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Abstract—Mechanical forces, such as low wall shear stress
(WSS), are implicated in endothelial dysfunction and atheroge-
nesis. The accumulation of low density lipoprotein (LDL) and
hypoxia are also considered as main contributing factors in the
development of atherosclerosis. The objective of this study was
to investigate the influences of WSS on arterial mass transport
by modelling the flow of blood and solute transport in the lumen
and arterial wall. The Navier-Stokes equations and Darcy’s Law
were used to describe the fluid dynamics of the blood in the
lumen and wall respectively. Convection-diffusion-reaction equa-
tions were used to model LDL and oxygen transport. The coupling
of fluid dynamics and solute dynamics at the endothelium was
achieved by the Kedem-Katchalsky equations. A shear-dependent
hydraulic conductivity relation extracted from experimental data
in the literature was employed for the transport of LDL and a
shear-dependent permeability was used for oxygen. The integrated
fluid-wall model was implemented in Comsol Multiphysics 3.2
and applied to an axisymmetric stenosis. The results showed el-
evated LDL concentration and reduced oxygen concentration in
the subendothelial layer of the arterial wall in areas where WSS
is low, suggesting that low WSS might be responsible for lipid
accumulation and hypoxia in the arterial wall.

Keywords—LDL transport, Oxygen transport, Lipid accumula-
tion, Hypoxia, Atherosclerosis, Wall stress stress.

GLOSSARY OF TERMS
Principal symbols

concentration, mol m—3
diffiusivity, m2s~!

solute flux across the endothelium, mol s~! m~2
transmural velocity across the endothelium, m s~
solute lag coefficient

hydraulic conductivity of the endothelium, m s~ Pa~!
pressure, Pa
permeability, m s~
velocity of blood flow, m s~
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k  Dacian permeability, m?
Pas

density, kg m3

o, osmotic reflection cofficient
of solvent reflection coefficient
t,, wall shear stress, Pa

ISERN

Subscripts

l blood lumen

w arterial wall

LDL low density lipoprotein
oxy  oxygen

INTRODUCTION

Atherosclerosis is a disease of large arteries that is
characterised by the accumulation of lipids in the arterial
wall.!%3% The transport process of atherogenic species such
as low density lipoprotein (LDL) from the bulk blood flow
to and across the arterial wall contributes to lipid accu-
mulation. This transport process is termed “arterial mass
transport” and is influenced by blood flow in the lumen and
transmural flow in the arterial wall.

Arterial mass transport in the fluid phase (blood lumen)
has been investigated by a number of researchers using
computational approaches where the arterial wall is treated
as a boundary condition. This approach is generally called a
“wall-free model,” and has the advantage of being compu-
tationally cheap and providing qualitative information on
mass transfer in the blood lumen. It has been used to inves-
tigate oxygen'?:13:18:26=28 and LDL transport® 39738 in
idealised as well as anatomically realistic arterial models.
The common finding is that oxygen transport is limited
by the fluid phase resistance, while LDL transport is lim-
ited by the resistance within the arterial wall. To provide
a more detailed description of the arterial wall, a fluid-
wall model which accounts for both fluid phase and tissue
phase (arterial wall) transport is required. To model the
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multi-layered arterial wall, a fluid-wall model with a multi-
layered formulation was proposed.'> This model treats the
intimal and medial transport separately, but its application
was limited to ideal 2D geometries due to its high com-
putational expense.'*>* The alternative is the fluid-wall
model with a single-layered formulation,?'+?>-32:33 which
treats the intima and media of the arterial wall as one
single layer of porous medium with homogeneous trans-
port properties. It takes into account transport processes
within the arterial wall without excessive computational
expense.

Arterial mass transport is believed to be influenced by
biomechanical forces, especially WSS.? WSS is a tangen-
tial force that acts on the endothelium and influences the
transport of macromolecules into the arterial wall from
the blood lumen.?> A conventional approach to examine the
influence of WSS on arterial mass transport is to assume
that the transport properties of the endothelium, such as
the solute permeability, are shear-dependent. An arbitrary
shear-dependent permeability was assumed to investigate
oxygen transport in large arteries,”’-?® and zones of hy-
poxia were found to co-localise with regions of low WSS.
Furthermore, a shear-dependent permeability based on ex-
perimental data'! was used to investigate the transport of
albumin.?’ However, these investigations were carried out
using the wall-free model without considering transport in
the arterial wall.

In the present study, a fluid-wall model, which treats
the arterial wall as a single-layer of porous medium incor-
porating shear-dependent endothelial transport properties,
was developed and used to study the effects of wall shear
stress on the transport of LDL and oxygen from blood to
and within the wall in an idealised model of a stenosed
artery. Both flow and species transport were simulated un-
der steady state conditions. It was assumed that LDL trans-
port was influenced by shear-dependent hydraulic conduc-
tivity, while shear dependent permeability was assumed for
oxygen transport.

METHODS

Governing Equations

Since arterial mass transport is coupled with blood flow
in the fluid phase and transmural flow in the tissue phase,
the model presented here includes fluid dynamics models
for blood flow and transmural flow, and solute dynamics
models for mass transfer.

Fluid Dynamics

Blood flow is assumed to be steady, incompressible,
laminar, Newtonian and hence described by the Navier-
Stokes equations

— uViu + pu - Vyu, + Vp, =0 (1
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Vu, =0 2

in the fluid domain, where w; is blood velocity in the lumen,
pi is the pressure, u is the dynamic viscosity of the blood,
and p is the density of the blood.

The transmural flow in the arterial wall is modelled by
Darcy’s Law

K
u, —V- (—pw) =0 3)

Hp

Vu, =0 “4)

in the wall domain, where u,, is the velocity of the trans-
mural flow, p,, is the pressure in the arterial wall, u, is
the viscosity of the blood plasma, and « is the Darcian
permeability coefficient of the arterial wall.

Solute Dynamics

Mass transfer in the blood lumen is coupled with the
blood flow and modelled by the convection-diffusion equa-
tion as follows

V- (=D;V¢ +cuw) =0 (@)

in the fluid domain, where ¢; is the solute concentration
in the blood lumen, and D; is the solute diffusivity in the
lumen.

Mass transfer in the arterial wall is coupled with the
transmural flow and modelled by the convection-diffusion-
reaction equation as follows

V. (_Dwvcw + chuw) =TwCw (6)

in the wall domain, where c,, is the solute concentration
in the arterial wall, D, is the solute diffusivity in the ar-
terial wall, K is the solute lag coefficient, and r,, is the
consumption rate constant.

Computational Geometry and Boundary Treatments
Computational Geometry

An axisymmetric stenosis with 49% area reduction was
adopted. As shown in Fig. 1, the total length (z-axis) of the
geometry is 25D, where D = 0.004m is the diameter of the
non-stenosed region of the artery. The length of the stenosis
is1D, leaving 4D upstream and 20D downstream of the
stenosis to minimize the effects of boundary conditions.

The axisymmetric stenosed lumen geometry was mod-
elled by the following cosine expression:

r@ _y_ 2 <1 — cos <—2”(Z i 22)>> %)
R D Zy — I

for 4D < z < 5D, where r(z) is the radius of the artery
at location z in the stenosis, R is the radius of the non-
stenosed region of the artery, § is the radius reduction at
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the throat of the stenosis (0.15D), z; = 4D is the start point
of the stenosed region, and z; = 5D is the end point of
the stenosed region. The wall geometry is defined as r =
0.575D with a wall thickness of 0.075 D at the non-stenosed
region and 0.225D at the throat of the stenosis.

Boundary Treatments

Applying adequate boundary conditions, the system of
equations can be solved in the stenosis geometry. For the
Navier-stokes Equations Eq. (1) and (2), a fully developed
parabolic steady velocity profile was assumed at the lumen
inlet boundary T ;,, (see Fig. 1)

vy [1- (% ’ r 8
u(r) = 2Uy —<3> ,onl ), (8)

where u(r) is the velocity in the axial direction at radial
position r, and Uy is the mean inlet velocity. At the lu-
men side of the endothelial boundary I',,4, a lumen-to-wall
transmural velocity in the normal direction was specified:

tl-w=0,u-n=J,onl,, )]

where J, is the transmural velocity in the normal direction,
t/ and n; are the tangent vector and normal vector of fluid
subdomain €2, respectively. At the lumen outlet boundary
I"; our» azero surface traction force condition was prescribed

{(—=pI+ u[Va+ (Vo) In=0 (10)
l—‘adv o«

Lein Qu ” 0.075D T, out
i ” l—‘end :
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FIGURE 1. Computational geometry of a mild stenosis (49%
constriction by area). Computational subdomains and dividing
boundaries are denoted. The dashed line is the axis of symme-
try. (a) overview of the computational geometry, the geometry
was distorted for better illustration and notations; (b) details
of the stenosis without distortion of the geometry.

For Darcy’s Law Egs. (3) and (4), an “insulation” con-
dition was assumed for wall boundaries at the lumen inlet
location I'y, ;, and at the lumen outlet location I'y, ,,

n, -u, = 0, on 1_‘w,in U FW,OMI (11)

where n,, is the normal vector of wall subdomain €2,,. At the
wall side of the endothelial boundary I',,,;, a lumen-to-wall
transmural velocity in the normal direction was assumed

u, -, = _Jv’ onlenq. (12)

A pressure condition was prescribed at the media-
adventitia interface I",,,

Dw = Paav 0N Tyqy (13)

As for the convection-diffusion equation (Eq. (5) in the
blood lumen, a constant concentration was assumed at the
lumen inlet boundary I'; ;,,

¢; = Co,onT';, (14)

where C is a constant concentration. At the lumen side of
the endothelial boundary I',,;, a lumen-to-wall solute flux
was specified

— D/Vemy +wemy = Jg,onlp,g (15)

where J; is the solute flux. At the lumen outlet boundary
"/ our» the convective flux condition was prescribed

D[VC]I]/ = 0, on Fl,om~ (16)
As for the convection-diffusion-reaction equation Eq. (6)
in the arterial wall, an insulation condition is assumed for

wall boundaries at the lumen inlet location I, ;, and at the
lumen outlet location I'y,

Dwvcwnw = 07 on FW,iVl ) 1—‘w,out- (17)
At the wall side of the endothelial boundary I',,,, a

lumen-to-wall solute flux in the normal direction was as-
sumed

- Dwvcwnw +u,cpny, = Jm on Fend- (18)

A constant concentration was prescribed at the media-
adventitia interface Iy,

Cy = Caay ONTyqy (19)

The transmural velocity (J,) in Egs. (9) and (12) and

the solute flux (J) in Egs. (15) and (18) are given by the
Kedem-Katchalsky Equations '

Jv = L])(Ap - UdAT[) (20)

Jy=PAc+ (1 —oyp)J,C 21

where L, is the hydraulic conductivity of the endothe-
lium, Ac is the solute concentration difference across the
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TABLE 1. Experimental data extracted from literature3'.

Shear stress [Pa] 0.01 0.05 0.1 1 2
Normalised L, 1 2.39 2.95 2.86 3.76

endothelium, Ap is the pressure drop across the endothe-
lium, A is the oncotic pressure difference across the en-
dothelium, o4 is the osmotic reflection coefficient, o is
the solvent reflection coefficient, P is the solute endothelial
permeability, and ¢ is the mean endothelial concentration.
The first term P Ac of the right hand side in Eq. (21) defines
the diffusive flux across the endothelium, while the second
term (1 — oy)J, ¢ defines the convective flux. In the case of
oxygen transport, in which the endothelial transport is dom-
inated by diffusion,* the convective term was not included
in the simulation. Furthermore, in this preliminary study, the
oncotic pressure difference Az of Eq. (20) was neglected
to de-couple the fluid dynamics from solute dynamics.

Shear-Dependent Endothelial Transport Properties

In the present study, a shear-dependent hydraulic con-
ductivity and a shear-dependent permeability were assumed
for LDL and oxygen transport, respectively.

Shear-Dependent Hydraulic Conductivity

The effect of shear stress on hydraulic conductivity (L )
of bovine aortic endothelium was examined in vitro®:3!
under constant shear stress conditions. It was found that
when exposed to higher shear stress, the endothelial mono-
layer presented larger hydraulic conductivity. The reported
experimental data®' are summarised in Table 1. Since the
experiments were conducted over a period of 240 minutes,
the measured hydraulic conductivity varied with time. Here
the maximal values under each shear stress condition were
used to derive the relationship between shear stress and
hydraulic conductivity. These experimental data were fitted
with a logarithmic function to obtain a mathematical model
of the shear-dependent hydraulic conductivity following the
idea of a previous study,”® in which a logarithmic function
was employed to fit the experimental data on albumin per-
meability. The resulting logarithmic function is given by

g(ty]) = 0.46691In(|7,, | + 0.015) +3.327  (22)

where |1,,| is the WSS, and g is the normalised hydraulic
conductivity. This fitted curved is compared with experi-
mental data points in Fig. 2.

Note that Eq. (22) only accounts for the relationship be-
tween WSS and normalised hydraulic conductivity. Thus
the constant coefficients in Eq. (22) need to be scaled to
obtain the real value of hydraulic conductivity under vary-
ing wall shear stress in the computational geometry. Since
a constant hydraulic conductivity was used for the sake of
comparison, the shear-dependent hydraulic conductivity at
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FIGURE 2. Comparison between experimental data from 3'
and fitted logarithm function. The squares are experimental
data points (normalised L) while the line is the fitted curve.

the inlet section of the stenosis was scaled using a constant
hydraulic conductivity, L, =3 x 1072 ms~'Pa~!, which
is adopted in the literature.'* 1>-2* Since the wall shear stress
at the inlet is

8uly

— 1.68 Pa, (23)

|Tw |z:0 =

the resulting shear-dependent hydraulic conductivity is
given by

L,(Ity]) = 0.392 x 107" In(|z,, |
+0.015) 4+ 2.7931 x 10712, (24)

Using this relation, the value of shear-dependent hydraulic
conductivity at the inlet is 3 x 107"2ms~!Pa~!, which is
the same as was used to define the constant L .

Oxygen Permeability

In this study, the relationship between WSS and oxygen
permeability was assumed to be linear as was assumed in
previous studies.?’-28

Similar to the hydraulic conductivity, a constant value of
oxygen permeability P,y, = 1.96 x 10~*ms~!-%° was used
for comparison. Thus to ensure shear-dependent permeabil-
ity at the inlet, where WSS is 1.68 Pa (see Eq. (23)), equal
to the constant value above, the relationship was proposed
as

Poy(ITw]) = 1.1667 x 10747, 25)

Numerical Details

The fluid domain was divided into 29820 quadrilat-
eral elements for solution of the Navier-stokes equations.
Quadratic formulation and linear formulation were used
for velocity and pressure (Q, Q) element), respectively. To
model the mass transfer field, the fluid domain was divided
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into 291213 quadrilateral elements with linear formula-
tion yielding 293820 nodes. The wall domain was divided
into 9940 quadrilateral elements with linear formulation
for the simulation of transmural flow. And for the simu-
lation of mass transport, the wall domain was divided into
77190 quadrilateral elements with linear formulation yield-
ing 74670 nodes. A mesh sensitivity test was carried out on
mass transport simulations to ensure grid independence of
the obtained concentration field.

Using the computational mesh described above, the sys-
tem of governing equations was solved by a commercial fi-
nite element code, Comsol Multiphysics, Version 3.2. Since
the fluid dynamics computation had been decoupled from
solute dynamics by neglecting the oncotic pressure dif-
ference Am in Eq. (20), governing equations Eqgs. (1)-(4)
for fluid dynamics were solved first, and resulting velocity
fields were then used in the solute dynamics computation.
To stabilise the convection-dominated mass transfer cal-
culation in the fluid phase, the streamline upwind Petrov-
Galerkin (SUPG) method!, was used.

RESULTS

The simulation parameters for fluid dynamics were cho-
sen to approximate physiological conditions in the hu-
man coronary artery. The diameter of the non-stenosed
region of the artery was D = 0.004 m, the mean veloc-
ity Uy = 0.24 ms~", dynamic viscosity u = 0.0035 Pa s,
density p = 1050 kg m~3, so the resulting Reynolds num-
ber Re = 288. For the transmural flow, Darcian perme-
ability ¥ =1 x 107'8 m?, pressure drop across the arte-
rial wall Ap,, = 70 mmH g. Under the condition of con-
stant hydraulic conductivity L, =3 x 107?m s~ 'Pa~",
the resulting transmural velocity was approximately 1.78 x
10~8 ms~!, which was similar to experimental data ob-
tained for rabbit aortic wall.'” The constant endothelial
permeability to LDL and oxygen are 2 x 10719m s—1,2
and 1.96 x 10~*m s~!, 6 respectively. The consumption
rate constants in the arterial wall of LDL and oxygen were
assumed to be 1.4 x 107*s~!1,'* and 8.14 x 10745~
respectively. Simulations were performed using constant
transport parameters and shear-dependent parameters de-
scribed earlier for comparison.

Fluid Dynamics

Variations of WSS magnitude in the axial direction of
the stenosis model are shown in Fig. 3. Imposing shear-
dependent hydraulic conductivity had little effect on the
near-wall flow field and WSS, due to the fact that the
transmural flow is several orders of magnitude smaller than
the bulk flow. The two points where WSS values are zero
correspond to the separation point (z = 4.673 D) and reat-
tachment point (z = 5.865 D) respectively. The area be-
tween these two points is the flow recirculation region. The
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FIGURE 3. Wall shear stress distribution in the stenosis. The
solid line is WSS calculated employing constant hydraulic con-
ductivity. The dashed line is WSS calculated employing shear-
dependent hydraulic conductivity.

transmural velocity profiles in the immediate vicinity of
the stenosis for the constant and shear-dependent hydraulic
conductivity cases are compared in Fig. 4. The reduction in
transmural velocity at the stenosis in both cases is caused by
the higher resistance provided by the thickened wall. In the
case of shear-dependent hydraulic conductivity, the trans-
mural velocity has two minima which correspond to the
separation point and the reattachment point respectively.
Moreover, the transmural velocity is much lower in the
post-stenotic region when the shear-dependent hydraulic
conductivity is taken into account, suggesting that transmu-
ral flow is extremely sensitive to the endothelial resistance,
although the endothelium represents only a thin layer of the
arterial wall.

x 107

-1
1om s7']

—constant L

P
- - - shear—dependent Lp

3.5 4 4:5 5 515 6 6.5
z/D

FIGURE 4. Comparison of transmural velocity variations in the
stenosis region under constant hydraulic conductivity condi-
tion (solid line) and shear-dependent hydraulic conductivity
condition (dashed line).
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FIGURE 5. Comparison of LDL concentration distributions in
the stenosis region under constant hydraulic conductivity con-
dition (solid line) and shear-dependent hydraulic conductivity
condition (dashed line). (a) lumenal surface LDL concentra-
tion; (b) subendothelial LDL concentration.

LDL Transport

The solute concentration profiles on both the lumen-side
and wall-side of the endothelium were analysed. The lume-
nal surface concentration (c,"”d) characterises the fluid phase
transport efficiency while the wall-side concentration (¢¢"¢)
provides information on the degree of lipid accumulation
and oxygen depletion in the subendothelial layer.

Fig. 5 shows normalised ¢{"¢ and ¢¢"¢ of LDL in the
vicinity of stenosis, where elevated concentration of LDL
is observed on the lumenal surface. This is the so-called
concentration polarisation phenomenon caused by high en-
dothelial resistance to macromolecules.?* In addition, there
is a large difference between cf”d and cfv”d since most LDL
particles are retained in the fluid phase at the endothelium.
After the flow separation point, the concentration profiles on
the lumenal surface of endothelium and the subendothelial
layer exhibit dramatically different features, demonstrating
that the fluid phase LDL transport is affected by trans-
mural flow through complicated interactions between fluid
phase and tissue phase transport. In Fig. 5(b), increased
LDL concentration can be observed at the stenosis with
both constant and shear-dependent conductivity, whereas
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in the post-stenotic region, elevated LDL concentration is
only found when shear-dependent hydraulic conductivity
is assumed, where there is a second peak of LDL accu-
mulation at the reattachment point. This finding is similar
to the experimental observations of cholesterol uptake dis-
tribution along the stenosed arteries of dogs reported by
Deng et al. 7 who showed that the uptake of the 3H-7-
cholesterol in the arterial wall is elevated at the location of
the reattachment point. The increase of the wall-side LDL
concentration is due to weaker local convective clearance
effects of the transmural flow,? which is the primary driver
for mass transfer of macromolecules in the arterial wall.
Specifically, in the low WSS region, where the transmural
velocity is low, the LDL particles cannot be “flushed” away
effectively from the subendothelial layer. This can be seen
in detail in Fig. 6 where LDL concentration profiles within
the wall at different axial locations are illustrated. In the
case of constant hydraulic conductivity Fig. 6(a), concen-
tration profiles at the upstream of the stenosis (z = 3 D),
reattachment point (z = 5.865 D), and far downstream of
the stenosis (z = 20 D) overlap with each other with a char-
acteristic “U” shape similar to that seen in experimental
observations.'” In the case of shear-dependent hydraulic
conductivity Fig. 6(b), the LDL wall concentration pro-
file at the reattachment point is different from those at the
other two locations: LDL tends to accumulate in the suben-
dothelial layer in the recirculation region because of weaker
convective clearance there.

Oxygen Transport

Fig. 7 shows the normalised ¢{"¢ and c¢"¢ of oxygen for
both constant permeability and shear-dependent permeabil-
ity cases. It can be noted that the difference between cf"d

and ¢ is very small due to the high oxygen permeability of
the endothelium, supporting the hypothesis that cf”d = cend

in the wall-free model for oxygen transport.”%3 Conse-
quently, the oxygen concentration on the lumenal surface
at the throat of the stenosis is high due to accelerated flow
and consequently stronger convection present there. When
employing shear-dependent permeability, higher oxygen
concentrations on the lumenal surface and lower oxygen
concentrations in the subendothelial layer are observed in
the immediate post-stenotic region, due to reduced oxy-
gen flux across the endothelium in the low WSS region.
Figure 8 illustrates the oxygen concentration profiles in
the arterial wall at different axial locations for both con-
stant permeability and shear-dependent permeability cases.
The small difference between the profiles at different loca-
tions in Fig. 8(a) are related to the oxygen concentration
boundary layer development in the fluid phase, whereas
in Fig. 8(b) the profile at the reattachment point, which is
very low, differs considerably from that at upstream and far
downstream of the stenosis.
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FIGURE 6. LDL concentration profiles in the arterial wall at
different axial locations. (a) constant hydraulic conductivity
condition; (b) shear-dependent hydraulic conductivity condi-
tion.

DISCUSSION

Effects of Shear-Dependent Endothelial Transport
Properties

As pointed out previously, the endothelium, which acts
as amolecular sieve, provides the predominant resistance to
macromolecular (i.e. LDL) transport into the arterial wall.
However, the mechanisms involved in LDL transport across
the endothelium, i.e. the roles of diffusion, convection, and
vesicular transport, are not fully understood. Convection,
which is driven by the transmural flow, is probably the
most well characterised mechanism. As for diffusion, LDL
permeability calculated from the pole theory leads to much
lower flux than that observed in experiments,’*?> suggest-
ing that transport mechanisms other than physical convec-
tive diffusion play a role. Although vesicular transport is
currently regarded as one of the major pathways for macro-
molecular transport across the endothelium,2°-33 it has not
been included in computational models due to its unclear
mechanism. Thus, in the present study, rather than focusing
on the endothelial transport itself, the influences of shear-
dependent endothelial transport properties, i.e. the effects
of transmural flow on LDL accumulation in the arterial
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FIGURE 7. Comparison of oxygen concentration distributions
in the stenosis region under constant permeability condi-
tion (solid line) and shear-dependent permeability condition
(dashed line). (a) lumenal surface oxygen concentration; (b)
subendothelial oxygen concentration.

wall, were examined. A scaled LDL permeability (Prp;)
was employed to match the experimental observation of
LDL flux across the endothelium,?* and a shear-dependent
hydraulic conductivity was extracted from in vitro exper-
imental data on bovine aortic endothelium under various
shear stress values.?! The transport of LDL inside the arte-
rial wall consists of convection and diffusion. Although the
magnitude of transmural velocity is only 10~8ms~!, LDL
transport in the arterial wall is dominated by convection due
to the extremely low diffusivity. Therefore, transmural flow,
which is affected by the shear-dependent hydraulic conduc-
tivity of the endothelium, largely regulates the accumula-
tion of LDL in the arterial wall. For example, an increase
in hydraulic conductivity of the endothelium, which leads
to an increase in transmural velocity with fixed endothelial
permeability to LDL will reduce the accumulation of solute
beyond the endothelial layer by convective clearance.’> On
the other hand, by complicated interactions between lumen-
side transport and wall-side transport, the accumulation of
LDL on the lumenal surface is also affected by the shear-
dependent hydraulic conductivity of endothelium.
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FIGURE 8. Oxygen concentration profiles in the arterial wall at
different axial locations. (a) constant permeability condition;
(b) shear-dependent permeability condition.

The oxygen transport pathway across the endothelium
is commonly considered as diffusion through the whole
endothelial surface. Thus an accurate index of oxygen per-
meability is needed to model oxygen transport across the
endothelium. A much lower oxygen permeability was used
in a previous study,’® but a higher permeability of human
endothelial cells suggested by Qiu and Tarbell*® was em-
ployed for our purposes. Although shear-dependent perme-
abilities were employed in some of the previous numeri-
cal studies on oxygen transport in the fluid phase,?’?® the
question as to whether the diffusive mechanism of oxygen
transport can be affected by the mechanical force remains
unanswered. In the present study, an arbitrarily assumed
shear-dependent permeability was employed to examine the
effects of diffusive flux across the endothelium on deple-
tion of oxygen in the arterial wall. Since oxygen transport
across the endothelium is diffusion dominated and regu-
lated by the endothelial permeability, the shear-dependent
permeability to oxygen determines the oxygen flux across
the endothelium. In other words, the oxygen flux across
the endothelium in a region with a low local permeability
is smaller,®?7-?® resulting in high oxygen concentration on
the lumenal surface and hypoxia in the arterial wall.
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Implication for Atherogenesis

Although the effect of WSS on mass transfer across the
endothelium via shear-dependent transport properties has
been a focus of much interest, our computational results
suggest that WSS also has a strong influence on the con-
centration field of atherogenic molecules, such as LDL,
within the arterial wall.

The resulting LDL concentration field obtained using
shear-dependent hydraulic conductivity showed that in the
region of low WSS, LDL tended to accumulate in the suben-
dothelial layer due to weaker convective clearance effects.
On the other hand, hypoxia in the arterial wall was observed
in the area subject to low WSS when employing shear-
dependent permeability due to smaller oxygen flux across
the endothelium. Although this reduced oxygen flux was
also found in earlier computational studies with a wall-free
model,”’>?® the concentration field indicating local hypoxia
has not been found before.

Therefore, the co-localisation of low WSS, high LDL
endothelial concentration on the wall-side and hypoxia in
the arterial wall was found in the computational results.
Since lipid accumulation and hypoxia in the arterial wall are
important factors in the development of atherosclerosis,* 3
this observation of co-localisation supports the hypothe-
sis that low WSS predisposes to atherogenesis. However,
to further determine how low WSS and abnormal mass
transport contribute to atherogenesis, numerical studies in
anatomically realistic arterial models and more experimen-
tal data are needed.®

Limitations of Present Study

The present study has a number of limitations which are
listed below.

(1) A steady state condition was assumed although ar-
terial flow is pulsatile, which will influence the
fluid dynamics as well as the mass transfer. On one
hand, under pulsatile flow conditions, the flow sep-
aration zone in the post-stenotic region will expand
and contract during a cycle, resulting in oscillation
of the reattachment point along the lumenal sur-
face.!”-?? This is likely to “diffuse” the focal feature
of LDL concentration found near the reattachment
point in the steady flow model by extending the
second peak over the region encompassed by the
oscillating reattachment point. On the other hand,
the effect of pulsatile WSS on hydraulic conduc-
tivity was found to be strongly dependent on the
degree of flow reversal.’ For pulsatile conditions
with little or no reversal, there is a major increase
in hydraulic conductivity over steady WSS, whilst
for completely oscillatory WSS, i.e. zero mean, the
effect is similar to zero shear conditions. There-
fore, it could be speculated that under pulsatile flow
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conditions, the post-stenotic region would be sub-
ject to oscillatory WSS with low mean values; as
a result, elevated LDL concentration in the suben-
dothelial layer might be seen over a certain length
along the wall before dropping to a normal level.

(2) In the case of oxygen transport, the shear-
dependent endothelial permeability to oxygen was
arbitrarily assumed.

(3) An anatomically realistic model was not examined,
and consequently, the effects of complex 3D flow
patterns on mass transport were not modelled.

CONCLUSION

A fluid-wall model with the single-layered arterial wall
formulation was employed to study the transport of LDL
and oxygen in an idealised stenosis. Shear-dependent en-
dothelial transport properties, i.e. hydraulic conductivity
and oxygen permeability, were used to investigate effects
of WSS on mass transport in the arterial wall. Both LDL
accumulation in the subendothelial layer and hypoxia in
arterial wall were found to co-localise with low WSS. It
is shown that WSS regulates the LDL accumulation in the
subendothelial layer by a convective clearance mechanism,
while oxygen transport would be affected by WSS if its
diffusive mechanism is shear dependent. Further under-
standing of mechanisms involved in endothelial transport
at the cellular level would enable more accurate quantitative
analysis of arterial mass transport mechanisms.
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