxygen concentration is observed as well. On the contrary, in Case 6 which has maximum permeability of 10−7 m2, the entire ILT region appears red, representing that the oxygen concentration is the highest when compared to all other cases. Case 8, a two-layer model where the abluminal and luminal layers have permeability values of 10−15 and 10−7 m2, respectively; depicts a similar result with a gradual decrease in oxygen concentration. The abluminal layer has less oxygen concentration, and the luminal layer has more oxygen, which is close to the concentration inside the lumen and is shown by the orange-red color.



It is observed that there are no significant differences in the oxygen distribution profile between Cases 1, 2, 3, and 4, which have different    D  i l t     values but the same permeability. In Cases 5, 6, 7, and 8, with varying permeability    K  i l t    , a distinct change in contours of oxygen concentration in ILT is shown (Figure 2). The highest oxygen concentration within the ILT tissue is observed in Case 6 with    K  i l t     = 10−7 m2, while the smallest oxygen levels are obtained in Case 5 with    K  i l t     = 10−15 m2. In comparison, the results obtained with a gradient of permeability show a similar trend to the multilayered ILT model with individual permeability values of    K  m i n     and    K  m a x     for luminal and abluminal layers.



Concentrations for all the simulated cases at two locations within the tissue and along the boundaries are presented and compared (Figure 3). In the left panel of Figure 3, the values of the concentration for cases with different    D  i l t     are shown with different line patterns in black, while cases with different    K  i l t     are shown with different line patterns in blue. The concentration for the left plot is taken along a vertical line that starts at the center of the domain. The path line is identified by the yellow color at the top of the plot. The concentration in the luminal domain is relatively constant for all eight cases, and it starts to decrease exponentially at different rates once we reach the ILT interface. However, a significant change in oxygen concentration is observed only for cases with varying    K  i l t    , with the remarkable difference between Cases 5 and 6 which have ILTs with the permeability of    K  m i n     and    K  m a x     respectively. In cases with varying    D  i l t    , no significant differences in oxygen concentration within the ILT are noted.



Moreover, the oxygen concentration at the inner wall surface (   Γ  w − i l t    ) for eight different cases is shown in the right panel of Figure 3. Wall oxygen concentration is captured in the middle portion of AAA where the ILT is located. As before, we notice that the oxygen diffusivity of the ILT does not affect the concentrations on the wall interface, while the ILT permeability does. The greater the permeability of the ILT, the higher the concentration of oxygen on the interface between the ILT and the wall is observed. Simulations also demonstrate that an ILT with smaller permeability results in a much smaller oxygen supply within the wall.



The contours for filtration velocities within the ILT region for cases with varying permeability    K  i l t     are compared in Figure 4 on the logarithmic scale. Cases 3, 5, and 6 have permeability values of    K  a v g    ,    K  m i n    , and    K  m a x    , respectively. In all the cases, we use the baseline values for the rest of the parameters, as summarized in Table 1 and Table 2. Plots are obtained on the cross sections at the same planes used in Figure 2. By altering ILT permeability, high variations of filtration velocity are observed, hence a logarithmic scale is used.



It is found that there is a meaningful dependence of the interstitial flow velocity on the permeability values. More precisely, by decreasing ILT permeability from Case 6 to Case 3 and then to Case 5 in Figure 4, the filtration velocity has the average range of 10−3 m/s, 10−7 m/s, and 10−10 m/s respectively. This indicates that when ILT tissue permeability is decreased, the interstitial flow in the ILT decreases, as expected. The ILT region with maximum permeability has the maximum filtration velocity as it is easiest for the intramural fluid to flow through; while the region with minimum permeability has the minimum velocity as it is difficult for the fluid to pass across the ILT region in AAA. The greatest distinction is shown for increasing the    K  i l t     from its average value, and there are 4 orders of magnitude difference between those recorded for the highest permeability versus the lowest one.



For all simulated cases (Table 2), a measurement of average oxygen concentration over the arterial wall region is also defined, denoted by      C w   ¯   , and its percentage of the difference between the cases with an ILT and the case without an ILT is obtained using Equation (9). The results are compiled in Table 3 and shown in Figure 5.


      C w   ¯  =     ∫    Ω w     C w    d  Ω w      ∫    Ω w    d  Ω w        δ     C w   ¯    =  |         C w   ¯      w / o   I L T   −      C w   ¯    w / I L T          C w   ¯    w / o   I L T      |  × 100 %   



(9)







Table 3 and Figure 5 indicate that the total oxygen transported to the arterial wall decreases with the presence of the ILT, whether the thrombus contains one or two layers. The case without the ILT (Case 0) has an average oxygen concentration in the AAA wall of 1.793 × 10−3 kg/m3, and each case, all of which contain an ILT, has an average oxygen concentration value less than that of Case 0. Specifically, one-layer Cases 1, 2, and 3 are calculated to have an average oxygen concentration of 1.221 × 10−3 kg/m3, 1.223 × 10−3 kg/m3, and 1.222 × 10−3 kg/m3, respectively. The average wall oxygen concentration for Case 1, which has the minimum oxygen diffusivity, decreases by 31.89%, and in Case 2, which has the maximum oxygen diffusivity, decreases by 31.74%. Case 3 has the average oxygen diffusivity and permeability values, and a decrease of wall oxygen by 31.81% with respect to Case 0. Case 4 has a similar percent decrease of 31.14% and an average oxygen concentration of 1.217 × 10−3 kg/m3. This case contains two layers, the luminal layer has the maximum oxygen diffusivity value and the abluminal layer has the minimum. Case 5 with the smallest permeability value has the largest percent decrease of 47.47% with an average volumetric oxygen concentration of 9.455 × 10−4 kg/m3. Case 6, which has the highest permeability, has the smallest percent decrease of 0.18%. The average oxygen concentration of 1.789 × 10−3 kg/m3 is slightly less than that of Case 0. Case 7, which is characterized by a gradual change in    K  i l t    , shows a percent decrease of 37.75% and has an average oxygen concentration of 1.116 × 10−3 kg/m3. When Case 7 is compared with other cases, it is noticed that the 37.75% decrease is more than the cases with varying    D  i l t    . The second two-layer case, Case 8, has the maximum permeability in the luminal layer and the minimum permeability in the abluminal. This case has an average oxygen concentration of 9.738 × 10−3 kg/m3 and a percent decrease of 45.70% with respect to Case 0.



In summary, it has been observed that Case 5, which has the smallest permeability, has less oxygen in the wall due to less oxygen filtration compared to Case 3 with the average permeability. Case 6 with maximum permeability has more oxygen in the wall due to higher oxygen transport via filtration and convection (Figure 5). Case 8 with a multi-layer ILT has less oxygen than Case 3 with average ILT permeability since overall permeability is lower. In this case, the abluminal layer with small permeability is thicker than the luminal layer; however, it has more oxygen than Case 5 with    K  m i n     permeability. Figure 5 also shows that varying oxygen diffusivity of ILT does not affect the wall oxygen supply. Case 0 with no ILT appears to have the highest wall oxygen concentration.



Finally, a patient-specific case is considered to demonstrate the applicability of the framework to anatomically realistic AAA geometries. A model built from CT-angioscans of a patient with AAA is adopted. The detailed elaboration of this framework is provided in [50]. A uniform systolic pressure of    p f  i n     = 130 mmHg at the inlet [68] and a mass flow rate of 0.075 kg/s [69] at the outlet of the fluid domain are applied as boundary conditions; the resulting Reynolds number of 1600 is within the realistic range in the abdominal aorta at rest [56]. The mesh resolutions of the patient-specific case are identical to those reported in the computations of [50]. The cited study documents a systematic convergence testing and shows the effects of spatial refinement on quantities of interest relating to AAA biomechanics. The results of this testing indicate that those quantities of interest are resolved to within a few percent at the resolution used.



To focus on the thrombus, the 3D geometry of the aneurysmal zone is modeled (Figure 6a). Figure 6b demonstrates blood velocity streamlines and the recirculation zone at the bulge, where velocity is the slowest. To avoid excessive computational time, a parametric study on only ILT permeability is performed and a constant value of oxygen diffusivity    D  a v g     = 1.34 × 10−9 m2/s is considered. Specifically, ILT permeability values of    K  i l t     = 10−7, 10−11, and 10−15 m2 are simulated.



Oxygen concentration contours over a cross-sectional region in the ILT of the patient-specific geometry for each case are demonstrated in Figure 6c. The cross-section surface is located at the AAA bulge (Figure 6c), and is kept consistent between the cases. The pattern of oxygen distribution in these three contours indicates that oxygen concentration values are the greatest at the interface between lumen and ILT and diffuse across the ILT thickness. More precisely, the cases with the minimum and average permeability values, 10−15 and 10−11 m2, respectively, demonstrate a gradual decrease in oxygen concentration inside the tissue where the minimum value is reached on the wall of the abluminal surface (Figure 6). This is indicated by the blue color at the edge of these cross-sections.



Cross-sectional contours show an increase in oxygen concentration with increasing permeability (left to right). In comparison to the case with the smallest permeability, the cross-section of the ILT with the average permeability shows a higher concentration of oxygen in the region in contact with the lumen, which is represented by the red-colored interior of the cross-section. The cross-section at the far right of Figure 6c depicts the oxygen concentration contour of the case with the highest permeability, 10−7 m2. This case, similar to the idealized model with the same permeability, yielded a significantly higher oxygen concentration along the interface between the ILT and the arterial wall. Specifically, the entire ILT region is red, indicating that the oxygen concentration along this section increases compared to the smaller permeability values. In particular, the change in permeability causes noticeable differences in concentration patterns between    K  m a x     = 10−7 and    K  a v g   =  10−11 m2, while between    K  a v g     = 10−11 and    K  m i n     = 10−15 m2 changes are minimal.




4. Discussion


This research aims to develop a computational framework of an AAA including a multi-layered porous medium mimicking the ILT presence to investigate the influence of its layered structure as well as the significance of integrating a permeable thrombus on oxygen transport. Prior computational models of AAAs considered the coupling between hemodynamics and mass transport by modeling the ILT tissue as an impermeable material (i.e., [40,46]). We have previously developed a coupled blood flow-oxygen transport model incorporating advection, diffusion, and reaction [48]; to offer a step forward in addressing the transport of biomolecules in AAA and their interaction with the arterial wall living tissue. However, ILT was assumed to be a uniform tissue with an idealized geometry in the aforementioned study. Incorporating the patient-specific and multilayer structure of the ILT into our framework and analyzing quantitatively the influence of ILT compositional features on the oxygen metrics and concentration attenuation in the arterial wall is the contribution of this paper.



As expected, a gradual change in oxygen concentrations inside the ILT tissue in all cases is observed, with the maximum concentration on the ILT luminal surface and the minimum value on the ILT abluminal surface (Figure 2). Comparing oxygen contours of Figure 2 in cases with varying oxygen diffusivity in ILT suggests that concentrations in the wall do not change significantly, indicating that the results are not very sensitive to the value for diffusion coefficient as long as it is within the chosen range. However, comparisons among cases with varying permeability reveal that the oxygen concentrations are sensitive to the filtration flow.



Regardless of the ILT stratification, oxygen concentration on the interface between the ILT and the arterial wall is consistently higher in the case with higher ILT permeability (right panel of Figure 3), while lower permeabilities decreased the concentration. The results indicate that    D  i l t     does not affect the filtration velocity, and therefore oxygen concentration pattern in the wall in a sensitive manner. Simulations can also help to evaluate the role of extracellular fluid flow and impact of reducing intrinsic permeability on mass transport within the arterial wall. It has been demonstrated that a smaller ILT permeability results in lower interstitial flow velocity and therefore lower oxygen levels on the inner wall surface (Figure 4), while a higher oxygen level is observed in higher ILT permeability values.



Results in Figure 5 and Table 3 suggest that the variation of ILT properties within the physiological range for diffusivity and permeability parameters results in a maximum of 47% difference in the wall oxygen supply prediction. This value is computed considering that the maximum difference between Case 0 and all the other cases is 47%, related to Case 5 with minimum permeability, while the minimum difference between Case 0 and other simulated cases is less than 1%, which corresponds to Case 6 with maximum permeability. If this 47% variation is acceptable, then there is no need for determining patient-specific permeability parameters for ILT and the mean permeabilities can be used for a one-layer case. It should also be noted that variations of oxygen diffusion coefficient within ILT resulted in less than a 1% difference in wall oxygen supply (Table 3) between Case 1 and Case 2 with minimum and maximum oxygen diffusivity values.



The predicted blood velocity magnitude for both idealized and patient-specific models is within the range of experimental measurements of AAA hemodynamics (25–60 cm/s in the normal section of the aorta [65]), and the resulting Reynolds numbers of 1100 and 1600 for the idealized and patient-specific cases, respectively, are within the realistic range in the abdominal aorta at rest [56]. Moreover, results for the oxygen levels within the aneurysmal tissue and filtration velocity magnitude show good correspondence with prior investigations. Due to the low wall permeability, the magnitude of the interstitial velocity is very small, however, the model yielded the filtration velocity in the expected order of magnitude from the literature (1.76 × 10−8 m/s in [70] and the range of 10−8–10−7 m/s in [42], both within limits of    K  a v g     values). The oxygen transport model is validated in Zakerzadeh et al. [49] using idealized AAA geometries, and the obtained oxygen concentration profiles reported in the cited study were consistent with Vorp et al. [27]. The oxygen profiles on the ILT-wall interface were also tested against experimental data for a large group of patients with thin and thick ILT in [26] and the qualitative agreement was observed. However, it is difficult to find suitable clinical or in vitro data for quantitative validation since precise details, such as the variation in wall thickness, ILT thickness, and the presence of vasa vasorum can significantly affect the outcome.



In summary, the observations suggest that explicit incorporation of ILT multilayer structure in the computational analysis is unlikely to substantially alter oxygen measures in comparison to models assuming a homogenous thrombus, provided that the ILT permeability coefficient is the same between models. Our results also show that under a nonhomogeneous layered ILT assumption, the choice of ILT permeability from values common in the literature can result in significantly larger variations in oxygen predictions compared to the effects of oxygen diffusivity. Changing the values of    D  i l t     within the chosen range had only a moderate effect on the oxygen distribution while adopting the nonhomogeneous ILT featuring two sets of permeability parameters, one for the inner layer and one for the outer layer, alters the oxygen distribution significantly.



For the patient-specific simulation, it has been found that changes in the permeability values demonstrate a significant effect on the oxygen flow within the tissue. A smaller ILT permeability causes less oxygen to reach the arterial wall, which is linked to hypoxia, and a larger ILT permeability results in a greater oxygen concentration along the interior of the aortic wall. When    K  i l t     is increased, the filtration flow and therefore the oxygen concentration in the ILT increased, as expected. Oxygen concentration decreased slightly across the ILT with a decrease in permeability from its average value. By increasing the    K  i l t     further to 10−7 m2, the oxygen concentration increases significantly (Figure 6). However, the concentration results are not highly sensitive to the ILT permeability of less than 10−11 m2. This threshold value is in agreement with the observations in [42] which indicates that the permeability of that range does not causes a change in filtration velocity.



In this work, the inlet velocity boundary conditions are assumed constant. Towards the scope of this work, in analyzing the impact of wall permeability on oxygen concentration, this assumption is not expected to produce an alternative conclusion on varying    D  i l t     and    K  i l t    , though the implications should be addressed. For this study, we first note the velocity order of magnitude difference in the wall versus in the lumen is between three and nine orders where advection dominates in the lumen while diffusion dominates in the wall (e.g., Figure 4). While transient behavior may alter the luminal advection at the local scale (e.g., Chapter 2 in Durka et al. [71]), such as locations of velocity jet impingement, the coupling between these two regimes is expected to be sufficiently weak that qualitative information (e.g., locations of local maxima/minima) is preserved. The steady flow approximation provides a reasonable solution considering that the calculated Schmidt number is 2100 [72], while significantly reduces the computational costs. In prior studies it has been shown that unsteady flow does not strongly affect the lumen oxygen flux and flow-driven mass transport [73,74]. In regard to the rigid treatment of the artery walls in this work, it is worth noting that the mass boundary layer has a Schmidt number on the order of thousands [58]; implying the mass boundary layer thickness is on the order of 1/1000 the momentum boundary layer thickness. This distance would not be of negligible size with respect to the wall displacement of a healthy artery due to the pulsatile blood flow. It is expected however that luminal wall displacement of the rigid ILT would be substantially less than of a healthy elastic artery wall, and that a zero-velocity boundary condition on the ILT-lumen interface is an appropriate approximation given the aim of the current study. Additionally, if wall elasticity were to be considered, its impacts on the mass boundary layer would be dependent on the tissue properties which can vary among patients. Given the general difficulty in the availability of this data, understanding the sensitivity of this relationship will be the subject of future work. A further limitation in the current study is that the arterial wall oxygen consumption rate has been found to vary spatially as well [60], however, such an experimental study is outside the scope of the present work, and furthermore, is a patient-specific matter. We also note that the geometries considered in this study do not contain a bifurcation. Despite these assumptions, the trend between oxygen transport in AAA and    D  i l t    ,    K  i l t    , has been elucidated, keeping all other parameters fixed, in that including the multilayer structure in the ILT does not substantially alter the luminal wall oxygen profile. None of these assumptions would invalidate the conclusions of this study.
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Figure 1. (a) A schematic of three-dimensional, axially symmetric AAA geometries used in this study is shown, including a model which lacks an ILT, a model containing a homogeneous ILT layer, and a model with a multi-layered ILT demonstrating its heterogeneity. In the two-layer ILT models, the abluminal layer and luminal layer thickness are two-thirds and one-third, respectively. BD represents the bulge diameter of the aneurysm. (b) Cross-section of the bulk ILT tissue harvested from elective human AAA repair, where luminal and abluminal layers are indicated; adapted with permission from [18], Elsevier, 2022. 
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Figure 2. Contours of oxygen concentration in ILT for all analyzed cases (Table 2) on the same scale. Only the ILT region is plotted for each case. Top panel simulations represent cases where the diffusion coefficient is varied in one- and multilayer ILTs. Bottom panel simulations represent cases where permeability is varied in one- and multilayer ILTs. 
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Figure 3. Comparison of the oxygen concentration along a radial path line at halfway along the length of the lumen in the cases with varying ILT oxygen diffusivity (   D  i l t    ) (Case 1–4) and ILT permeability (   K  i l t    ) (Case 5–8) on the left, and comparison of the oxygen concentration along the axial length on the interior interface of the arterial wall in the same cases (right). Case information for both plots is provided in Table 2. At the top, the path lines are shown with a yellow line,    Γ  r a d i a l     for the left plot, and a red line    Γ  I L T − W     for the right plot. The    Γ  I L T − W     represents the interface between the ILT and wall domain. The same eight cases are shown in Figure 2. 
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Figure 4. Contours showing the distribution of ILT filtration velocities (i.e., flow through the porous ILT tissue) for cases with varying ILT permeability on the logarithmic scale (Case 3 with    K  a v g    , Case 5 with    K  m i n    , and Case 6 with    K  m a x   )  . Contour colors show the magnitude of the interstitial flow. In the insets, the velocity contour is shown for the ILTs only, and each case with its own scale. 
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Figure 5. Volumetric average of oxygen concentration in the arterial wall for the nine simulated cases based on the information provided in Table 3. Case 0 is without ILT. 
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Figure 6. Illustration of (a) The patient-specific AAA geometry used in numerical simulations. The lumen and arterial wall are shown in grey, while the ILT is shown in red. See [50] for geometric features of AAA and contained ILT; (b) Velocity streamlines through the lumen of the AAA geometry; (c) Oxygen concentration contours on a selected ILT cross-section (shown in red and indicated by arrow) for cases with different permeability    K  i l t     values. 
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Table 1. Physical and compositional parameters for AAA domains.
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Domain

	
Parameter Description

	
Parameter Value






	
Blood

(Incompressible Fluid)

	
Density    ρ f   

	
1050 kg/m3




	
Dynamic viscosity    μ f   

	
0.0035 kg/m.s




	
Oxygen diffusivity    D f   

	
1.6 × 10−9 m2/s [55]




	
Reynolds number

	
1100 [56]




	
Inlet oxygen concentration    C f  i n    

	
5.12 × 10−3 kg/m3 [27]




	
Vasa vasorum oxygen concentration

	
2.06 × 10−3 kg/m3 [57]




	
Arterial Wall

(Porous Solid)

	
Density    ρ w   

	
1000 kg/m3




	
Oxygen diffusivity    D w   

	
1.08 × 10−9 m2/s [58]




	
Permeability    K w   

	
1.05 × 10−15 m2




	
Porosity    γ w   

	
0.6 [42]




	
Reaction rate

	
8.4 × 10−3 s−1 [27]




	
Interfacial area density   I A D  

	
11,923 m−1




	
Transfer coefficient  τ 

	
3.75 × 10−4 s−1




	
ILT

(Porous Solid)

	
Density    ρ  i l t    

	
1000 kg/m3




	
Porosity    γ  i l t    

	
0.8 [42]




	
Interfacial area density   I A D  

	
11,923 m−1




	
Transfer coefficient  τ 

	
3.75 × 10−4 s−1




	
Oxygen diffusivity    D  i l t    

	
Refer to Table 2




	
Permeability    K  i l t    

	
Refer to Table 2
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Table 2. Parameter sets for simulated cases. The different values for oxygen diffusivity and permeability are listed for Case 0 to 8. Case 0 represents the case without the ILT, hence there are no values for oxygen diffusivity and permeability. Cases 1, 2, 3, 5, 6, and 7 contain one-layered ILT models, and Cases 4 and 8 contain two-layered ILT models with distinct luminal and abluminal layers.
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	    D  i l t      (m2/s)
	    K  i l t      (m2)





	Case 0 (No ILT)
	-
	-



	Case 1
	   D  m i n     = 1.08 × 10−9
	   K  a v g     = 1 × 10−11



	Case 2
	   D  m a x     = 1.60 × 10−9
	   K  a v g     = 1 × 10−11



	Case 3
	   D  a v g     = 1.34 × 10−9
	   K  a v g     = 1 × 10−11



	Case 4 (bilayered)
	
	



	Abluminal

Luminal
	   D  m i n     = 1.08 × 10−9

   D  m a x     = 1.60 × 10−9
	   K  a v g     = 1 × 10−11

   K  a v g     = 1 × 10−11



	Case 5
	   D  a v g     = 1.34 × 10−9
	   K  m i n     = 1 × 10−15



	Case 6
	   D  a v g     = 1.34 × 10−9
	   K  m a x     = 1 × 10−7



	Case 7
	   D  a v g     = 1.34 × 10−9
	  K   gradual change



	Case 8 (bilayered)
	
	



	Abluminal

Luminal
	   D  a v g     = 1.34 × 10−9

   D  a v g     = 1.34 × 10−9
	   K  m i n     = 1 × 10−15

   K  m a x     = 1 × 10−7
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Table 3. Volumetric average of oxygen concentration in the arterial wall      C w   ¯    and percent difference of oxygen concentration in wall in reference to Case 0, computed using Equation (9).
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	Case ID
	      C w   ¯    

(kg/m3) × 10−3
	     δ     C w   ¯       ( % )     





	0
	1.793
	0



	1
	1.221
	31.89



	2
	1.224
	31.74



	3
	1.223
	31.81



	4
	1.217
	32.14



	5
	0.946
	47.47



	6
	1.790
	0.18



	7
	1.116
	37.75



	8
	0.974
	45.70
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