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luminal surface of the vascular endothelium. Such a layer has the potential to cause heterogeneity in the distribution of atherosclerotic lesions by spatially modulating the rate of LDL transport into the arterial wall. Theoretical analysis suggests that a transmural water flux which is spatially heterogeneous at the cellular scale can act to enhance LDL concentration polarisation in a shear dependent fashion. However, such an effect is only observed if a relevant Peclet number (i.e. the ratio of LDL convection to LDL diffusion) is of order unity or greater. Based on the diffusivity of LDL in blood plasma, such a Peclet number is found to be far less than unity, implying that the aforementioned enhancement and shear dependence will not occur. However, this conclusion ignores the existence of the endothelial glycocalyx layer (EGL), which may inhibit the diffusion of LDL near the luminal surface of the endothelium, and hence raise any Peclet number associated with the transport of LDL. The present study numerically investigates the effect of the EGL, as well as a heterogeneous transmural water flux, on arterial LDL concentration polarisation. Particular attention is paid to measures of LDL concentration polarisation thought relevant to the rate of transendothelial LDL transport. It is demonstrated that an EGL is unlikely to cause any additional shear dependence of such measures directly, irrespective of whether or not LDL can penetrate into the EGL. However, it is found that such measures depend significantly on the nature of the interaction between LDL and the EGL (parameterised by the height of the EGL, the depth to which LDL penetrates into the EGL, and the diffusivity of LDL in the EGL).

Various processes may regulate the interaction of LDL with the EGL, possibly Lever, 1984)) and the permeability of the endothelium to LDL (order 2 × 10 -10 ms -1 [START_REF] Bratzler | The distribution of labeled low-density lipoproteins across the rabbit thoracic aorta in vivo[END_REF]). Vascular scale studies have shown that increasing the plasma concentration of LDL, and hence endothelial exposure to LDL, increases the rate of transendothelial LDL transport [START_REF] Nielsen | Transfer of low density lipoprotein into the arterial wall and risk of atherosclerosis[END_REF]. It is therefore feasible that the degree of LDL concentration polarisation (which determines LDL concentration adjacent to the endothelium) could modulate the rate of LDL transport into the intima, and thus There is experimental evidence for the existence of a flow dependent LDL concentration polarisation layer within the vasculature [START_REF] Deng | Luminal surface concentration of lipoprotein (ldl) and its effect on the wall uptake of cholesterol by canine carotid arteries[END_REF] [START_REF] Wang | Concentration polarization of macromolecules in canine carotid arteries and its implication for the localization of atherogenesis[END_REF].

These experimental results are supported by vascular scale theoretical studies (Wada et al., 2002) (Wada & Karino, 2002). Due to their vascular scale nature, however, such theoretical studies overlook several sub-cellular scale features of the endothelial surface. In particular they do not account for the fact that the transmural water flux is likely to be spatially heterogeneous at the sub-cellular scale, passing predominantly through interendothelial cell clefts [START_REF] Clough | Quantitative comparisons of hydraulic permeability and endothelial intercellular cleft dimensions in single frog capillaries[END_REF] rather than uniformly across the endothelium. Also they do not account for the fact that an EGL covers the luminal surface of the endothelium. The diffusivity of LDL in a 2.5% w/v hyaluronate gel at 20 o C is 1μm 2 s -1 [START_REF] Winlove | Diffusion of macromolecules in hyaluronate gels. i. development of methods and preliminary results[END_REF]. This value, which is ∼ 29 times less than the diffusivity of LDL in plasma, can be used as an initial estimate for the diffusivity of LDL in the EGL.

Vincent

Therefore, for cases where LDL penetrates into the EGL, one can consider a Peclet number ∼ 29 times larger than when no EGL is present (i.e. a Peclet number of ∼ 0.44, rather than 0.015). This estimate of the Peclet number is of order unity. Hence when an EGL is taken into account, it is possible that a heterogeneous transmural water flux can lead to an enhancement and additional shear dependence of LDL concentration polarisation (via the mechanism previously detailed by Vincent et al.

for cases where no EGL was considered).

The objective of the present study is to assess the combined effect of a heterogeneous water flux and an EGL on LDL concentration polarisation using an idealised model.

Particular attention will be paid to measures of the LDL concentration polarisation layer that are likely to affect the rate of transendothelial LDL transport.

Overview of Idealised Model

The present model is developed in an analogous fashion to the previous simpler model of Vincent et al. (Vincent et al., 2009), and where possible analogous nomenclature is employed. Such an approach facilitates comparison between the two models. (Vincent et al., 2008)(Vincent et al., 2009).
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It is assumed that water traverses the endothelium only via intercellular clefts. Therefore, a transmural water flux with an average velocity V * is drawn towards the endothelium via the application of a parabolic velocity profile (with peak magnitude 3V * Δ * /2δ * ) across the width of each cleft entrance. This profile is maintained uniformly along the length of each cleft. Applying such an entrance velocity profile is an approximation, since it assumes the width-wise flow profile develops instantaneously to become parabolic, and it neglects any further localisation of flow caused by tight junction strands [START_REF] Adamson | Pathways through the intercellular clefts of frog mesenteric capillaries[END_REF]. However, it has previously been shown that the specific form of the cleft entrance velocity profile does not significantly affect LDL concentration polarisation as long as the cleft width is small relative to the cleft spacing (Vincent et al., 2009), which is the case here.

Finally, it can be noted that enforcing an experimentally measured transmural flux magnitude by prescribing an outflow velocity rather than a pressure drop simplifies calculations, as it avoids having to couple equations governing the water velocity field with those governing species concentration (which would be necessary to account for the effects of osmotic pressure). 

Applied Shear

Domain and Governing Equations

The simplifications outlined above permit two-dimensional (2D) analysis of the problem. The periodically repeating 2D domain of interest Ω

V = Ω V L ∪ Ω V G within which
water motion is considered is illustrated in Fig. 2.

Region Ω V L represents the lumen. The continuum approximation for water holds even at the scale of the intercellular clefts [START_REF] Squires | Microfluidics: fluid physics at the nanoliter scale[END_REF], therefore within Ω V L water is modelled as a free fluid. Since the Reynolds number associated with water flow within Ω V L is 1, the water velocity field v * L within Ω V L is a solution of the continuity equation (1) and Stokes equation ( 2)

∇ * • v * L = 0 (1) ∇ * 2 v * L = (1/μ * )∇ * p * L (2)
where μ * is the dynamic viscosity of water and p * L is the hydrodynamic pressure in

Ω V L .
Region Ω V G represents the EGL. The EGL is thought to be formed of two distinct yet closely interacting layers. The first of these is composed of long chain macromolecules (predominantly proteoglycans and glycoproteins), and is firmly attached to the lumi- [START_REF] Levick | Flow through interstitium and other fibrous matrices[END_REF], and hence from a fluid dynamics perspective can be modelled as a Brinkman medium. It is also assumed that the permeability of the glycocalyx is anisotropic, with the anisotropy modelled by the inverse permeability tensor

K * = ⎡ ⎢ ⎣ (1/K * x ) 0 0 (1/K * y ) ⎤ ⎥ ⎦ .
(3)

Note that K * is not the most generic inverse permeability tensor that can be formed.

Specifically, since K * is diagonal, the model is limited to cases where the principle axes of the inverse permeability tensor (and hence also the permeability tensor) are aligned with the x * and y * axes of the adopted coordinate system (i.e. parallel and normal to the endothelial cell surface at the base of the domain). This is a reasonable way to introduce anisotropy into the EGL given the limited information about its structure.

In line with the above assumptions, the velocity field v * G within Ω G is a solution of
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the continuity equation ( 4) and the anisotropic Brinkman equation ( 5)

∇ * • v * G = 0 (4) ∇ * 2 v * G -K * • v * G = (1/μ * )∇ * p * G (5)
where p * G is the hydrodynamic pressure in Ω V G .

Note that the entire velocity field v * within Ω V can be defined as

v * = ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ v * L y * ≥ h * v * G y * < h * .
(6)

Non-Dimensionalisation

To identify the salient parameters of the problem we non-dimensionalise. Defining

x = x * Δ * , y = y * Δ * , v L = u L êx + v L êy = v * L V * , v G = u G êx + v G êy = v * G V * , p L = p * L Δ * μ * V * , p G = p * G Δ * μ * V * (7)
where êx and êy are unit vectors in the x and y directions respectively, and substituting ( 7) into (1)-( 5) one obtains the non-dimensional governing equations ( 8)-( 11)

∇ • v L = 0, (8) 
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∇ 2 v L = ∇p L , ( 9 
)
∇ • v G = 0, ( 10 
)
∇ 2 v G -Da • v G = ∇p G , ( 11 
)
where

Da = ⎡ ⎢ ⎣ (1/Da x ) 0 0 (1/Da y ) ⎤ ⎥ ⎦ = Δ * 2 K * . ( 12 
)
Consistent with these conventions, a non-dimensional cleft half width δ, EGL height h, and applied shear rate γ can be defined as

δ = δ * Δ * , h = h * Δ * , γ = γ * Δ * V * . ( 13 
)
Also, the entire non-dimensionalised velocity field v within Ω V can be defined as

v = ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ v L y ≥ h v G y < h. ( 14 
)
It should be noted that the conventions used to non-dimensionalise (1), ( 2), ( 4) and

(5) are different to those employed in our previous study of flow above the endothelium (Vincent et al., 2008). The definitions of γ, h, Da x and Da y are therefore also different to those used in (Vincent et al., 2008). A no-slip boundary condition is applied at y = 0, hence

u G (x, 0) = 0. ( 15 
)
Also a parabolic outflow velocity profile with peak (non-dimensional) magnitude 3/(2δ) is applied at the entrance to the cleft, hence

v G (x, 0) = ⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ 0 |x| ≥ δ 3(x 2 -δ 2 ) 2δ 3 |x| < δ.
(16)

EGL/Lumen Interface

At the interface between the free plasma (Ω V L ) and the EGL (Ω V G ) velocity field components are matched, as are the components of the stress traction vectors acting on the interface. The stress traction vector acting on a surface is given by the product of the stress tensor with an outward facing unit vector normal to the surface. The interface conditions between Ω V L and Ω V G can therefore be written as

v L (x, h) = v G (x, h) (17) σ L (x, h) • -ê y = -σ G (x, h) • êy (18) 
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where σ L and σ G are the stress tensors in Ω V L and Ω V G respectively, and the negative sign on the right hand side of ( 18) is to account for the fact that the traction vectors are obtained from normals of opposite sense. Writing (18) explicitly implies

∂u L ∂y y=h + ∂v L ∂x y=h = ∂u G ∂y y=h + ∂v G ∂x y=h (19) -p L (x, h) + 2 ∂v L ∂y y=h = -p G (x, h) + 2 ∂v G ∂y y=h . ( 20 
)
Conditions ( 17) and ( 18) are the same as those imposed by Damiano et al. [START_REF] Damiano | Flow and deformation of the capillary glycocalyx in the wake of a leukocyte[END_REF] and others (Damiano et al., 2004a) [START_REF] Iliev | On numerical simulation of flow through oil filters[END_REF]. They assume that the interface cannot support any discontinuity in stress, and are only considered valid when the solid volume fraction of the porous medium is small.

Large y Behavior

As y → ∞ the x component of the velocity should tend to γy, hence

u L (x, y → ∞) → γy. (21)

Periodicity in x

Since the domain is periodic in x the velocity fields at x = ±1 and the stress traction vectors acting on the inter-domain interfaces at x = ±1 should be continuous, hence

v L (-1, y) = v L (1, y) (22)
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v G (-1, y) = v G (1, y) (23)
and

σ L (-1, y) • -ê x = -σ L (1, y) • êx (24) σ G (-1, y) • -ê x = -σ G (1, y) • êx (25)
where the negative signs on the right hand sides of ( 24) and ( 25) are to account for the fact that the traction vectors are obtained from normals of opposite sense.

Idealised Model of LDL Transport

Domain and Governing Equation

Transport of LDL is modelled within the periodic domain Ω C ⊂ Ω V illustrated in Within Ω C it is assumed that the LDL concentration field C * is a solution of the steady state advection diffusion equation It is chosen simply as a convenient way to regularise a step-type transition between two spatially constant values of LDL diffusivity within a single computational domain.

v * • ∇ * C * -∇ * (D * ∇ * C * ) = 0, (26) 
An explicit expression for D * , encompassing all scenarios, can be written as

D * = ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ D * L Ω CG = 0 (1/2)[(D * L -D * G ) tanh[(y * -h * )/β * ] + (D * L + D * G )] Ω CG = 0, (27) 
where 2β * is the approximate distance taken by D * to vary between D * L and D * G when

Ω CG = 0.
The present model, as formulated, accounts for the effect of the EGL on the water velocity profile above the endothelium (which will affect convective LDL transport), as well as the effect of the EGL on LDL diffusivity near the luminal surface of the endothelium (which will affect diffusive LDL transport). However, it is important to note that the model does not account for several other potential effects of the EGL
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on LDL transport. For example it does not account for any possible reaction of LDL with the EGL, or any possible binding of LDL to sites within the EGL.

Interface with Vascular Scale Simulations

Due to the cellular scale nature of Ω C , the model developed in this study cannot describe the effect of vascular scale flow features on LDL concentration polarisation.

Such a task can only be accomplished by a vascular scale simulation of blood flow and LDL transport.

Consider a vascular scale model of arterial LDL concentration polarisation that ignores the EGL and assumes the transmural water flux is spatially homogeneous (with a velocity V * ). Further, consider that this macroscale model assumes LDL is rejected from the arterial wall at a well defined interface between the arterial wall and the lumen. The concentration polarisation layer predicted to form under the above assumptions will henceforth be referred to as the 'macroscale concentration polarisation layer'. It is assumed in this study that the macroscale concentration polarisation layer is spatially constant at the cellular scale, and can be represented as a stagnant film within the cellular scale vicinity of Ω C [START_REF] Zeman | Microfiltration and ultrafiltration: principles and applications[END_REF] (when Ω C is located at an arbitrary point on the arterial wall). The thickness of the macroscale concentration polarisation layer ζ * (within the cellular scale vicinity of Ω C ) is therefore given by

ζ * = (D * L /V * ) ln(C * E /C * B ), ( 28 
)
where C * E is the LDL concentration at the interface between the lumen and the arterial ) can be defined in terms of the y * coordinate illustrated in Fig. 2 as

C * (y * ) = C * E e -V * (y * -h * +b * )/D * L . ( 29 
)
Such a profile is illustrated in Fig. 4.

The objective of the model developed in this study is to determine the effect of the 

Non-Dimensionalisation

Once again, we non-dimensionalise in order to identify the salient parameters of the problem.

The macroscale concentration polarisation layer, and hence also C * E , are assumed to be spatially constant at the cellular scale. It can therefore be assumed that C * E is spatially constant within Ω C , and a non-dimensional LDL concentration distribution can be defined within Ω C as

C = C * C * E . ( 30 
)
Using (30) and relevant relations from ( 7), ( 26) can be non-dimensionalised resulting in

P e L v • ∇C -∇(D∇C) = 0, (31) 
where

P e L = V * Δ * D * L ( 32 
)
is a Peclet number associated with the spatially heterogeneous convection towards the intercellular clefts and Consistent with the above conventions the non-dimensional height L of Ω C can be defined as

D = D * /D * L = ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 1 Ω CG = 0 (1/2)[(1 -D r ) tanh[(y -h)/β] + (1 + D r )] Ω CG = 0, (33) 
L = L * Δ * , ( 34 
)
the non-dimensional distance b that Ω C overlaps with the EGL can be defined as

b = b * Δ * , ( 35 
)
the non-dimensional thickness ζ of the macroscale concentration polarisation layer can be defined as

ζ = ζ * Δ * , ( 36 
)
and the non-dimensional profile C of the macroscale concentration polarisation layer can be defined as -h+b) .

C = C * C * E = e -P e L (y
(37)

Non-Dimensional Boundary Conditions

Periodicity in x

The domain is periodic in x, hence LDL is thought to cross the vascular endothelium via both paracellular [START_REF] Cancel | In vitro study of ldl transport under pressurized (convective) conditions[END_REF] and transcellular (Vasile et al., 1983;[START_REF] Simionescu | Transcytosis of plasma macromolecules in endothelial cells: a cell biological survey[END_REF]Tuma & Hubbard, 2003) routes. Which of these routes dominates in vivo is still, however, a point of contention [START_REF] Kao | Visualization of the transport pathways of low density lipoproteins across the endothelial cells in the branched regions of rat arteries[END_REF].

C(-1, y) = C(1, y) (38)
The paracellular transport of LDL through 'normal' intercellular clefts is unlikely given that they contain tight junctional strands. A small fraction of clefts, however, are 'leaky' and provide a viable route for the paracellular transport of LDL [START_REF] Lin | Transendothelial transport of low density lipoprotein in association with cell mitosis in rat aorta[END_REF]. Since the domain Ω C considered here is periodic, all clefts within it must be identical i.e. either all normal or all leaky. In this study it is assumed that all the clefts are normal, and therefore that paracellular LDL transport does not occur. This assumption is reasonable since the majority of clefts are normal. However, it clearly precludes investigation of the effect of leaky clefts on LDL concentration polarisation, and also precludes any assessment of the effect of LDL concentration polarisation on paracellular LDL transport.

Transcellular transport of LDL is thought to occur via vesicular pathways (transcytosis) or transcellular pores. Based on measurements of endothelial permeability to LDL [START_REF] Bratzler | The distribution of labeled low-density lipoproteins across the rabbit thoracic aorta in vivo[END_REF] it is likely that the rate of transcellular LDL transport is negligible compared to the bulk rate at which LDL is convected towards the en-
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dothelium by the transmural water flux (Tedgui & Lever, 1984). Therefore, the effect of transcellular LDL transport on LDL concentration polarisation can be ignored. In this study it will be assumed that the rate of transcellular LDL transport is zero. Note that although this assumption precludes transcellular LDL transport from affecting LDL concentration polarisation, it does not preclude the degree of concentration polarisation from having an effect on the actual rate of transcellular LDL transport. The effect of LDL concentration polarisation on transcellular LDL transport can be estimated by post processing the obtained concentration polarisation results (see later).

The above assumptions, when combined, lead to the overall assumption that LDL is completely rejected from the endothelial surface. Therefore, in steady state, convection must balance diffusion at the base of Ω C (at y = hb) and hence

∂C ∂y y=h-b (x) = ⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ P e L v L (x, h)C(x, h) Ω CG = 0 2P e L v G (x, h -b)C(x, h -b) (1 -D r ) tanh(-b/β) + (1 + D r ) Ω CG = 0. ( 40 
)
The enforced rejection of LDL at y = hb implies that b effectively determines the extent to which LDL can penetrate into the EGL. within Ω C are effectively independent of L (since this is not a physical parameter of the system).

Condition at

In order to fulfill this objective, it is necessary to make the following a priori assumptions regarding the nature of modifications to the macroscale concentration polarisation layer (caused by an EGL and a heterogeneous transmural water flux): only on the y coordinate. This assumption can be written formally as

•
C ≈ Ze -P e L (y-h+b) = ZC ∀ y > h -b + κ, ( 41 
)
where the constant Z will depend on the boundary condition applied at y = hb + L. Such behavior is to be expected for three reasons. assumptions this implies that Z = 1, which can be enforced by applying

C(x, h -b + L) = C(L), ( 42 
)
where L can be chosen arbitrarily but must satisfy L > κ.

Note that the above discussions do not result in an inequality between L and ζ. This is important, since it means that a domain Ω C of fixed (arbitrary) non-dimensional height L > κ can be used to model perturbations to a macroscale concentration polarisation layer of any non-dimensional thickness ζ > κ.

Implementation

Water Velocity Field

For cases where Da y ≥ Da x (i.e. where the EGL is more permeable in the wall normal direction than in the wall parallel direction) the non-dimensional water velocity field components u L , v L , u G and v G can be obtained analytically (Vincent et al., 2008) as

A c c e p t e d m a n u s c r i p t (y-h) + Dn e -αny + Ên e ηn(y-h) + Fn e -ηny ].

u L = γ[y + Ĥ] + ∞ n=1 sin(λ n x)[ Bn -λ n ( Ân + Bn y)]e λn(h-y) (43) v L = -1 - ∞ n=1 λ n cos(λ n x)[ Ân + Bn y]e λn(h-y) (44) u G = γ P √ Da x [e (y/ √ Dax) -e -(y/ √ Dax) ] + ∞ n=1 sin(λ n x)[α n Ĉn e αn(y-h) -α n Dn e -αny + η n Ên e ηn(y-h) -η n Fn e -ηny ] (45) v G = -1 - ∞ n=1 λ n cos(λ n x)[ Ĉn e αn
where equations defining λ n , Ĥ, P , α n , η n , Ân , Bn , Ĉn , Dn , Ên and Fn are given in Appendix A.

Note that the velocity field v depends on five parameters, namely δ, γ, h, Da x and Da y .

LDL Concentration Field

Solutions to (31) within Ω C are obtained numerically using a spectral/hp element Galerkin approximation [START_REF] Karniadakis | Spectral/hp element methods for computational fluid dynamics[END_REF]. A hybrid mesh consisting of both triangular and quadrangular elements is used to tessellate the domain. The 

Parameter Values

Value for the Non-Dimensional Cleft Half Width δ

Values of the cleft half-spacing Δ * = 10μm and the cleft half-width δ * = 0.01μm are considered physiologically realistic, resulting in a fixed value of δ = 0.001.

Values for the Non-Dimensional Applied Shear Rate γ

Shear rates in the range γ * = 0 -1000s -1 and an average transmural flux velocity of Lever, 1984) are considered in this study. Based on these values (and using Δ * = 10μm) a range of γ = 0 -2.28 × 10 5 is adopted.

V * = 4.39 × 10 -2 μms -1 (Tedgui &
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Values for Cleft Peclet Number P e L

The choice of a suitable value for D * L (LDL diffusivity within the lumen) is a point of contention. A value of D * L = 28.67μm 2 s -1 is considered to be physiologically realistic in this study, which is equal to the diffusivity of LDL in blood plasma [START_REF] Karner | Computational modeling of macromolecule transport in the arterial wall[END_REF]. Based on this value for D * L (and using Δ * = 10μm and V * = 4.39×10 -2 μms -1 ), a value of P e L = 0.015 is obtained. A higher value of P e L = 0.8 will also be considered in the analysis to illustrate behavior of the solutions when P e L ∼ 1. This increased value of P e L is, however, not deemed to be physiologically realistic.

Values for the Non-Dimensional EGL Height h

An EGL height range of h * = 0.2 -1.0μm is considered, which results in a range of h = 0.02 -0.1 (assuming a fixed value of Δ * = 10μm). This range of h spans results from both ex vivo electron microscope studies of the EGL in mouse carotid arteries (van den Berg et al., 2006), and in vivo studies of the EGL in venules [START_REF] Smith | Near-wall micro-piv reveals a hydrodynamically relevant endothelial surface layer in venules in vivo[END_REF]) (Damiano et al., 2004b) and capillaries (Vink & Duling, 1996). 

Values for the Non-Dimensional Darcy Permeabilities

Values for the Ratio of EGL to Lumen LDL Diffusivity D r

There have been no direct measurements of D * G . However, the diffusivity of LDL in a hyaluronate gel (2.5% w/v at 20 o C) has been measured as 1μm 2 s -1 [START_REF] Winlove | Diffusion of macromolecules in hyaluronate gels. i. development of methods and preliminary results[END_REF]. This value provides an initial estimate for D * G . A range of D * G = 0.2867 -28.67μm 2 s -1 will be considered, which results in a range of D r = 0.01 -1.0 when using D * L = 28.67μm 2 s -1 . It can be noted that when using values of D * G = 1μm 2 s -1 (measured diffusivity of LDL in a hyaluronate gel) and D * L = 28.67μm 2 s -1

(the measured diffusivity of LDL in blood plasma) a value of D r = 0.0349 is obtained.

Values for the Non-Dimensional Distance b that LDL can Penetrate into the EGL

The actual extent to which LDL penetrates into the EGL is not known. Macromolecules smaller than LDL are excluded from the EGL [START_REF] Vink | Capillary endothelial surface layer selectively reduces plasma solute distribution volume[END_REF].

However, the EGL does not behave as a purely size selective filter [START_REF] Vink | Capillary endothelial surface layer selectively reduces plasma solute distribution volume[END_REF], and further studies have shown that macromolecules such as albumin penetrate into, and interact with, a layer on the luminal surface of the EGL (Stevens et al.,
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2007). These observations mean that the possibility of some LDL penetration into the EGL cannot be discounted.

LDL penetration distances of b * = 0 -0.5μm will be considered, resulting in a range of b = 0 -0.05 (assuming a fixed value of Δ * = 10μm). For cases where b = 0 it is necessary to define β * (a measure of the distance taken to transition between the lumen diffusivity and the EGL diffusivity). A value of β * = 0.02μm will be used here, resulting in a value of β = 0.002 (assuming a fixed value of Δ * = 10μm). The parameter β is chosen to be significantly less than all non-zero values of b that are investigated.

Value for the Non-Dimensional Height L of Ω C

For all cases a value of L = 1.5 is adopted. This value is large enough that L > κ is always satisfied. Sub-cellular scale heterogeneity of the LDL concentration polarisation layer is observed for all cases considered, with peaks in LDL concentration localised above the intercellular clefts (at x = 0). The degree and structure of any heterogeneity depends strongly on γ and P e L , in a similar fashion to that seen when no EGL is present (Vincent et al., 2009). Specifically, as γ is raised the peaks in LDL concentration become skewed (swept downstream), and as P e L is raised the degree of heterogeneity becomes increasingly significant.

Results I (Water Flow)
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As h is decreased (Fig. 7) and as Da y becomes greater than Da x (Fig. 8), the peaks in LDL concentration above the intercellular clefts become more prominent. Such variation occurs because the water velocity profile v L (x, h) at the luminal surface of the EGL becomes increasingly localised as h decreases and as Da y increases relative to et al., 2008). For each value of γ and P e L considered in Fig. 8, results

Da x (Vincent
for cases where Da 

Rate of Transendothelial LDL Transport

Definitions

We recall that paracellular LDL transport is precluded in the current model, hence the implications of the results for the rate of paracellular LDL transport cannot be assessed. It is still possible, however, to define measures of the LDL concentration
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polarisation layer that may be relevant to the rate of transcellular LDL transport across the endothelium. Two such measures are considered in this study. The first is simply the average non-dimensional LDL concentration adjacent to the point of LDL rejection from the endothelial surface. This is denoted C U and defined as

C U = 1 2 1 -1 C(x, h -b) dx. ( 47 
)
The second measure is the average non-dimensional LDL concentration adjacent to the point of LDL rejection from the endothelial surface within a (non-dimensional)

distance of 1/10 from each cleft centre. This is denoted C N and defined as

C N = 1 2(1/10) 1/10 -1/10 C(x, h -b) dx. ( 48 
)
C N may be more relevant to the rate of transcellular LDL transport than C U since caveolae, which can facilitate LDL transcytosis, appear to be localised near cell borders [START_REF] Millan | Lymphocyte transcellular migration occurs through recruitment of endothelial icam-1 to caveola and f-actin-rich domains[END_REF] [START_REF] Sprenger | Spatial segregation of transport and signalling functions between human endothelial caveolae and lipid raft proteomes[END_REF]. In addition, endothelial cells are thinner at their borders and have a nucleus near their centre; these structural features may further increase the relative ease of transcellular LDL transport near the periphery of endothelial cells.

It is important to note the following four points regarding the measures C U and C N .

• The definitions of C U and C N contain the parameter b, which is zero for the first set of cases considered in this study (where LDL cannot penetrate into the EGL). The parameter b is included to add generality to the definitions so that they may be used for cases where b = 0 (which will be considered shortly)

A c c e p t e d m a n u s c r i p t

• In order to define C N one must quantify the size of the region (at the borders of the endothelial cells) to which it is assumed transcellular LDL transport is localised. Given the lack of quantitative experimental data this is a difficult task. The maximum conceivable degree of localisation would be to a region on the order of the diameter of a caveola, which is 50 -100nm [START_REF] Frank | Caveolin, caveolae, and endothelial cell function[END_REF]. The case we have considered assumes localisation to a region within a non-dimensional distance of 1/10 from each cleft centre, which corresponds to a dimensional localisation of 1μm from each cleft centre assuming Δ * = 10μm.

Relative to the aforementioned maximal case, our choice can be regarded as a conservative estimate. However, it is important to note that the choice is only an educated first approximation, as opposed to a definitive value based on quantitative measurements.

• Evidence suggests that cationised ferritin (used as a marker of the EGL) enters vesicles on the endothelial cell surface [START_REF] Adamson | Plasma proteins modify the endothelial cell glycocalyx of frog mesenteric microvessels[END_REF]. The implication of this result is that vesicles are able to ingest the EGL, along with any LDL residing within it or on its luminal surface. Exclusion of LDL from the EGL does not, therefore, necessarily preclude transcellular LDL transport from occurring. Hence, even when LDL is fully or partially rejected from the EGL, it is still reasonable to define C U and C N as measures of LDL concentration polarisation that may be relevant to the rate of transendothelial LDL transport.

• C is heterogeneous at the sub-cellular scale. The heterogeneity is similar in nature to that which develops when LDL cannot penetrate into the EGL, with peaks in LDL concentration localised above intercellular clefts. However, for cases of LDL penetration, the peaks occur predominantly within the EGL (as opposed to in the lumen). The contour plots in Fig. 9 also show that the LDL distribution within the EGL is almost completely independent of the applied shear γ (when it is varied over a physiological range). This is because the water velocity field v G within the EGL is shielded from the applied shear, as illustrated in Fig. 6. (Wada & Karino, 2002). Finally, when using a value of D r = 0.01, variations of both C U and C N with b are of the same order as (or greater than) variations in LDL concentration polarisation caused by vascular scale flow features (Wada & Karino, 2002).

These results indicate that the nature of the interaction between LDL and the EGL may be as important as vascular scale flow features in terms of spatially modulating transendothelial LDL transport via an LDL concentration polarisation mechanism.

This is an interesting finding, especially since recent experimental studies have demonstrated a possible flow dependence of various EGL properties. Specifically, ex vivo studies have shown that the well adhered macromolecular layer at the abluminal base of the EGL is thinner in regions prone to atherosclerosis (van den Berg et al., 2006).

To understand how this result may relate to our current findings, consider making the reasonable assumption that LDL can only penetrate into the loosely attached top layer of the EGL. Under this assumption, a thinning of the well adhered macromolecular layer at the base of the EGL will result in penetration of LDL closer to the endothelial surface, which according to the present analysis will cause an increase in the degree of LDL concentration polarisation (assuming the thickness of the more loosely attached top layer of the EGL remains fixed). Given that the degree of LDL concentration polarisation is likely related to the probability of atherosclerosis development, the experimental and theoretical results seem to be in agreement. However,

A c c e p t e d m a n u s c r i p t

it should be noted that a more definitive understanding of exactly how LDL interacts with the EGL is required before one could confirm this assertion.

Further in vitro experiments have shown that the hyaluronate content of the EGL increases when the EGL is exposed to shear stress. It is reasonable to assume that an increase in hyaluronate content may be associated with a decrease in the diffusivity of LDL within the EGL, which according to the current model would lead to an enhancement of LDL concentration polarisation (and hence presumably an enhancement of transendothelial LDL transport). Since high shear stress is generally considered to be atheroprotective, this experimental result seems to be in conflict with the findings of the present study. However, there are several important caveats that should be noted. Firstly, hyaluronate may not be the only component that determines LDL diffusivity within the EGL. Secondly, the diffusivity of LDL in a hyaluronate gel is seen to asymptote with increasing hyaluronate concentration [START_REF] Winlove | Diffusion of macromolecules in hyaluronate gels. i. development of methods and preliminary results[END_REF], implying that LDL diffusivity may be insensitive to hyaluronate concentration above some upper bound. Thirdly, it is possible that increasing hyaluronate concentration causes the EGL to transition from a state where LDL can penetrate into it, to a state where it cannot; which according to the current findings would cause a decrease in LDL concentration polarisation as hyaluronate concentration increased above a particular value. Finally, the aforementioned experimental data is from in vitro cell culture experiments, where the cells were exposed to a constant shear stress. Care must be taken when inferring that these constant shear in vitro conditions are the same as those encountered in vivo by regions of the vasculature which seem to be protected from atherosclerosis.

A c c e p t e d m a n u s c r i p t 9 Proposed Experimental Studies

One of the main findings of the present analysis is that the interaction of LDL with EGL may be as important as vascular scale flow features in terms of spatially modulating transendothelial LDL transport via an LDL concentration polarisation mechanism. In order to draw more specific and detailed conclusions, it is necessary to identify more accurate values for several of the parameters used in the model. The most critical of these parameters are the depth to which LDL penetrates into the EGL and the diffusivity of LDL within the EGL. Experimentally obtaining values for these unknowns in-vivo currently poses a significant challenge. However, attempts to ascertain such values for the interaction of albumin with the EGL have been successfully undertaken in-vitro using Fluorescence Correlation Spectroscopy [START_REF] Stevens | Fluorescence correlation spectroscopy can probe albumin dynamics inside lung endothelial glycocalyx[END_REF]. Extension of such experiments to investigate the interaction of LDL with the EGL could potentially determine values for the critical unknowns identified in the presented theoretical analysis. The authors hope that the findings of the current theoretical study will provide motivation to carry out such experiments.

Conclusions

The effect of the EGL and a heterogeneous transmural water flux on LDL concentration polarisation within arteries has been investigated numerically. Two sets of cases have been considered, namely those where LDL cannot penetrate into the EGL and those where it can.

A c c e p t e d m a n u s c r i p t

For cases where LDL cannot penetrate into the EGL, it is predicted that spatially heterogeneous and shear dependent perturbations to the LDL concentration polarisation layer will develop on the luminal surface of the EGL. For physiologically realistic cases where P e L = 0.015, however, only small perturbations are predicted, and measures relevant to the rate of transendothelial LDL transport (C U and C N ) are almost completely independent of applied shear γ. These results are similar to those obtained when no EGL is present (Vincent et al., 2009).

For cases where LDL can penetrate into the EGL, it is predicted that spatially heterogeneous perturbations to the LDL concentration polarisation layer will develop within the EGL. It is observed that such perturbations are shielded from the flowing blood, hence measures relevant to the rate of transendothelial LDL transport C U and C N are once again predicted to be independent of applied shear γ (at least in a direct sense).

However, it is also predicted that the measures C U and C N depend significantly on the nature of interaction between LDL with the EGL, which is parameterised by D r 
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Figure 2

Idealised periodically repeating domain Ω V = Ω V L ∪ Ω V G within which water motion is considered. Ω V L is a semi-infinite region of free viscous fluid representing the lumen.

Ω V G is a region of saturated anisotropic Brinkman medium representing the EGL.

Figure 3

The domain Ω

C ⊂ Ω V within which LDL transport is considered. Ω C = Ω CL ∪ Ω CG ,
where 

Ω CL = Ω C ∩ Ω V L and Ω CG = Ω C ∩ Ω V G i.e. Ω CL

LTΩ

  in a flow dependent and hence spatially non-uniform fashion. It is concluded that any such processes may be as important as vascular scale flow features in terms of spatially modulating transendothelial LDL transport via an LDL distance LDL can penetrate into the EGL C * LDL concentration field within Ω C C Non-dimensional LDL concentration field within Ω C C * Profile of macroscale LDL concentration polarisation layer C Non-dimensional profile of macroscale LDL concentration polarisation layer C * B LDL concentration in bulk blood flow C * E LDL concentration at the interface between the lumen and the arterial wall C N Spatially averaged non-dimensional LDL concentration to which the endothelium is exposed within vicinity of cleft entrances C U Spatially averaged non-dimensional LDL concentration to which the endothelium is exposed Da Non-dimensional inverse Darcy permeability tensor within the EGL Da x Inverse of first eigenvalue of Da Da y Inverse of second eigenvalue of Da height of domain Ω C P e G Peclet number associated with heterogeneous transmural flux within the EGL P e L Peclet number associated with heterogeneous transmural flux within the lumen p * Pressure field within Ω V p Non-dimensional pressure field within Ω V pressure field within Ω V L u x component of non-dimensional water velocity field v u G x component of non-dimensional water velocity field v G u L x component of non-dimensional water velocity field v L v y component of non-dimensional water velocity field v v G y component of non-dimensional water velocity field v G v L y component of non-dimensional water velocity field v L Water velocity field within Ω V L v L Non-dimensional water velocity field within Ω V L V * Average transmural water flux velocity β * Half-distance over which LDL diffusivity varies between D * L and D * G β Non-dimensional half-distance over which LDL diffusivity varies between D * L and D * G γ * Shear rate applied orthogonal to length-wise extent of idealised clefts γ Non-dimensional shear rate applied orthogonal to length-wise extent of idealised clefts γ * Shear rate applied to region of interest δ * Cleft half-width δ Non-dimensional cleft half-width Δ * Cleft half-spacing ζ * Thickness of macroscale LDL concentration polarisation layer ζ Non-dimensional thickness of macroscale LDL concentration polarisation layer θ * Angle between applied shear and idealised intercellular clefts κ Non-dimensional distance from point of LDL rejection at which C becomes approximately one-dimensional μ * Dynamic viscosity of water σ G Non-dimensional stress tensor within Ω V G σ L Non-dimensional stress tensor within Ω V L Ω C Domain in which LDL transport is modelled Ω V Domain in which water motion is modelled CG Sub-domain of Ω C that covers the EGL Ω CL Sub-domain of Ω C that covers the lumen Ω V G Sub-domain of Ω V that covers the EGL Ω V L Sub-domain of Ω V that covers the lumen 1 Introduction Atherosclerotic lesions are non-uniformly distributed within arteries, occurring preferentially at bifurcations and in regions of high curvature. Since these particular regions are associated with complex blood flow patterns it has been postulated that blood flow, which is also spatially heterogeneous at the vascular scale, may play an important role in modulating atherogenesis. One mechanism proposed to cause flow dependent modulation of atherogenesis relies upon the formation of an LDL concentration polarisation layer adjacent to the luminal surface of the arterial endothelium (developing due to the transmural water flux that flows radially outwards through the arterial wall). The formation of such a layer is considered possible since there is an imbalance (of two orders of magnitude) between the velocity of the transmural water flux (order 4 × 10 -8 ms -1 (Tedgui &

  atherosclerosis developing. If the degree of LDL concentration polarisation depends on vascular scale flow features, then the above mechanism provides a viable explanation for the observed flow dependence of atherogenesis.

  et al. recently demonstrated that sub-cellular scale heterogeneity of the transmural water flux can in principle act to enhance LDL concentration polarisation adjacent to the vascular endothelium in a shear dependent fashion(Vincent et al., 2009). Specifically, it was found that an enhancement and shear dependence of concentration polarisation only occurred if a Peclet number associated with convection of LDL towards intercellular clefts was of order unity or greater. In the aforementioned study a physiologically relevant Peclet number of 0.015 was calculated based on the diffusivity of LDL in free plasma. This value is far less than unity. Therefore, Vincent et al. concluded that, in practice, any enhancement and shear dependence of LDL concentration polarisation (due to a heterogeneous transmural water flux) was most Vincent et al., however, did not consider the effect of the EGL, which may retard the diffusion of LDL near the luminal surface of the vascular endothelium.

  Fig.1(a) shows an en face view of the endothelium in which the cleft entrances have been stained dark using silver nitrate. The cleft entrance pattern can be approximated as a repeating diamond formation (Fig.1(b)). In the following model, however, a further simplification is made and the clefts are modelled as an infinite series of parallel outflow slits of width 2δ * and inter-slit spacing 2Δ * (Fig.1(c)). Due to the scale of the domain, the curvature of the arterial wall can be ignored. Therefore the infinitely long outflow slits illustrated in Fig.1(c) are assumed to reside in a flat plane. Such geometric simplifications are in line with those used in previous studies

Fig. 3 .

 3 Fig. 3. The y * extent and location of Ω C can be changed by varying the parameters b * and L * . The parameter b * (where 0 ≤ b * ≤ h * ) determines the extent to which Ω C overlaps with Ω V G (i.e. the extent to which Ω C overlaps with the EGL). This region of overlap is denoted Ω CG = Ω C ∩ Ω V G . The parameter L * determines the overall extent of Ω C in the y * direction.

  where D * is the (potentially spatially dependent) LDL diffusivity within Ω C . Defining D * L as the LDL diffusivity in the lumen and D * G as the LDL diffusivity in the EGL, two sets of cases can be considered. The first set consists of cases where b * = 0; hence Ω C is solely within the lumen and Ω CG = 0. In these cases it is assumed that D * is spatially constant, with a value D * L . The second set consists of cases where b * = 0; hence the domain Ω C spans both the lumen and the EGL, and Ω CG = 0. In these cases it is assumed that D * varies spatially, following a hyperbolic tangent function, between an approximately constant value of D * L in the lumen and an approximately constant value of D * G in the EGL. It should be noted that the choice of a hyperbolic tangent function to represent variations in D * has no particular physical motivation.

  the cellular scale vicinity of Ω C ) and C * B is the bulk LDL concentration in the lumen. Note that ζ * will be substantially less than the thickness of the momentum boundary layer within the cellular scale vicinity of Ω C . This is because the kinematic viscosity of blood (which can be viewed of as a momentum diffusion coefficient) is far greater than the diffusivity of LDL within blood (i.e. the Schmidt number associated with LDL in blood is far greater than unity). Consequently, the rate of momentum diffusion will be far greater than the rate of LDL diffusion within the vasculature, resulting in the formation of momentum boundary layers that are far thicker than their LDL mass transfer counterparts. If the base of the cellular scale domain Ω C (situated at y * = h *b * ) is made coincident with the macroscale interface between the lumen and the arterial wall (within the cellular scale vicinity of Ω C ), then the profile of the macroscale concentration polarisation layer C * = C * (y * ) (within its thickness ζ * and within the cellular scale vicinity of Ω C

  EGL and a heterogeneous transmural water flux on the macroscale concentration polarisation layer defined by (29) within the cellular scale domain Ω C , when Ω C is located at an arbitrary point on the arterial wall. The cellular scale model is not able to determine how the macroscale concentration polarisation layer itself forms, since this will depend on vascular scale flow features. Instead the model assumes that the A c c e p t e d m a n u s c r i p t degree of macroscale concentration polarisation C * E is known a priori at each point of interest (calculated, for example, from a previous vascular scale simulation).

  with D r = D * G /D * L and β = β * /Δ * .

  at y = hb

  y = hb + L and a Suitable Value for L The choice of a suitable boundary condition at y = hb + L is interlinked with the choice of a suitable value for the non-dimensional height L of Ω C . The objective is to choose a boundary condition and a value for L such that concentration field solutions

  Modifications do not affect the overall non-dimensional thickness ζ of the macroscale concentration polarisation layer. This is equivalent to stating that ζ is determined only by vascular scale flow features • One can define a finite non-dimensional distance κ from the point of LDL rejection (y = hb) at which the non-dimensional concentration field solutions C obtained within Ω C become approximately one-dimensional (1D), depending

  Firstly, 2D perturbations to the velocity field decay with y causing the problem to become 1D in nature as y increases. Secondly, the non-dimensional LDL diffusivity D tends towards unity as y increases. Thirdly, it is assumed that LDL is completely rejected from the endothelium at y = hb • The macroscale concentration polarisation layer is not completely destroyed by modifications arising from a heterogeneous water flux i.e. ζ > κ. The validity of and any restrictions it places on the results, have been assessed in (Vincent et al., 2009) The first assumption is satisfied by requiring that for y > hb + κ the solution C within Ω C tends towards the macroscale solution C. Via the second and third

  mesh used for cases where h = 0.05 and b = 0.05, is shown inFig. 5(a). Smaller elements are used in the region near to the intercellular cleft and at the interface between the lumen and the EGL as shown in Fig.5(b). Within each element the using 2D modal basis functions, which are generated from tensor products of 1D polynomial bases of 9 th order. Convergence of similar solutions obtained using an identical numerical method is assessed in(Vincent et al., 2009). Note that when b = 0 (Ω CG = 0) the LDL concentration field solution C depends on six additional parameters, namely δ, γ, P e L , h, Da x , and Da y . When b = 0 (Ω CG = 0), C depends on eight additional parameters, namely δ, γ, P e L , h, Da x , Da y , D r and β.

and

  Da x and Da y EGL Darcy permeability ranges of K * x = 2 × 10 -6 -1 × 10 -4 μm 2[START_REF] Fu | A model for the modulation of microvessel permeability by junction strands[END_REF])[START_REF] Weinbaum | The structure and function of the endothelial glycocalyx layer[END_REF] andK * y = 2 × 10 -6 -2 × 10 -4 μm 2 are considered, resulting in ranges of Da x = 2 × 10 -8 -1 × 10 -6 and Da y = 2 × 10 -8 -2 × 10 -6(assuming a fixed value of Δ * = 10μm). It should be noted that for a sparse medium such as the EGL, fibre spacing is of order K * x (and/or K * y ). The ratios √ Da x /δ Da y /δ are therefore approximate ratios of the fibre spacing to the cleft half width. For the highest values of Da x and Da y considered in this study the associated values of √ Da x /δ and Da y /δ are ∼ 1. Hence at these highest Darcy numbers the continuum view of the EGL, which is necessary in order to apply the Brinkman equation, begins to break down at the scale of the intercellular clefts.

Fig. 6

 6 Fig. 6 shows streamlines of the water velocity field in the vicinity of an intercellular cleft for two values of γ with fixed δ = 0.001, Da x = 2 × 10 -8 , Da y = 2 × 10 -8 and h = 0.05. For the parameter values considered in this study √ Da x /h < 0.05 in all cases. The effects of shear therefore never penetrate significantly into the EGL, and flow within the EGL is almost completely independent of γ. Above the EGL, perturbations to

  x = Da y = 1 × 10 -7 and cases where Da x = Da y = 1 × 10 -6 are almost identical to the presented isotropic cases where Da x = Da y = 2 × 10 -8 . Similarly, results for cases where Da x = 1 × 10 -7 and Da y = 2 × 10 -7 and cases where Da x = 1 × 10 -6 and Da y = 2 × 10 -6 are almost identical to the presented anisotropic cases where Da x = 2× 10 -8 and Da y = 4× 10 -8 . These additional results are therefore omitted for clarity. It is clear from Figs. 7 and 8 that (when b = 0 and hence LDL cannot penetrate into the EGL) the effects of varying h, Da x and Da y on concentration polarisation are far more pronounced for the cases where P e L = 0.8 than for the more physiologically realistic cases where P e L = 0.015. This is to be expected since h, Da x and Da y affect only the convective water flux, and for the physiologically realistic cases where P e L 1 transport is dominated by diffusion.

  Fig. 9 shows contour plots of the non-dimensional LDL concentration field C for cases where LDL can penetrate into the EGL (b = 0). Various values of γ and h are considered, with fixed δ = 0.001, P e L = 0.015, Da x = Da y = 2 × 10 -8 , b = 0.05, D r = 0.0349 and β = 0.002. It can be seen that the concentration field

Figs. 10

 10 Figs. 10 and 11 show plots of the non-dimensional LDL concentration field C evaluated at a distance hb from the endothelial cell surface, for cases where LDL can penetrate a distance b into the EGL (i.e. evaluated at the point of LDL rejection within the EGL). Fig. 10 shows results for cases where h = 0.05. Fig. 11 shows results for cases where h = 0.1. Various values of b and D r are considered, with fixed values of δ = 0.001, γ = 0, P e L = 0.015, Da x = Da y = 2 × 10 -8 and β = 0.002. Only

(

  the ratio of LDL diffusivity in the EGL to LDL diffusivity in the lumen), b (the nondimensional distance that LDL penetrates into the EGL) and h (the non-dimensional EGL height). Specifically, as D r , b and h are varied within reasonable bounds, C U and C N vary in the ranges C U = 1.000 -1.328 and C N = 1.017 -4.284.Various processes may regulate the interaction of LDL with the EGL, possibly in a flow dependent and hence spatially non-uniform fashion. It is concluded that any such processes may be as important as vascular scale flow features in terms of spatially modulating transendothelial LDL transport via an LDL concentration polarisation mechanism.
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The A c c e p t e d m a n u s c r i p t

  

	It is assumed that the domain of interest resides within the momentum boundary layer, which it is assumed applies a constant shear rate γ * T to the endothelium. It is further assumed that the idealised intercellular clefts are aligned at an angle θ * to the bulk boundary layer flow, resulting in a shearing rate of γ * = γ * T sin θ * being in the momentum boundary layer. Therefore the shear rate applied to the domain is applied perpendicular to the length-wise extent of the clefts (in the x cellular scale domain is considered small compared to the scale of spatial variations assumed to be spatially constant.

* direction).
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  . It is assumed that the EGL has a low solid volume fraction

	nal surface of the underlying endothelial cells. This layer of the EGL is often observed
	in ex vivo electron microscope studies, and extends ∼ 0.05 -0.4μm (van den Berg
	et al., 2006) into the lumen. The second layer of the EGL is thought to reside above
	the luminal surface of the first layer. It is considered to be more dynamic in nature,
	and composed of loosely attached plasma and endothelium derived proteins which act
	to extend the EGL ∼ 0.3 -0.5μm (Vink & Duling, 1996)(Smith et al., 2003)(Dami-
	ano et al., 2004b) (or possibly further (van Haaren et al., 2003)) into the lumen. In
	this study both layers of the EGL are modelled together as a saturated fibrous layer
	of height h

* 
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A c c e p t e d m a n u s c r i p t A Definitions of Velcoity Field Coefficients

The coeffieients λ n , Ĥ, P , α n and η n used in ( 43)-( 46) are defined as 51)

where

The coefficients Ân , Bn , Ĉn , Dn , Ên and Fn used in ( 43)-( 46) are defined as

where
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