Wall shear stress on LDL accumulation in human RCAs

Johannes V. Soulisa, Dimitrios K. Fytanidisa, 

Vassilios C. Papaioannou,a George D. Giannogloub
aFluid Mechanics Division, Faculty of Engineering, Demokrition University of Thrace, Vas. Sofias 12, 67100 Xanthi, Greece 
bCardiovascular Engineering and Atherosclerosis Laboratory, 1st Cardiology Department, AHEPA Hospital, Aristotle University of Thessaloniki, 1 St. Kyriakidi Street, Thessaloniki, 54636, Greece

Corresponding author: Johannes V. Soulis, AHEPA Hospital, Aristotle University of Thessaloniki, 1 St. Kyriakidi Street, 54636, Thessaloniki, Greece

Tel: ++302310994837, Fax: ++302310994837

e-mail: jvsoulis@med.auth.gr
Abstract
The blood flow and transportation of molecules in the cardiovascular system plays a crucial role in the genesis and progression of atherosclerosis. Atherosclerosis shows a predilection in regions of the arterial tree with hemodynamic particularities, as local disturbances of wall shear stress in space, and locally high concentrations of lipoprotein. A semi-permeable nature of the arterial wall computational model is incorporated with hydraulic conductivity and permeability treated as wall shear stress dependent. Six image-based human right coronary arteries (RCA) are used to elucidate the Low Density Lipoprotein (LDL) transport. The 3D reconstruction technique is a combination of angiography and IVUS. The numerical simulation couples the flow equations with the transport equation applying realistic boundary conditions at the wall. The coupling of fluid dynamics and solute dynamics at the endothelium was achieved by the Kedem-Katchalsky equation (water infiltration). The luminal surface LDL concentration at the arterial wall is flow-dependent with local variations due to geometric features. The relationship between WSS and luminal surface concentration of LDL indicates that LDL is elevated at locations where WSS is low. There is medium correlation (Pearson) between low WSS and high LDL. The degree of elevation in luminal surface LDL concentration is mostly affected from the water infiltration velocity at the vessel wall. Under constant water infiltration the shear dependent endothelial permeability effects, in comparison to those using constant value, are marginal. Area-averaged normalized LDL concentration over the RCAs, using constant water infiltration and endothelial permeability is 3.2 % higher than that at the entrance. Area-averaged normalized LDL concentration over the RCAs, using shear dependent water infiltration and endothelial permeability is 7.3 %. Perspective computational fluid dynamics users, incorporating mass transfer (LDL) within the blood flow, are forced to treat the problem using shear dependent endothelial values. It is the permeability of the endothelium, which mainly determines the final amount passing through the wall.
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                                     Shear Dependent Permeability
1. Introduction

The transportation of Low-Density Lipoproteins (LDL) across the artery walls is considered to be a step of paramount importance [1] and [2] in atherosclerosis. Elucidating the blood flow and the transport of macromolecules in the cardiovascular system is essential in understanding the genesis and progression of atherosclerosis [3]. Atherosclerosis shows a predilection in regions of the arterial tree with hemodynamic particularities, as local disturbances of Wall Shear Stress (WSS) in space [4], and locally high concentrations of lipoprotein [5]. WSS may affect the endothelial permeability [6] (axisymmetric stenosis) and [7]. The association between low WSS and accumulation of macromolecules leading to atherosclerosis may be mediated through effects on transport properties and mass transport.

Endothelial cells sense and respond to cyclic mechanical stretching imposed to them through various biomechanical factors such as blood static pressure and WSS. Regional variations in the permeability of arterial endothelium may contribute to the localization of atherosclerosis [7]. The luminal surface LDL concentration is affected by the infiltration flow, which in turn is affected by the deformation of the arterial wall. Computational and experimental studies of canine carotid arteries indicate that lipids accumulate at endothelial surfaces where blood velocity and WSS are low and where the permeability of the endothelial is enhanced [5]. The rate of lipid infiltration into the vessel walls is affected by the luminal surface infiltration. 
The effects of local WSS on the endothelial cell layer were numerically analyzed in a coupled blood-wall mass transport of LDL model [8] observing high luminal surface LDL concentrations in low WSS regions. They simulated LDL transport in an axisymmetric representation of a coronary with stenosis. An increased permeability to LDL, as it is the case of increased plasma LDL concentration, increases atherosclerosis [9]. In vitro tests have shown that vascular permeability is acutely sensitive to WSS [10]. A fluid-wall single-layered model with shear-dependent transport parameters was used [11] to investigate the LDL transport in a human Right Coronary Artery (RCA). Higher permeability of the endothelium caused excessive influx of LDL to the subendothelial layer. A shear stress-dependent three-pore model [12] was modeled for the left coronary artery in its healthy and atherosclerotic state showing that the location of the plaque in the diseased state corresponds to one of the sites with predicted elevated LDL concentration in the healthy state.  Shear stress-induced biological responses of endothelial cells and transmural filtration flow play important roles in localized LDL accumulation in vascular walls [13]. 


In the current research work, a semi-permeable nature of the arterial wall computational model (no transmural flow or mass transfer) is incorporated to study mass transport patterns in RCA focusing on the effects of geometric features on mass transfer using shear dependent endothelial properties. To this end, six image-based RCAs (angiography and IVUS reconstruction technique) are used to elucidate the LDL transport. The numerical simulation couples the steady flow equations with the transport equation applying realistic boundary conditions treating the blood as non-Newtonian fluid obeying to the power law. The novelty of this research work lies in the 3D patient specific RCA to study mass transport patterns in which the endothelial physical properties, namely the hydraulic conductivity and the permeability, are considered to be WSS-dependent. Shear-dependent permeability and hydraulic conductivity models are compared with constant wall permeability and constant hydraulic conductivity. Furthermore, the correlation coefficient (Pearson) between low WSS and high LDL for the tested RCAs is calculated. The luminal surface LDL concentration at the arterial wall is flow-dependent with local variations due to geometric features such as curvature and lumen section variations. LDL variations were significant and much larger in magnitude than local variations in WSS. LDL accumulation is observed in the low WSS regions. 

2. Methods
2.1. Geometry and computational grid

The 3D reconstruction technique for the human RCAs is a combination of angiography and IVUS. The IVUS procedure was performed using a mechanical imaging system. A motorized pullback device was used to withdraw the catheter from its most distal position to the outlet of the guiding catheter the guiding catheter at a constant speed. All ultrasound data was digitised by a frame-grabber and the end-diastolic images were selected. In the gated sequence of IVUS images, the lumen border was semi-automatically detected. Each contour was assigned equidistantly at the 3D reconstructed catheter path. The output consists of lumen contours which are subsequently positioned perpendicular onto the reconstructed 3D catheter path. Figure 1 shows the utilized non-structured grid of the IVUS reconstructed human RCA vessels. Table 1 gives: a) central curve length, b) inlet radius c) outlet radius, d) max equivalent radius and e) min equivalent radius of the human RCA models. The grid nodes used range from 91000 to 144000. 
2.2. Flow equations and assumptions

The numerical code solves the governing Navier-Stokes flow equations and the mass transport of LDL equation in a coupled way. The numerical scheme utilizes an implicit formulation of the governing partial differential equations. The discretization is performed using a first order upwind formulation for the momentum and mass flow equations.The assumptions made about the nature of the flow are that it is 3D, steady, laminar, isothermal, with no external forces applied on it. The arterial wall is comprised from non-elastic and permeable material. In their generality the flow governing equations are,
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ρ (kg/m3) is the density, t (sec) is the time, 
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 (m/s) is the velocity vector. The conservation of momentum is written, 
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Here, p (N/m2) is the static pressure; 
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 (N/m2) is the shear stress tensor and ρ
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 (N/m3) the gravitational body force. The shear stress tensor 
[image: image6.wmf]τ

  is,


[image: image7.wmf](

)

[

]

T

u

u

r

r

r

∇

∇

+

=

m

t

                                                                                         (3)

μ (kg/m-s) is the molecular viscosity.
The blood was considered as non-Newtonian fluid obeying to the power law. According to this law the molecular viscosity, now denoted as
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(1/s) is the shear rate,
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The consistency index k is 0.00622 kg-s^n-2/m, the power-law index n equals 0.7. T(K) and Το (K) are local and reference temperatures, respectively. The actual shear stress is given by,
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The solution of the convection-diffusion equation is achieved by,
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C (mg/ml) is the LDL concentration, 
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 the diffusion flux of LDL, arising due to concentration gradients. The diffusion flux is,
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D (m2/s) is the diffusion coefficient of LDL in the mixture.

2.3. Blood diffusivity, water infiltration velocity, hydraulic conductivity and 
       endothelial permeability


In the absence of systematic and reliable experimental data for arteries, we assume the molecular diffusivity D to be isotropic [2] and equal to 15.0x10-12 m2/s. The coupling of fluid dynamics and solute dynamics at the endothelium was achieved by the Kedem-Katchalsky equation (water infiltration) [14]. A shear-dependent hydraulic conductivity Lp (m/s Pa-1) relation, extracted from experimental data taken from literature survey [15], was employed for the transport of LDL and a shear-dependent permeability coefficient K (m/s) was used throughout. The water infiltration velocity Vw (m/s) is [16],
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τw (N/m2) is the WSS, Δp (N/m2) and Δπ (N/m2) are the pressure difference and the oncotic pressure difference across to endothelial membranes, respectively, with σd the osmotic reflection coefficient [17] and [18] (=0.9979 for endothelium).  The Lp is, [15] and [19],
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There are some difficulties in estimating the actual σdΔπ value due to absence of systematic experimental research work. In the present study the Δp-σdΔπ is calculated from Eq. (9) assuming constant Vw and Lp. Under (typical) pressure difference of 9332.54 N/m2 (=70.0 mmHg) across the endothelium, the Lp is 3.0x10-12 m/s Pa-1 and the Vw is 1.78x10-8 m/s, [15]. Thus, Δp-σdΔπ equals 5933.3 N/m2. This value corresponds to an oncotic pressure difference across to endothelial membranes of 3406.4 N/m2 (=25.55 mmHg). Thus, the Vw is,
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The above equation states that low WSS results into decreased Vw velocity. 

For the shear dependent K coefficient, the following equation is used [1],
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Kconst is the constant permeability coefficient of 2.0×10-10 m/s, Cw the luminal surface (wall) LDL concentration and Co the uniform constant LDL concentration at inlet.
2.4. Flow and mass transport boundary conditions

The blood velocity is assumed to be uniform at the vessel inlet. The applied inflow conditions mimic typical blood averaged flow velocities under resting conditions of 0.05 m/s. The blood density is set equal to 1058 kg/m3. For the mass transport solution Eq. (7), a uniform concentration Co of LDL with 1.3 mg/ml is applied at the vessel inlet. At the vessel outlet, a) the mass flow is equal to the inflow and b) the gradient of LDL concentration along the vessel is set equal to zero (zero flux, Newmann condition)
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, s is the unit vector normal to the outlet surfaces. Suitable mass transport condition must be specified at the wall. The boundary conditions at the wall can be described as,
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n is the direction normal to the wall. The boundary conditions described above state that the net amount of LDL (=
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).  It is known that the concentration of LDL at an arterial wall takes higher values than that in the bulk flow in the vessel and it increases with increasing infiltration velocity. 

3.  Results

All LDL concentration values Cw are normalized with the inlet LDL concentration Co. Subsequent analysis results refer to molecular diffusivity of 15.0x10-12 m2/s.
3.1. Wall shear stress and total pressure losses
The spatial distribution contours of WSS (N/m2) with Vw and K related to WSS via Eqs. (11)-(12), respectively, are shown in Fig. 2. No flow separation occurred in all RCAs. Low WSS regions can be found after local constrictions. Area averaged WSS, ranging from 0.57 to 0.91 N/m2, over the RCAs are shown in Table 2. The total pressure loss (Po1-Po2) per unit central curve length S, in N/m2/m units, is shown in Table 3. Pressure loss is an energy efficiency indication. The No5 RCA vessel exhibits the highest total pressure loss amounting to 1707.52 N/m2/m.
3.2. Water infiltration Vw
Water infiltration velocity (Vw) contours for the RCAs are shown in Fig. 3. Values range from 0.68x10-8 to 2.13x10-8 m/s. The average calculated Vw of all six RCAs is 1.6x10-8 m/s. Due to shear flow dependence between Vw and WSS, Eq. (11), increased water infiltration velocity contours occur at high WSS values (>1.0 N/m2). 
3.3. LDL 

The normalized luminal surface LDL concentration values (=Cw/Co) of the RCAs are shown in Fig. 4. The spatial gradients of the LDL are considerable. In low WSS regions the LDL accumulation is high. This is clearly depicted for No1 RCA, Fig. 5. The infiltration velocity cannot flash away the LDL particles, which are then accumulated in the low WSS region. 


Table 4 shows the area averaged normalized LDL concentration values using various Vw and K as well as the Pearson correlation coefficient for shear dependent Vw and K. Assuming Vw=0.6x10-8 m/s, the effects of using constant or shear dependent K are marginal. Area-averaged normalized luminal surface LDL concentrations over the RCAs using constant Vw and K are of the 3.2 % order higher than that at the entrance. Assuming shear dependent Vw the effects of using constant or shear dependent K are also marginal. Area-averaged normalized luminal surface LDL concentrations over the RCAs using shear dependent Vw and K are of the 7.3 % order higher than that at the entrance. 

3.4. LDL versus WSS

Typical relationship between luminal surface concentrations of the normalized luminal surface LDL with WSS, over the entire RCA surface for each vessel, is shown in Fig. 6. It is evident that the wall LDL concentration increases with decreasing WSS. When the WSS values are reduced to zero, the rate of LDL increase is getting higher. There is medium correlation (Pearson) between low WSS and high LDL, Table 4. Although the WSS is a factor that determines the endothelial luminal surface LDL concentration, it is not the only one. The blood diffusivity, hydraulic conductivity and the K are factors also affecting LDL accumulation in a given artery.
3.5. Luminal surface LDL and endothelial permeability coefficient K for No1 RCA 

A fixed value of Vw=0.6x10-8 m/s, is used to analyze the effects of constant (=2.0x10-10 m/s) and shear dependent K for No1 RCA, Figs. 7a and 7b, respectively. At any given Vw the effects of using constant or shear dependent K in the LDL accumulation are marginal. Area-averaged normalized luminal surface LDL concentrations over the RCA using constant K is 3.7 % higher than that at the entrance. Peak normalized luminal surface LDL concentrations over the RCA using fixed Vw and K are of the 8.5 % order higher than that at the entrance.
Shear dependent Vw velocity is used to analyze the effects of constant K (=2.0x10-10 m/s) and shear dependent K coefficient, Figs. 7c and 7d, respectively. Area-averaged normalized luminal surface LDL concentrations over the RCA using shear dependent K is 8.7 % higher than that at the entrance. Peak normalized luminal surface LDL concentrations over the RCA using shear dependent Vw and K are of the 23.0 % order higher than that at the entrance.

 Finally, the shear dependent coefficient K contours for the No1 RCA with a) Vw=0.6x10-8 m/s and b) shear dependent Vw, are shown in Figs. 8a and 8b, respectively.
4. Discussion

In normal flow conditions the mass exchange between blood flow and the near to arterial wall material is kept constant. Wherever and whenever the flow becomes abnormal, the balance between the mass flow of substances from the main blood stream to the arterial wall and vice versa is disrupted. In this case, the unbalanced mass transfer probably initiates the arterial wall disease. Henceforth, the quantification of macromolecules accumulation is considered as a crucial factor contributing to the genesis and development of atherosclerotic plaques. The amount of LDL transported to the arterial wall is a function of the luminal surface LDL elevation. However, the transported LDL is related to the permeability of the arterial wall, which in turn is a function of the WSS [20]. 

It has been proved that endothelial cells are subject to morphological alterations which are activated via changes of WSS magnitude as well as WSS orientation [21]. Elongation of the endothelial cells occurs in regions of high WSS, with the longest cell axis oriented parallel to the flow direction [22]. Conversely, in low WSS regions, the endothelial cells have polygonal shape with no specific orientation. Local alterations in endothelial cell morphology have different degrees of permeability for the various blood constituents. Therefore, endothelial cells from regions of various degrees of WSS exhibit various biological and biochemical functions [21]. 
In the present research work the LDL substance was considered as solute within plasma. This assumption is quite helpful for computational analysis and probably it is the first step for treating the LDL as discrete particle movement. It is known that High Density Lipoprotein (HDL) facilitates the removal of the LDL from the luminal wall. However, in our work we did not consider analyzing their interaction because of the computational complexity.

Experimental data of shear-dependent models for hydraulic conductivity and albumin permeability were used to investigate the influence of WSS on macromolecular accumulation in the arterial wall. The coupling of fluid dynamics and solute dynamics at the endothelium was achieved by the Kedem-Katchalsky equation (water infiltration). The WSS interacts with the endothelial cells and subsequently with the arterial wall permeability. It is difficult to determine whether it is low WSS or abnormal mass transfer coefficient (permeability coefficient) or both that contribute to atherosclerosis. 

High luminal surface concentration does not necessarily denote that all the LDL molecules will be transported through the vessel wall. It is the permeability of the endothelium, which largely determines the final amount passing through the wall. Concave sides of the RCAs exhibit, relatively to the convex sides, elevated concentration of the luminal surface LDL. It is evident that the wall LDL concentration increases with decreasing WSS. From Table 4 it is evident that there is medium correlation between low WSS and high LDL concentration for all tested RCAs. The results indicate that it is the flow pattern which largely determines the RCA areas prone to atherosclerosis. Thus, low WSS regions exhibit elevated LDL concentrations. It is also known [2] that increased Vw results into elevated LDL. This does not contradict the fact that reduced WSS values exhibit reduced Vw, Eq. (11), which in turn yields lower LDL concentration. Simply, the flow pattern factor, i.e. the WSS, is a predominant one to determine the LDL concentration. Cells try to minimize the side effects of increased LDL by reducing Vw, whenever low WSS is encountered. Things are getting more complicated since low WSS regions do not necessary coincide with elevated LDL concentration [4]. 

With constant Vw, the shear dependent K effects, in comparison to those using constant value, are marginal. Area-averaged normalized LDL concentration over the six RCAs, using constant Vw and either constant K or shear dependent one, is 3.2 % higher than that at the entrance. Thus, the amount of LDL which finally passes is determined from the difference of the mass flow carried to the vessel wall by infiltration flow and the amount of flow which diffuses back to the main vessel flow. However, the luminal surface LDL concentration is altered in the case of shear dependent Vw. In this case the mass flow carried to the endothelium is higher. The area-averaged normalized LDL concentration over the six RCAs, using shear dependent Vw and K is 7.3 %, yielding to a 128.0 % increase in LDL concentration (compared to constant Vw and K). The calculated 7.3 % increase in LDL concentration using shear dependent Vw and K is considered to be a relatively small value. This is due to the simple geometrical configurations (absence of bifurcations or highly curved endothelial surfaces) of the tested RCAs. Perspective computational fluid dynamics users, incorporating mass transfer (LDL) within the blood flow, are forced to treat their problems using shear dependent endothelial properties. Results also indicate that RCA tree walls are exposed to a cholesterolemic environment although the applied mass and flow conditions refer to normal mass-flow conditions. 

All shear dependent K coefficient values for the tested RCAs are over 2.0x10-10 m/s, (=constant value used). For fixed blood diffusion, both the shear dependent Vw and K results into elevated luminal surface LDL concentration. It is known that increased blood diffusion lowers LDL concentration [2]. A quantitative analysis of the effects of blood diffusion using shear dependent K coefficient and Vw is to be performed.  
      Experimental evidence [23], received from cultured bovine aortic endothelial cell monolayer, states that increasing number of micro spheres (LDL) occurred with decreasing WSS. The quantity of accumulated and taken up by the monolayer was shear dependent only at low WSS rates and increased sharply when the flow rate was reduced to zero. Regional variation in WSS led to corresponding variations in K, macromolecular uptake and subsequently atherosclerotic risk [24]. The hydraulic conductivity and as result the Vw increases as the WSS increases. Calculation of the LDL transport in carotid artery bifurcations and the parameters involved in the model is reported in [25]. The K and hydraulic conductivity depended on the shear stress. Research confirms the fact that elevated LDL aggregation occurs in areas where WSS is low. Normalized luminal LDL concentration reach a 4.2 % increase at the lower branch of the bifurcation. Fluid-wall modeling of LDL, with shear dependent transport, in human RCA with multi-layer arterial walls [26] supports the hypothesis that in the low WSS region the LDL tend to accumulate in the subendothelial layer due to weaker convective clearance.  
Arterial wall deformation needs to be taken into consideration, since the flow pattern-mass transport is largely determined by the geometrical configuration of the artery. Arterial movement also has to be taken into account since the applied acceleration force will yield a different flow field. It is expected that the flow pattern will be seriously altered, particularly at distal RCA tree regions. The hypothesis of steady flow assumption on LDL transmural transport needs to be tested against the instantaneous hemodynamic conditions in either relatively simple geometries or in arterial geometries with disturbed and complicated flow patterns. 
5. Conclusion

The blood flow and transportation of molecules in the cardiovascular system plays a crucial role in the genesis and progression of atherosclerosis. The novelty of this research work lies in the 3D patient specific RCA to study mass transport patterns in which the endothelial physical properties, namely the hydraulic conductivity and the permeability, are WSS-dependent. The luminal surface LDL concentration at the arterial wall is flow-dependent with local variations due to geometric features. The relationship between WSS and luminal surface concentration of LDL indicates that LDL is elevated at locations where WSS is low. There is medium correlation (Pearson) between low WSS and high LDL. The regional area of high luminal surface concentration is increased with increasing water infiltration velocity. Under constant water infiltration, the shear dependent endothelial permeability effects, in comparison to those using constant value, are marginal. Area-averaged normalized LDL concentration over the RCAs, using constant Vw and K is 3.2 % higher than that at the entrance. The area-averaged normalized LDL concentration over the RCAs, using shear dependent Vw and K is 7.3 %, yielding a 128.0 % increase in LDL concentration using constant Vw and K values. Henceforth, perspective computational fluid dynamics users, incorporating mass transfer (LDL) within the blood flow, are forced to treat the problem using shear dependent Vw and K. The results also indicate that RCA tree walls are exposed to a cholesterolemic environment although the applied mass and flow conditions refer to normal mass-flow conditions. It is the permeability of the endothelium, which mainly determines the final amount passing through the wall.  
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Figure legends

Figure 1. Geometry and grid of the tested human RCAs 
Figure 2. WSS (N/m2) magnitude contours of the RCAs. Vw and K are shear dependent 

Figure 3. Water infiltration velocity Vw (m/s) contours of the RCAs. Vw and K are shear dependent 
Figure 4. Normalized luminal surface LDL concentration Cw/Co contours of the RCAs. Vw and K are shear dependent 

Figure 5. Contours of a) WSS (N/m2) magnitude b) water infiltration velocity Vw (m/s), c) endothelial permeability coefficient K (m/s), and d) normalized luminal surface LDL concentration Cw/Co for the No 1 RCA. Vw and K are shear dependent

Figure 6. Normalized luminal surface LDL concentration Cw/Co versus WSS (N/m2) for the RCAs. Vw and K are shear dependent 
Figure 7. Normalized luminal surface LDL concentration Cw/Co contours of the No1 RCA, a) Vw=0.6x10-8 m/s, K=2.0x10-10 m/s, b) Vw=0.6x10-8 m/s and K is shear dependent c) Vw shear dependent and K=2.0x10-10 m/s and d) Vw and K are shear dependent
Figure 8. Shear dependent endothelial permeability coefficient K (m/s) contours of the No1 RCA with a) Vw=0.6x10-8 m/s and b) Vw is shear dependent
Tables

Table 1.  Length, inlet, outlet, max and min equivalent radii of the computationally analyzed RCAs
	
	Vessel 1
	Vessel 2
	Vessel 3
	Vessel 4
	Vessel 5
	Vessel 6

	Central vessel length (cm)
	8.79


	7.38


	7.63


	8.96


	8.05


	8.59

	Inlet equivalent radius (mm)
	1.93
	2.04
	1.82
	1.67
	2.00
	1.23

	Outlet equivalent radius (mm)
	1.73
	1.37
	1.58
	1.26
	0.96
	0.93

	Max equivalent radius (mm)
	1.03
	1.25
	1.38
	1.08
	0.90
	0.93

	Min equivalent radius (mm)
	2.12
	2.25
	2.35
	1.82
	2.20
	1.28


Table 2. Area averaged WSS over RCAs. Vw and K are shear dependent

	Vessel 1

WSS (N/m2)
	Vessel 2

WSS  (N/m2)
	Vessel 3

WSS  (N/m2)
	Vessel 4

WSS (N/m2)
	Vessel 5

WSS (N/m2)
	Vessel 6

WSS (N/m2)

	0.75
	0.91
	0.57
	0.76
	0.88
	0.87


Table 3. Total pressure loss (Po1-Po2) per unit central curve length S over RCAs. Vw and K are shear dependent

	Vessel 1

(Po1-Po2)/S
(N/m2/m)
	Vessel 2

(Po1-Po2)/S

(N/m2/m)
	Vessel 3

(Po1-Po2)/S

(N/m2/m)
	Vessel 4

(Po1-Po2)/S

(N/m2/m)
	Vessel 5

(Po1-Po2)/S

(N/m2/m)
	Vessel 6

(Po1-Po2)/S

(N/m2/m)

	315.57
	632.11
	685.77
	716.41
	1707.52
	533.45


Table 4. Area averaged LDL concentration Cw/Co over RCAs using various Vw and K
	
	Vessel 1

Cw/Co
	Vessel 2

Cw/Co
	Vessel 3

Cw/Co
	Vessel 4

Cw/Co
	Vessel 5

Cw/Co
	Vessel 6

Cw/Co

	Vw=0.6x10-8 m/s
K=2.0x10-10 m/s
	    1.037
	    1.032
	1.034
	1.030
	1.033
	1.024

	Vw=0.6x10-8 m/s, shear dependent K
	1.036
	1.031
	1.033
	1.029
	1.037
	1.024

	shear dependent Vw, K=2.0x10-10 m/s
	1.088
	1.077
	1.078
	1.068
	1.083
	1.055

	shear dependent
Vw and K
	1.087
	1.075
	1.077
	1.067
	1.077
	1.054

	Pearson correlation,

 shear dependent
Vw and K
	-0.414
	-0.334
	-0.317
	-0.214
	-0.490
	-0.293

	p
	   0.01
	0.01
	0.01
	0.01
	0.01
	0.01
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