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The effects of fluid–structure interactions (FSI) and pulsation on the transport of low-density

lipoprotein (LDL) through an arterial wall are analyzed in this work. To this end, a comprehensive
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multi-layer model for both LDL transport as well as fluid–structure interaction (FSI) is introduced. The

constructed model is analyzed and compared with the existing results in the limiting cases. Excellent

agreement is found between the presented model and the existing results in the limiting cases. The

presented model takes into account the complete multi-layered LDL transport while incorporating the

FSI aspects to enable a comprehensive study of the deformation effect on the pertinent parameters of

the transport processes within an artery. Since the flow inside an artery is time-dependent, the impact

of pulsatile flow is also analyzed with and without FSI. A detailed analysis is presented to illustrate the

consequence of different factors on the LDL transport in an artery.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Atherosclerosis and cardiovascular topics have been studied
by many researchers due to its broad impact on the longevity and
mortality of the population at large. Existence of higher concen-
tration of macromolecules, mainly low-density lipoprotein (LDL)
is an important factor in the initiation of atherosclerosis. To
understand and assess the impact of LDL transport on athero-
sclerosis, a comprehensive model, which is capable of displaying
the transport phenomena within different layers of the arterial
wall, is required.

One of the earlier models for transport inside a blood vessel was
presented by Prosi et al. (2005). They introduced two primary
models. These were wall-free and lumen-wall models. These mod-
els, are widely used to study mass transfer within arteries
(Rappitsch and Perktold, 1996; Wada and Karino, 2000; Moore
and Ethier, 1997; Stangeby and Ethier, 2002a,b). It is more appro-
priate to treat the arterial wall as non-homogenous, since each of
the layers posses a different structure. For example, endothelium, a
thin layer between intima and lumen, has a role in reducing
disturbances in the blood flow, while adventitia is a thicker gel
layer that attaches to organs to stabilize the artery’s position. In
general, the hydraulic, mass transport, and elastic properties for
these different layers are different. As such a multi-layer model is
much more realistic. Several aspects related to the macro-scale
(Huang et al., 1994; Tada and Tarbell, 2004) as well as micro-scale
(Fry, 1985; Karner et al., 2001; Yuan et al., 1991; Weinbaum et al.,
ll rights reserved.

: þ1 951 827 2899.
1992; Wen et al., 1988) features will be incorporated within
our model.

To describe the mass transfer inside a low permeability porous
media, the traditional Staverman–Kedem–Katchalsky membrane
equation (Kedem and Katchalsky, 1958) is usually invoked. Built
on a steady state assumption, this equation might not be appro-
priate for a time dependent process such as when the effect of
pulsation is taken into account. Yang and Vafai (2006, 2008) and
Ai and Vafai (2006) had developed a comprehensive new four-
layer model, where endothelium, intima, internal elastic lamina
(IEL), and media are all treated as different layers macroscopi-
cally. Porous media approach has been utilized based on volume
averaging theorems to establish the governing equations while
accounting for the Staverman filtration and osmosis effects.

In Yang and Vafai (2006, 2008) and Ai and Vafai’s (2006)
works, details of the interactions between lumen and arterial wall
were analyzed, and Staverman filtration and osmotic reflection
were incorporated in their model to account for selective perme-
ability. The development of homogeneous properties in each of
the layers was discussed and obtained based on microscopic
structure of different membranes (Huang et al., 1992, 1997;
Huang and Tarbell, 1997; Karner et al., 2001) or the available
experimental data utilizing a circuit analogy model (Prosi et al.,
2005; Ai and Vafai, 2006). The effect of adventitia was embedded
within the flux (or concentration) condition located at the outer
boundary of media. Glycocalyx, a very thin layer that covers and
separates endothelium from lumen region was found to be
negligible (Michel and Curry, 1999; Tarbell, 2003).

Most of the earlier works treat the arterial wall as a solid non-
elastic medium, which does not represent the real physiological
condition. The arterial wall, is an elastic bio-material, which will
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Nomenclature

c LDL concentration
€ds acceleration within the solid region
D LDL diffusivity
fs solid domain body force
H thickness of the layers
k reaction coefficient
K permeability
L length of the artery
Lend thickness of the endothelium layer
N
00

solute mass flux per area
p hydraulic pressure
Dp pressure drop across arterial wall
Dpn time-dependent pressure drop across arterial wall
Pe Peclet number
rm molecular radius
RCell radius of endothelial cell
R radius of lumen domain
t time
T pulsation period
u axial velocity
u
!

velocity vector
U maximum velocity at entrance

Un time-dependent maximum velocity at entrance
v filtration velocity
w half width of the leaky junction
alj rm/w
b ratio of the pore deformation to the wall deformation
g sieving coefficient(1�s)
d porosity
e angular strain
f fraction of cells with leaky junction
m viscosity
r fluid density
rs membrane density
ss Cauchy stress tensor
s reflection coefficient

Subscripts

70 mmHg refers to properties with a gage pressure of
70 mmHg

eff refers to effective property
end refers to endothelium layer
lj refers to leaky junction
nj refers to normal junction
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deform due to the pressure difference across the arterial wall.
Furthermore, this deformation changes in time since the pressure
applied from lumen side is affected by the pulsation of cardio-
vascular system. Gao et al. (2006a,b) performed a numerical
simulation on the stress distribution across the aorta wall. Based
on the work of Gao et al. (2006a,b), which considers zero pressure
at the outlet of aorta, Khanafer and Berguer (2009) introduced a
more realistic model by applying time-dependent pressure in a
wave-form. Utilizing the fluid–structure interaction (FSI) model,
Khanafer et al. (2009) further analyzed the turbulent flow effect
and the wall stress on aortic aneurysm.

The current work presents a model that couples the multi-
layer model for LDL transport while fully incorporating the FSI
effects. The change of hydraulic and mass transfer properties due
to the wall deformation is analyzed, and its effect on flow and LDL
transport through the arterial wall is investigated. Furthermore,
the impact of pulsatile flow is studied along with its effect on the
LDL transport within an arterial wall.
2. Formulation

2.1. Multi-layer model

A typical structure of the wall for an artery can be represented by
six layers as shown in Fig. 1. These layers are, moving away from the
lumen, glycocalyx, endothelium, intima, internal elastic lamina (IEL),
media, and adventitia. As mentioned earlier, glycocalyx will not be
considered due to its negligible thickness (Yang and Vafai, 2006,
2008; Ai and Vafai, 2006). The endothelium is a thin layer attached
at the inner side of artery, which protects the arterial wall from the
inner side and reduces the blood flow disturbances. Next, intima
allows flexibility within the arterial wall, while the internal elastic
lamina is a thin low-permeability layer connecting intima and
media. Media is a layer with capillaries passing through it and
surrounded by adventitia, a gel-like layer, which stabilizes the artery
by connecting it to an adjacent organ.

The lumen domain is considered as a cylindrical geometry
with radius of R and axial length L. Surrounding the lumen, the
thickness and properties of each layer of arterial wall is shown in
Table 1, where the data for endothelium, intima, IEL, and media
(Prosi et al., 2005; Karner et al., 2001) is utilized (Yang and Vafai,
2006, 2008; Ai and Vafai, 2006).

2.2. Governing equations

In the lumen part, the flow can be described by the Navier–
Stokes equation. The governing equations for conservation of
mass, momentum and species are

rU u
!
¼ 0

rD u
!

Dt
¼�rpþmr2 u

!

@c

@t
þ u
!

Urc¼Dr2c ð1Þ

where u
!

is the velocity vector, c the LDL concentration, p the
hydraulic pressure, and r, m, and D are the fluid density, viscosity,
and diffusivity coefficient, respectively.

The hydraulic and mass transfer characteristics of adventitia
are represented by a boundary condition at its outer layer (Yang
and Vafai, 2006, 2008; Ai and Vafai’s, 2006). The flow and mass
transfer governing equations within the four layers, endothelium,
intima, IEL, and media, can be represented by

rU u
!
¼ 0

r
d
@ u
!

@t
þ
mef f

K
u
!
¼�rpþmef fr

2 u
!

@c

@t
þð1�sÞ u!Urc¼Def fr

2c�kc ð2Þ

where d is the porosity, meff the effective fluid viscosity, K the
permeability, s the reflection coefficient, Deff the effective LDL
diffusivity, k the reaction coefficient, which is non-zero only
inside the media layer and is zero for the other layers (Prosi
et al., 2005; Yang and Vafai, 2006, 2008). The properties for
each of the layers is listed in Table 1, where the endothelium
properties change with deformation as elaborated later on in
this work.
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Fig. 1. Configuration of (a) junction, (b) arterial wall, and (c) computation domain.

Table 1
Parameters used in the numerical simulation (Yang and Vafai 2006, 2008; Khanafer and Berguer, 2009).

Lumen Endothelium Intima IEL Media Adventitia

Density, r (kg/mm3) 1.07�103 1.057�103 1.057�103 1.057�103 1.057�103 1.057�103

Diffusivity, Deff (m2/s) 2.87�10�11 5.7061�10�18a 5.4�10�12 3.18�10�15 5�10�14

Elasticity (MPa) 2 2 2 6 4

Permeability K (m2) 3.22�10�21a 2�10�16 4.392�10�19 2�10�18

Porosity, d 5�10�4 0.983 0.002 0.258

Reaction coefficient, k (s�1) 0 0 0 0 3.197�10�4

Refection coefficient, s 0.9888a 0.8272 0.9827 0.8836

Thickness, H (mm) 3100 2 10 2 200 100

Viscosity,meff (kg/m s) 3.7�10�3 0.72�10�3 0.72�10�3 0.72�10�3 0.72�10�3

a Parameters with gage pressure of 70 mmHg and adjusted based on deformation of endothelium for different gage pressures.
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A hyper-elastic model is used to describe the elastic structure
of the artery. The elastodynamic equation can be written as

rs
€ds ¼rssþ f s ð3Þ
where rs is the density, €ds the acceleration within the solid
region, fs the solid domain body force, and ss the Cauchy stress
tensor, where the Mooney–Rivlin material model is invoked to
describe the strain–energy relationship.



Fig. 2. Comparison of (a) filtration velocity and (b) LDL concentration at lumen–

endothelium interface with those of Yang and Vafai (2006).

Fig. 3. Comparison of normalized LDL concentration across intima, IEL, and media

at different gage pressures and effective diffusivity with (a) numerical and (b)

analytical results of Yang and Vafai (2006, 2008).

Fig. 4. Comparison of normalized LDL concentration across intima, IEL, and media

with numerical and analytical results by Yang and Vafai (2006, 2008).
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2.3. Boundary conditions

The boundary conditions are shown in Fig. 1, where the
entrance velocity is expressed as

u¼Un
ð1�ðr=RÞ2Þ at x¼ 0, 0rrrR ð4aÞ

where Un
¼Uð1þsinð2pt=TÞÞ, and the pressure drop across the

lumen and the arterial wall is expressed as

Dpn ¼Dpþ25sinð2pt=TÞ ð4bÞ

The nominal maximum entrance velocity and pressure drop
through the arterial wall, U and Dp, are taken as 0.338 m/s and
70 mm Hg for the steady state case. For a pulsatile flow with a
time period of T¼1 s, Un and Dpn dependency on time can be
presented as 0:338ð1þsinð2pt=TÞÞðm=sÞ and 70þ25sinð2pt=TÞ

ðmmHgÞ, respectively. LDL concentration at the entrance is taken
as c0 ¼ 28:6� 10�3 mol=m3. Jump conditions for momentum,
mass transfer, and the elastic structure are invoked at the inter-
face between each of the layers. The Staverman filtration is
invoked when representing the continuity of LDL transport as

ð1�sÞuc�D
@c

@r

� �
9
þ
¼ ð1�sÞuc�D

@c

@r

� �
9
�

ð5Þ

2.4. Calculation of endothelium properties from the micro-structure

attributes

Endothelium is a layer that causes the highest hydraulic and
mass transfer resistance across the wall of an artery due to its
small pore size. Therefore, the elastic deformation in the arterial
wall will have much more impact on flow and mass transfer
behavior within the endothelium layer. The pores of endothelium
can be characterized as normal or leaky junction as shown in
Fig. 1a. Normal junction is the space between strands, which
connects the endothelial cells. Leaky junction is formed due to
dysfunctional strands when the cells are damaged resulting in
altered strands with a cross-sectional area, which is substantially
larger than the normal junction.
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Pore theorem is well accepted for calculating permeability,
effective diffusivity, and reflection coefficient in the literature
(Curry, 1984; Huang et al., 1992; Karner et al., 2001). Applying pore
theorem, the endothelium permeability Kend can be expressed as

Kend ¼ KljþKnj ð6aÞ

Klj ¼
w2

3

4wf
RCell

ð6bÞ

where w is the half-width of the leaky junction, RCell is the radius of
the endothelial cell taken as 15 mm, and f is the fraction of the leaky
junction taken as 5�10�4 (Huang et al., 1992).

In this study, the normal junction is assumed to be imperme-
able for the LDL molecule (Dnj¼0; snj¼1), since the average
radius of the normal junction is 5.5 nm, which is smaller the
radius of LDL molecule (rm¼11 nm). Therefore using the pore
theorem and incorporating the effect of the tissue matrix, the
Fig. 5. Comparison of filtration velocity at different interface

Fig. 6. Comparison of normalized LDL concentration at different in
effective diffusivity and reflection coefficients can be calculated as

Dend ¼Dlj ¼Df reeð1�aljÞð1�1:004aljþ0:418a3
lj�0:169a5

ljÞ
4w

RCell
f ð7Þ

send ¼
snjKnjþsljKlj

KnjþKlj
¼ 1�

ð1�sljÞKlj

KnjþKlj
ð8aÞ

slj ¼ 1� 1�3
2 a

2
ljþ

1
2a

3
lj

� �
1�1

3a
2
lj

� �
ð8bÞ

where alj is the ratio of rm to w.
Huang et al. (1992) and (Karner et al., 2001) specified the half

width of the leaky junction as w¼10 nm, which is the same as the
cleft opening for a normal junction. This value of width is smaller
than the radius of LDL particle, so leaky junction, by pore
theorem, becomes impermeable to LDL molecule. However, when
deformation occurs, realistically, without the connection of
strands between cells, leaky junction should have a larger gap.
As such, a more reasonable representation should be calculated
based on the approach given by Ai and Vafai (2006).
s and axial location with those by Ai and Vafai (2006).

terfaces and axial locations with those by Ai and Vafai (2006).
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To obtain more realistic values of w, Ai and Vafai (2006) presented
a logical approach through the application of circuit analogy to obtain

N00=c¼
DendPeend expðPeendÞ

HendðexpðPeendÞ�1Þ
ð9Þ

where N00 is solute mass flux per area, Hend thickness of endothelium,
and the Peclet number for endothelium Peend can be expressed as

Peend ¼
ð1�sendÞHend

Dend
u ð10Þ

Further, in Ai and Vafai’s (2006) work, the normal case
corresponded to a lumen pressure of 100 mmHg, N00/c¼2�
10�10 m/s, u¼1.78�10�8 m/s, and Kend ¼ 3:22� 10�21 m2
Fig. 7. Comparison of normalized LDL concentration across

Fig. 8. Comparison of Von Mises stress across arterial wall at different s
(Truskey et al., 1992; Meyer et al., 1996; Huang and Tarbell’s,
1997). Solving Eqs. (6)–(10), results in the half width of the leaky
junction as 14.343 nm, when the gage pressure is 70 mmHg. The
properties of endothelium with gage pressure of 70 mmHg can be
seen in Table 1, which is used as a reference value when
calculating properties due to deformation.
2.5. Deformation-pore size (e�w) relation

The y� direction strain e, obtained from the elastic equation,
is considered to have a substantially more impact on the pore size
w due to the pore shape and distribution. To correlate e with w, a
each of the layers with those by Ai and Vafai (2006).

teps in pulsation cycle with those by Khanafer and Berguer (2009).
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coefficient blj is introduced as

blj ¼
elj

e ð11Þ

where elj is the expansion ratio of the leaky junction. Since cross-
sectional area of the leaky junction is 2pRcellw, w can be con-
sidered as a function of e:

w¼w70 mmHg

1þblje
1þblje70 mmHg

ð12Þ

3. Methodology and validation

Comsol Multi-physics, software is used to solve the governing partial differ-

ential equations in this work. A detailed systematic set of runs were executed to

ensure that the results are grid and time step independent with relative and

absolute error of 10�3 and 10�6, respectively. Our model and the computational

results were validated through comparison with the available limiting cases in the

literature. The LDL component was compared (Figs. 2–8) with the works of Yang

and Vafai (2006, 2008) and Ai and Vafai (2006), while validation for FSI model

(Figs. 9 and10) was done with the work of Khanafer and Berguer (2009).

Figs. 2 and 3 illustrate the comparisons with Yang and Vafai’s (2006) work. As

can be seen both the filtration velocity and LDL concentration are in very good

agreement with Yang and Vafai’s (2006) numerical results, which were obtained

using an entirely different solution schemes. Comparisons of LDL concentration

across intima, IEL and media with both numerical and analytical results of Yang

and Vafai (2006, 2008) are demonstrated in Fig. 4. Once again a very good

agreement is observed with only a very small difference near endothelium–intima

interface. The present results are very close to those of Yang and Vafai (2006,

2008), especially to Yang and Vafai’s analytical work (2008).

For further validation of computational results and LDL transport model

within the multi-layers, another set of comparisons with Ai and Vafai’s (2006)

work are shown in Figs. 5–7. Filtration velocity and LDL concentration at

endothelium–intima interface obtained in the present work are compared with

those in an earlier study, resulting very good agreement as seen in Figs. 5 and 6. A

perfect agreement can be seen in Fig. 7, for LDL concentration across each of the

arterial layers against the results of Ai and Vafai (2006).

Fig. 8 displays Von Misses stress at different parts of the pulsation cycle across

the arterial wall. Effects of higher value of elasticity across media are shown in

Fig. 9 The present results are compared with those obtained by Khanafer and

Berguer (2009), showing excellent agreement for the results presented in

Figs. 8 and 9. Figs. 2–9 establish and validate different modules of the current

models against available limiting cases in the literature covering both multilayer

as well as the FSI attributes.
Fig. 10. Half width of leaky junction w variations with the angular strain e.
4. Results and discussion

4.1. FSI effect

Fig. 10 displays the variations of the half width of the leaky
junction, w versus the angular strain, e. This representation is based
on Eq. (12), which shows that w increases linearly with an increase
in e. Larger blj produces a more substantial deformation of the pore
Fig. 9. Comparison of Von Mises stress across media at different steps in pulsatio
size at larger values of e, while reaching a limiting case at a certain
value of e, beyond which, w decreases as blj increases. Using Eqs.
(6)–(11), the variations of pertinent properties such as endothe-
lium’s permeability, effective diffusivity, and reflection coefficient
with e are illustrated in Fig. 11. The effective properties for a higher
fraction of leaky junction f¼0.10% are also shown in Fig. 11.

With respect to flow penetration, the permeability of a leaky
junction is more than that of a normal junction permeability,
which experiences a negligible change with deformation. How-
ever, the fraction of leaky junctions is much smaller than normal
junction. On the other hand, LDL will mainly pass across the
endothelium layer through a leaky junction, rather than a normal
junction whose cross-section area is too small for LDL transport.
Therefore, as can been seen in Fig. 11, variations in e have a more
pronounced impact on the effective diffusivity and reflection
coefficient as compared to the permeability. To further illustrate
the deformation effect on the reflection coefficient, the variations
of the sieving coefficient gend¼(1�send) with the y-strain e are
displayed in Fig. 11, showing how convection is affected by
deformation. Fig. 11 confirms our physical expectations that
endothelium is more permeable for both blood flow and LDL
molecule transport for larger deformations. Also, as can be seen in
Fig. 11, the endothelium becomes more permeable at a higher
fraction of leaky junctions f. This is due to the fact that a single
n cycle and different elasticities with those by Khanafer and Berguer (2009).



Fig. 11. Endothelium (a) permeability Kend, (b) effective diffusivity Deff, (c) reflection coefficient send, and (d) sieving coefficient gend (¼1�send), variations with angular

strain e at different f and bl .

Fig. 12. Von Misses stress variations at the lumen–endothelium interface for

different pressure drops across the arterial wall and different FSI models.

Fig. 13. Angular strain e variations at the lumen–endothelium interface for

different pressure drops across the arterial wall and different FSI models.
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leaky junction has a substantially larger cross-sectional area than
a single normal junction has.

Figs. 12 and 13 illustrate the angular strain and von Misses
stress variations of the endothelium layer for different pressure
drops across the lumen and the outer arterial wall. It can be seen
that consideration of porous wall has a significant impact on the
FSI results. On the other hand, variable permeability caused
by deformed pores has a minor influence on the elastic behavior
of the arterial wall due to a small fraction of leaky junctions
(f¼0.05% and 0.10%). The filtration and concentration



Fig. 14. (a) Filtration velocity variations at the lumen–endothelium interface, and normalized LDL concentration across (b) endothelium, (c) intima and IEL, and (d) media,

for different b and Dp.

Fig. 15. (a) Filtration velocity variations at the lumen–endothelium interface, and normalized LDL concentration across (b) endothelium, (c) intima and IEL, and (d) media,

for different f and Dp.
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distributions within different layers, while accounting for FSI
effects and variable permeability, diffusivity and reflection coeffi-
cient at different pressure levels are shown in Fig. 14. The results
of angular strain e are then incorporated with those in Fig. 11,
resulting the flow penetration and LDL concentration distribu-
tions shown in Fig. 14. Fig. 14(a) shows that the hydraulic
pressure gradient dominates the flow penetration within different
layers of an artery. FSI has a substantially more limited effect in
enhancing the flow penetration in terms of creating a variable
permeability and deformed leaky junction. This is because the
deformation by FSI poses an insignificant effect, due to the limited
flow through the leaky junction (f¼0.05% and 0.10%) as com-
pared to that through the normal junction.

Fig. 14 also shows the impact of endothelium deformation on
LDL transport for different pressure drops across lumen and the
outer arterial wall. Since leaky junction affects the diffusion of
LDL macromolecules, FSI has a more pronounced affect on the
Fig. 16. (a) Filtration velocity and (b) normalized LDL concentration at different

pulsation periods.
concentration distribution across different layers as seen in
Fig.14. This is in contrast to the relatively insignificant effect of
FSI on the filtration velocity. Fig. 14 clearly shows that FSI
augments the impact of pressure change across the arterial wall.
As can be seen in Fig. 14 the pressure and FSI effects are most
significant within the intima layer. The impact of FSI becomes
more pronounced as blj increases, due a larger cross-sectional
area of a leaky junction.

As seen in Fig. 15, when f increases from 0.05% to 0.10%, the
permeability for blood flow as well as LDL transport increases,
resulting in a higher value of filtration velocity and LDL concen-
tration. Again this is due to the fact that a leaky junction has a
much larger cross-sectional area than a normal junction, which
allows more blood flow and LDL molecules through the endothe-
lium layer. As j increases, the impact of FSI becomes more
pronounced, because the deformation of a leaky junction is
significantly more than that of a normal junction.

4.2. Pulsation effect

Fig. 16 shows the impact of pulsation on the entrance velocity
and pressure. As can be seen in Fig. 16, the pulsation has a more
pronounced effect on the concentration distribution for larger
values of pulsation period T. Also as can be seen in Fig. 16,
incorporating pulsation for the pressure, increases the filtration
velocity and concentration, while the velocity pulsation has an
insignificant effect on the results. It should be noted that the
impact of pulsation on LDL concentration is quite limited, due to
the very dominant transient effect on mass transfer caused by the
very small pulsation period ((T¼1 s)).

Fig. 17 illustrates the FSI effect on filtration velocity when
pulsation is taken into account. As was the case for the steady
state results (Fig. 14a), FSI does not have a significant effect on the
results since the leaky junction plays a minor role on the flow
penetration. Fig. 18 shows that FSI has a negligible effect on the
temporal concentration response in contrast to the FSI’s signifi-
cant effect on the steady state concentration distribution. The
reason that FSI has a less pronounced effect on the concentration
profile under pulsation, is due to the substantial damping effect of
the pulsatile flow in an artery.
Fig. 17. Effect of FSI on filtration velocity incorporating the pulsation at the mid-

axial position of the endothelium layer.



Fig. 18. Effect of FSI on normalized LDL concentration incorporating the pulsation

at the (a) mid-axial position of the lumen–endothelium interface and (b) mid-axial

position of the endothelium–intima interface.
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5. Conclusions

A comprehensive model, which incorporates the multi-layer
features as well as Fluid–Structure Interactions (FSI) for investi-
gating LDL transport is analyzed and presented here. The pre-
sented model and the computational results are in excellent
agreement with prior results. The presented model incorporates
coupling of LDL transport and FSI and accounts for the elastic
deformation of endothelium. Pore theorem is utilized to relate
pore structure with hydraulic and mass-transfer parameters.
Under steady state conditions, there is a significant impact from
FSI on LDL concentration but a minor effect on filtration velocity.
When pulsation effects are taken into account, the impact of FSI is
quite minor due to the time period for the blood pulsation.
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