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The transport of macromolecules, such as low-density lipoprotein (LDL), and their
accumulation in the layers of the arterial wall play a critical role in the creation and
development of atherosclerosis. Atherosclerosis is a disease of large arteries e.g., the
aorta, coronary, carotid, and other proximal arteries that involves a distinctive
accumulation of LDL and other lipid-bearing materials in the arterial wall. Over time,
plaque hardens and narrows the arteries. The flow of oxygen-rich blood to organs and
other parts of the body is reduced. This can lead to serious problems, including heart
attack, stroke, or even death. It has been proven that the accumulation of
macromolecules in the arterial wall depends not only on the ease with which materials
enter  the  wall,  but  also  on  the  hindrance  to  the  passage  of  materials  out  of  the  wall
posed by underlying layers. Therefore, attention was drawn to the fact that the wall
structure of large arteries is different than other vessels which are disease-resistant.
Atherosclerosis tends to be localized in regions of curvature and branching in arteries
where fluid shear stress (shear rate) and other fluid mechanical characteristics deviate
from their normal spatial and temporal distribution patterns in straight vessels. On the
other hand, the smooth muscle cells (SMCs) residing in the media layer of the arterial
wall respond to mechanical stimuli, such as shear stress. Shear stress may affect SMC
proliferation and migration from the media layer to intima. This occurs in
atherosclerosis and intimal hyperplasia.
The study of blood flow and other body fluids and of heat transport through the arterial
wall is one of the advanced applications of porous media in recent years. The arterial
wall may be modeled in both macroscopic (as a continuous porous medium) and
microscopic scales (as a heterogeneous porous medium). In the present study, the
governing equations of mass, heat and momentum transport have been solved for
different species and interstitial fluid within the arterial wall by means of computational
fluid dynamics (CFD). Simulation models are based on the finite element (FE) and
finite volume (FV) methods. The wall structure has been modeled by assuming the wall
layers as porous media with different properties. In order to study the heat transport
through human tissues, the simulations have been carried out for a non-homogeneous
model of porous media. The tissue is composed of blood vessels, cells, and an
interstitium. The interstitium consists of interstitial fluid and extracellular fibers.



Numerical simulations are performed in a two-dimensional (2D) model to realize the
effect of the shape and configuration of the discrete phase on the convective and
conductive features of heat transfer, e.g. the interstitium of biological tissues. On the
other hand, the governing equations of momentum and mass transport have been solved
in the heterogeneous porous media model of the media layer, which has a major role in
the transport and accumulation of solutes across the arterial wall. The transport of
Adenosine 5´-triphosphate (ATP) is simulated across the media layer as a benchmark to
observe  how  SMCs  affect  on  the  species  mass  transport.  In  addition,  the  transport  of
interstitial fluid has been simulated while the deformation of the media layer (due to
high blood pressure) and its constituents such as SMCs are also involved in the model.
In this context, the effect of pressure variation on shear stress is investigated over SMCs
induced by the interstitial flow both in 2D and three-dimensional (3D) geometries for
the media layer. The influence of hypertension (high pressure) on the transport of low-
density lipoprotein (LDL) through deformable arterial wall layers is also studied. This is
due to the pressure-driven convective flow across the arterial wall. The intima and
media layers are assumed as homogeneous porous media.
The results of the present study reveal that ATP concentration over the surface of SMCs
and within the bulk of the media layer is significantly dependent on the distribution of
cells. Moreover, the shear stress magnitude and distribution over the SMC surface are
affected by transmural pressure and the deformation of the media layer of the aorta wall.
This work reflects the fact that the second or even subsequent layers of SMCs may bear
shear stresses of the same order of magnitude as the first layer does if cells are arranged
in an arbitrary manner. This study has brought new insights into the simulation of the
arterial  wall,  as  the  previous  simplifications  have  been  ignored.  The  configurations  of
SMCs used here with elliptic cross sections of SMCs closely resemble the physiological
conditions of cells. Moreover, the deformation of SMCs with high transmural pressure
which follows the media layer compaction has been studied for the first time. On the
other hand, results demonstrate that LDL concentration through the intima and media
layers changes significantly as wall layers compress with transmural pressure. It was
also noticed that the fraction of leaky junctions across the endothelial cells and the area
fraction of fenestral pores over the internal elastic lamina affect the LDL distribution
dramatically through the thoracic aorta wall.
The simulation techniques introduced in this work can also trigger new ideas for
simulating porous media involved in any biomedical, biomechanical, chemical, and
environmental engineering applications.

Keywords: arterial wall, molecular transport, transmural pressure, smooth muscle cells,
atherosclerosis, porous media, computational fluid dynamics
UDC 544.431.11 : 532.7: 532.546 : 611.1



ACKNOWLEDGEMENTS

This study was carried out at Lappeenranta University of Technology in the Laboratory
of the Engineering Thermodynamics from September 2004 to May 2008.
I would like to express my sincerest gratitude to my supervisor, Professor Pertti
Sarkomaa, Head of the Laboratory of Engineering Thermodynamics, for all of the
support he provided during this research.
My instructor, Adjunct Professor Payman Jalali, who has supported this research every
step of the way with his constructive and critical guidance, deserves my sincere thanks.
I would like to thank Professor John M. Tarbell for his valuable guidance throughout
this study and for giving me a chance to visit his laboratory. I have learned a great deal
from my discussions with Professor Tarbell and all from my friends in the Department
of Biomedical Engineering, City University of New York.

The preliminary examiners Professor Fumihiko Kajiya, Professor Kambiz Vafai, and
Professor Akira Nakayama deserve special thanks for their detailed review and
insightful comments.

I would like to express my sincerest gratitude to Professor Yrjö T. Konttinen for his
valuable  guidance  throughout  this  research.  I  also  present  special  thanks  to  Dr.  Tero
Tynjälä for his kind help in numerous stages of my study. I would also like to express
my warmest thanks to my former and present colleagues and friends Mrs. Päivi Sikiö,
Dr. Jouni Ritvanen, and Mrs. Anne Jordan for their support and help. Special thanks to
Mr. Simo Nurmi for his guidance at the first steps of my work, and to all of the staff of
the Department of Energy and Environmental Technology. I would also like to thank to
Ms. Tiina Kauranen for her kind help in proofreading my thesis and some of my papers.

This work has been supported by the Academy of Finland (under grants number
112908, 110852, and 123938) and the Center for International Mobility (CIMO).

This work is all about arterial diseases, one of the main causes of death. Although I was
far from my mother and father during my study, my heart was always with them. I know
that without their support, guidance, and warm presence in my heart I would never have
gotten the chance to achieve my goals. I wish to express my genuine appreciation for all
of their constant care. While my intent to understand arterial diseases sometimes made
me work long hours, my husband was always with me and throughout the length of my
work I felt his support with all of my heart. He taught me that love can do anything. I
take this opportunity to express my sincerest gratitude to him and tell him I need him in
my life to make all of our dreams come true. I have also special thanks to my mother in
law for her kind and warm supports.
As I conducted this study, I noticed that I carry with me the hearts of other people in my
family,  such  as  my grandmother  and  my aunt  Zakieh,  and  I  wish  I  will  sometimes  be
able to make their hearts a bit lighter.

Mahsa Dabaghmeshin
August 2008, Lappeenranta



To my lovely mother

To my irreplaceable father

To my husband who made my life meaningful



CONTENTS

ABSTRACT................................................................................................................ 3

ACKNOWLEDGEMENTS........................................................................................ 5

CONTENTS................................................................................................................ 7

LIST OF PUBLICATIONS.......................................................................................10

NOMENCLATURE ..................................................................................................13

1 INTRODUCTION ..................................................................................................19
1.1 Porous media: application in biomedical engineering ........................................19
1.2 Earlier studies ...................................................................................................19
1.2.1 Modeling the arterial wall...............................................................................19
1.2.2 Modeling the media layer ...............................................................................20
1.2.3 The modeling of molecular transport within the arterial wall ..........................20
1.2.4. The modeling of fluid flow on and within the arterial wall.............................22
1.3 Motivation of the study .....................................................................................22
1.4 Objectives of the study......................................................................................24

2 CHARACTERIZATION OF POROUS MEDIUM ..............................................26
2.1 Pore structure ....................................................................................................26
2.1.1 Porosity..........................................................................................................27
2.1.2 Macroscopic parameters of porous media .......................................................27
2.1.3 Microscopic pore structure parameters ...........................................................28
2.1.3.1 Pore size distribution ...................................................................................28
2.1.3.2 Mean pore size ............................................................................................29
2.2 Effective transport properties ............................................................................29
2.2.1 Permeability ...................................................................................................29
2.2.2 Conduction heat transfer.................................................................................30
2.2.3 Convection heat transfer.................................................................................31
2.3 Governing equations .........................................................................................31
2.3.1 Darcy’s law ....................................................................................................31
2.3.2 Brinkman’s model..........................................................................................32
2.3.3 Generalized flow transport model...................................................................33
2.3.4 Energy equation .............................................................................................35
2.4 Studied case ......................................................................................................37
2.4.1 Convection through a heterogeneous porous medium .....................................39
2.4.1.1 Methods ......................................................................................................39
2.4.1.2 Results and discussion.................................................................................41
2.4.2 The conduction through a heterogeneous porous medium...............................43
2.4.2.1 Methods ......................................................................................................43



2.4.2.2 Results and discussion.................................................................................44
2.4.3 CONCLUSIONS............................................................................................45

3 COMPUTATIONAL STUDY OF ARTERIAL WALL AS POROUS MEDIA .............46
3.1 Arteries .............................................................................................................46
3.2 Structure of the arterial wall ..............................................................................48
3.2.1 Tunica intima layer.........................................................................................48
3.2.1.1 Endothelial cells ..........................................................................................48
3.2.1.1.1 Function of endothelial cells .....................................................................48
3.2.1.1.2 Molecular transport through endothelial cells............................................50
3.2.1.2 The subendothelial intima............................................................................51
3.2.1.3 The internal elastic lamina (IEL) .................................................................51
3.2.2 The tunica media layer ...................................................................................51
3.2.2.1 The structure of the media layer...................................................................51
3.2.2.2 Smooth muscle cell (SMC)..........................................................................52
3.2.3 The tunica adventitia ......................................................................................53
3.3 Arterial wall diseases ........................................................................................54
3.3.1 Atherosclerosis...............................................................................................54
3.3.2 The role of blood flow in the localization of atherosclerosis ...........................56
3.3.3 The role of arterial wall layers in atherosclerosis ............................................56
3.3.4 The effect of arterial geometry on the accumulation of macromolecules .........57
3.3.5 The mass transport processes mediating accumulation of macromolecules .....58
3.3.5.1 Fluid – phase controlled hypoxia regulates endothelial permeability............58
3.3.5.2 Leaky junctions control endothelial permeability.........................................58
3.3.5.3 Transient intercellular junction remodeling controls endothelial permeability........59
3.3.5.4 Convective clearance alters intimal/medial accumulation ............................59
3.4 Aorta.................................................................................................................59
3.4.1 Pressure affects the aorta wall.........................................................................60
3.4.2 Fluid mechanical effects on the arterial wall ...................................................64
3.4.2.1 Effects on the endothelium ..........................................................................64
3.4.2.1.1 Shear stress effect on tight and adherens junctions ....................................64
3.4.2.1.2 Shear stress effects on leaky junctions ......................................................65
3.4.2.1.3 Shear stress effects on vesicles .................................................................65
3.4.2.2 Fluid mechanical effects on smooth muscle cells .........................................66

4 NUMERICAL APPROACHES IN THE STUDIED CASES................................67
4.1 Transport of molecular species through the media layer ....................................67
4.1.1 Model description...........................................................................................67
4.1.2 Mathematical formulation ..............................................................................69
4.1.3 Model consistency..........................................................................................70
4.1.4 Computational method ...................................................................................71
4.2 Interstitial fluid transport through the media layer .............................................74
4.2.1 Two-dimensional simulations.........................................................................74
4.2.1.1 Model description........................................................................................74
4.2.1.2 Mathematical formulation............................................................................75
4.2.1.3 Model consistency.......................................................................................76



4.2.1.4 Computational method ................................................................................76
4.2.2 Three-dimensional simulations .......................................................................79
4.2.2.1 Model description........................................................................................79
4.2.2.2 Mathematical formulation............................................................................81
4.2.2.3 Computational method ................................................................................81
4.3. Transport of LDL through arterial wall layers...................................................83
4.3.1 Model description...........................................................................................83
4.3.2 Mathematical formulation ..............................................................................86
4.3.3 Computational method ...................................................................................87

5 STUDIED CASES...................................................................................................89
5.1 Transport of molecular species through the media layer ....................................89
5.1.1 Physiological parameters................................................................................92
5.1.2 Results and discussion....................................................................................93
5.1.2.1 The effect of SMC configuration on ATP surface concentration ..................93
5.1.2.2 The effect of SMC configuration on ATP concentration in the media .........98
5.2 Transport of interstitial flow through the media layer ......................................102
5.2.1 Physiological parameters..............................................................................103
5.2.1.1 Two-dimensional simulations ....................................................................103
5.2.1.2 Three-dimensional simulations ..................................................................105
5.2.2 Results and discussion..................................................................................105
5.3 Transport of LDL through arterial wall layers .................................................113
5.3.1 Physiological parameters..............................................................................114
5.3.2 Results and discussion..................................................................................119
5.3.2.1 Effect of hypertension on concentration profiles ........................................119
5.3.2.2 Effect of relative positioning of leaky junction and fenestral pores ............127

6 CONCLUSIONS...................................................................................................138

REFERENCES ........................................................................................................141

 PUBLICATIONS



10

LIST OF PUBLICATIONS

The following publications are associated with the research work performed for the
current dissertation within the years 2004-2008.

1. Journal Articles

I Mahsa Dabagh, Payman Jalali, Pertti Sarkomaa. The role of
micropores structure in conductive and convective heat transfer
within porous media. Journal of Porous Media, 2009; 12, 4.

II Mahsa  Dabagh,  Payman  Jalali,  Pertti  Sarkomaa.  Effect  of  the
shape and configuration of smooth muscle cells on the diffusion
of ATP through the arterial wall. Medical & Biological
Engineering & Computing, 2007; 45:1005-1014.

III Mahsa  Dabagh,  Payman  Jalali,  Pertti  Sarkomaa,  Yrjö  T.
Konttinen. Molecular transport through arterial wall composed of
smooth muscle cells and a homogeneous fiber matrix. Journal of
Porous Media, 2009; 12, 3.

IV  Mahsa Dabagh, Payman Jalali, Yrjö T. Konttinen, Pertti
Sarkomaa.  Distribution of shear stress over smooth muscle cells
in deformable arterial wall. Medical & Biological Engineering &
Computing, 2008; 46:649–657.

V Mahsa Dabagh, Payman Jalali, Yrjö T. Konttinen, Pertti
Sarkomaa. Transmural flow simulation in three-dimensional
deformable thoracic aorta wall. Medical Engineering & Physics,
2008. (Accepted for Publication)

VI Mahsa Dabagh, Payman Jalali, John M. Tarbell. The transport of
LDL  across  the  deformable  arterial  wall:  the  effect  of  cell
turnover and endothelial indentation above fenestral pore under
hypertension. Am J Physiol Heart Circ Physiol, 2008.
(Submitted)

2. Conference Proceedings:

• Mahsa Dabagh, Payman Jalali, Pertti Sarkomaa. Various volume
fractions of smooth muscle cells affect molecular diffusion
through the arterial wall. Second International Conference on



11

 Porous Media and Its Applications in Science, Engineering and
Industry, June 17-21, 2007, Kauai, Hawaii, USA.

• Mahsa  Dabagh,  Payman  Jalali,  Pertti  Sarkomaa.  The  role  of
microstructural     characteristics in conductive and convective
heat  transfer  within  porous  media.  Second  International
Conference  on  Porous  Media  and  Its  Applications  in  Science,
Engineering and Industry, June 17-21, 2007, Kauai, Hawaii,
USA.

• Mahsa Dabagh, Payman Jalali, Tero Tynjälä, Pertti Sarkomaa.
Molecular transport in the arterial wall with variation of shape and
configuration of smooth muscle cells. World Congress on Medical
physics and Biomedical Engineering, August 27 - September 1,
2006, Seoul, Korea. Oral  Presentation  appeared  in  IFMBE
Proceedings, World Congress on Medical Physics and Biomedical
Engineering, 2007; 14: 41-45.

•  Mahsa Dabagh, Pertti Sarkomaa, Payman Jalali. Various
Configurations of Arterial Smooth Muscle Cells Affect Molecular
Transport in the Arterial Wall. The 2nd IEEE/NLM International
Workshop on Life Science Systems and Applications, July13-14,
2006, Bethesda, Maryland, USA. Oral Presentation appeared in:
Life Science Systems and Applications Workshop, 2006.
IEEE/NLM, DOI: 10.1109/LSSA.2006.250399.

• Mahsa Dabagh, Payman Jalali. The influence of wall deformation
on transmural flow in thoracic aorta: three-dimensional
simulations. 4th European Congress of the International Federation
for Medical and Biological Engineering, November 23-27, 2008,
Antwerp, Belgium.

• Mahsa Dabagh, Payman Jalali. The role of arterial wall
deformation on the shear stress over the cardiovascular smooth
muscle cells: computations in two-dimensional geometry. 4th

European Congress of the International Federation for Medical
and Biological Engineering, November 23-27, 2008, Antwerp,
Belgium.

M.Sc Mahsa Dabagh, corresponding author of all papers, has been in charge of the
preparation of papers and conducting the numerical simulations. The revision of papers
was done with the help of Dr. Jalali. The revision of papers III, IV, and V was done with
the help of Professor Yrjö T. Konttinen. The idea of paper VI was established with the
help of Professor John M. Tarbell and Dr. Jalali during the visit of M.Sc Mahsa Dabagh
from  City  University  of  New  York,  where  the  numerical  simulations  started.  It



12

continued at Lappeenranta University of Technology, conducted by Mahsa Dabagh
under supervision of Professor Tarbell and Dr. Jalali.

Besides results from the papers above, the thesis also contains work that has not yet
been published.



13

NOMENCLATURE

Latin Alphabet

a distance between the IEL and the first smooth muscle cell       m

a f fiber radius                               m

b outer radius of the vessel                   m

C         species concentration                      mol/m3

c unknown vector containing values of approximate solution at mesh  points

FC  a dimensionless Forchheimer coefficient

PC  specific heat capacity of the fluid                       J/Kg.K

sC   concentration of ATP at the surface of smooth muscle cell Mµ

bC  bulk concentration Mµ

d diameter                   m

pd diameter of one circular particle                   m

Dd2      width of fenestral slit                                                                                            m

fD diffusion coefficient   m2/s

D diameter of smooth muscle cell                                                                            m

HD    mean hydraulic diameter                   m

pD  diameter of one spherical particle                   m

Da Darcy term

rDa Damkohler number

E   energy                                                                                                                     J

f heat flux                                                                                                         J/m2·s

f area fraction of fenestral pores

F         volume fraction of smooth muscle cell through the media layer

iF  dimensionless inertia term coefficient

F a matrix containing averages of the source term in the Poisson’s

equation around each mesh point
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h a enthalpy                                                                                                            J/Kg

h convection coefficient                                                                                 W/m2K

H thickness of the media layer                 m

J a unit vector oriented along the velocity vector v

iJ  diffusion flux of species i                                                                            Kg/m2s

k thermal conductivity                                                                                     W/mK

rk        rate constant for the surface reaction                                                                  m/s

1k association rate constant min./ gml µ

1−k  dissociation rate constant min./ gml µ

2k internalization rate constant min./ gml µ

Kcf  lag coefficient for species transport in the fiber matrix

LK  mass transfer coefficient                                                                                    m/s

mK   Michaelis constant Mµ

K permeability of the porous medium                  m2

0K   material properties                  m2

PK  hydraulic permeability                  m2

pfK  hydraulic permeability of the extracellular matrix m2

K a matrix assembled from all coefficients in the governing

equation and boundary conditions

l distance between neighboring 3D pores                                              m

L distance between centers of neighboring smooth muscle cells                            m

pL        hydraulic conductivity                                        m/s.mmHg

M  material properties

n normal direction

Nu Nusselt number

P Pressure                                                                                                                Pa

Pe Peclet  number
fP〉〈  average pressure inside the fluid                                                                         Pa
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Q flow rate               m3/s

r radial coordinate                                                                                                   m

mr consumption rate constant 1−s

CGr  radius of collagen                   m

sr radius of LDL                   m

*r  an effective radius for the entire proteoglycan matrix of intima                          m

Mr  an effective monomer radius                                                                                m

R radius of the smooth muscle cell                   m

cellR radius of the endothelial cell                   m

Re Reynolds number

rateR  reaction rate of Michaelis-Menten kinetics           nmol.min 61 10×−  cells

maxR  maximum reaction rate           nmol.min 61 10×−  cells

s source term                                                                        W/m3

S surface                m2

Sh       Sherwood number

hS   enthalpy source term including the heat of chemical reaction                       W/m3

t  time                                                                                                                      s

t* dimensionless temperature

T temperature                            K

u radial displacement                  m

u transmural velocity    m/s

U intrinsic velocity                m/s

0U velocity at the inlet                                                                                             m/s

v superficial  velocity                m/s

V volume                 m3

CGV  volume of collagen fibers                                         m3

PGV  volume of proteoglycan fiber matrix                                                                  m3

iY mass fraction of species i
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Greek Alphabet
α   ratio of proteoglycan monomer to central filament lengths in intima

β ratio of glycosaminoglycans fibers to protein core lengths in the intima

ε porosity

µ dynamic viscosity of the fluid                                                                       Kg/ms
~

µ  effective dynamic viscosity of the medium           Kg/ms
*λ  tortuosity of the porous medium

ρ density                                                                                                           Kg/m3

τ   shear stress                                                                                                dyne/cm2

*τ  dimensionless temperature

ψ  packing density of particles

Ψ  bulk dilation      s-1

ξ radius of a periodic circular unit centered at a leaky cell                   m

φ fraction of leaky junctions

iΦ  partition coefficient

∆ spacing between fibers       m

Superscripts
~ effective

eff effective

f fluid

* dimensionless

i intima

∞ free media

Subscripts
0 reference

2d two-dimensional
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eff effective

f fluid

H mean hydraulic

i species i

in inlet

out outlet

p particle

ref reference

s surface

S solid

t local

Abbreviations
2D Two-dimensional

3D Three-dimensional

ADP Adenosine 5´-diphosphate

ATP Adenosine 5´-triphosphate

AMP Adenosine monophosphate

BAEC bovine aortic endothelial cell

BREC bovine rental microvascular endothelial cell

CG collagen fibers

EC endothelial cell

EDRF endothelium-derived relaxing factor

FEM finite element method

FV finite volume

HUVEC human umbilical vein endothelial cell

IEL internal elastic lamina

IH intimal hyperplasia

GMP guanosine monophosphate

LDL low density lipoprotein
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MD molecular dynamics techniques

NO nitric oxide

Pi inorganic phosphate

PG proteoglycan

Ppi pyrophosphate

SMC smooth muscle cell

VEGF vascular endothelial growth factor

VSMC vascular smooth muscle cell
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1 INTRODUCTION

Transport phenomena within a porous medium arise in technological, environmental,
and medical applications. A material must pass one of the following two tests in order
to  qualify  as  a  porous  medium.  It  must  either  contain  spaces  filled  with  a  fluid  or  be
permeable to a diversity of fluids. A porous material has a specific permeability, the
value of which is uniquely determined by the pore geometry and is independent of the
properties of the penetrating fluid. Practically all macroscopic properties of porous
media are influenced by pore structure. Another important macroscopic parameter
dependent on the pore structure is the porosity that represents the empty space available
for  fluid  to  pass.  Porous  media  are  often  characterized  in  terms  of  "pore  size
distributions", but this does not provide a sufficient description for the calculation of
important physical properties such as permeability. A variety of models for the pore
space  geometry  of  porous  media  have  been  developed.  However,  simple  models  that
can be used to calculate macroscopic physical properties have not yet been developed.
On the other hand, due to the complexity of the geometry in porous media,  analytical
solutions are difficult to obtain, with very few exceptions [1-6].
The concept of porous media is used in many areas of applied science and engineering:
mechanics (acoustics, geomechanics, soil mechanics, rock mechanics), engineering
(petroleum engineering, construction engineering), geosciences (hydrogeology,
petroleum geology, geophysics), biology and biophysics, material science, etc.
Transport of fluid, mass, and heat through porous media is the subject of most interest,
which has emerged as a separate field of study.

1.1 Porous media: application in biomedical engineering
In recent years, biomedical engineering, biological membranes, and bioreactors have
attracted the attention of the scientific community where the role played by porous
media is critical. The study of blood flow and other body fluids, and heat transport
through the arterial wall and other organs are the most advanced applications of porous
media in biomedical engineering. The arterial wall may be modeled in both
macroscopic and microscopic scales. For example, at the tissue level, the arterial wall
may be modeled as a continuous porous medium. In contrast, it may be treated as a
heterogeneous porous medium since we know that the arterial wall is composed of
dispersed cells separated by connective voids. This allows for nutrients, minerals, etc. to
reach all cells within the tissue.

1.2 Earlier studies

1.2.1 Modeling the arterial wall
The arterial wall consists of the following layers: endothelium, intima, media, and
adventitia.  A realistic approach to arterial wall modeling is called lumen-wall models,
in which the arterial wall is simplified as a homogeneous monolayer [7-10]. In some of
the earliest studies of arterial wall modeling, the plasma and tissue were represented as
two separate, well-mixed compartments between which transport occurs [11-12].
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Weinbaum and Caro [13] and Nir and Pfeffer [14] treated the arterial wall as a
composite of well-mixed intracellular space and one-dimensionally distributed
extracellular space in which the diffusion takes place. The most realistic models are
multilayer models, which break the arterial wall down into several layers and model the
transport within the wall, either at the microscopic [15-18] or macroscopic levels [19-
21].

1.2.2 Modeling the media layer
The modeling of the tunica media layer, the thickest layer of the arterial wall, has been
extensively studied because the media layer plays a major role in the transport and
accumulation of solutes. Truskey et al. [22], Fry [23], and Saidel et al. [24] assumed the
media layer as a homogeneous, one-dimensional slab. Yuan et al. [15] treated the media
layer as a two-dimensional, homogeneous layer in which the effects of tissue cells were
evenly distributed. Klanchar and Tarbell [25] modeled the media layer as a
homogeneous porous layer which is deformed by the transmural (through a wall)
pressure. They assumed that arterial tissue is a bi-phasic and isotropic material,
comprised mainly of water enclosed within an elastic matrix of elastin and collagen
fibers. Kim and Tarbell [26] determined the macromolecular transport properties of the
tunica media of an artery wall deformed inhomogeneously by the transmural pressure.
They combined the mechano-hydraulic model based on a two parameter strain-
dependent permeability function, which was developed by Klanchar and Tarbell [25],
with a fiber matrix theory. The fiber matrix theory describes the porous media as a
matrix of randomly packed fibers of a uniform radius. Wang and Tarbell [27], Huang
and Tarbell [17] and Tada and Tarbell [18, 28-29] treated the tunica media layer as a
heterogeneous medium composed of a periodic array of cylindrical smooth muscle cells
(SMCs) embedded in a continuous porous medium representing the interstitial
proteoglycan and collagen fiber matrix. Whale et al. [30] modeled the media layer of an
aortic wall as an anisotropic, single-phase material, and found closed-form expressions
that  characterized  the  elastic  response  of  such  a  vessel.  Johnson  and  Tarbell  [31]
combined a biphasic and an anisotropic elastic model to yield a model of the aortic wall
that still allows for a closed-form solution.

1.2.3 The modeling of molecular transport within the arterial wall
It has been suggested that molecular transport to the blood vessel wall and accumulation
within  the  wall  play  a  major  role  in  the  development  of  atherosclerosis  [18].
Atherosclerosis is a well-known disease mainly of large arteries. It is the leading cause
of death for individuals in most countries (mostly in the United States and all western
countries). Atherosclerosis appears to begin with the delivery of low density lipoprotein
(LDL) from the blood into the vessel wall, where it accumulates [6-10, 18, 26-31].
Figure 1.1 shows the developmental process of atherosclerosis. A crisis may occur
when deposits  of  cholesterol  and  plaque  accumulate  at  a  tear  in  the  inner  lining  of  an
artery, catastrophically releasing accumulated cholesterol into the blood which can form
a clot. Alternatively, as the deposits harden and occlude the arterial lumen, blood flow
to distant tissues decreases. A part of the lesion may break off and lodge as a clot in a
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downstream narrowing, completely blocking the artery. Figure 1.2 presents the
mechanism of atherosclerosis.
Many studies have focused on quantifying distribution of macromolecules such as LDL
and albumin within either the aorta wall or the media layer [10-11, 13-14, 17, 21, 23,
26, 32-36]. However, the aorta wall was assumed in these studies to be rigid. It has been
revealed that the aorta is deformable with transmural pressure in which its properties
also change with pressure. To the best of our knowledge, the transport of LDL within
the aorta wall, in which the intima and media layer are deformed with pressure, has not
yet been modeled.

Figure 1.1 Developmental process of atherosclerosis.
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1.2.4. The modeling of fluid flow on and within the arterial wall
 Pressure gradients that exist in all living tissues drive small fluid flows called
interstitial flows through the extracellular matrix. Interstitial flow in arteries occurs
across the blood vessel wall. This flow has a much slower velocity than that of blood
because of the high flow resistance of the extracellular matrix [11, 37]. The wall shear
stress of flowing blood on the endothelium lining layer of blood vessel walls has been
studied extensively because of its central role in the maintenance of vascular tone,
vascular remodeling, and localization of atherosclerosis [38-39]. Mean values of wall
shear stress on endothelial cells (EC) are in the order of 10 2/ cmdyn  in arteries. On the
other hand, it has been revealed that SMCs residing through the media layer could be
subjected to significant levels of shear stress associated with normal transmural
interstitial flow. However, the shear stress effects on SMCs had been ignored because it
was assumed that the transmural flow was so low. Wang and Tarbell [27] revealed that
SMCs are exposed directly to the interstitial flow (and wall shear stress) even though
the superficial velocity of interstitial flow is very low.  Their results showed that the
wall shear stress on smooth muscle cells is in the order of 1 2/cmdyn , which is in the
range known to affect ECs in vitro. It has been shown that this level of shear stress
affects SMC biology [39-40].
Tada and Tarbell [18, 28-29] have pointed out that average shear stress on SMCs
immediately below the internal elastic lamina (IEL) could be 10-60 times higher than on
the  cells  far  removed from IEL.  In  their  numerical  analysis,  the  existence  of  fenestral
pores distributed over the IEL at the intimal-medial boundary was taken into account.
They have also taken SMCs as circular cylinders arranged in a square lattice for
simplification.  It was found that shear stress on the SMC right beneath the fenestral
pore could be highly elevated because of the concentrated water flux emerging from the
fenestral pores. However, the distribution of shear stress over the SMCs with different
configurations residing through the media layer has not yet been studied.

1.3 Motivation of the study
The altered fluid mechanics in diseased regions confirms the role of blood flow in the
localization of atherosclerosis within the aorta wall. The local wall shear stress due to
the blood flow, controlling the blood-phase resistance to the transport of LDL or other
atherogens,  is  one  of  the  most  important  factors  suggested  for  the  localization  of
atherosclerosis. The wall shear stress has been also studied extensively because of its
key role in the maintenance of vascular tone and vascular remodeling [18, 28-29, 41]. In
early studies [6, 10-11, 13-14, 17-18, 21, 23, 25-31, 32-36], the interstitial flow through
the rigid, nondeformable arterial wall was modeled to investigate either the shear stress
or molecular transport within the arterial wall. However, the artery wall is clearly a
deformable elastic structure which depends on the transmural pressure [26]. The
variation of the shear stress and molecular concentration within the deformable arterial
wall under higher pressures are challenging subjects which need to be studied precisely.
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Figure 1.2 The mechanism of atherosclerosis.

In the deformable arterial wall, the cross section of the wall (including its components)
and the mechanical properties of the wall (such as Young’s modulus) vary as a function
of transmural pressure. Huang et al. [16-17, 42-43] developed a hypothesis for the
structural changes in the intima with transmural pressure. They showed that the thin
intimal layer between the endothelium and the internal elastic lamina volume is
compressed approximately fivefold as the lumen pressure changes from 0 to 150
mmHg. Tarbell et al. [25-26] modeled the media layer as a deformable wall to
investigate how the medial properties depend on the pressure. Johnson et al. [31]
introduced a biphasic, anisotropic model for the deformation of the aortic media layer,
which might provide a more accurate characterization of medial elasticity and transport
through the aortic wall [31]. As pressure rises, the thickness of the media layer
decreases while the artery diameter increases. It has been suggested that [30-31] the
volume of the media layer of the aorta is independent of the pressure due to the
incompressibility of the media layer. The biphasic, anisotropic model satisfies the
isovolumetric condition in the deformation of the media layer due to pressurization. The
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model suggests that the isovolumetric behavior may be of some physiological
significance as arterial pressure is increased for a period of time.
Under the facts described above, the assumption of a rigid aorta wall will lead to
considerable errors in numerical simulations. However, the effect of transmural pressure
on the deformation and mechanical behavior of the aorta wall and its consequent effects
on the distribution of shear stress over the SMCs and transport of LDL through the wall
layers have not yet been investigated numerically.

1.4 Objectives of the study
In the present thesis, computational fluid dynamics (CFD) is employed to investigate
the  changes  associated  with  the  elastic  structure  and  the  mechanical  properties  of  a
deformable arterial wall. Such changes in the dimensions and mechanical properties of
the aortic wall are significant with transmural pressure. The above-mentioned
considerations for a deformable arterial wall are introduced to a two-dimensional (2D)
and a three-dimensional (3D) simulation of the interstitial flow through the aorta wall.
In Chapter 2, the properties and structure of porous materials are extensively discussed.
The influence of the microstructural characteristics on the conductive and convective
heat transport within porous media is presented in the last section of Chapter 2. In
Chapter 3, the structure of arteries and different layers of the arterial wall are
introduced. The creation and development of arterial wall diseases are also discussed in
more detail. The aorta, the largest artery of the cardiovascular system, has the most
probable wall for the creation of wall diseases. Therefore, I have explained the structure
of the aorta and its wall in more detail in Chapter 3 as well as the differences between
the aorta and other arteries. In Chapter 4, the numerical approach to the aortic wall is
introduced to study the molecular transport and the distribution of interstitial flow
within the wall. In the first and second parts of Chapter 4, the molecular transport
through the media layer is modeled for the thoracic aorta wall. The media layer is
assumed as a heterogeneous porous medium consisting SMCs and a homogeneous
porous medium of proteoglycan, collagen fibers, and interstitial fluid. Interstitial fluid
enters the media through fenestral pores, which are distributed over the IEL. The IEL is
assumed as an impermeable barrier to fluid flow, except at fenestral pores. The
concentration of molecules over the surface of SMCs and within the bulk of the media
layer are explained in two separate parts of Chapter 4, considering different shapes,
distributions, and volume fractions of SMCs. In parts 3 and 4 of Chapter 4, the
interstitial flow is modeled within the deformable media layer of the thoracic aorta wall
in 2D and 3D, respectively. The thickness and the radius of the aorta wall vary with the
transmural pressure in the range of 10 to 180 mmHg. SMCs are assumed as cylinders
with circular cross sections at 0 mmHg. The central locations of SMCs within the media
layer are given on either square lattice sites or staggered lattice sites to investigate the
sensitivity of shear stress on the relative positioning of SMCs. As the interstitial
pressure  increases,  SMCs  elongate  and  their  cross  sectional  shapes  alter  to  ellipses
according to the strains imposed on the media layer in response to pressure. The results
of  simulations  are  presented  as  the  distribution  of  shear  stress  over  SMCs  within  the
media layer in which the vessel wall radius, thickness, and hydraulic conductivity are
functions of transmural pressure. Moreover, the effect of the distance between SMCs
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and the IEL on shear stress is investigated. In part 5 of Chapter 4, the transport of
macromolecules such as LDL is modeled within the deformable aorta wall. The
macromolecules enter the arterial wall through the leaky junctions across the ECs,
whereas water flux enters the wall through both leaky and tight junctions. It is assumed
that the intima and media layers are being compressed as the transmural pressure
increases. The transport properties of the intima and media layers modeled as
homogeneous porous medium change upon compression. The influence of the fraction
of leaky junctions and the positioning of fenestral pores on the macromolecular
concentration is investigated within the intima and media layers through different
pressures.
In Chapter 5, the physiological parameters used in numerical simulations (explained in
Chapter 4) and the corresponding results are presented. In Chapter 6, conclusions and
future studies are highlighted. Publications related to the thesis are attached as
appendices I to VI.
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2 CHARACTERIZATION OF POROUS MEDIUM

Knowledge about the properties and structure of porous material in the desired length
scale is needed to characterize the performance of the medium. In this chapter, the pore
structure, the effective transport properties, differential conservation equations and the
associated constitutive equations of porous materials will be discussed. In the last
section, the results of my studies on the influence of microstructural characteristics on
heat transport properties of porous media will be presented.

2.1 Pore structure
A porous medium is an intricate network of solid matrix and void spaces. Pores can be
very large or very small (in the order of atomic or molecular size, called micropores or
ultrapores). In general, the pores are nonuniform in their size and in their distribution
throughout the matrix. Figure 2.1 demonstrates the pore structure for two different
materials. They are three-dimensional and some of pores are connected. The standard
classification of pore sizes is given by [1, 5]:
- macropore: larger than 105 Angstrom
- mesopore: 104 to 105 Angstrom
- micropore: 102 to 104 Angstrom
- nanopore: 10 to 102 Angstrom
- ultrananopore: less than 10 Angstrom

The complicated pore structure of porous media distinguishes it from other solid bodies.
However, less attention has been paid to pore structure in which some successful
practitioners in the filed of flow through porous media have tried to maintain the
continuum approach. One reason is that fluid flow, diffusion, and heat conduction in
porous media take place within extremely complicated microscopic boundaries that may
still create limitations in solving the governing equations, regardless of advances in
computing power. The other reason is that the continuum approach is often adequate for
the phenomenological description of macroscopic transport processes in porous media.
However, the continuum approach fails to provide a clue to explain any of a multitude
of  observations  that  depend  on  the  properties  of  the  microscopic  channels  and  the
behavior of the fluids on the microscopic scale. In fact, the spatial configuration and
corresponding statistics of pores create an inhomogeneous medium where the
complexity of geometry on the pore scale requires proper approaches to determine
properties of porous media in detailed information. Dullien (p. 90) [1] gives three
criteria for characterizing the pore structure, namely, dimensionality of the network
(generally three-dimensional), pore coordinate number (number of connections made to
a pore volume), and microscopic topology of the network (given by parameters such as
shape, structure, and connectivity).
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A                                                                      B

Figure 2.1. The pore structures of two materials by the magnification of 300X. (A)
LACKCH EM2, (B) POLITEX. Photographs are reproduced from
www.metallographic.com.

2.1.1 Porosity
The volume fraction occupied by pores, the total pore volume divided by the total
volume occupied by the solid matrix and pore volumes, is called the porosity [1, 3, 5].
Each pore may be connected to more than one other pore (interconnected), or only to
one other pore (dead end), or not connected to any other pore (isolated). The volume
fraction of the interconnected pores is called the effective porosity. In nonconsolidated
media, particles loosely packed, the effective porosity and porosity are equal. In some
consolidated media, the difference between the two can be substantial. For rigid
matrices, the porosity ε  does not change in the presence of a pressure gradient. In
deformable matrices we have 0/ ≠∂ε∂ p , the extent of change in the porosity depends on
the structural properties and elastic versus plastic deformation. The porosities of some
substances are given in Table 2.1, which is an adaptation of the data given by Kaviany
[3]. The measurement of porosity is carried out using several techniques [1]. Some of
them measure the true porosity and some measure the effective porosity.

2.1.2 Macroscopic parameters of porous media
The complexity of the pore structure has inspired many to study it and reduce the
parameters  to  a  few,  so  that  the  problem  lends  itself  to  analysis  (deterministic  or
stochastic).
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                               Table 2.1:   Porosities of some substances
Substances Porosity
Foam metal (also made of
polyurethane and other materials)
Fiberglass
Wire crimps
Black slate powder
Leather
Granular crushed rock
Soil
Extracellular matrix of thoracic aorta
wall
Sand
Cigarette filters
Coal

0.98

0.88-93
0.68-0.76
0.57-0.66
0.56-0.59
0.44-0.45
0.43-0.54
0.43

0.37-0.50
0.17-0.49
0.02-0.07

Appropriate experiments lead to the determination of various macroscopic parameters
which are often uniquely determined by the pore structure of the sample and play a
similar role in the characterization of porous media. Macroscopic pore structure
parameters are (in most cases) completely determined by the pore structure of the
medium and do not depend on any other property. Porosity and permeability are of the
most important macroscopic pore structure parameters.

2.1.3 Microscopic pore structure parameters
The microscopic pore structure is an extremely complex field because of the great
irregularity of pore geometry. Direct proof of the existence of empty spaces, so-called
pores or capillaries, in porous media is obtained by examining, under an optical or
electron microscope, prepared sample sections of the medium [1-5]. However, no one
has been able to give a unique definition of ‘pore diameter’ or ‘pore size’ as yet. Every
method of ‘pore size’ determination defines a ‘pore size’ in terms of a pore model
which is best suited to the quantity measured in the particular experiment. These
‘operational definitions’ of pore size apply reasonably well only to portions of the entire
pore  size  range  in  the  porous  sample.  The  difficulty  with  some  possible  theoretical
definitions is that they cannot be made operational.

2.1.3.1 Pore size distribution
In the vast majority of porous media, the pore sizes are distributed over a wide spectrum
of values, called ‘pore size distribution’.  The usual definition of ‘pore size distribution’
is  the  probability  density  function  giving  the  distribution  of  pore  volume  by  a
characteristic pore size. If the pores are separate objects, each pore could be assigned a
size  according  to  some  consistent  definition,  and  the  pore  size  distribution  would
become  analogous  to  the  particle  size  distribution  obtained.  The  pores  on  an
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interconnected pore scale, however, are not separate objects, and the volume assigned to
a particular pore size depends on both the experimental method and the pore structure
model used.

2.1.3.2 Mean pore size
The pore size, whether quoted as a mean or the most probable pore size or as part of a
pore size distribution, is the least well-defined characterization of a material, but often
considered  the  most  useful  and  the  most  informative.  Defining  pore  size  (or  pore  size
distribution) is generally a matter of selecting both a surface definition and a pore shape
definition, and fitting some experimentally obtained quantity to a distribution of similar
pores [1,5]. In principle, the shape could be controlled by several independent variables,
leading to a distribution of size and shape, but in practice this is never attempted. The
first moment of this distribution is the ‘mean pore size’. The porous medium is often
characterized by a mean pore size that is not derived from a pore size distribution. It is
the so-called ‘mean hydraulic diameter’, HD ,  of  a  porous  sample.  It  is  defined  by  the
following formula [1]:

)/(4 SVDH =                                                                                                              (2.1)

where SV / is the ratio of volume-to-surface of the pores.
Certainly, any increase in the complexity of the material structure results in more
complex distributions for pore size, but in general, these measurements cannot be
reliably interpreted at a microscopic level without additional information on the
morphology of the material.

2.2 Effective transport properties
Heat and mass transfers in porous media are very complicated phenomena because they
occur not only in the solid phase but also in the pores containing the fluid phase [3]. The
movement of mass in the porous media contributes to the heat transfer and it is affected
by heat, concentration and pressure, and it is frequently accompanied by phase changes.
The permeability of the porous medium, the effective thermal conductivity of the
porous medium, and the role of macroscopic and microscopic velocity fields on the
temperature field are discussed in this section.

2.2.1 Permeability
Permeability is the term used for the conductivity of the porous medium with respect to
permeation by a Newtonian fluid [2]. This parameter is independent of both fluid
properties and flow mechanisms. This quantity is the ‘specific permeability’, K , which
is uniquely determined by the pore structure. K is called permeability for short, unless
otherwise stated. A practical unit of permeability is the ‘darcy’.  A porous material  has
the permeability equal to 1 darcy if a pressure difference of 1 atm produces a flow rate
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of  1 cescm /3  of  a  fluid  with  1 cP viscosity through a cube having sides 1 cm  in
length. Thus,

)/(1)(1
sec)/(1

1 2

3

cmatmcm
cmdarcy =                                                                                       (2.2)

which is equal to 0.987 2mµ . Table 2.2 gives examples of the magnitude of the
permeability for some solid matrices, which is an adaptation of the data given by
Kaviany [3].

              Table 2.2:  Permeability of some matrices
Matrix Permeability ( 2m )
Extracellular matrix of thoracic aorta wall

Sandstone (oil sand)

Leather

Soils

Fiberglass

Sand

Wire crimps

Cigarette filters

1.43 1810 −×

5.0 1610−×  to 3.0 1210−×

9.5 1410−× to 1.2 1310−×

2.9 1310−× to 1.4 1110−×

2.4 1110−×  to 5.1 1110−×

2.0 1110 −×  to 1.8 1010 −×

3.8 910−×  to 1.0 810−×

1.1 910 −×

2.2.2 Conduction heat transfer
Heat conduction through fully saturated matrices, as with heat conduction through any
heterogeneous media, depends on the structure of the matrix and the thermal
conductivity of each phase. One of the most difficult aspects of the analysis of heat
conduction through a porous medium is structural modeling. Since the thermal
conductivity of the solid phase is generally larger than that of the fluid, the manner in
which the solid is interconnected influences the conduction significantly [3]. Even when
dealing with non-consolidated particles, the contact between the particles plays a
significant role in conduction. The role of microstructural characteristics in the
conductive heat transfer within porous media, studied in Publication I, will be discussed
in more detail in section 2.4.
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2.2.3 Convection heat transfer
Heat transfers between a solid surface and a fluid when there is a temperature gradient.
This is known as ‘convection heat transfer’. Generally, convection heat transfer cannot
be ignored when there is significant fluid motion around the solid. The temperature of
the solid surface immersed in a fluid can induce fluid motion due to buoyancy [3]. This
is known as ‘natural convection’, and it is a strong function of the temperature
difference between the solid and the fluid. Blowing air over the solid by using external
devices such as fans and pumps can also generate a fluid motion. This is known as
‘forced convection’. Fluid mechanics plays a major role in determining convection heat
transfer. For each kind of convection heat transfer, the fluid flow can be either laminar
or turbulent. Laminar flow generally occurs in relatively low velocities in a smooth
laminar boundary layer over smooth small objects, while turbulent flow forms when the
boundary layer sheds or breaks due to higher velocities or rough geometries. To
consider simultaneous fluid flow and heat transfer in porous media, the roles of the
macroscopic and microscopic (pore-level) velocity fields on the temperature field are
needed. The role of microstructural characteristics in the convective heat transfer within
porous media, studied in Publication I, will also be discussed in section 2.4.

2.3 Governing equations
A porous medium, being a heterogeneous system made of a solid matrix and voids filled
with a fluid, can be treated as a continuum by proper implementation of the role of each
phase in transport phenomena. In this section, the governing equations for fluid flow
and heat transport through porous media will be introduced.

2.3.1 Darcy’s law
In fluid dynamics, Darcy's law is a phenomologically-derived constitutive equation that
describes the flow of incompressible fluids through porous media. The law was
formulated by Henry Darcy based on the results of experiments [44] on the water flow
through beds of sand. Although Darcy's law (an expression of conservation of
momentum) was determined experimentally by Darcy, it has since been derived from
the Navier-Stokes equations via homogenization. It is analogous to Fourier's law in the
field of heat conduction, Ohm's law in the field of electrical networks, or Fick's law in
diffusion  theory.  One  application  of  Darcy's  law  is  in  water  flow  through  an  aquifer;
Darcy's  law  along  with  the  equation  of  conservation  of  mass  are  equivalent  to  the
groundwater flow equation, one of the basic relationships of hydrogeology. Darcy's law
is  also  used  to  describe  oil,  water,  and  gas  flows  through petroleum reservoirs.  It  has
been utilized successfully in several biomedical applications leading to a number of
developments in these areas.
Darcy used nearly uniform-size particles that were randomly packed, a nonconsolidated,
uniform, rigid, and isotropic solid matrix. The macroscopic flow was steady, one-
dimensional, and driven by gravity. Darcy revealed a linear proportionality between the
flow velocity and the applied pressure difference, expressed by
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v
Kx

P µ
=

∂
∂

−                                                                                                                   (2.3)

where v, P, µ , and K are the Darcy velocity (the average of fluid velocity over the entire
cross section), fluid pressure, dynamic viscosity of the fluid, and the permeability of the
porous medium, respectively. The Darcy velocity is related to the intrinsic velocity U
(velocity averaged over the pore space) by Uv ε= , where ε is  the  porosity.  The
permeability, with the dimension of (length)2, takes into account the interstitial surface
area, the fluid particle path as it flows through the matrix, and other related
hydrodynamic characteristics of the matrix. A useful estimate was given by the Carman-
Kozeny relationship, derived for a packed bed of uniform spherical particles with a
diameter of pD , namely,
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K                                                                                                              (2.4)

In 3D, Eq. (2.3) can be generalized as

PKv ∇µ= − .1                                                                                                                 (2.5)

where the permeability K is a general second-order tensor. The terms v  and P∇  are the
Darcy velocity vector and pressure gradient, respectively. For an isotropic porous
medium, the permeability is a scalar and Eq. (2.5) reduces to

v
K

P µ
−=∇                                                                                                                  (2.6)

The Darcy model has been examined rather extensively, but it does not closely predict
liquid flows at high velocities and gas flows at very low and very high velocities [45-
46].

2.3.2 Brinkman’s model
Darcy’s model  ignores  the  boundary  effects  on  the  flow.  This  assumption  is  not  valid
when the boundaries of the porous medium have to be taken into account. As such,
Brinkman’s model is usually employed [2, 47]

vv
K

P 2
~

∇µ+
µ

−=∇                                                                                                        (2.7)

The first viscous term on the right is the Darcy term while the second term on the right
is analogous to the momentum diffusion term in the Navier-Stocks equation with

~
µ being the effective dynamic viscosity of the medium [2]. The Laplacian viscous
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term introduced by Brinkman [47] in a restricted context which, used by other authors,
may fail  to  deal  adequately  with  the  distinctive  features  of  flow in  a  porous  medium.
The ratio of the Brinkman term to the Darcy term is in the order of 2/ LKDa= , where L
is the appropriate macroscopic length scale, and therefore ∞→Da  corresponds to a
fluid clear of solid material. In most practical cases, the magnitude of Da  will be very
small and the Brinkman term will have a significant effect only in thin layers which are
within a dimensional distance of the order of 2/1K  from a solid wall. In many cases, the
reduction in the fluid velocity in this thin layer will be masked by an increase in
velocity, namely the channeling effect, due to the increase in porosity near the wall
where solid particles cannot pack as tightly as they can in the interior of the porous
medium. It is important to note that the Brinkman equation cannot be rigorously
justified, except when the porosity is close to unity. The self-consistent formulation of
Brinkman breaks down when ε  becomes less than 0.6 and there is an uncertainty about

the effective viscosity ~
µ . Brinkman simply took µ=µ

~
, but for the isotropic porous

medium, Bear and Bachmat [48] argued that the effective viscosity is related to the
porosity through the following relation,

*

~
1

λ
ε

=
µ
µ

                                                                                                                        (2.8)

where ε  and *λ  are the porosity and tortuosity of the medium, respectively. It is worth
noting  that  the  tortuosity  is  also  a  function  of  the  porosity  and  can  be  represented  by

ε=λ*  for packed beds [2, 6]. Whitaker [49] ignores the tortuosity and emphasizes that
the Brinkman correction essentially involves the intrinsic velocity, so that when the
correction is written in terms of the Darcy velocity, this immediately leads to εµµ /

~
= .

It is worth noting that in the case of porous media with very high porosity, there is no
theoretical limit for the value of the Darcy number 2/ LK . For such media, the value of
K in the Brinkman equation cannot be determined solely from a simple Darcy-type
experiment, but it is associated with the measurement of the ratio of the volume flux to
the applied pressure gradient.

2.3.3 Generalized flow transport model
In cases where fluid inertia is not negligible, the form drag exerted by the fluid on the
solid becomes significant. Vafai and Tien [50-51] derived a generalized model for the
flow transport in porous media, which takes into account various pertinent effects. The
generalized model is given by the following equation:
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where iF and fρ  are the dimensionless inertia term coefficient and the fluid density,

respectively. The parameters fP〉〈 and J  are the average pressure inside the fluid and a
unit vector oriented along the velocity vector v , respectively. The quantities 〉〈v , and

〉∇〈 vv ).(  are the local volume averages of v   and vv ).( ∇ , respectively, associated with
the  fluid.  This  generalized  model  also  contains  the  convective  terms.  The  generalized
model or its more limited form is referred as the Brinkman-Forchheimer-Darcy
equation, where iF is replaced by FC , a dimensionless Forchheimer coefficient.
The first term on the left-hand side, the local time-derivative inertial term, is derived
based  on  the  assumption  that  a  spatial  averaging  process  commutes  with  a  derivative
with respect to time, and this breaks down when the porous medium has a macroscopic
structure [52],  such as a system of tubes.  The second term on the left-hand side is  the
advective inertial term. It has been suggested that [53], when modeling dense media, the
advective (or convective) term involving vv ).( ∇  should  be  omitted.  From  the  vector
identity ),()2/().( 2 vvvvv ×∇×+∇=∇ it  was  noted  by  Nield  [54-55]  that  at  least  the
irrotational part )2/( 2v∇  of the term vv ).( ∇  needs to be retained, but he suggested that
the rotational part should be deleted. In many practical situations it does not matter
computationally whether the advective inertial term is included or not because, relative
to the quadratic drag term, it is of the order of magnitude LcK F

22/1 / ε , where L is  a
characteristic length scale and this expression is normally small. Lage [56] verified
numerically that the advective inertial term has a negligible effect on thermal
convection in most cases of interest.
The fourth term on the right-hand side is the form drag (Dupuit-Forchheimer). The
dimensionless coefficient F depends on the geometry of the porous medium. Lage and
Antohe [57] have pointed out that there is a need to investigate how the geometry of the
porous matrix affects the form drag effect. In numerical investigations, many authors
have been convinced to use a relationship between F and K , giving those two
quantities in terms of porosity. This relationship leads to the formula

2/32/1150
75.1

ε
=F                                                                                                             (2.10)

It is important to note that the above expression is appropriate for a bed of spherical
solid particles, but less appropriate for other types of porous media. For the flow passed
over a single solid obstacle in an unbounded region and in which velocity gradients are
larger, the size of the region can grow without limit, but in the case of a porous medium
a limit is set by the pore size. For example, in the case of a porous medium with a
spatially periodic structure, the limiting region is a periodic cell. This suggests, at very
large velocities, that the rate of increase of the drag with an increase of the fluid velocity
may fall below that predicted by the Forchheimer expression with an unchanged
constant. The situation is complicated by the transition to unsteady and chaotic flow
regimes, but it is interesting that Kaviany [3] refers to experimental results reported in
Macdonald et al. [58] and Dybbs and Edwards [59].
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2.3.4 Energy equation
The standard energy transport equation is solved in porous media with modifications to
the conduction flux and the transient terms only. In the porous medium, the conduction
flux uses an effective conduction and the transient term includes the thermal inertia of
the solid region of the medium [2-3]:
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where fE  is the total fluid energy, sE is the total solid medium energy, effk  is the

effective thermal conductivity of the medium, iJ  is the diffusion flux of species i , h
fS

is the fluid enthalpy source term which includes the heat of chemical reaction, and τ  is
the shear stress. The first three terms on the right-hand side of Eq. (2.11) represent
energy transfers due to conduction, species diffusion, and viscous dissipation,
respectively. The effective thermal conductivity in the porous medium, effk , may be
computed as the volume average of the fluid conductivity and the solid conductivity,

sfeff kkk )1( ε−+ε=                                                                                                     (2.12)

where fk  is the fluid phase thermal conductivity and sk  is the solid medium thermal
conductivity.
E  represents the total energy that is given by

2
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−=                                                                                                           (2.13)

where sensible enthalpy ah  is defined for ideal gases as

ii ia hYh ∑=                                                                                                                 (2.14)

and for incompressible flows as

ρ
+=∑ PhYh ii ia                                                                                                         (2.15)

In Eqs. (2.14) and (2.15), iY  is the mass fraction of species i  and
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where refT  is 298.15 K  and PC  is the specific heat capacity of the fluid. Taking the local
volume average of the point energy equation for different structures has been discussed
extensively. Slattery [60] applied his averaging theorems for periodic structures, and by
making no assumption about the structure of the matrix, he arrived at a differential local
volume-averaged energy equation, which includes the effective thermal conductivity

effk  dependent of the phase conductivities and the structure of the solid matrix through
an empirical function.
On the other hand, when the solid phase is seen as a dispersed phase in the background
fluid phase (Figure 2.2A), the partial differential equation for the thermal energy of each
phase can be written for transient convection and conduction as follows
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where s is the source term and u is the interstitial fluid velocity. Figure 2.2 demonstrates
the systems for which the standard energy equation and the point differential energy
equation were applied.

Figure 2.2. Two representations of the porous media. (A) The system is composed of
solid particles and fluid flow. (B) The system is assumed as a homogeneous porous
medium with a porosity of ε .
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2.4 Studied case
Heat transport within porous media is a very challenging issue as a result of geometric
complexities in the media. The microstructure of porous media is basically associated
with the geometry of voids and the solid phase. The arrangement of discrete regions, if
either the solid phase or voids can be considered as a discrete phase, will have great
effects on the conduction and convection of heat through the porous media. Therefore,
the  relation  between  the  geometry  and  transport  properties  of  a  porous  medium  is
scientifically  and  technologically  important  for  a  variety  of  reasons. The heat transfer
process on different scales under non-equilibrium conditions is highly appreciated in
applications such as bioheat transport.
Heat transport through human tissue is due to heat conduction in tissues, arterial-venous
blood perfusion within the pores of the tissue (blood convection), metabolic heat
generation, and external interactions [9]. A schematic illustration of biological tissue is
shown in Figure 2.3. The tissue is composed of blood vessels, cells, and an interstitium.
The interstitial flow passing through the interstitium and extracellular fibers are
components of the interstitium, shown in Figure 2.3. Blood passing through the arteries
enters the tissue and perfuses to the interstitium.
It has been suggested that the radii of cells and fibers are in different orders of
magnitude [24-25]. The diameter of tissue cells are in the range of 4-10 mµ . Collagen
bundles,  the  most  abundant  component  of  the  interstitium,  have  radii  in  the  order  of
100 °A , glycosaminoglycan and proteoglycan core proteins have fibers with radii of 6-
10 °A , and elastin fibers have a diameter of 1 mµ . These data are based on experimental
data for the rabbit thoracic aorta [61]. Therefore, the mean size of extracellular fibers (in
the range of 810− - m710− ) in the interstitium is well below the size of the cells. It
reflects the fact that it is rational to consider the structure of the interstitium as a discrete
phase embedded in the background interstitial flow. Although the bioheat transfer
within biological tissue has been extensively studied [26, 47, 62], the dependence of
heat transport mechanisms on the microstructure of the solid phase (extracellular fibers)
of the interstitium under non-equilibrium conditions has not yet been studied. In the
present  study,  numerical  simulations  in  2D  are  performed  to  realize  the  effect  of  the
shape and configuration of the discrete solid phase on the convective and conductive
features of heat transfer through heterogeneous porous media, e.g. the interstitium of
biological tissues [63]. This is discussed in further detail in Publication I.
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Figure 2.3. Schematic view of biological tissue and interstitium on two different scales.

A schematic illustration of the heterogeneous porous medium is presented in Figure 2.4.
The figure shows a transverse sectional view of the porous medium. As seen in Figure
2.4, the upper side of the domain is the inlet where the heat and mass enters the domain,
and the lower side is the outlet. In the present study, the porous medium is modeled as a
heterogeneous medium composed of particles embedded in voids.
Particles are modeled as objects with either circular or elliptic cross sections distributed
in ordered or disordered configurations with a certain packing density. It is worth
mentioning that the surface area of the particle with an elliptic cross section is equal to
that of the circular particle.
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Figure 2.4. Schematic illustration of the heterogeneous porous system. Particles residing
inside the domain are modeled as elliptic cylinders in a disordered configuration.

The ordered configurations are created by locating particles in square arrays. The
random distribution of circular and elliptic particles is generated using molecular
dynamics (MD) techniques [64]. Note that no overlapping is allowed between particles
as we assume a uniform-sized discrete phase. Each particle is randomly displaced
several times before the final configuration is achieved. In the present study, the number
of particles in the domain is set to 50, the packing density of particles, ψ ,  is  taken  as
0.60. The diameter of one circular particle ( pd )  and  the  length  of  the  domain  (L) are

mµ0874.0  and mµ1 , respectively.
In establishing the model investigating the influence of the solid phase structure on
convective and conductive heat transport, some assumptions and simplifications are
applied  as  follows:  (a)  energy  and  mass  transports  are  2D,  (b)  two  phases  are  under
local thermal nonequilibrium conditions, (c) there is no chemical reaction in the system,
and (d) the porous structure of the medium is statistically isotropic [65-67].
With these assumptions, heat is transported by either convection, or conduction, or both
through the voids and the solid phase of the heterogeneous porous medium.

2.4.1 Convection through a heterogeneous porous medium

2.4.1.1 Methods
Governing equations for the convection problem at steady state include Navier-Stokes
equations along with the energy equation for the single-phase flow (simplified forms of
Equations 2.9 and 2.11 and the continuity equation) through the voids (unhatched white
background) shown in Figure 2.4,

f
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where ui is the interstitial fluid velocity, P is hydrostatic pressure, T is temperature, k  is
the thermal conductivity of the fluid, ρ  is the fluid density, PC is the specific heat of the
fluid , and µ  is the viscosity of the fluid. Note that these equations are written using
tensorial notations.
These  equations  are  solved  simultaneously  with  proper  boundary  conditions.  Some
assumptions are made concerning boundary conditions as follows: (a) the flow field is
hydrodynamically fully developed at the inlet of the porous medium. The fluid enters
the porous medium with a uniform inlet temperature inT  and velocity uin, (b) the fluid is
incompressible so that the thermal, physical, and transport properties do not depend on
the temperature. The fluid velocity at the inlet varies as the Reynolds number (Re)
varies from 610997.0 −×  to 8105 −× . The Reynolds number is defined as µρ /Re pindu= ,
where dp is the diameter of the particle with a circular cross section. As described
earlier, the surface area of the particle with an elliptic cross section is equal to that of
the circular particle. The inertial effect was negligible due to the relatively low Re in the
medium. On the surface of particles, the thermal boundary condition is set to a constant
heat flux in the range of 1-3 2/ mW  through different simulated cases. The specification
of constants and key parameters required for numerical calculations are listed in Table
2.3.
Governing equations for the convective flow of interstitial fluid and corresponding heat
transport were solved by means of the finite-volume method available in Fluent v6.3.
The SIMPLE algorithm was used for the coupling of the pressure-velocity terms. The
discretization was based on the first order upwind scheme within the pressure-based
solver. The grid consisted of unstructured triangular cells for the whole computational
domain. Over the upper and lower walls, a periodic boundary condition is applied. The
free-stream temperature is set to 320 K at the inlet (upper wall). The left and right sides
are insulated boundaries that do not allow any heat and mass flow across. On the
surface of solid bodies, i.e. the periphery of particles, the no-slip boundary condition is
assumed. Mesh generation was performed using the Gambit computer package (Fluent
Inc., v2.2.3). Mesh independence was reached using 5105×  to 5106×  cells depending
on different configurations of particles. A minimum mesh size of 0.0013 mµ  was taken
on particles and wall surfaces. Note that the continuum description can still be valid as
the interstitial fluid is a liquid.
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Table 2.3. Key parameters used in the numerical simulation

Parameter                                          Value                            Ref. No.

k , K/ mW 0.6            Vafai,1984;Wangetal., 2007
ρ , 3/ mkg 998.2 Nasr et al., 1995

PC , K/ kgJ 4182 Guoxin et al., 2003
µ , smkg / 8.68 410−× Nasr et al., 1995
N 50
ψ 0.6 Tarbell et al., 2004

pd , mµ 0874.0 Tarbell et al., 1994
L , mµ 1 Dabagh et al.,2007

k  is the thermal conductivity of the fluid; ρ  is the fluid density; PC is the specific heat
of the fluid; µ  is the viscosity of the fluid; N is the number of particles; ψ  is the
packing density of particles; pd  is the diameter of one circular particle; L is  the length
of the domain.

2.4.1.2 Results and discussion
The influence of the shape and configuration of particles on the characteristics of
convective fluid and heat flows through heterogeneous porous media is demonstrated in
Figure 2.5. Particles represent the discrete phase.
The variation of the characteristic dimensionless temperature (t*) versus the Nusselt
number (Nu) for two different values of Re is shown in Figure 2.5. The average surface
Nu is defined as kdh p /Nu = , where h denotes the convection coefficient from the bulk
to the surface of the particle. The dimensionless temperature is defined as

inout
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TT
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−
−

=*                                                                                                              (2.24)

where ST   is the average surface temperature of all particles, inT  is the average inlet
temperature, and outT  is the average outlet temperature. The variation of the

dimensionless temperature with Nu is shown for the range of Re from 610−  to 710 −  in
Figure 2.5.
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Figure 2.5. Variation of the characteristic dimensionless temperature (t*) versus Nu for
two values of the Reynolds number, Re= 610−  and 710− . Packings are ordered or
disordered arrays of elliptic or circular particles.

At first glance, the notable difference in variation of the dimensionless temperature t*

can be seen between ordered and disordered configurations. The reason is that the
average contact time between fluid particles and the solid surface considerably increases
due to the randomness of the particle distribution. Therefore, ST  for disordered
arrangement of cells will not rise as much as in a square array, whereas outT  will be
relatively high as fluid particles have more time to heat up. Moreover, as Re becomes
relatively higher in ordered arrays, the contact time between fluid and solid becomes
shorter since the pathlines of fluid particles are fixed. Once Re decreases, the residence
time of fluid particles increases, i.e. fluid has a longer time to visit the solid surface for
heat transfer (just as in disordered arrays), and t* declines. On the other hand, randomly-
distributed packings of ellipses and circles represent similar values of t* that remain
close to 0.5 through the entire ranges of Re and Nu. This is an interesting result, as it
implies that the randomness and higher tortuosity of the packing fixes the average
contact time between solid particles and fluid. Therefore, one may expect that the
average solid surface temperature is the mean of the inlet and outlet temperatures, i.e.

*
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2/)( outins TTT += . Hence, it can be directly concluded from Eq. (2.24) that t* = 0.5.
Note that we use certain values of heat fluxes at the surface of particles, but the
resulting Nu values are different from ordered to disordered cases.
It is worth mentioning that the characteristic dimensionless temperature for disordered
arrays of particles is averaged over ten realizations. Note that for ordered configurations
of ellipses, the large diameter of any ellipse is parallel to the direction of the flow. In
other words, the contact surface area between fluid and particles becomes dominant as
Re decays, that is, an ellipse has greater a perimeter than the circle with the same
surface area. Thus, outT  will  rise  and ST  will fall, which makes t* decrease. This
scenario  changes  as  Re grows, so that the larger deflection of streamlines in circles
boosts associated gradients near the particle surface that leads to more efficient
convective heat transfer.
The dimensionless number changing with Re and the configuration of particles is Nu.
Figure 2.5 demonstrates that for fixed values of surface heat flux, Nu decreases as Re
lowers. It could be explained by the fact that the convective heat transfer coefficient (h)
takes different values when Re changes.

2.4.2 The conduction through a heterogeneous porous medium

2.4.2.1 Methods
For the steady heat conduction in the absence of heat sources, the governing equations
for the system containing two phases are written as
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*τ is the dimensionless temperature defined as outinoutt TTTT −−=τ )(* , where tT  is the
local temperature, inT is the inlet temperature and outT  is the outlet temperature.
Therefore, τ * is set to 1 over the inlet and taken as 0 at the outlet. Equations (2.25) and
(2.26) are coupled in the boundary of the dispersed phase (particles), as described in the
PDE-Toolbox of MATLAB. Phase 2 refers to the dispersed phase, and thus Phase 1 will
be the external matrix phase. The dimensionless thermal conductivity *k  represents the
ratio of thermal conductivities =*k 21 / kk , where 1k and 2k  denote the thermal
conductivities of Phase 1 and Phase 2, respectively. The thermal conductivity of the
external matrix ( 1k ) is set to 1.0 W/mK, while the thermal conductivity of the dispersed
phase varies as the ratio of thermal conductivity of external matrix to dispersed
phase, 21 / kk , varies in the range of 410−  to 410 .
The heat conduction equations (Eqs. 2.25 and 2.26) are solved using the finite-element
method available in the PDE-Toolbox of MATLAB. Unstructured triangular meshes are
used in the discretization of the solution domain. The number of meshes through the
computational domain depends on the configuration of particles that can reach up
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to 5106× cells. A large number of meshes was necessary in order to take into account
small variation of heat conduction especially close to the surface of particles.

2.4.2.2 Results and discussion
The influence of particle shape and distribution on conductive heat transport through a
porous medium is presented in Figure 2.6. The ratio of the overall heat flux ( f ) to the
reference heat flux ( 0f ) is plotted versus 21 kk .  The  reference  heat  flux  ( 0f )
corresponds to the case with equal thermal conductivities of the external matrix and
particles ( 1k = 2k ). As shown in Figure 2.6A, the shape of particles influences the ratio

0/ ff  significantly in the range of 1/ 21 >kk . It is worth mentioning that in the present
model, the large diameter of the ellipse is oriented horizontally (horizontal diameter /
vertical diameter = 0.85). In elliptic packing, the spaces between ellipses in the
horizontal direction are narrower than in circular packing. As the ratio of 21 kk
increases, the resistance against heat flux by the elliptic particles increases and the heat
can only flow across narrower passages. In the range of 1/ 21 <kk , the overall heat flux
increases by more than 20 percent. However, the heat flux ratio is slightly lower in
elliptic particles than that in circular particles. In contrast, the particle shape in
disordered configurations has minor effects on the overall heat flux through the porous
medium (Figure 2.6B). As the passage of heat flow is randomly available, the shape of
particles does not affect the overall heat flux considerably. Moreover, a comparison
between Figure 2.6A and Figure 2.6B shows that heat fluxes approach 0.45 in the range
of 2

21 10>kk . This value is between the heat fluxes corresponding to ordered
distribution of ellipses and circles.

Figure 2.6. Ratio of the overall flux (f) to the reference flux (f0) as a function of the ratio
of the conductivity of the matrix to embedded particles. Packing of spheres and ellipses
has a packing density of 0.6. A) Ordered configuration of particles, B) Disordered
configuration of particles.
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2.4.3 CONCLUSIONS
The effects of the microstructural properties of heterogeneous porous media on the heat
transport via conductive and convective mechanisms are separately studied. In our
models, the microstructural properties are associated with objects of circular and elliptic
shapes arranged in ordered or disordered configurations. Indeed, the variation of the
conductive heat flux represents the effective heat conductivity of the medium. Our
results revealed that the effective conductivity will be greatly affected by the shape of
the objects if they are regularly arranged. However, no major differences can be
observed between different shapes for heat transfer characteristics in disordered media.
For convective flows through micropores, the characteristic dimensionless temperature
represents an averaged quantity which takes into account the capability of the micro-
porous medium either to be heated or to heat the interstitial fluid. The variation of the
dimensionless temperature demonstrates how the discrete phase configuration, the
boundary condition over the objects, and the velocity of inflow alter the convective heat
transfer properties of the heterogeneous micro-porous material. Our results showed that
the random arrangement of solid objects leads to fixed thermal behavior of the medium
in spite of the flow conditions. In contrast, the structured arrangement of the objects
presents flow-dependent thermal behavior that is also dependent on the shape of the
objects.
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3 COMPUTATIONAL STUDY OF ARTERIAL WALL AS POROUS MEDIA

The arterial wall consists of three structurally distinct regions; the tunica intima, the
tunica media, and the tunica adventitia [37]. A schematic illustration of the arterial wall
is presented in Figure 3.1. The outermost layer is known as the tunica adventitia, which
is composed of connective tissue. Inside this layer is the media, which is made up of
SMCs and collagen, elastin, and proteoglycan fibers. The innermost layer, which is in
direct contact with the flow of blood, is the tunica intima. It is made up of one layer of
EC, a thin intima layer, and an IEL. ECs are in direct contact with the blood flow. The
hollow internal cavity, in which the blood flows, is called the lumen. The thin intima
layer is made of a collagen-proteoglycan matrix [38]. The porous structures of intima
and media layers make them easier to simulate as porous media. This, in turn, helps to
understand the mass transport within the arterial wall. It has been suggested that
molecular  transport  to  the  blood  vessel  wall  and  accumulation  within  the  wall  play  a
major role in the creation and the development of atherosclerosis [39-40]. In this
chapter, I will discuss about arteries, their functions, the anatomy (structure) of the
arterial wall, and arterial wall disease. The present study focuses on the thoracic aorta
wall because of its geometry and thick wall, which makes it a most likely place for the
creation and development of atherosclerosis. The thoracic aorta is a section of the aorta,
the largest artery in the body. The aorta extends upward from the top of the left ventricle
of the heart in the chest area (ascending thoracic aorta), then curves like a candy cane
(aortic arch) downward through the chest area (descending thoracic aorta) into the
abdomen (abdominal aorta). The aorta delivers oxygenated blood pumped from the
heart to the rest of the body. The thoracic aorta can be divided into segments: ascending
aorta, aortic arch, and descending aorta, as described above. After the arch of the aorta,
the thoracic aorta runs down to the diaphragm, the great muscle that separates the chest
from  the  abdomen.  The  thoracic  aorta  gives  off  numerous  branches  that  supply
oxygenated blood to the chest cage and the organs within the chest. The structure of the
thoracic aorta and its wall, and its deformation with transmural pressure will be
discussed in depth in the following.

3.1 Arteries
Arteries are muscular blood vessels that carry blood away from the heart. All arteries,
with the exception of the pulmonary and umbilical arteries, carry oxygenated blood.
The circulatory system is responsible for the delivery of oxygen and nutrients to all cells
as well as for the removal of carbon dioxide and waste products, the maintenance of an
optimum pH, and the mobility of the elements, proteins and cells of the immune system.
The arterial system is the higher-pressure portion of the circulatory system. Arterial
pressure varies between the peak pressure during heart contraction, called the systolic
pressure, and the minimum, or diastolic pressure between contractions, when the heart
rests between cycles. This pressure variation within the artery produces the pulse which
is observable in any artery, and reflects heart activity.
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Figure 3.1. A schematic illustration of arterial wall layers.

There are several types of arteries in the body. The pulmonary arteries carry
deoxygenated blood that has just returned from the body to the lungs, where carbon
dioxide is exchanged for oxygen. The systemic arteries deliver blood to the arterioles,
and then to the capillaries, where nutrients and gasses are exchanged. The aorta, the root
systemic artery, receives blood directly from the left ventricle of the heart via the aortic
valve. As the aorta branches, and these arteries branch in turn, they become
successively smaller in diameter, down to the arteriole. Arterioles, the smallest of the
true arteries, help regulate blood pressure and deliver blood to the capillaries.
Capillaries are where all of the important exchanges happen in the circulatory system.
The capillaries are a single cell thick to aid fast and easy diffusion of gases, sugars and
other nutrients to surrounding tissues [68-69].
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3.2 Structure of the arterial wall
The thickest layer of the arterial wall, which is the middle layer known as tunica media,
is distinguished from the inner by its color and by the transverse arrangement of its
fibers. The middle arterial area comprises elastic SMCs that provide the contractile
strength to make possible the expansion and contraction of the artery with each
heartbeat. The structures of various blood vessels are closely related to their functions.
The vessels which receive blood from the heart, the elastic arteries, have thick, strong
walls to cope with the sudden high pressure produced during systole; they contain an
abundance of elastic material to allow stretch so that the vessel lumen may
accommodate the change of volume. They also have a thick outer coat of collagenous
connective tissue whose tensile strength prevents over-distension of the elastic tissue.
The elastic recoil of these elastic arteries is responsible for maintaining a continuous,
though decreased, flow of blood to smaller vessels during diastole. Further along the
arterial system, elastic components gradually diminish [68-70].
Identifying arteries from veins in sections is rather straightforward. There are two easily
recognizable features which distinguish arteries from veins. If two vessels have a
similarly sized lumen, the walls of arteries will be much thicker and more compact than
the wall of veins. The middle layer in veins is composed of a thick layer of connective
tissue with elastic fibers, intermixed, in some veins, with a transverse layer of muscular
tissue. The elastic fibers are in much smaller proportion in the veins than in the arteries.
At high magnification, the IEL forms a pink streak immediately below the EC lining in
arteries and even arterioles, while it is difficult to identify in veins. The layer of
subendothelial connective tissue is very thin, and the endothelium seems to rest on the
IEL. The external elastic lamina stains similar to the IEL, but it is thicker and appears
fibrous instead of forming a continuous band. Collagen fibers and a few connective
tissue cell nuclei are visible in the tunica adventitia [68].

3.2.1 Tunica intima layer
The tunica intima (intima) is the innermost layer of arteries and veins. It is composed of
an elastic membrane lining and smooth endothelium that is covered by elastic tissue.
Veins do not contain the elastic membrane lining that is found in arteries. In some veins
the tunica intima layer also contains valves. The intima layer of an artery consists of
EC, subendothelial layer, and the IEL [68-69].

3.2.1.1 Endothelial cells
The ECs are organized in a single layer between the circulating blood and the arterial
wall.  Their  physical  role  consists  of  covering  the  whole  arterial  wall,  limiting  the
filtration of the blood constituents (cells, proteins, peptides, lipids, etc.) from the
circulating blood to the arterial wall, and inhibiting the platelet / wall interaction [68].

3.2.1.1.1 Function of endothelial cells
ECs line the arteries, veins, arterioles, and capillaries of the vascular system while they
are in direct contact with the blood flow. ECs have a direct functional influence on the
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vascular wall by releasing relaxing factors such as the endothelium-derived relaxing
factor (EDRF) or contracting factors. Besides the functional effects, these endothelium-
derived relaxing or contracting factors also exert an influence on the proliferation and
migration of vascular SMCs (VSMC), at least in vitro [72].
A vital function of the endothelium is to form a barrier to prevent toxic substances in
the blood from entering the elastic smooth muscle in the middle vessel wall. Another
specialized function of the endothelium is to react to mechanical forces such as blood
pressure and blood flow generated by the beating of the heart. The endothelium releases
substances into cells of the middle layer smooth muscle that changes the tone or
firmness of the artery. When ECs sense an injury, they produce signals that prompt
SMCs in the middle arterial wall to change. These changes result in the SMCs moving
toward the site of vascular injury, where they reposition themselves just beneath the EC
layer. In reaction to the injury, ECs also produce substances that signal circulating blood
cells to stick to the endothelium (instead of effortlessly flowing through the vessel).
Atherosclerosis gradually forms in response to this initial injury to the endothelium
[41]. The integrity of ECs is crucial if atherosclerosis is to be prevented.
On the other hand, arterial blood vessel dilation depends on ECs triggering the
production of a signaling molecule called cyclic guanosine monophosphate (cyclic
GMP)  in  the  SMCs.  Cyclic  GMP  prompts  a  change  in  the  calcium  flux  at  the  SMC
surface, relaxing the cells. Relaxation of the artery muscle cells allows the artery to
expand and then subsequently contract, helping to pump blood back to the heart [68-
69].
Nitric oxide (NO) production by ECs also regulates vascular tone, changes cardiac
contraction, prevents vessel injury, and helps prevent the development of
atherosclerosis. The elevated flow conditions increases the NO production of ECs,
which in turn diffuses to the underlying SMCs and suppresses their migratory activity.
Although it is possible that these elevated NO levels acted to suppress SMC
proliferation, it is also plausible that the NO inhibited SMC migration, leading to the
reduction in intima hyperplasia and atherosclerosis [72]. Once atherosclerosis is present,
however, ECs cannot function properly, and this blocks nitric oxide-induced dilation,
thus stiffening the arteries. The endothelium’s ability to manufacture enough NO to
maintain artery dilation is one of its most crucial functions. When arteries lose their
ability to respond to sudden increased demand for blood flow, endothelial dysfunction
develops. This condition is a hallmark of cardiovascular disease. Endothelial
dysfunction is also the earliest measurable functional abnormality of the vessel wall.
As  we  grow  older,  some  of  the  specialized  functions  of  our  endothelial  cells  become
blunted.  The  self-renewal  process  weakens.  The  endothelial  barrier  becomes  leaky.
Signals to the middle wall SMCs that regulate their function become altered. SMCs
behave as if in reaction to endothelial injury, migrating to the endothelium, where they
multiply and produce matrix proteins that gradually occlude the blood vessel. The
addition of these SMCs and matrix proteins within the sub-endothelial space results in
thickening  of  the  inner  wall  of  the  artery.  In  older  arteries,  the  inner  wall  becomes  a
battleground where multiple reactions occur that are similar to the process of chronic
injury. The inner wall dysfunction that occurs in the aging artery provides fertile soil for
the seeds of atherosclerosis. All these processes whereby normal endothelial functioning
is compromised are collectively referred to as endothelial dysfunctions [70-72].
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3.2.1.1.2 Molecular transport through endothelial cells
Depending on their nature, species will encounter a variety of boundary conditions on
the endothelial surface. However, pathways of species transport are classified as
follows: (a) transport through the entire EC surface, and (b) transport to discrete cellular
junctions [41].
Some species may undergo an enzyme-catalyzed surface reaction at the endothelial
surface (e.g., the hydrolysis of Adenosine 5´-triphosphate (ATP) to Adenosine 5´-
diphosphate (ADP)). Many species may permeate the endothelium without reacting at
the luminal surface (e.g., albumin, LDL). These species are solubilized in clathrin-
coated vesicles, well-characterized endocytic organelles that provide an efficient
pathway for taking up specific macromolecules from the extracellular fluid, which can
be transported across the entire endothelium surface. This process is known as receptor-
mediated  endocytosis  in  which  extracellular  fluid  is  trapped  in  coated  pits  as  they
invaginate to form coated vesicles. Substances dissolved in the extracellular fluid are
also internalized by the process of fluid-phase endocytosis. Species such as oxygen are
transported readily across the endothelium, but unlike most proteins, it is rapidly
consumed by the underlying tissue.
However, many hydrophilic solutes that cannot cross the plasma membrane will be
confined to transport through inter-endothelial junctions. Thus the fluid-phase transport
involves a boundary surface that is impermeable almost everywhere except at the
discrete junctions. These junctions are tight enough to severely restrict the trans-
endothelial  migration  of  molecules  with  sizes  as  small  as  that  of  albumin  (~7 nm in
diameter). Tight junctions are typically in regions of undamaged endothelium and occupy
only  a  small  fraction  of  the  total  endothelial  surface  area.  It  has  been  suggested  that
water and hydrophilic solutes below the size of albumin (7.0 nm molecular diameters)
are transported primarily through this intercellular junction pathway [41]. In other
words, the significant passage of LDL (diameter~23 nm ) is not allowed through
intercellular junctions even through breaks in tight junctions which their width is
expected to be in the order of LDL dimensions. However, it has been revealed that there
is an infrequent, transiently leaky inter-endothelial cleft, large pore, associated with a
tiny fraction of cells (one cell in 43 1010 − )  [41].  These  cells  are  in  the  process  of  cell
turnover; i.e. either cell division or cell death. Chen and coworkers [73], in a series of
studies in the rat aorta reported that approximately one cell in 3000 had a leaky
junction, and this leakage would last on an average about one hour before a well-formed
new junction was established. Cells in mitosis (cell division), having leaky junctions in
the order of 80-1330 nm , are accounted for in about 26% of all leakage sites, and dead
or dying cells, having leaky junctions in the order of 15-1000 nm , are accounted for in
37% of leakage sites [41]. On the other hand, ECs that have had their plasma membrane
disrupted (wounded cells) but that are not dead are another possible mechanism for the
generation of a transient large pore. The fraction of wounded cells (varied significantly
between 1.4% and 17.9% of the total aortic EC population, 6.5% on average), however,
is remarkably high (orders of magnitude higher than the fraction of cells in mitosis or
apoptosis (cell death) [41]).
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3.2.1.2 The subendothelial intima
The subendothelial layer, intima, consists of a thin layer of connective tissue, collagen-
proteoglycan matrix. The intima is a compressible and deformable layer with transmural
pressure.  Huang  et  al.  [42-43]  have  showed  that  the  intima  is  far  less  dense  than  the
medial matrix. Lark et al. [74], in immunolocalization studies with monoclonal
antibodies, reveal that the intima has a strikingly different proteoglycan (PG) structure.
Normal and thickened intima stain intensely for chondroitin sulfate PG [42]. The
integrity of the intima is critical, since damage can lead to atherosclerosis or clotting.
The tunica intima of elastic arteries (vessels close to the heart, e.g. the aorta, pulmonary
trunk and the larger arteries that originate from them are elastic arteries) is thicker than
that of muscular arteries (most arteries are muscular arteries, with a media dominated by
smooth muscle). The structure of the intima layer, a layer of loose connective tissue
beneath the endothelium, allows the layer to move independently from other layers as
the elastic arteries distend with the increase in systolic blood pressure.

3.2.1.3 The internal elastic lamina (IEL)
In arteries, a continuous layer of elastic tissue called the internal elastic lamina (IEL)
forms  the  boundary  between  the  intima  and  the  media.  The  IEL  is  an  elastic  or
fenestrated layer, which consists of a membrane containing a network of elastic fibers,
principally in the longitudinal direction, and in which, under the microscope, small
elongated apertures or perforations may be seen, giving it a fenestrated appearance [69].
In small arteries, the fenestrated membrane is a very thin layer; but in the larger arteries,
and especially in the aorta, it has a very considerable thickness [68].

3.2.2 The tunica media layer
The media, which is the thickest layer of the wall, consists of SMCs, elastin fibers, and
a complex interstitial matrix containing collagen, proteoglycan core proteins and
glycosaminoglycans [25-27, 75]. The middle arterial area comprises SMCs that provide
the contractile strength to make possible the artery’s expansion and contraction with
each heartbeat. Figure 3.2 displays an in vitro view of SMCs.

3.2.2.1 The structure of the media layer
Wolinsky and Glagov [75] studied the architecture of the media layer of the rabbit
abdominal aorta by light and electron microscopy. Their study indicated that medial
structural components are arranged in an orderly fashion; concentric fibrillar elastin
lamellae are connected by an intricate network of elastin fibrils with interspersed
collagen fibers and SMCs. They explained that the orientation of medial SMCs
followed that of interlamillar elastin. Cells were arranged obliquely or perpendicularly
to adjacent thick elastin lamellae at a distending pressure below 80 mmHg. With
increased distention the SMCs elongated and the ends became almost pointed. At and
above distending pressures of 80 mmHg, the cells were oriented in a helix between
adjacent thick lamellae with a pitch approximating that of the interlamellar fibrillar
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elastin  net.  It  is  worth  mentioning  that  the  abdominal  aorta  is  stiffer  than  the  thoracic
aorta because the ratio of elastin to collagen decreases [75].

3.2.2.2 Smooth muscle cell (SMC)
The  vascular  smooth  muscle  cell  is  the  crucial  cell  for  the  media  of  the  artery  as  its
function and structure depend on SMC. An SMC is spindle-shaped (Figure 3.2), and
like all muscular cells, can contract and relax. In the relaxed state, each cell is spindle-
shaped, 20-500 micrometers long and 3-5 micrometers in diameter [68-69].

Figure 3.2. Light micrograph of smooth muscle cells (SMCs). The scale line represents
100µm. The photo is prepared by Rishi Mathura from the Cardiovascular Dynamics and
Biomolecular Transport Laboratory, City College of New York, City University of New
York.

The arterial SMCs possess a triple potential: (a) a functional potential for contraction
and relaxation, (b) a potential for releasing proteins from the extracellular matrix, and
(c) a potential for hyperplasia, hypertrophy, and migration. To a variable extent, these
three potentials are involved in the physiological pathogenesis of diseases of the arterial
wall such as atherosclerosis, arterial hypertension, or in its physiology: angiogenesis
and aging [76-78].
It has been found that LDLs activate the second messengers on the SMC surface in the
atheroma. In tissue, both the intracellular and extracellular calcium fractions increase
[79]. Calcium plays a crucial and physiological role in contraction mechanisms and cell

Smooth muscle cell
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proliferation. It also has toxic effects if gradually accumulated (aging), and disturbs the
energy balance between the consumption and production of the substrates. The
accumulation of extracellular calcium can have a detrimental effect on the arterial
structure by making the elastic lamellae more fragile, which can induce an intramedial
inflammatory reaction and thus lead to aneurysmal dilations [79].
It  is  well  known  that  SMCs  become  enriched  with  cholesteryl  esters  that  form  foam
cells during the development of atherosclerotic lesions [77]. The effects of excess
membrane cholesterol on SMCs are numerous and may contribute to the stimuli
underlying the modulation of SMCs from the stable ‘contractile’ to an atherosclerotic
phenotype [80]. For example, SMCs in cholesterol-fed rabbits showed increased
calcium  permeability  [81],  to  a  degree  similar  to  that  seen  in  SMCs  acutely  enriched
with cholesterol in cell culture [82]. This increase in calcium permeability was
accompanied by an increase in cytosolic calcium levels both in vitro and in vivo [81, 83-
86]. Thus it is likely that enrichment of the SMC membrane with cholesterol disturbs
calcium entry pathways, leading to elevated intracellular calcium levels. The increased
intracellular calcium levels probably reflect the activation of downstream pathways
caused by cholesterol enrichment of the SMC membrane. Another important acute
alteration in SMC that can be induced by cholesterol enrichment and that also occurs in
SMCs isolated from the aorta of atherosclerotic rabbits, is impaired membrane bound

++ KNa /  ATPase  ( +Na  pump) activity [83]. Suppression of the +Na  pump in the
SMC would be expected to lead to membrane depolarization and to an increase in
calcium permeability. This effect might contribute to the increase in calcium
permeability induced by excess membrane cholesterol in the SMC [77, 85-86]. A
finding that may be related to the suppression of +Na  pump activity in SMCs as a result
of excess membrane cholesterol is augmented vasoconstrictor activity that has been
reported in cholesterol-fed rabbits [82] and in isolated arterial ring segments of normal
animals exposed to acute cholesterol enrichment [85]. Augmented vasoconstrictor
activity underlies vasospastic syndromes in human beings and is linked to
atherosclerotic vascular diseases. The fact that this phenomenon is influenced by
calcium channel blockers (CCBs) probably reflects increased calcium permeability in
SMCs associated with cholesterol enrichment [86]. Indeed, increased calcium
permeability has been shown to underlie heightened vascular reactivity both in vitro
[86] and in vivo [81].

3.2.3 The tunica adventitia
The  outer  layer  of  the  artery  mostly  consists  of  loose  connective  tissue  containing  a
drainage system of lymphatic vessels and occasional nutrient vessels (vasa vasorum).
Adventitia provides structural containment for the two layers beneath. The tunica
adventitia appears thinner than the tunica media and contains collagen fibers and the
cell types typically present in connective tissue. Most cells need to be within a few cell-
widths of a capillary to stay alive, and the cells that make up the outer walls of a blood
vessel are no exception. The network of smaller vessels that supply these cells is known
as the vasa vasorum. In fact, the walls of large arteries are so thick that their peripheral
parts cannot derive enough oxygen and nutrients from the blood of the vessel that they
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form. Larger vessels are therefore accompanied by smaller blood vessels which supply
the tunica adventitia and, in the largest vessels, the outer part of the tunica media of the
vessel wall. In macroscopic preparations, the vasa vasorum are visible as fine dark lines
on the surface of the larger arteries. The vasa vasorum consists of the network of
arterioles, capillaries, and venues, depending on the vessel. The vasa vasorum are
present more frequently in arteries than in veins [68-69].

3.3 Arterial wall diseases

3.3.1 Atherosclerosis
It is a disease of the large arteries that involves a distinctive accumulation of LDL and
other lipid-bearing materials within the intima and inner media of the arterial wall. LDL
is termed bad cholesterol because of its high concentration in atherosclerotic lesions. An
LDL molecule, about 22 nm in  diameter,  is  composed  of  about  2000  cholesterol  and
cholesterol ester molecules, surrounded by a phospholipid coat (Figure 3.3) to make it
water/blood soluble, and an apoprotein to allow its recognition by specific cell surface
receptors. Cholesterol in moderate concentrations is needed by cells to produce
membranes.

Figure 3.3.  An LDL molecule
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Nature has evolved two delivery methods to supply it to all cells. 1: the exogenous
pathway, where cholesterol and other lipids absorbed from the intestines enter the blood
stream and make their way to the adipose tissue and muscles for storage and use as an
energy supply in the liver; and 2: the endogenous pathway, in which the liver packages
cholesterol and other lipids into lipoprotein packets that transport the cholesterol
through the bloodstream to the body’s cells for use in cell membranes and in hormone
production [87-88]. An overabundance of cholesterol due to a high blood LDL
concentration can eventually lead to plaque formation and atherosclerosis.
The atherosclerotic lesion begins with the accumulation of neutrophils (a neutrophil
cell, especially an abundant type of granular white blood cell that is highly destructive
to microorganisms) and SMCs in the intima. As the lesion progresses, these cells
become filled with lipids (called foam cells when this happens), a raised area of intima
(called a fatty streak) appears, and gradually a thick, fibrous plaque is formed. The
plaque has a cap composed of foam cells embedded in a matrix of elastic fibers and
other connective tissue components overlying extracellular lipids and cell debris.
Eventually the plaques become calcified. The most intriguing feature of atherosclerosis
is that it is very nonuniformly distributed in the body [41, 68-69].
Many factors are known to influence atherogenesis, including food, a high cholesterol
diet, cigarette smoking, diabetes, high blood pressure, exercise, lifestyle, etc. It was
revealed that different risk factors somehow lead to endothelial dysfunction [41]. There
is no doubt that elevated (or defective) LDL and/or reduced (or defective) high-density
lipoprotein (HDL) levels are the greatest risk factor for arterial wall disease. However,
how altered  lipoprotein  levels  affect  the  ECs  and  SMCs of  the  arterial  wall  to  initiate
their modulations to the atherosclerosis phenotype remains less clear. It has been
suggested [77] that once LDL has penetrated the endothelium, it binds to intimal matrix
and accumulates, forming liposomes. It probably mediated by the oxidation of LDL (the
endothelium becomes weakened, which allows blood cells and toxic substances
circulating  in  the  blood  to  pass  through  the  endothelium  and  enter  the  artery’s  sub-
endothelial compartment, after which the lipids that accumulate in the broken
endothelium become oxidized) by ECs, SMCs, or both, promotes the expression of cell
adhesion  molecules  on  an  EC.  This  in  turn  increases  the  adhesion  of  monocyte  and  T
cells (T cells belong to a group of white blood cells known as lymphocytes, and play a
central role in cell-mediated immunity. They can be distinguished from other
lymphocyte types, such as B cells and NK cells by the presence of a special receptor on
their cell surface called the T cell receptor, TCR. The abbreviation T in T cell stands for
thymus, since it is the principal organ in the T cell's development), and their
transendothelial migration into the intimal space, where the monocytes are activated to
macrophages, possibly by their interaction with T cells. Activated macrophages are
inflammatory phagocytes that take up oxidized LDL by the scavenger receptor pathway,
leading to the formation of lipid-laden macrophage foam cells, which are the first sign
of the early fatty streak. Further activity by macrophages, probably resulting from their
inflammatory state, is associated with the induction of genes that express various
lymphokines. This in turn leads to the chemoattraction of more monocytes and SMCs
into the intima [41]. It has also been suggested that SMC proliferation results from the
activity of cytokines with a mitogen (a mitogen is a chemical substance, usually some
form  of  a  protein,  that  encourages  a  cell  to  commence  cell  division)  activity,  now
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abundant in early fatty streaks, giving rise to the second characteristic of these lesions:
intimal hyperplasia resulting largely from SMC proliferation. Because SMCs also
demonstrate robust phagocytic activity, it is speculated that they take up LDL lipid and
form lipid-laden SMC foam cells, also abundant in the fatty streak lesion. In the
synthetic state, SMCs proliferate and synthesize increased amounts of extracellular
matrices, including glycosaminoglycans, proteoglycans, and type III and I collagens
[77-78]. This process gives the early atheroma its third feature: increased matrix
(fibrous) connective tissue. In fact, the early injury links to an inflammatory,
fibroproliferative response, which in the early period is viewed as protective. However,
with continued indult, what began as a protective inflammatory response ultimately
becomes a chronic inflammatory condition associated with excessive fibroproliferative
activity, leading to intimal hyperplasia, fibrous plaques, and finally the complex
myointimal lesions of atherosclerosis [82-84].

3.3.2 The role of blood flow in the localization of atherosclerosis
The role of blood flow in the localization of atherosclerosis has been investigated for
many  years  because  of  the  association  of  the  disease  with  regions  of  altered  fluid
mechanics [41, 89-90]. It has been revealed that the disease tends to be localized in
regions of curvature and branching in arteries (aorta, coronary, carotid, and other
proximal arteries) where fluid shear stress (shear rate) and other fluid mechanical
characteristics deviate from their normal spatial and temporal distribution patterns in
straight vessels [25-29, 41]. The flow patterns in these locations are complex, unsteady,
and sometimes turbulent. Therefore, the rate of stress and strain change must be
important in the atherogenesis process [41]. The average shear stress imposed by blood
on the arterial wall is the same in all arteries, large or small. This uniform shear concept
has been tested and found to be quite good; and it has been suggested that the sites of
atherogenesis are the sites of reduced blood shear stress [41]. These sites of reduced
shear are often associated with flow separation and turbulence, which may be the
factors that explain the difference between arteries and veins with regard to
atherogenesis. Atherosclerosis is not a problem in veins, although blood shear stress
acting on veins is smaller than that acting on arteries because at similar flow the cross-
sectional area of the veins is considerably larger. Atherosclerotic lesions occur most
commonly in certain thick-walled arteries, but are normally absent in veins and from
pulmonary arteries unless there is pulmonary hypertension.

3.3.3 The role of arterial wall layers in atherosclerosis
The fluid-flow effects on macromolecular transport through the arterial wall have been
debated for many years [89-92]. Caro [90] proposed one of the first mechanisms to
relate blood flow to the localization of atherosclerosis in which the fluid (blood) phase
resistance to transport of LDL or other atherogens was controlled by the local wall shear
rate. Fry [89, 91] initiated studies on the effect of increased shear stress on the
endothelium.  He  showed  that  ECs  remodel  their  shape  when  the  direction  of  flow  is
changed. Later, Caro and Nerem [92] suggested that the uptake of lipid in arteries could
not  be  correlated  with  fluid-phase  mass  transport  rates,  leading  to  the  conclusion  that
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the wall (endothelium) and not the blood was the limiting resistance to transport. This
implied that fluid-flow effects on macromolecular transport were mediated by direct
mechanical influences on the transport systems of the endothelium [41]. Somewhat
later, attention was drawn to the fact that accumulation of macromolecules in the
arterial wall depends not only on the ease by which materials enter the wall, but also on
the hindrance to passage of materials out of the wall posed by underlying layers [92-93].
This brought into focus the possibility that the subendothelial intima and medial layers
could be important structures contributing to local macromolecular uptake patterns. The
degree of accumulation of material in the intima may also be influenced by the
hindrance to outward passage of the components through the media. Lever and Jay [94]
showed that one process that appears to be important in lesion development is the
movement of material between the blood and the wall tissue. This process also shows
regional variation; the pulmonary artery and the inferior vena cava, vessels not normally
associated with atherosclerosis plaques, had much higher endothelial permeability to
albumin and fibrinogen than did the atherosclerosis-prone aorta, carotid artery, and
renal artery. The level to which a tracer is taken up by a blood vessel wall is determined
by various factors, including the rate of tracer movement through the endothelium and
the deeper layers of the wall and also by the distribution volumes of the tracer within
the different layers. Various mechanisms have been advanced for the variation in the
observed patterns of tracer uptake exhibited by different vessels. These include fluid
mechanical factors, differences in EC turnover or morphology, differences in the
properties of the glycocalyx, and differences in the numbers of plasmalemmal vesicles.
Another contributory factor however, must be the capacity of the tissue for the tracers;
an index of tissue capacity is the distribution volume. The high distribution volume
may, therefore, be an important contribution to the higher wall tissue concentrations
observed for pulmonary vessels. Lever and Jay [94] observed that the pulmonary
arteries and veins have a significantly higher distribution volume (porosity) for albumin
than do the arteries that are susceptible to the disease. The low exclusion of protein and
hence the presumed high porosity of the media of the vena cava and pulmonary artery
may permit easy drainage of macromolecules, preventing their accumulation in the
tissue and thereby contributing to the low susceptibility of these vessels to disease.

3.3.4 The effect of arterial geometry on the accumulation of macromolecules
The LDL is the most abundant atherogenic lipoprotein in plasma and high plasma levels
of  LDL  are  related  to  the  development  of  atherosclerosis  [95].  From  experimental
animals, the lesion-prone areas display increased endothelial permeability to and intimal
accumulation of plasma proteins, including albumin (3.5 nm radius), fibrinogen (5.5 nm
radius), and LDL (11 nm radius). This is reflected in the fact that a correlation between
enhanced endothelial permeability to macromolecules and the localization
atherosclerotic plaques is well established. The focal nature of plaque formation is a
striking feature of atherosclerosis and studies in rabbits support the idea that LDL
permeability is increased focally at susceptible branch sites of the aorta compared to
adjacent atherosclerosis resistant nonbranch sites [96-98]. It has also been suggested
that differences in NO production rates between low mean (reversing) shear patterns
and high mean (nonreversing) shear patterns may be important in explaining uptake
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patterns and disease patterns around arterial bifurcation [41, 98]. Garanich et al. [72]
have suggested that the increased flow conditions (elevated shear stress) elevated the
NO production of ECs. As described previously, the elevated flow conditions increases
the NO production of ECs, which suppresses SMCs’ migratory activity leading to the
reduction in intima hyperplasia and atherosclerosis.

3.3.5 The mass transport processes mediating the accumulation of macromolecules
Tarbell [41] has reviewed the mass transport processes that mediate the focal
accumulation of lipids in arteries and places particular emphasis on the role of fluid
mechanical forces in modulating mass transport phenomena. He highlighted four mass
transport mechanisms that may be important in the localization of atherosclerosis: blood
phase controlled hypoxia, leaky endothelial junctions, transient intercellular junction
remodeling, and convective clearance of the subendothelial intima and media.

3.3.5.1 Fluid – phase controlled hypoxia regulates endothelial permeability
High-molecular-weight species, such as LDL and albumin, are not limited by the fluid
phase. Oxygen transport, however, may be fluid-phase limited in regions of low fluid-
phase mass transfer rates, such as the outer walls of bifurcations and the inner walls of
curved vessels where enhanced LDL uptake and atherosclerotic lesions localize.
Hypoxia in such regions has been confirmed by direct measurements in the carotid
bifurcation [102] around vascular anastomoses [103], and in other vessels [104].
Hypoxia in the arterial wall has for many years been implicated in the development of
atherosclerosis [105]. Local hypoxia can affect the uptake of LDL and other
macromolecules by the arterial wall by (a) breaking down the endothelial barrier and
forming interendothelial gaps leading to increased macromolecules transport [106-108],
(b) inducing EC apoptosis [76,109-110], which can increase LDL transport through
leaky junctions, and (c) upregulating VEGF (Vascular Endothelial Growth Factor)
release by vascular cells and thus affecting endothelial permeability. A plausible
scenario for the increase in lipid uptake is the following: Hypoxia upregulates the
production of VEGF by cells within the vascular wall and VEGF in turn permeabilizes
the endothelium, allowing increased transport of lipid into the wall. Several recent
studies have shown that VEGF is enriched in human atherosclerosis lesions [111-113].

3.3.5.2 Leaky junctions control endothelial permeability
The leaky junctions constitute the principle pathway for transport of LDL across the
endothelial layer. Leaky junctions are associated with cells in a state of turnover,
mitosis or death (apoptosis), and these processes are affected by local fluid mechanics.
Elevated steady shear stress tends to suppress both mitosis and apoptosis, whereas low
shear stress and separated or disturbed flow increase these processes. Therefore, leaky
junctions  would  be  more  prevalent  in  regions  of  low  shear  stress  and  separated  flow
than in regions of higher, unidirectional shear stress. These are precisely the regions
where atherosclerosis plaques tend to be localized at the carotid bifurcation [114], in
coronary arteries [115-119], and the aortic bifurcation [120-121].
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3.3.5.3 Transient intercellular junction remodeling controls endothelial
permeability
Transient adaptation of the endothelium to changes in blood flow (shear stress), which
occur on a diurnal schedule as well as in response to many physiological stimuli,
enhance the macromolecular uptake by arteries. Virtually, all transport pathways
respond to changes in shear stress: intercellular junctions (tight junctions and adherens
junctions) remodel, vesicle formation rates are altered, and rates of mitosis and
apoptosis that modulate leaky junctions change. The timescale for these responses to
shear stress vary from minutes for the phosphorylation of tight junction proteins [122]
to days for the reestablishment of the adherens junction [123]. Whether changes in the
local hemodynamic environment are more influential than the average environment
integrated over long periods of time in determining arterial wall uptake is not known.
Most mass transport mechanisms in atherosclerosis are based on the notion that the
average environment controls long-term behavior, even though dynamic processes, such
as pulsatile flow (shear stress), contribute to the average environment.

3.3.5.4 Convective clearance alters intimal/medial accumulation
For larger macromolecules, such as LDL, that have a low endothelial permeability
relative to volume flux, an increase in volume flux with fixed permeability will reduce
the accumulation of solute beyond the endothelial layer (intima/media) by convectively
clearing (flushing) out the region beyond the high resistance endothelial barrier. If we
assume that a macromolecule crosses the endothelium primarily through leaky junctions
and volume flux is controlled principally by the intercellular junctions that have a much
greater total area than the leaky junctions, then factors that affect volume flux but not
endothelial permeability can influence the accumulation of macromolecules within the
wall.
Most studies have shown that hydraulic conductivity of the endothelial, which is
controlled by the intercellular junction, is higher when fluid shear stress is elevated.
Therefore, it is expected that the convective clearance mechanism will contribute to
lower macromolecular (such as Albumin) accumulation in regions of high shear stress.
Because macromolecular permeability, if controlled by leaky junctions, is expected to
be lower when the fluid shear stress is elevated, convective clearance is a mechanism
that further reinforces low accumulation in high shear regions [41].

3.4 Aorta
The aorta is the largest artery in the human body, originating from the left ventricle of
the heart and bringing oxygenated blood to all parts of the body in the systemic
circulation. The aorta is an elastic artery, and as such is quite distensible. When the left
ventricle contracts to force blood into the aorta, the aorta expands. This stretching gives
the potential energy that will help maintain blood pressure during diastole, as during
this time the aorta contracts passively [69, 76].
Blood flow through the aorta is one of the most complex flow situations found in the
cardiovascular system. This is mainly due to the strong curvature effects, irregular
geometry, tapering and branching [41]. Because of the irregularities found in the
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vascular system, these are sites for atherosclerosis lesions. Naruse et al. [124] found
experimentally that large curvature induces a significant enhancement of the secondary
flow velocity effects and a greater axial flow reversal along the aortic arch. Recent
studies indicate the development of early lesions is due to low and/or oscillatory wall
shear  stress  as  well  as  elevated  wall  shear  stress  gradients,  both  spatial  and  temporal
[125-127]. Shearing of blood across the lumen can damage red blood cells [128]. This
shearing is further amplified due to the strong curvature effects, out of plane curvature
and branching. Recirculations and eddies can contribute to enhanced deposition of
blood particulates along the arterial wall.
Thrombus formation is commonly found in the aortic arch and thoracic aorta and leads
to an atheroembolic stroke. High wall shear stress and recirculation regions are believed
to promote the development of these lesions. The thoracic aorta has been extensively
studied because of its geometry and thick wall, which makes it a most likely place for
the creation and development of atherosclerosis [129]. This important fact was our
incentive to study the molecular transportation and fluid flow through the thoracic aorta
wall even when it is deformable. Aortic deformation significantly alters the morphology
of the endothelium and the structural configuration of the intima and media layers.
Blood velocity and pressure fields in large arteries (e.g. the thoracic aorta) are greatly
influenced by the deformability of the vessel [105, 130].
Arteries are continuously subjected to mechanical forces which arise out of the pumping
action  of  the  heart.  One  component  of  this  force  is  pressure  which  is  the  major
determinant of stretch. The other component is the fluid shear stress caused by the
pulsatile nature of blood flow in the vessels which causes a tangential drag on the
surface of the vessel wall.

3.4.1 Pressure affects the aorta wall
The thoracic aorta is an elastic artery, having thick, strong walls to cope with the sudden
high pressure produced during systole and contains abundant elastic material to allow
stretch so that the vessel lumen may accommodate the change of volume [25-26, 31,
105, 130]. Elevated blood pressure is one of factors altering the distention and hence the
mechanical strain within the arterial wall [131]. The deformable elastic structure of the
aorta wall has internal stresses which depend on the transmural pressure [31]. The
arterial wall radius increases and its thickness decreases as the transmural pressure
increases [30-31]. The arterial wall deformation induces compaction of the intima and
media, which may result in changes in the transport properties of the wall [31, 42-43]. It
has been suggested that the structure of the wall and the mechanical properties (such as
Young’s modulus) of the deformable aorta wall vary as a function of intraluminal
pressure [25-26, 30-31, 132]. The endothelium and SMC morphology change with
pressure, and both become significantly thinner and wider as pressure is increased [75,
131]. Wolinsky and Glagov [75] have shown that the orientation of medial SMCs
followed that of interlamillar elastin. Cells were arranged obliquely or perpendicularly
to the adjacent thick elastin lamellae at a distending pressure below 80 mmHg. With
increased distention the SMCs elongated and the ends became almost pointed. At and
above distending pressures of 80 mmHg, the cells were oriented in a helix between
adjacent thick lamellae with a pitch approximating that of the interlamellar fibrillar
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elastin net. Based on such experimental findings, it is a plausible assumption that the
radius of SMCs follows the thinning of the deforming aorta wall. In other words, the
SMC deforms according to the corresponding directional strains in the aorta wall.
Haung  et  al.  [42]  showed  that  the  artery  wall  has  a  deformable  elastic  structure  with
stresses dependent on the transmural pressure. They demonstrated that the filtration
properties of the artery wall change substantially as the transmural pressure increases.
These changes in the geometry and the distribution of stress in the artery wall  lead to
changes in the filtration coefficient ( pL ,  the  ratio  of  transmural  flux  to  pressure
difference), which describe the hydraulic conductivity of the artery wall per unit surface
area. Several experiments have investigated [133-137] the effect of transmural pressure
on pL  in large arteries. Tedgui and Lever [131] studied the effect of pressure on the
hydraulic conductivity ( pL ) of the total wall in the rabbit thoracic aorta. They reported

the values of pL  as 4.00 31.1±  and 2.44 80.0± mmHgscm ./10 8−×  in an intact wall at
70 and 180 mmHg, respectively, whereas values for deendothelialized arteries were
higher, being 5.36 62.1±  and 5.27 84.0± , respectively. They conclude that apparent
pressure dependence of the conductivity of the intact wall may be due to altered strain
of the interstitial matrix, and removal of the endothelium can increase the hydration and
porosity of the medial interstitium but, assuming that the conductivity of the
deendothelialized wall at 70 mmHg is the same as that of the normal media. In contrast
to  the  experiment  of  Tedgui  and  Lever,  where pL  of the deendothelialized artery did
not change, Baldwin and Wilson [133] observed a 30 percent increase in pL  for the
deendothelialized artery when the pressure increased from 50 to 75 mmHg, but no
change through higher pressures. However, large error bars are observed for the
measurements in the deendothelialized artery at a 50 mmHg luminal pressure in the in
situ experiments. Except for the results at 50 mmHg, the results from these two studies
are basically consistent. Baldwin et al. [133-134] studied the effect of luminal pressure
on the aortic pL . The major differences between their experimental method and the
experimental protocol of Tedgui and Lever [131] are that Baldwin et al. first relaxed the
SMCs with NaNo3 and then performed the experiments in situ.  The  values  of pL  by
Baldwin and Wilson [133-134] show that pL  at 50 mmHg for the intact artery is
significantly greater than those at higher pressures, but pL  does not vary significantly
between 75 and 150 mmHg. This result is qualitatively similar to that of Lever and
Sharifi [135], although the error bar for the 50 mmHg value of Baldwin and Wilson
[134] calls its significance into question. For a deendothelialized artery and the same
transmural pressures, pL  is twice larger than that of the intact vessel as the transmural
pressure (P) exceeds 75 mmHg. This is consistent with the measurements by Tedgui
and Lever [131] for P = 180 mmHg. However, pL  at 50 mmHg is almost the same as
that in the intact artery. To describe the pressure dependence of pL in  the  study  of
Tedgui and Lever [131], Kim and Tarbell [26] presented a one-dimensional poroelastic
transport model. They propose that it is the compaction of the arterial media that leads
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to the observed decrease in pL  with increasing transmural pressure in the intact artery
wall. A strain–dependent permeability function in the arterial media together with a
fiber matrix theory predicts a spatial variation of fiber size and transmural pressure
dependence of the transport properties. However, the observation of Tedgui and Lever
[131] that the sucrose space in an intact artery wall remains essentially unchanged on
pressurization with water to 70 or 180 mmHg does not seem consistent with a
compaction leading to a 40 percent decrease in pL . Klanchar and Tarbell [25] modeled
the aortic wall as a biphasic and isotropic material. They inaccurately concluded that a
coefficient which characterizes how the specific hydraulic conductivity of a tissue
depends on its bulk dilation was negative. This error, which has been propagated into
several further works [15,116], arose from their attempt to account for the decreased
specific hydraulic conductivity of the aortic wall with increasing reported perfusion
pressure [131, 133]. It now appears that the decreased hydraulic conductivity of the
aortic wall observed in these studies was due to the presence of the endothelium [137]
and a theoretical explanation of this phenomenon in terms of a deformable intima has
been offered [42-43].
The pressure drop across the endothelium of the rabbit aorta is likely to be less than 40
mmHg. Most of the pressure drop therefore occurs across the underlying structures of
the wall and increasingly so at a higher pressure. Huang et al. [42-43] proposed that the
intima under pressure loading is far more compressible than the media, and that large
deformations  can  occur  particularly  in  the  vicinity  of  fenestral  pores.  They  showed  a
dramatic, nonlinear decrease in the average intimal thickness from 0 mmHg to 150
mmHg, approximately fivefold intimal compaction at 150mmHg. This is much smaller
than the ratios 0.82, 0.79, and 0.77 of the medial thicknesses at 50, 100, and 150 mmHg
to that at 0 mmHg, respectively. When the media layer of the aorta is pressurized,
changes in the internal geometry of the aortic wall are induced by tangential stretching
and radial compression. It has been revealed that the volume of the media layer of the
aortic wall will not be significantly altered as the pressure is increased [31]. Tedgui and
Lever [131] found that between 0 and 70 mmHg, there was no significant change in
hydrated space with increasing pressure. This can be explained by considering the
change in the cross-sectional shape of the wall as it is pressurized: the circumferential
direction will be placed into tension (thereby increasing the tissue volume) while the
radial direction becomes compressed (thereby decreasing the tissue volume). If the
tissue is much stiffer in the circumferential direction than it is in the radial direction
(material properties found in the aorta), then these two effects can cancel to a first order
approximation. The isovolumetric behavior is a consequence of the anisotropy of the
vessel wall since an isotropic, compressible model led invariably to an increasing vessel
wall volume as the internal pressure was increased [31]. Wolinsky and Glagov [75]
showed that at physiological pressures the aortic media functions as a ‘two-phase’
material, circumferentially aligned collagen fibers bear the tangential stressing forces
while the elastin net distributes the stressing forces uniformly throughout the wall.
Whale et al. [30] investigated the effect of pressure on the specific hydraulic
conductivity  of  the  media  layer  of  the  aortic  wall.  They  conclude  that  a  biphasic,
anisotropic model might provide a more accurate characterization of aortic elasticity
and transport through the aortic wall. Johnson and Tarbell [31] have developed a
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biphasic, anisotropic elastic model of the media layer of aortic wall. They imply that for
an isotropic aortic wall, an increased intraluminal pressure will always lead to a positive
bulk dilation of the vessel wall, and thus the specific hydraulic conductivity of such a
vessel would be expected to increase with increased pressure. This is not necessarily the
case for an anisotropic vessel wall, and it has been speculated [31] that an important
function of an anisotropic aortic wall is to maintain a constant wall volume with
increased intraluminal pressure. A relatively constant wall volume would inhibit
alterations in the concentrations of extracellular macromolecules that might otherwise
change with differing physiological conditions.
In fact, the biphasic model shows that this constant wall volume condition can be better
maintained with biphasic tissue than with single-phase tissue [31].
Figure 3.4 shows the variation of the media layer radius [22, 110], the thickness of the
media layer [31, 133], and the thickness of intima layer [42-43] with pressure. The data
are  either  from experimental  values  or  theoretical  models  for  the  rabbit  thoracic  aorta
[31, 42-43, 131, 133].
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Figure 3.4. (A) The variation of the outer radius of the arterial wall as a function of
perfusion pressure. (B) The variation of intima thickness with pressure, and (C) the
variation of media layer thickness with transmural pressure. The data are either from
experimental values or theoretical models for the rabbit thoracic aorta [31, 42-43, 131,
133].

3.4.2 Fluid mechanical effects on the arterial wall
It is well known that wall shear stress associated with blood flow through the lumen of
an artery can affect ECs and may play an important role in arterial diseases [27, 132].
Shear stress on ECs can stimulate the release of diffusive substances such as endothelial
derived relaxing factors (EDRF-identified as NO) which cause SMC relaxation [138].
This represents an indirect effect of flow on SMCs. SMCs are also exposed directly to
flow (and wall shear stress) driven by the transmural pressure gradient.

3.4.2.1 Effects on the endothelium
Intercellular junctions, leaky junctions and vesicles, the transport pathways across the
endothelium, can be influenced by fluid mechanical forces, particularly shear stress,
acting on ECs.

3.4.2.1.1 Shear stress effect on tight and adherens junctions
 The transport experiments of BAEC monolayers showed that the shear stress induced a
reduction in occludin content, a rise in occludin phosphorylation content, and an
increase in PL [122]. It appears that alterations in the occludin content and
phosphorylation are mechanisms by which shear stress alters PL of BAEC. The
phosphorylation event occurs earliest and is associated with alterations in PL  before
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there is a change in the occludin content, suggesting that the phosphorylation event is
central to the transport response. In a similar study demonstrating the effect of VEGF on
BREC transport, it has been suggested that the tight junction disassembles in response
to VEGF by increasing either the number of breaks or the length of breaks in the tight
junction as occludin is phosphorylated. Considering the strong parallels between shear
stress and VEGF in altering tight junction proteins and transport, it is plausible that
shear stress alters the tight junction in a similar manner.
On the other hand, Noria et al. [146] investigated the effect of shear stress on adherens
junctions. They suggested that after 8.5 h of shear stress there is a partial disassembly of
the adherens junction. After 48 h, when the cell shape change was completed, intense
staining was recovered for all proteins, suggesting that the adherens junctions had been
reassembled and all protein levels were unregulated.  It has been recommended that
tight junctions be broken down or pulled apart as the adherens junction disassembles
and then reformed as the adherens junction reassembles because intercellular adhesion
at adherens junctions is taught to be a prerequisite for the assembly of other junctional
complexes, including the tight junction [147]. An in vitro transport study by McIntire et
al. [148] showed that maximal increases in endothelial transport by 48 h is consistent
with a transient breakdown and reassembly of intercellular junctions. But it should be
remembered that the tight junction can be modified very quickly after a change in shear
stress. The study by DeMaio et al. [122], described previously, showed occludin
phosphorylation as early as 5 min after exposure to shear stress, suggesting that tight
junction remodeling may be initiated before the adherens junction is altered. Further
studies  are  required  to  assess  the  dynamics  of  adherens  junction  remodeling  at  short
times.

3.4.2.1.2 Shear stress effects on leaky junctions
The cell proliferation (mitosis) and cell death (apoptosis), which are affected by fluid
shear stress, have been associated with leaky junctions. A reduction in the rate of blood
flow or shear stress induces an increase in the rate of EC apoptosis, whereas an increase
in shear stress exerts the opposite effect [149-150]. Studies in HUVECs indicate that the
apoptosis inhibitory effect of shear stress is mediated by the upregulation of NO
synthesis [151]. It has been suggested that the EC mitosis and apoptosis rates, and by
association the prevalence of leaky junctions, will be greater in regions of low mean
shear stress (near separation and reattachment points) where spatial gradients and
temporal oscillations of shear stress are colocalized. It is also worth remembering that
hypoxia is most likely to occur in regions of separated and secondary flow that are
associated with atherosclerosis plaque formation. Hypoxia induces EC apoptosis as
well, implying that fluid mechanical conditions that produce local hypoxia will induce
leaky junctions [41].

3.4.2.1.3 Shear stress effects on vesicles
The study by Davies et al. [151] does suggest that changes in shear stress might elevate
vesicular transport transiently.
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3.4.2.2 Fluid mechanical effects on smooth muscle cells
It  has  been  well  established  that  the  progression  of  the  atherosclerosis  and  intimal
hyperplasia (IH) is inhibited in areas exposed to elevated levels of blood flow shear
stress and exacerbated in low-shear stress areas. Shear stress on ECs can stimulate the
release of diffusible substances such as EDRF – identified as NOs which cause SMC
relaxation [27]. This represents an indirect effect of flow on SMCs. They are also
exposed  directly  to  flow  (and  wall  shear  stress)  driven  by  the  transmural  pressure
gradient.  Wang and  Tarbell  [27]  reported  that  shear  stress  over  the  SMC surface  is  in
the order of 2/1 cmdyne , which is in the range known to affect ECs in vitro. However,
they concluded that the transmural flow affects the function of SMCs. Moreover, they
suggested that alterations in blood pressure and hydraulic conductivity of endothelium
would affect transmural flow and in turn the shear stress on SMCs. These represent
mechanisms for communication between the blood vessel lumen and the blood vessel
wall, which may have physiological significance. Later, Tada and Tarbell [18, 28-29,
37] showed that the value of the average shear stress around the circumference of the
SMC, in the presence of the IEL, could be as much as 100 times greater than that
around an SMC in the fully developed interstitial flow region away from the IEL. They
concluded the proximal SMCs may experience shear stress levels that are even higher
than that of ECs exposed to normal blood flow (order of 2/01 cmdyne ).
On the other hand, some in vitro studies have investigated the effect of shear stress in
SMC function [27, 72, 152-154]. These studies have reported shear stresses in the range
of  1  to  25 2/ cmdyne . In a damaged IEL, lower shear stresses on SMCs upregulate
mechanisms supporting intimal hyperplasia. However, in an intact IEL, higher shear
stresses suppress SMC proliferation and migration, which might otherwise contribute to
intimal hyperplasia. Abnormally high SMC proliferation in the media and subsequent
migration to the intima are recognized as hallmark processes in IH. In particular, it has
been well established that IH is inhibited in areas exposed to elevated levels of blood
flow shear stress and exacerbated in low shear stress areas. Garanich et al. [72] have
suggested that increased flow diminishes the IH, and this production can be attributed to
an increased NO production of SMC in response to the elevated flow. They emphasized
that although these elevated NO levels might possibly suppress SMC proliferation, it
might also inhibit SMC migration. It could lead to a reduction in IH. Garanich et al. [72]
have shown that the elevated shear stress acts to inhibit SMC migration. This inhibition
is due to: 1) increased SMC production of NO, which in turn inhibits migration by
suppressing matrix metalloproteinase (MMP)-2 levels, and 2) increased SMC
production of platelet derived growth factor (PDGF)-AA, which would suppress SMC
migration in an autocrine fashion.
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4 NUMERICAL APPROACHES IN THE STUDIED CASES

In this Chapter, the numerical approaches applied in the study of molecular and
interstitial fluid transport through the arterial wall layers will be discussed. The issue is
dealt  with  further  in  Publications  II,  III,  IV,  V,  and  VI.  As  remarked  earlier,  three
distinct regions of an artery are the intima, media, and adventitia. The media layer
consists of SMCs, elastin fibers, collagen fibers, and proteoglycan core proteins [26-29,
41,154-157]. The tunica media layer is separated from the intima by the IEL. The
interstitial fluid is driven within the artery wall by diffusion and convection which arise
from the  concentration  gradient  and  pressure  gradient,  respectively.  Depending  on  the
nature of solutes transported from the bulk fluid (blood) phase to the endothelial
surface, molecular species will encounter a variety of surface boundary conditions.
After passing the endothelium and intima, solutes go through fenestral pores, which are
relatively small in size and are distributed randomly over the IEL. The interstitial fluid
enters the tunica media layer after the fenestral pores. In the tunica media layer, species
are transported toward the adventitia by the mechanisms of diffusion and convection
where they are consumed at the surface of SMCs via chemical reactions [28, 39]. Note
that the species are also transported in the opposite direction of the media from the vasa
vasorum in the adventitia.

4.1 Transport of molecular species through the media layer
The transport and accumulation of solutes in blood vessel walls are associated with the
creation and development of disease states. It has been suggested that the media layer
plays a major role in the transport and accumulation of solutes [25-27, 41]. Here, I
introduce my study of molecular transport through the media layer.

4.1.1 Model description
A schematic illustration of the arterial media right beneath the subendothelial layer in
2D  view  is  shown  in  Figure  4.1A.  A  transverse  section  of  the  artery  wall  is  cut  by  a
plane along the longitudinal direction of the artery. The right boundary corresponds to
the interface between the medial layer and adventitia. The left boundary corresponds to
the IEL, which provides a complex entrance flow condition through fenestral pores.
Water and solutes are delivered to the media layer through leaky fenestral pores on the
IEL. The fenestral pores are modeled as circular entries distributed in a square array
over the IEL. The IEL is assumed to be an impermeable wall against fluid flow except
for its pores that provide transport pathways for solutes and water. Figure 4.1B
demonstrates a 3D schematic view of SMCs in the media layer, the IEL, the intima and
the endothelium. The entire media layer is modeled as a heterogeneous medium
comprised of SMCs embedded in a continuous porous extracellular matrix phase
representing the interstitial proteoglycan and collagen fiber matrix that is modeled as
the Darcy medium. Collagen bundles, which are the most abundant component of the
interstitium, have radii in the order of 100 °A , while glycosaminoglycan and
proteoglycan core proteins have fibers with radii of 6-10 °A . A mean fiber radius of
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32 °A is  consistent  with  the  dimensions  of  the  constituents  of  the  interstitial  matrix
associated with the experimental data for the rabbit thoracic aorta [27]. Therefore, the
mean size of fibers in the interstitium is well below the size of other distinguishable
objects (e.g., SMCs and fenestral pores) whose characteristic dimensions range between
0.4 and 4 mµ . This well justifies the assumption of the interstitial phase as a continuous
porous medium. SMCs are modeled as cylinders impermeable to the interstitial fluid
because of the low hydraulic conductance of the cell membrane relative to that of the
interstitium. The cross sections of SMCs can be viewed within the media layer in either
a disordered configuration of circular or elliptic objects (Figure 4.1A). The assumption
of an elliptic cross section for SMCs is more realistic.
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Figure 4.1. (a) Transverse sectional view of the media layer. The IEL is an impermeable
barrier to fluid flow except for the fenestral pores. SMCs appear as the cross sections of
parallel, long cells. (b) Three-dimensional schematic of the structure of the arterial wall
within the inner layers close to the lumen.

4.1.2 Mathematical formulation
The governing equation for the solute transported by diffusion through the extracellular
matrix is

0).( =∇∇ CD f                                                                                                           (4.1)

where C is the local species concentration in the interstitial phase and fD is the
effective diffusivity of solutes in the fiber matrix [18]. fD represents the diffusion of
solutes within the porous interstitial matrix. Obviously, the presence of the porous
interstitial matrix deteriorates the diffusivity of solutes in the media because a portion of
the space is occupied by the proteoglycan and collagen fibers. The effective diffusivity
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fD  has taken into account the presence of the fiber matrix and its resistance against the
free diffusion of solutes.
The boundary condition on the surface of an SMC is

n
CDCk fr ∂

∂
=                                                                                                             (4.2)

This equation assumes that the rate of disappearance of the solute via a surface reaction
or cell permeation is a first order process with the rate constant rk . Here, n  represents
the normal direction to the SMC surface. The IEL was assumed as an impermeable
membrane nonreactive to solutes except at the fenestral openings, so there is no mass
flux across the IEL, that is

0=
∂
∂

n
C (4.3)

C in Eqs. 4.1 to 4.3 is normalized by the concentration at the fenestral pore, which is a
constant. Thus the boundary condition at the fenestral pore will be

1=inletC                                                                                                                         (4.4)
                                                              At the right end of the media, a bulk concentration of solute equal to 1.0 is specified alon

IEL and the vasa vasorum.

4.1.3 Model consistency
SMCs are assumed to be long, parallel cylindrical cells. Therefore, the interstitial fluid
can be practically considered as a 2D flow taking place in a transverse section. The
schematic illustration of the computational domain in 2D (a transverse sectional view of
the artery wall) was shown in Figure 4.1A. The flow through the fenestral  pores,  with
diameter d, is modeled as a 2D flow through a fenestral ‘plane slit’. In other words, the
geometry of fenestral pores must be changed to parallel grooves in a 2D equivalent
view. The 2D parameters are evaluated from the 3D circular pore parameters to ensure
that the volumetric flow rate in 2D slits is equal to that in 3D circular pores. These slits
are equally spaced along the IEL with an equivalent width of Dd2 , namely the 2D pore
size, so that the fenestral slits are aligned along the centers of the 3D circular pores.
Each slit corresponds to a row of circular pores in 3D, and the width of the fenestral slit
is specified so that the area per unit length of the 2D slit model is equivalent to that of
the 3D circular pore model, given as [18]

4/2
2 ddl D π=× (4.5)
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Here, l is the distance between neighboring 3D pores. In fenestral slits, the ratio of the
width of the slit ( Dd2 ) to the distance between neighboring pores ( l ) is equal to the area
fraction of fenestral pores ( f ), given by [28, 37]

ldf D /2=                                                                                 (4.6)

Figure 4.2 shows  the  3D  view  of  the  arrangement  of  SMCs  along  with  other
constituents in the media layer. Moreover, circular fenestral pores and parallel slits are
shown in Figure 4.2. Once the SMC diameter (D) and volume fraction for the SMC (F)
are given, the distance between the centers of neighboring SMCs (L) can be calculated
by [28, 37]

2

2

4
1

L
DF π

=                                                                                                                   (4.7)

4.1.4 Computational method
Equation (4.1) is solved with the above-mentioned boundary conditions using the finite-
element method (FEM) (Appendix I) provided in the PDE-Toolbox of MATLAB
(Matlab, 2004) [158-163]. The geometry, boundary conditions and meshes are all
produced and defined inside the toolbox. Generally speaking, there are three distinct
steps in solving a problem with the PDE-Toolbox as follows: 1) Describing the
geometry of the domain of solution and the boundary conditions,  which is done either
interactively or through script files. 2) Building a triangular mesh (irregular grid) on the
domain of solution. The toolbox provides facilities for mesh generation and mesh
refinement. A mesh is described by three matrices of fixed format that contain
information about the mesh points, the boundary segments, and the triangles. 3) The
partial differential equation (PDE) is discretized with boundary conditions to obtain a
linear system as K.c=F.
The unknown vector c contains the values of the approximate solution at the mesh
points, the matrix K is assembled from all the coefficients in the governing equation and
boundary conditions. Finally, F contains  averages  of  the  source  term  in  Poisson’s
equation (Eq. 4.1) around each mesh point and contributions from the representative
flux term in the boundary condition (Eq. 4.2). Once the matrices K and F are
assembled, the MATLAB environment is used to solve the linear system and further
processes of the solution. In the triangular meshes, several refinements are performed to
obtain a grid-independent solution. The number of meshes used in our calculations
depends on the volume fraction of SMCs, e.g. it is about 5105×  for a packing density of
0.40 and about 5102×  for a packing density of 0.70. A large number of meshes are
necessary over the solid surfaces (SMCs and IEL) in order to capture the grid-
independent gradients of concentration.
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Figure 4.2. Schematic of the media layer. 3D view of the arrangement of SMCs in the
media layer. The fenestral pores, IEL, intima and endothelial cells are also shown. In
the 2D computational domain shown here, one can see the cross sections of smooth
muscle  cells  (SMCs)  as  the  cross  sections  of  parallel,  long  cells.  Circular  pores  are
represented by parallel slits in 2D.

The geometric configuration of the 2D model was shown in Figure 4.1A. The upper and
lower boundaries of the computational domain are subject to the symmetry boundary
condition ( 0/ =∂∂ nC ) in which no mass flux can pass across these boundaries. They
are perpendicular to the longitudinal axis of the artery. In an ordered configuration, the
smallest unit can be found so that the symmetry boundary condition is applicable. In
fact, the symmetry condition is not only due to geometric symmetry, but it can also be
maintained as a condition to avoid longitudinal flow and mass transport in disordered
configurations. This is physically true because the transmural flow is substantially a
radial flow in the arterial wall. The large width of the calculation domain is taken with
respect to the size of a fenestral pore so that it guarantees the feasibility of the symmetry
condition. The height of the computational domain (along the IEL) is taken as half the
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distance between neighboring fenestral pores. The fenestral pore spacing ( l ) is taken as
a multiple of the distance between neighboring SMCs (Figure 4.3).
The ordered configurations are created similarly to those of Tada and Tarbell [18], in
which SMCs are located in square arrays. The random distribution of SMCs is created
by generating random numbers for x, y positions of SMCs. This is a typical method in
Monte Carlo simulations and is known as the random shooting method. When the
coordinates of an SMC are generated, the overlap of the SMC is checked with regard to
other SMCs. In the case of overlapping, the candidate is rejected and new coordinates
are generated. For the lower SMC packing fraction (e.g. 0.4), the random shooting
method is successful and convenient. However, it fails in higher packing fractions (e.g.
0.7). For the creation of random distribution in the higher packing density (fraction), we
slightly displace an SMC by a random move in an ordered configuration so that no
overlap is accepted. Each SMC is randomly displaced several times before the final
configuration is achieved. The only assumption in the creation of disordered packing is
that the symmetry boundary condition (zero mass flux) is maintained along the upper
and lower edges of the computational domain. Note that, in disordered configurations,
the number of SMCs and the dimensions of the computational domain are assumed the
same  as  ordered  configurations.  The  eccentricity  of  an  elliptic  SMC  ( 2)/(1 ab− ,
where a,  b are the halves of large and small diameters of the ellipse, respectively) is
0.75. Note that the cross sectional area of an elliptic SMC is equal to that of a circular
SMC. This guarantees that the volume fraction of SMCs remains constant.

Figure 4.3. Various geometric configurations of fenestral pores and SMCs. At a
constant value of area fraction ( f ),  the  number  of  SMCs  between  neighboring  pores
and pore diameter ( d ) are proportionally increased when pore spacing ( l ) is larger.
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4.2 Interstitial fluid transport through the media layer
The blood pressure and flow creates hemodynamic stimuli in the forms of stretch and
shear stress, which exert continuous influences on the constituents of the blood vessel
wall. The local wall shear stress due to the blood flow, controlling the blood-phase
resistance to the transport of LDL or other atherogens, is one of the most important
factors suggested for the localization of atherosclerosis. It has also been revealed that
the region, near the intimal-medial boundary, is a very critical area of the arterial wall
[18,  28-29].  The  shear  stress  on  the  surface  of  SMCs  sited  in  the  vicinity  of  the  IEL
could  play  a  major  role  in  SMC  proliferation  and  migration  in  atherosclerosis  and
intimal hyperplasia. In this part, I will discuss my study on the effects of transmural
pressure on the shear stress distribution over the SMCs in the deformable media layer.

4.2.1 Two-dimensional simulations

4.2.1.1 Model description
A schematic illustration of the media layer in 2D is shown in Figure 4.4. Interstitial flow
driven due to a pressure gradient enters the media layer through fenestral pores which
are replaced by regularly-distributed fenestral slits over the IEL in a 2D representation
of the aorta wall. The IEL is assumed as an impermeable barrier to fluid flow except at
fenestral pores. The entire media layer is modeled as a deformable porous medium
composed of SMCs (arranged in square or staggered lattices) and a homogeneous
porous medium (the extracellular matrix) made mainly of elastin fibers, collagen,
proteoglycan core proteins, and the glycosaminoglycans fiber matrix. SMCs are
impermeable to the interstitial fluid because of a low hydraulic conductance of the cell
membrane relative to that of the interstitium in the range of pressures from 0 mmHg to
180 mmHg. The biphasic-anisotropic model has well explained the variation of media
layer thickness with increased intraluminal pressure [31]. Maintaining constant wall
volume with increased intraluminal pressure as an important function of an anisotropic
aortic wall is also taken into account in this model. In a deformable aorta wall, the cross
section (including its components such as SMCs) and the mechanical properties of the
wall (such as the Young’s modulus) vary as a function of intraluminal pressure. Such
changes of the dimensional and mechanical properties of the aortic wall are significant
with pressure. The above-mentioned considerations for a deformable arterial wall are
introduced to a 2D simulation of the interstitial flow through the media layer. It is
assumed that the thickness of the media layer varies with the transmural pressures in the
range of 10 to 180 mmHg. SMCs are assumed as circular cylinders at 0 mmHg, but
their  cross  sections  turn  into  an  ellipse  due  to  a  nonzero  strain  along  the  medial
thickness,  and  a  zero  strain  along  the  aorta  length.  The  radius  of  SMCs  follows  the
thinning of the media layer with the same strain decreasing the aorta thickness as
pressure rises. The packing of SMCs within the media layer is modeled either as a
square lattice or as a staggered one.
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4.2.1.2 Mathematical formulation
The governing equations for interstitial flow through the media layer include the
equation of continuity and a generalized flow transport model in the porous media given
by the following equation [2]:
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K

vPvv
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∂

ρ 2)(                                      (4.8)

where ∇  is the Nabla operator, v is the superficial velocity vector, P is the pressure, µ
is the viscosity of the interstitial fluid, ρ  is the density of the fluid, and pfK  is the
hydraulic permeability of the extracellular matrix. The first term on the right-hand side
of Eq. (4.8) is the pressure gradient which drives the interstitial flow through the media
layer, the second term on the right-hand side is the viscous term which allows the
satisfaction of the no-slip boundary condition on the surfaces of SMCs and the IEL. The
last term on the right-hand side (Darcy term) characterizes the fluid flow in the porous
medium away from the solid boundaries.

Figure 4.4. Media layer as considered in the computational domain. Smooth muscle
cells appear as their elliptic cross sections arranged in square or staggered
configurations. The interstitial flow enters the media through a fenestral pore (slit in
2D). Here, Dd2  is the fenestral slit width, and l  represents the spacing of slits. a  is the
distance between the IEL and the upstream end of the closest SMC to the IEL. L  shows
the center-center distance between the SMCs. The dotted lines are boundaries of the
computational domain subjected to the symmetry boundary condition.
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4.2.1.3 Model consistency
The relation between fenestral slits in 2D and fenestral pores in 3D was justified earlier
in greater detail in section 4.1.3. Briefly, in the equivalent 2D view, the pores are
represented as rectangular parallel slits (Figure 4.2).

4.2.1.4 Computational method
The set of governing equations (Eq. 4.8) were solved by means of the finite volume
(FV) method available in the CFD package, Fluent v6.3. The SIMPLE algorithm was
employed  for  the  coupling  of  the  pressure-velocity  terms.  The  discretization  for  the
momentum was of the first order and the standard scheme was applied for pressure. The
pressure-based solver was used to solve the governing equations at the steady state.
Structured (mapped) grids were created with quadrilateral elements within the entire
computational domain. Grid generation was performed in the environment of the
computer package Gambit (v2.2.30, Fluent Inc.). Figure 4.5 demonstrates the grids
generated for one of the simulations in which the IEL is the left edge of the domain, and
the four nearest layers of SMCs to the IEL are shown. The mesh size near the solid
surfaces (SMCs and the IEL) is extremely small because the flow is dominated by
viscosity in the vicinity of solid boundaries. After it is established that the numerical
results do not alter with mesh refinement, the discretization of the computational
domain was performed using approximately 5103×  mesh faces [(60radial ×
60circumferential) ×78 cell numbers + 4000 near the inlet pore].
The upper and lower boundaries (Figure 4.4) of the computational domain are subjected
to the symmetry boundary condition. The normal unit vectors of these two boundaries
are in the longitudinal direction of the artery. In ordered configurations (square and
staggered arrays) of SMCs with regular distribution of fenestral pores (slits) along the
IEL, symmetry lines can be found, and thus our computational domain can be bound by
them. As a result, the longitudinal flow is suppressed, as the symmetry condition does
not allow any flux of mass and momentum across the symmetry lines. This is physically
true because the transmural flow is substantially a radial flow across the arterial wall.
As the width of the computational domain is sufficiently larger than the size of the
fenestral  pores,  the  assumption  of  the  symmetry  boundary  condition  could  also  be
feasible in disordered configurations of SMCs within the media layer. The staggered
array of SMCs may resemble a realistic case, as SMCs are not necessarily arranged in a
very specific configuration such as the square array. In addition, the assumption of an
elliptic cross section for SMCs is also more realistic, as SMCs are subject to shape
change if pressure varies. Figure 4.5 shows the computational domain with staggered
distribution of SMCs at 80 mmHg, where the cross sectional shape of cells is changed
to an ellipse. Note that in the staggered configurations, fenestral pores are not aligned
with the nearest SMC to the IEL.
The height of the computational domain is one-half of the distance between two
successive fenestral slits. Over all solid surfaces (the IEL and SMCs), the no-slip
boundary condition is assumed. At the downstream end (media layer attached to
adventitia), the pressure-outlet boundary condition is applied in which the gauge
pressure is set to zero. In fact, the transmural pressure in the endothelium-removed aorta
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is measured between the fenestral pore and the end of the media layer. The velocity
profile at the fenestral pore is uniform and determined by

v
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0=                                                                                                                      (4.9)

where v is the superficial velocity, and l  is the fenestral slit spacing. The superficial
velocity of the transmural flow (v) is calculated by Darcy's law
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where xP ∂∂ /  is the pressure gradient through the medial thickness and pK  is the
hydraulic permeability of the media layer. The hydraulic permeability of the media
layer is a key parameter characterizing the transport properties of the layer, which has
been discussed through various studies [17, 25-26, 31].

Figure 4.5. Computational grids generated for a staggered array of SMCs. Grids are
generated in structured form within each subdomain that surrounds the half of each
SMC.  There  are  26  layers  of  SMCs  with  3  subdomains  in  each  layer  (totally  78
subdomains). The mesh size is fine enough near the solid surfaces of IEL and SMCs.
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pK  is an intrinsic property of porous media that is entirely characterized by the
microstructure of the material and is independent of the macroscopic dimensions of the
tissue. Johnson and Tarbell [31] introduced the biphasic, anisotropic model to study the
properties of the media layer. They assumed that pK  depends on the bulk dilation ( Ψ )
of the medium. Lai and Mow [164] proposed an exponential form, )(exp0 Ψ= MKK p ,
which was linearized by Klanchar and Tarbell [25] as 0/)1(/1 KMK p Ψ−= , where M

and 0K  are material properties. Johnson and Tarbell [31] assumed that M is a positive
constant since the hydraulic permeability of a medium decreases when it is compressed.
They related the bulk dilation to the strain field as rudrdu // +=Ψ , where u  is the
radial displacement and r stands for the radial coordinate. Therefore, the pressure
gradient is determined by Darcy’s law as
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where H is the thickness of the media layer, and Q is  the flow rate passing across the
aortic wall [131, 133-134]. Equation 4.11 may be solved analytically.
On the other hand, pL  (the hydraulic conductivity of aorta) is defined as [30-31]

( ) PHbQLp ∆π= /2/                                                                                                     (4.12)

where b is the outer radius of the vessel. pL  is  not  only  a  property  of  the  aortic  wall
microstructure but also depends on the thickness of the tissue and the viscosity of the
interstitial fluid. pK can be related to pL  as HKL pp µ/= . The biphasic, anisotropic

model is adopted for calculations of pL  (or pK ) needed to feed into the computational
model.
It is worth mentioning that the hydraulic permeability of the extracellular matrix ( pfK  )
must be extracted from pK  to  be  usable  in  the  simulation.  As  mentioned  before,  the
media layer is composed of SMCs and a homogeneous porous medium including
interstitial  proteoglycan,  elastin,  and  the  collagen  fiber  matrix.  In  other  words,  the
contribution of SMCs in building up pK  must be excluded in order to obtain pfK . The
hydraulic permeability of the fiber matrix ( pfK ) is then approximated as (Wang and
Tarbell [27])

F
FKK ppf −

+
=

1
1                                                                                                             (4.13)

where F is the volume fraction occupied by SMCs within the media layer (Eq. 4.7).
Simulations are performed at the transmural pressures of 10, 50, 80, 120, and 180
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mmHg. Based on the biphasic-anisotropic model, the diameter and thickness of the
aorta alter due to pressure variation in an isovolumetric deformation of the aorta. Table
5.2 shows the values of the hydraulic conductivity of the aorta ( pL ), medial thickness
(H), the hydraulic permeability of the extracellular matrix ( pfK ), and the hydraulic
permeability of the media layer ( pK ) for the rabbit thoracic aorta wall at 10, 50, 80,120,
and 180 mmHg predicted by the biphasic, anisotropic model. Note that the longitudinal
strain is zero, as the length of aorta does not change with transmural pressure.

4.2.2 Three-dimensional simulations

4.2.2.1 Model description
A schematic illustration of different layers of aortic wall is shown in Fig. 4.6. The left
end in Fig. 4.6 is the lumen where blood flows. The first layer in contact to the lumen is
the endothelium, a mosaic of endothelial cells. The intercellular junctions between the
endothelial cells can vary in size providing passages to molecules and macromolecules
to  enter  from the  lumen into  the  arterial  wall.  Obviously,  the  chemical  species  can  be
also transferred through the endothelial cells themselves.
A schematic illustration of the aortic media in 3D is shown in Figure 4.7. The interstitial
flow which is driven by the pressure gradient across the media layer passes through
fenestral pores in the IEL and enters the media layer. The fenestral pores are modeled as
circular entries distributed uniformly over the IEL. The IEL is assumed impermeable to
fluid flow as before, except at fenestral pores. The entire media layer is modeled as a
deformable porous medium comprised of SMCs (arranged in square or staggered
lattices)  and  a  homogeneous  porous  medium  (the  extracellular  matrix).  It  is  worth
mentioning that the media layer components and SMC properties are similar to those
described in section 4.2.1.1.  The thickness of media layer varies with the transmural
pressures in the range of 10 to 180 mmHg. SMCs are assumed as circular cylinders at 0
mmHg, but their cross sections turn into ellipses due to nonzero strain along the medial
thickness, and zero strain along the aorta length. The radius of SMCs follows the
thinning of the aorta wall with the same strain decreasing the aorta thickness as pressure
rises.
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Figure 4.6. The schematic of different layers of arterial wall in the vicinity of lumen.
Endothelial cells are shown with their corresponding cellular junctions. Intima is the
next layer bounded between endothelium and the IEL. Beyond the IEL the media layer
starts in which SMCs are arranged in different rows. The surface of the IEL is covered
by fenestral pores that allow the interstitial fluid (mainly water with various
constituents) to enter from intima to the media. Macromolecules such as LDL and other
solutes can enter the arterial wall and penetrate into the media with the interstitial flow
in a path such as the one sketched here.
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4.2.2.2 Mathematical formulation
The governing equation is the same equation as described in section 4.2.1.2.

4.2.2.3 Computational method
The governing equations (the continuity equation and Eq. 4.8) are solved by means of
the finite volume (FV) method available in the CFD package, Fluent v6.3. The SIMPLE
algorithm was employed for the coupling of the pressure-velocity terms. The
discretization for the momentum equation was of the first order and the standard scheme
was applied for pressure. The pressure-based solver was used to solve the governing
equations at steady state.
Unstructured grids were created with tetrahedral elements within the entire
computational domain. Grid generation was performed in the environment of the
computer package Gambit (v2.2.30, Fluent Inc.). The mesh size near the surfaces
(SMCs and the IEL) was extremely small because the flow was dominated by viscous
stresses in the vicinity of solid boundaries. After it was established that the numerical
results did not alter with mesh refinement, the discretization of the computational
domain was performed using approximately 610  mesh volumes.
Figure 4.7 represents the computational domain with a staggered distribution of SMCs
at 80 mmHg, where the cross sectional shape of cells is changed to an ellipse. The shape
of cells is allowed to change with pressure. Note that in the staggered configurations,
fenestral  pores are not aligned with the nearest  SMC to the IEL. The upper and lower
boundaries (Figure 4.7) of the computational domain are subjected to the symmetry
boundary  condition.  The  normal  unit  vectors  of  these  two  boundaries  are  in  the
longitudinal direction of the artery. In ordered configurations (square and staggered
arrays)  of  SMCs with  regular  distribution  of  fenestral  pores  along  the  IEL,  symmetry
lines can be found. Thus our computational domain can be bound by them. As a result,
the longitudinal flow is suppressed as the symmetry condition does not allow any flux
of mass and momentum across the symmetry lines. The distance between symmetry
lines in the computational domain is one-half of that between two successive fenestral
pores.  Over  all  solid  surfaces  (the  IEL  and  SMCs),  the  no-slip  boundary  condition  is
assumed. The computational domain only contains the first two neighboring SMCs to
the IEL.
The value of pressure at the outlet of the computational domain is determined based on
a linear variation of pressure from the inlet of the media layer to its interface with
adventitia  where  pressure  is  zero.  The  velocity  profile  at  the  fenestral  pore  is  uniform
and determined by
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=                                                                                                               (4.14)

where v is the superficial velocity, and l  is the fenestral pore spacing. The distance
between neighboring fenestral pores ( l ) is calculated by 22 4/ ldf π=  [37].  The
superficial velocity of the transmural flow (v) is calculated by Darcy's law
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HPKv p µ∆⋅= /                                    (4.15)

where P∆  is the pressure difference across the medial thickness ( H ).

Figure 4.7. 3D computational domain in which the cross sectional shape of SMCs is
elliptic. The interstitial flow enters the media through the fenestral pores which are
distributed over the IEL. The media layer is composed of a staggered distribution of
SMCs and a homogeneous porous medium. On the lateral surfaces of the computational
domain, symmetry boundary conditions are imposed. The distance between neighboring
fenestral pores ( l ) is calculated by 22 4/ ldf π= [37].
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4.3. Transport of LDL through arterial wall layers
Atherosclerosis is a disease in large, high-pressure arteries, but not in low-pressure
arteries or veins [41]. Vessels may differ in wall thickness, wall composition,
transmural pressure and so on, but it is not clear which parameter has the highest impact
on arterial diseases susceptibilities [7, 41, 168, 177, 180]. On the other hand, the
penetration of macromolecules such as low-density lipoprotein (LDL) into the arterial
wall with accumulation in intima and media has been debated in the pathogenesis of
atherosclerosis [7, 41, 168, 177, 180-181]. Therefore, a full description of LDL
transport across arterial wall in association with wall structure and transmural pressure
is essential. This becomes more crucial in aorta wall which deforms significantly with
pressure changing the pathway of LDL in different layers of the wall [7, 41,168].
Previous experimental studies have shown that vesicles [182-183] and leaky junctions
[184-186] are two pathways for LDL across the endothelium. Vesicles are taking up
LDL from extracellular fluid, a process known as receptor-mediated endocytosis,
whereas leaky junctions are provided by endothelial cells in the state of turnover. It was
recently shown [180] that LDL flux mostly passes through leaky junctions (>90%) and
rarely transported by vesicles (<10%).
It has been explored, in vivo, that the hypertension accelerates atherogenesis by
increasing the turnover of endothelial cells, the opening of endothelial junctions, and
hence an enhancement of transendotheilal macromolecular transport [176]. On the other
hand, Huang et al. [16] suggested that the size and frequency of the leakage sites
correlates with the formation and growth of macromolecular leakage spots in the arterial
intima. It has also been shown [42-43, 130-131, 187] that the growth of these spots
alters with transmural pressure, which has an initiating or at least a potentiating role in
atherosclerosis. The effect of transmural pressure on LDL transport was studied in vitro,
which revealed the LDL concentration across the arterial wall could change
significantly under hypertension [187]. There have been studies on modeling the role of
pressure on LDL transport within the rigid arterial wall simulated as single-layer or
multilayer media [7, 168,177]. Yang and Vafai [7], and Sun et al. [168] assumed
multilayer arterial wall in their studies of LDL transport. They treated different wall
layers as rigid and homogeneous porous media. Olgac et al. [177] modeled endothelium
using a three-pore model where the wall was taken as a single layer porous medium.
However, the influence of hypertension on the LDL transport and its accumulation
within the deformable aorta wall has not been studied yet.
In  this  section,  I  introduce  my  study  on  the  dependence  of  LDL  transport  on  the
transmural pressure of aorta wall using a deformable multilayer wall model, in which
the penetration of water and LDL into the wall is described by a pore model applied to
the endothelium. The fraction of leaky junctions over endothelium is correlated to the
transmural pressure with the help of experimental studies available in literature.

4.3.1 Model description
A multilayered model of deformable aorta wall is introduced to investigate the transport
of low-density lipoprotein (LDL) under hypertension, taking into account the influences
of increased endothelial cell turnover and endothelial indentation above fenestral pores
at  a  higher  pressure.  The  LDL  and  water  transport  within  the  thoracic  aorta  wall  are



NUMERICAL APPROACHES IN THE STUDIED CASES84

studied, whereas the thickness and properties of endothelium, intima, internal elastic
lamina (IEL), and media layer are affected by the transmural pressure. The LDL
macromolecules enter the intima through leaky junctions over the endothelium, which
are created due to dying or dividing endothelial cells. Water molecules go to the intima
via the paracellular transport mechanism through breaks in tight junctions after passing
the glycocalyx. The glycocalyx is modeled as a Brinkman porous medium to consider
the molecular filtration associated with its structure. Simulations are performed in an
axisymmetric plane centered at a leaky cell. Combined Navier-Stokes equations and
Brinkman model are solved for the transmural flow, and the convection-diffusion
equation is employed for the transport of LDL. In media layer, the permeation of LDL
over the surface of smooth muscle cells (SMC) by bulk-phase endocytosis is taken into
account through a uniform reaction within the media in the corresponding convection-
diffusion equation.
Our mathematical model for the transport of LDL and water through the endothelium
and subsequent layers is performed in a geometric representation shown in Fig. 4.8A.
This geometry is a periodic unit of larger array displayed in Figs. 4.8B and 4.8C. Figure
4.8B demonstrates the hexagonal arrangement of leaky cells (dots) over the endothelial
surface, while a magnified view of the immediate neighborhood of one leaky cell is
sketched in Fig. 4.8C. By assuming such hexagonal arrangement of leaky cells it has
been possible to take a cylindrical cut (periodic unit) of the arterial wall that is the
hatched region in Fig. 4.7C. Each periodic unit is centered by a leaky cell. The anatomy
of the periodic unit is illustrated in Fig. 4.7A. For a better computational performance,
the mathematical modeling within the aforementioned cylinder may be reduced to the
axisymmetric plane demonstrated in Fig. 4.7A. This assumption requires the tight
junctions  over  the  endothelium  and  the  fenestral  pores  over  the  IEL  to  be  taken  as
circular concentric rings, as sketched in Fig. 4.7A. In our model, the aorta wall
comprises of endothelium, intima, internal elastic lamina (IEL), and media layer. Such
multilayer model gives more details about the transport phenomena than the single-layer
model of arterial wall does. The intima layer is modeled as a deformable porous
medium which leads to a pressure-dependent Darcy permeability [42]. The IEL is
modeled as an impermeable barrier to both fluid and LDL except at the fenestral pores
distributed over the IEL [188-189]. Fenestral pores are filled with a porous structure
that is a continuation of the intimal matrix [16, 42]. The media layer is introduced as a
homogeneous  porous  medium  in  which  the  penetration  of  LDL  across  the  surface  of
smooth muscle cells (SMC) is described through a homogeneous reaction rate within
the media. The transport properties of each layer including permeability, diffusivity, and
porosity are calculated locally as a function of transmural pressure.
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Figure 4.8. (A) The cylindrical zone used in the mathematical modeling. (B) Hexagonal
arrangement of leaky cells (dots) over the endothelial surface. (C) The neighborhood of
single leaky cell (dot inside the hatched circle) zoomed from the hexagonal array of
leaky cells. The hatched circle represents the top view of the cylindrical zone shown in
part A.
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4.3.2 Mathematical formulation
Despite the pulsatile nature of blood flow the steady state condition has been considered
in  this  study.  It  has  been  already  shown  that  the  impact  of  pulsation  on  the  LDL
transport across the arterial wall is negligible for a straight axisymmetric geometry
[182]. This is due to the large resistance offered by the arterial wall. Under the
assumption of steady-state conditions and incompressible blood with Newtonian
rheology, the interstitial flow in leaky and tight junctions, is governed by Navier-Stocks
and continuity equations

jjjj uPuu 2).( ∇+∇−=∇ µρ                                                             (4.16)
0=∇ ju             (4.17)

where ju and jP  are the transmural velocity and pressure in the corresponding junction,

respectively, ρ  is the density of blood plasma taken as 1000 3/ mkg , and µ  is the
dynamic viscosity of blood plasma equal to 7.2 410−×  Pa.s. The thickness of the porous
glycocalyx layer, based on several electron microscopy studies that are subject to
artifacts,  is  less  than  100  nm  [41].  This  layer  covers  the  top  of  tight  junctions  within
which the Brinkman equation is employed to describe the transmural flow. In addition
to the glycocalyx layer, the transmural flow in intima, fenestral pores over the
impermeable IEL, and the media layer are modeled using the Brinkman equation,

[ ]))(()/1(.)/( lllllPl uuPuK ∇+∇+∇= µεµ                                                 (4.18)
0=∇ lu             (4.19)

where lε  and PlK  are the porosity and the hydraulic permeability of corresponding
layer, lu is the transmural velocity, and lP  is the pressure. The Darcy law was applied
in previous studies of flow through arterial wall layers, whereas by applying the
Brinkman model no-slip boundary conditions along the surfaces of the endothelial
junctions and the fenestral pores will be satisfied.
The LDL transport in the leaky junctions of endothelium is coupled with the transmural
flow. It is modeled by the convection-diffusion equation

0.).( =∇+∇−∇ ljljljflj CuCD                                     (4.20)

were ljC  is the LDL concentration and fljD  is the diffusion coefficient of LDL through
the leaky junction.  The transport of LDL in intima and fenestral pores are modeled by

0.).( =∇+∇−∇ iicfiifi CuKCD                                                                         (4.21)
0.).( =∇+∇−∇ IELIELcfIELIELfIEL CuKCD                                                                      (4.22)
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where C is the LDL concentration, cfiK , cfIELK , fiD , and fIELD  are the solute lag
coefficients and the diffusion coefficients of intima and the fenestral pores in IEL. The
LDL transport through the media layer is modeled by the convection-diffusion equation
with reaction as

meffmmmeffcfmmefffm CrCuKCD )(.)())(.( =∇+∇−∇                                                     (4.23)

where mr  is the consumption rate constant in the media. The consumption encompasses
all the processes accounting for loss of LDL within the media layer including
consumption by the SMCs [168, 177]. The value of mr  is taken as 2.5 310−×  s-1 [7, 168,
177].

4.3.3 Computational method
The axisymmetric illustration of computational domain in Fig. 4.7A represents the local
environment around a leaky cell in the thoracic aorta wall. It is a transverse section of
the wall consisting of endothelium, intima, IEL, and media layers. The width of
computational domain is ξ  in r direction. As discussed earlier, hypertension increases
the cell turnover rate ( φ ) which in turn affects on ξ . The width and the length of leaky
junction are taken as 40 nm and 2 mµ , respectively. The width and the length of tight
junctions are 20 nm and 2 mµ , respectively. The number of tight junctions within the
periodic unit varies as ξ  changes under hypertension. The lengths of different layers of
aorta at 70 mmHg are presented in Table 4.1.

   Table 4.1. The length of the aorta wall layers at 70 mmHg

Endothelium
mµ

Intima
mµ

IEL
mµ

Media
mµ

2 0.155 1 121.845

The  study  of  Huang  et  al.  [42]  for  rabbit  thoracic  aorta  revealed  that  the  thin  intimal
layer compresses from 0.5 mµ  at 0mmHg to 0.155 mµ  at 70 mmHg and then to 0.0575

mµ  at 180 mmHg. Tedgui and Lever [131] presented the data for the thickness of the
rabbit thoracic aorta as125 mµ at 70 mmHg and 100 mµ  at 180 mmHg. According to
the aforementioned data, we set the thicknesses of intima and media to 0.0575 mµ and
96.94 mµ at 180 mmHg, respectively.
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For calculation of the transmural flow, constant pressure boundary condition is used at
the inlet of leaky junction and glycocalyx layer with the values of either 70 or 180
mmHg. At the media-adventitia interface, the pressure boundary condition is applied
with the values of 17.5 and 45mmHg corresponding to the inlet pressures of 70 and 180
mmHg [7, 177]. The entire left edge of the computational domain is assigned with the
axial symmetry boundary condition, whereas symmetry boundary condition is given to
the right edge of the domain. Over the walls of leaky junction, tight junctions, and
fenestral pores, no-slip boundary condition is applied.
For the convective-diffusion equation, the constant concentration of 0C =
5 34 /10 mmol−×  (in the range of normal human plasma LDL concentration) is given at
the inlet of leaky junction. The breaks through the tight junction could allow the passage
of water and small molecules (below the size of Albumin with radius of 3.5 nm) but not
LDL with the radius of 11 nm. Thus the value of LDL concentration at the inlet of tight
junctions is set to zero. At the media-adventitia interface, a constant value of LDL
concentration is applied as 005.0/ 0 =CC .  However,  results  were  not  affected  by
assigning the convective flux boundary condition at the media-adventitia interface. Over
the left edge of the computational domain, the axial symmetry boundary condition is
also applied for the convective-diffusion equation. For the right edge of the domain and
the wall surfaces of leaky and tight junctions as well as fenestral pores the insulation
boundary condition is applied

0)( =+∇⋅ CuCDn                                                                                                      (4.24)

The set of governing equations (Eqs. 4.16-4.23) were solved by means of the finite
element method provided in Comsol Multiphysics, Version 3.4 (Comsol). The flow
calculations were performed first to obtain the pressure and velocity fields, which were
used in the mass transport calculations for LDL. In any given geometry, the numerical
results of the flow and LDL transport are examined to be independent of mesh density.
At 70 mmHg, a computational mesh was employed consisting of 600 quadratic
elements in each leaky and tight junction, 5600 quadratic elements in the intima, 200
quadratic elements in each fenestral pore, and 13000 quadratic elements in the media
layer. The same numbers of mesh elements were taken in all subdomains at 180 mmHg,
except for intima and media which contained 4000 and 9500 quadratic elements,
respectively. Linear elements were defined throughout the entire system.
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5 STUDIED CASES

In this Chapter, the physiological parameters as well as other information needed in our
studied cases will be explained. Moreover, results and discussions from my study on the
transport of molecular species within a 2D geometry of the media layer, the interstitial
flow within the deformable media layer in 2D and 3D geometries, and the
macromolecular transport within the whole arterial wall will be discussed in sections
5.1, 5.2, and 5.3, respectively (Publications II, III, IV, V, and VI).

5.1 Transport of molecular species through the media layer
Albumin, LDL, and ATP are the major molecules whose distributions within the arterial
wall have been extensively studied [17-18, 25-31, 37]. The mechanism of transport for
each of these molecules depends on the size of the transported species. For instance, the
transport of ATP is dominated by diffusion, whereas convection plays the major role in
the transport of LDL within the media layer [18, 41]. The key role of ATP hydrolysis to
adenosine (at the surface of an SMC) in regulating the time course of the cellular
response during crises or signaling events was the main intent of this study in order to
elucidate the role of the shape, distribution, and volume fraction of SMCs in the rate of
ATP transport through the media layer (Publications II and III).
Adenosine and adenine nucleotides have extracellular functions in hemostasis and in the
control of vascular smooth muscle tone. If ATP and ADP are in direct contact with the
SMC, they can cause vasoconstriction (contraction of the muscular wall of the artery)
[165-167]. It has also been suggested that vascular SMCs respond to the purinergic
agonist ATP by increasing intracellular calcium concentration and increasing the rate of
cell proliferation [167]. Note that ATP and ADP can cause vasodilation (expansion of
the  muscular  wall  of  the  artery)  when  they  interact  with  the  endothelium.  The
hydrolysis of ATP to ADP may occur over the entire endothelial surface by enzyme-
catalyzed surface reactions.
ATP is a multifunctional nucleotide that is known as a "molecular currency" of
intracellular energy transfer. The ATP molecule contains chemical bonds that store the
energy. When these bonds are broken, energy is released. In this role, ATP transports
chemical energy within cells for metabolism. It is located within living biological cells
and produced as an energy source during the processes of photosynthesis and cellular
respiration. ATP is consumed by many enzymes. It is the main energy source for the
majority of cellular functions and also includes the synthesis of macromolecules,
including  DNA,  RNA,  and  proteins.  ATP  also  plays  a  critical  role  in  the  transport  of
macromolecules across cell membranes, e.g. exocytosis and endocytosis. ATP is
critically involved in maintaining cell structure by facilitating the assembly and
disassembly of elements of the cytoskeleton. In a related process, ATP is required for
the shortening of actin and myosin filament crossbridges required for muscle
contraction.
ATP is also a signaling molecule. ATP, ADP, and adenosine are recognized by
purinergic receptors. In humans, this signaling role is important in both the central and
peripheral nervous system. Activity-dependent release of ATP from synapses, axons
and glia activates purinergic membrane receptors known as P2s. Moreover, ATP is
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critical in signal transduction processes. It is used in kinases (is a type of enzyme that
transfers phosphate groups from high-energy donor molecules, such as ATP, to specific
target molecules, the process is termed phosphorylation) as the source of phosphate
groups in their phosphate transfer reactions. Kinase activity on substrates such as
proteins or membrane lipids is a common form of signal transduction. Phosphorylation
of a protein by kinase can activate cascades such as the mitogen-activated protein kinase
cascade. ATP is also used by adenylate cyclase and is transformed to the second
messenger molecule cyclic AMP (adenosine monophosphate), which is involved in
triggering calcium signals by the release of calcium from intracellular stores. This form
of signal transduction is particularly important in brain function, although it is involved
in the regulation of a multitude of other cellular processes.
The structure of this molecule consists of a purine base (adenine) attached to the 1'
carbon atom of a pentose sugar (ribose). Three phosphate groups are attached at the 5'
carbon atom of the pentose sugar (Figure 5.1).

Figure 5.1. Molecular structure of ATP (adenosine triphosphate). The molar mass of
ATP is 507.181 g/mol and its molecular formula is C10H16N5O13P3.

Adenosine

AMP (adenosine monophosphate)

ADP (adenosine diphosphate)

ATP (adenosine triphosphate)
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The phosphoryl groups, starting with the group closest to the ribose, are referred to as
the alpha ( ), beta ( ), and gamma ( ) phosphates. ATP is highly soluble in water and is
quite stable in solutions between pH 6.8–7.4, but is rapidly hydrolysed at an extreme
pH. Consequently, ATP is best stored as an anhydrous salt. As ATP is an unstable
molecule, it tends to be hydrolysed in water, and if ATP and ADP are allowed to come
to chemical equilibrium, almost all of the ATP will be converted to ADP. Any system
that is far from equilibrium contains potential energy, and is capable of doing work. The
cell  maintains  the  ratio  of  ATP  to  ADP  at  a  point  ten  orders  of  magnitude  from
equilibrium, with ATP concentrations a thousand fold higher than the concentration of
ADP. This displacement from equilibrium means that the hydrolysis of ATP in the cell
releases a great deal of energy. ATP is commonly referred to as a "high energy
molecule". However, this is incorrect, as a mixture of ATP and ADP at equilibrium in
water  can  do  no  useful  work.  In  fact,  ATP does  not  contain  any  special  "high-energy
bonds", and any other unstable molecule would serve equally well as a way of storing
energy if the cell maintained its concentration far from equilibrium. The net change in
heat energy (enthalpy, oh∆ ), at standard temperature and pressure of the decomposition
of ATP into hydrated ADP and hydrated inorganic phosphate is 20.5 kJ / mole, with a
change in free energy of 3.4 kJ/mole. The energy released by cleaving either a
phosphate (Pi) or pyrophosphate (PPi) unit from ATP, with all reactants and products at
their standard states of 1 M concentration, are:

ATP + H2O  ADP (hydrated) +Pi (hydrated) + H+ (hydrated)
 = -30.54 kJ/mol ( 7.3 kcal/mol)

ATP + H2O  AMP (hydrated) +PPi (hydrated) + H+ (hydrated)
=-45.6 kJ/mol ( 10.9 kcal/mol)

Here, Pi is an inorganic phosphate. These values can be used to calculate the change in
energy under physiological conditions and the cellular ATP/ADP ratio. Note the values
given for the Gibbs free energy for this reaction are dependent on a number of factors,
including overall ionic strength and the presence of alkaline earth metal ions such as
Mg2+ and  Ca2+. Under typical cellular conditions, h is approximately 57 kJ/mol

14 kcal/mol).
The  ATP concentration  inside  the  cell  is  typically  1  -  10  mM (milimol).  ATP can  be
produced by redox reactions (redox, shorthand for reduction/oxidation reaction,
describes all chemical reactions in which atoms have their oxidation number, oxidation
state, changed) using simple and complex sugars (carbohydrates) or lipids as an energy
source. For ATP to be synthesized from complex fuels, the latter first need to be broken
down into their basic components. Carbohydrates are hydrolysed into simple sugars,
such as glucose and fructose. The overall process of oxidizing glucose to carbon dioxide
is  known  as  cellular  respiration  and  can  produce  up  to  36  molecules  of  ATP  from  a
single molecule of glucose.
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5.1.1 Physiological parameters
The physiological properties used in the numerical simulation of mass and interstitial
flow  transport  in  the  tunica  media  are  taken  from  experimental  data  on  the  rabbit
thoracic aorta [17-18, 25-29, 131, 133-134]. The complete specification of constants
and values of key parameters required for numerical calculation are listed in Table 5.1.
The volume fraction of the SMCs (F)  is  assumed  a  constant  equal  to  0.4,  and  the
diameter (D) of SMCs with a circular cross section is taken as 4.0 mµ [17-18, 25-29].
The distance between neighboring SMCs (L),  calculated  by  Eq.  4.7,  is  5.6  m.  It  has
been suggested that the thickness of the media layer ( H ) is between 110 ~ 150 m
[131, 133-134]. We set 20 rows of SMCs, which are distributed in an ordered fashion,
along the media layer.
The entrance condition to the media layer is very important and characterized by the
area fraction of fenestral pores ( f ), the diameter of the fenestral pore, and the distance
between  the  IEL  and  the  upstream  end  of  the  most  proximal  SMC  ( a ). From
experimental data on the thoracic aorta under physiological conditions, it is revealed
that f  varies from 0.002 to 0.02, the fenestral pore diameter d ( Dd2 ) is in the range 0.4
to 3.2 mµ  (0.02-0.18 mµ ), and a is estimated as 0.36 mµ . In the present study, the area
fraction of fenestral pores is set to 0.004, and d ( Dd2 ) varies in the range 0.8-1.6 m
(corresponding to 0.045-0.09 m for Dd2 ).

Table 5.1 Physiological parameters used in the numerical simulation

Parameter                            Value                                          Ref. No.

F                                            0.4 17-18
D, mµ                                    4 17-18, 25-29
f                                           0.004 17-18

d, mµ                                     0.8-1.6 18, 28-29
a , mµ                                    0.36 28-29

fD , scm /2                           2.36 610−× 17-18, 25-29

rk scm /                                1.25 410−× 17-18

F, smooth muscle cell volume fraction; D, smooth muscle cell diameter; f , the
fenestral pore area fraction; d, the fenestral pore diameter; a , the distance between
internal elastic lamina to the first smooth muscle cell; fD , effective diffusivity of ATP
in the fiber matrix; rk , rate constant.
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The degradation of the agonist [ATP] at the surface of the SMC is done by an enzyme-
catalyzed hydrolysis reaction [17]

A+ E AE  D + E

where 1k , 1−k , and 2k are association, dissociation, and internalization rate constants,
respectively. The hydrolysis of ATP to ADP on the surface of the SMC can be modeled
using Michaelis-Menten kinetics with a rate of ( rateR ) given by

sm

s
rate CK

CRR
+

= max                                                                                                             (5.1)

where maxR is the maximum reaction rate, mK  is the Michaelis constant, and sC  is the
concentration of ATP at the surface of the SMC. Usually, the surface concentration is
quite low according to Dull et al. [139], the bulk concentration in the plasma is at most
2 Mµ and bs CC 〈 . However, mK is approximately 221-249 Mµ [167], so ms KC 〈 .
Therefore, the effective first-order reaction rate coefficient can be expressed as

m
r K

Rk max=                                                                                                                       (5.2)

Therefore, Eq. 5.1 reduces to

srrate CkR =                                                                                                                   (5.3)

By  using  the  experimental  data  for maxR (13~17 nmol.min 61 10×−  cells) and mK  from
Gordon et al. [167], the first order reaction rate rk  for  ATP  is  determined  as
1.25 scm /10 4−× . On the other hand, the effective diffusivity ( fD ) of ATP in the fiber

matrix is set to 2.36 scm /10 26−× [18, 41].

5.1.2 Results and discussion

5.1.2.1 The effect of SMC configuration on ATP surface concentration
The diffusion of ATP through the media layer of the thoracic aorta is studied to
investigate the influence of the shape, configuration, and volume fraction of SMCs on
the ATP concentration over the SMC surface as well as within the extracellular matrix.
Figure 5.2 shows the effect of SMC distribution on ATP concentration within the media
layer. In contrast to previous studies [17-18, 25-29] which modeled SMCs as circular
cylinders  with  an  ordered  arrangement,  Fig.  5.2  represents  the  importance  of  SMC

1k

1−k
2k



 STUDIED CASES94

configuration on the distribution of ATP concentration. The following results will
present the significant effect of SMC configuration on ATP concentration in more
detail.
Figure  5.3  demonstrates  the  influence  of  the  shape  and  volume fraction  of  SMCs and
IEL  fenestrations  on  the  profiles  of  ATP  concentration  on  the  SMC  surface  for  two
different arrangements of cells. Note that the ATP concentration is normalized by that at
the fenenstral pore entrance. Figure 5.3A shows the surface concentration as an average
over all SMCs in the same row for ordered distributions of cells in the case the diameter
of  the  fenestral  pore  ( d ) is 0.8 mµ  ( Dd2  = 0.045 m). Figure 5.3B is presented for
ordered  distributions  of  cells  with md µ= 2.1 ( Dd2 =0.067 m), and Fig. 5.3C for
disordered arrangements of cells with md µ= 8.0 .
As seen in Fig. 5.2, we deliberately inserted an SMC far from the fenestral pore, unlike
the situation studied in ordered cases. Note that the number of SMCs and dimensions of
the computational domain are assumed the same as the ordered configurations. The
width of layers in ordered and disordered configurations are equal.  Thus,  an SMC can
entirely or partly lie inside a layer. Moreover, SMCs are inserted in the same positions
in  all  four  cases  (elliptic,  circular  with  two  volume  fractions)  of  disordered  packings.
This helps us only to compare the role of the shape and volume fraction of SMCs
between different configurations. Results indicate that the ATP concentration on the
surface of SMCs in the first layer of cells is quite different than that for the next layers
depending on the cross sectional shape of cells in an ordered fashion. On the other hand,
it was mentioned (Eq. 4.2) that the ATP concentration at the SMC surface is
proportional to the consumption rate of ATP. Therefore, we expect the ATP
concentration over the surface of an elliptic SMC to be smaller than that of a circular
SMC due to a larger exposed surface of an ellipse. Such a conflict could be explained
by the fact that the ATP concentration is higher over the surface of ellipses than that of
over circles in the first layer because of their different shapes. The large diameter of the
ellipse acts as a barrier against the diffusion of ATP, so ATP relatively accumulates
between the first SMC and the IEL. ATP concentration is also sufficiently high in the
bulk of the first  layer,  whereas the reaction rate is  not fast  enough to consume it  even
with a larger exposed SMC surface. In other words, the SMC surface is saturated with
ATP  in  the  first  layer.  From  the  second  layer  of  SMCs,  the  surface  concentration  of
ATP decreases in each layer as the shape of the SMC changes from a circle to an
ellipse. The conflict can be justified based on the mechanism of ATP transport through
the media layer.
It has been revealed that comparison between the Sherwood (Sh),  Peclet  (Pe), and
Damkohler (Da) numbers is useful to determine the dominant transport mechanism. The
Sherwood number represents the dimensionless mass flux at the surface of an SMC,
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where r is the radius of the SMC, LK is the mass transfer coefficient, sC  is  the
concentration on the SMC surface, snC )/( ∂∂  is the normal gradient of concentration at
the surface, and bC is the bulk concentration of the interstitial flow.
To determine the value of the bulk concentration, we assume a rectangle around each
SMC. In ordered configurations, the edges of the rectangle are perpendicular to the
centerlines between neighboring SMCs. In disordered configurations, the rectangular
region around each SMC has the same dimensions as the rectangle in ordered
configurations. The average concentration of the bulk flow inside the rectangle is
denoted by bC .
The Peclet number is indicative of the relative importance of convective transport to
diffusive transport.

f

cf

D
rvK

Pe =                                                                                                                  (5.5)

where Kcf represents  the  lag  coefficient  for  ATP transport  in  the  fiber  matrix  (Kcf for
ATP=1.21) [18], and v  is the superficial velocity of transmural flow
( smv /1085.4 8−×= ).

Figure 5.2. Portion of two sample configurations consisting of elliptic SMCs. A)
Ordered distribution of cells and B) disordered arrangement of cells. The volume
fraction of SMCs is 0.4. The diameter of fenestral pore 1.6 m ( Dd2  = 0.09 m), and the
area fraction of fenestral pores ( f ) is 0.004. The color bar represents the ATP
concentration normalized by its value at the entrance.

A B
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Also, note that the Reynolds number defined as µρ= /Re vD  is extremely low, e.g.
Re~ )10( 7−O , where µ  is the viscosity of interstitial fluid ( µ = scmg ./1086.6 3−×  for
water at 36.9 Co ), and ρ  is the density ( ρ = 3/1 cmg  ). For
ATP, Pe is much lower than 1.0 (Pe~O (10-4)). The Damkohler number is the
dimensionless reaction rate, defined as

f

r

D
rkDa =                                                                                                                     (5.6)

Our calculated Sherwood number from simulations is ~ 2.6. When Pe<<1, Sh is
independent of Pe, which means the flow transport mechanism is dominated by
diffusion.
On the other hand, it was shown [17-18] that for a fixed value of Pe, the value of Da has
very little influence on the value of Sh. This reflects the fact that the surface boundary
condition has a minor influence on fluid-phase transport processes. When Sh>>Da mass
is  sufficiently  available  (via  convection  or  diffusion)  to  be  delivered  to  the  surface  of
the SMC, but the surface reaction rate is not fast enough to consume it (the surface
reaction limits consumption) [17-18]. On the other hand, when Sh<<Da the species
transport rate (via convection or diffusion) to the surface is not fast enough in
comparison to the rate of consumption via the reaction (the fluid-phase transport is
limiting). For ATP, Pe = ×5 10-4, Da = 0.0114, and Sh = 2.6. Therefore, the transport
of ATP in the fluid phase is dominated by diffusion, and the overall consumption rate of
ATP is controlled by its surface reaction rate because Da<<Sh.
The influence of the SMC volume fraction on ATP surface concentration is discussed
below. An increasing F lowers the average ATP concentration through all layers. This
result  holds  for  both  shapes  of  SMCs.  The  drop  in  concentration  can  be  directly
explained as a consequence of the volume fraction increase, that is, closely-packed
SMCs consume more ATP.
The  comparison  of  Figs.  5.3A  and  5.3B  demonstrates  the  importance  of  the  fenestral
pore diameter (d) as decreasing the ATP surface concentration with a rising d.
According to Eq. 4.6, in a fixed area fraction (f) of SMCs, a larger diameter of the pore
leads to a greater distance between fenestral pores (l).  The  larger  the  diameter  of  the
fenestral pore is, the greater the height of the computational domain. Then the number
of SMCs on each row will increase with the diameter of fenestral pores, which results in
escalating ATP consumption at the SMC surface. Consequently, the surface
concentration of ATP will decrease for both elliptic and circular SMCs.
The  influence  of  the  SMC arrangement  on  the  ATP surface  concentration  is  shown in
Figure 5.3C. The ordered configuration of SMCs may not be a true representation of the
geometry of the arterial wall, as we observe significant differences with respect to
disordered configurations on the transport of chemical substances through the media
layer.
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Figure 5.3 Average values of ATP concentration on the SMC surface with circular and
elliptic cross sections through different layers for two volume fractions of 0.4 and 0.7.d
represents the diameter of fenestral pore. A) Cells are in ordered arrangement, B) Cells
are in ordered arrangement, and C) Cells are in disordered arrangement.

Moreover, the average ATP concentration from the second layer significantly rises at
each layer as the volume fraction of the SMC changes from 0.4 to 0.7 in comparison to
the cases with an ordered configuration of cells. It  is  worth  mentioning  that  the  ATP
surface concentration for disordered arrangement of SMCs is averaged over ten
realizations where different arrangements of cells are taken into account.
Figure 5.4A shows the local variation of ATP concentration along the surface curve of
the  nearest  SMC  with  either  an  elliptic  or  a  circular  cross  section  in  the  ordered

1 2 3 4 5 6 7
0

0.1

0.2

0.3

0.4

0.5

d=0.8 µm

SMC Layer

A
TP

 C
on

ce
nt

ra
tio

n

F=0.4 (Circular SMC)
F=0.4 (Elliptic SMC)
F=0.7 (Circular SMC)
F=0.7 (Elliptic SMC)

1 2 3 4 5 6 7
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

d=1.2 µm

A
TP

 C
on

ce
nt

ra
tio

n

SMC Layer

F=0.4 (Circular SMC)
F=0.4 (Elliptic SMC)
F=0.7 (Circular SMC)
F=0.7 (Elliptic SMC)

A B

C



 STUDIED CASES98

arrangement of cells, whereas Fig. 5.4B represents the results in a disordered
arrangement of cells. The diameter of the fenestral pore is 0.8 m ( Dd2 =0.045 m). The
angular position ( ) is introduced in the inset of Fig. 5.4. The negative sign refers to the
lower half of the SMC that lies inside the computational domain.
The  concentration  of  ATP  over  elliptic  SMCs  is  higher  than  that  over  circular  SMCs
within π /2< <π  in Fig. 5.4A and within π−<θ<π− 2/  in Fig. 5.4B because the large
diameter of the ellipse acts as a barrier against the diffusion of ATP. Thus ATP
relatively accumulates between the SMC and the IEL. Moreover, although the exposed
surface  of  an  elliptic  SMC  is  larger  than  that  of  a  circular  SMC,  the  surface
concentration is higher for the elliptic one because the diffusion throat (fluid passage) is
narrower. As a consequence, surface concentration after the throat declines by the same
amount.

5.1.2.2 The effect of SMC configuration on ATP concentration through the media
layer
The SMC configurations also affect the ATP concentration within the extracellular
matrix. Figure 5.5 shows the probability density function (PDF) of the entire
concentration  field  corresponding  to  simulations  with  elliptic  and  circular  SMCs
distributed in either an ordered or a disordered fashion. The PDF is an appropriate
statistical function for demonstrating the statistical distribution of given data within
consecutive bins along the entire range of variation associated with the data. It is worth
mentioning  that  the  PDF of  concentration  for  the  disordered  arrangement  of  SMCs is
averaged over ten realizations where different arrangements of cells are taken into
account. The f of a fenestral pore is set to 0.004 and the diameter of the fenestral pore is
1.6 m. Figure 5.5A demonstrates the PDF for ordered distribution of SMCs with F
equal to 0.4, while Fig. 5.5B represents the disordered distribution of cells with the
volume fraction of 0.4. Figure 5.5C stands for the ordered distribution of SMCs at F=
0.7, while Fig. 5.5D represents the disordered distribution of SMCs at F=  0.7.  All
figures include the results for both circular and elliptic SMCs. Comparing Figs. 5.5A
and D, one can conclude how the distribution, shape and volume fraction of SMCs alter
the distribution of ATP concentration. It is worth mentioning that the given data in
disordered cases are averaged over ten distinct random configurations of SMCs. The
results indicate certain differences in the distribution of concentration between circular
and elliptic shapes. The most notable difference is associated with the reduction of the
ATP bulk concentration, as circular SMCs are replaced by elliptic ones in an ordered
arrangement of cells with the volume fraction of 0.4 (Fig. 5.5A). In addition to the
shape of SMCs, also the spatial arrangement of SMCs alters the bulk and surface
distribution of ATP. Generally in disordered configurations, we may not find any SMC
directly ahead of the fenestral pore, as shown in Fig. 5.2B. The differences in spatial
distributions of ATP in these figures are basically associated with geometric
characteristics of macropores (the area inside the computational domain excluding
SMCs). The dependence of the concentration field on the microstructural characteristics
of the above-mentioned system are discussed in detail in Publication III.
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Figure 5.4. Concentration distribution of ATP on the surface of the nearest SMC to the
IEL. Here, d = 0.8 m and a = 0.36 m. A) In an ordered arrangement of cells. Star and
dot  symbols  represent  elliptic  and  circular  SMCs,  respectively.  Inset:  Direction  of
angular coordinate ( ). B) In the disordered arrangement of cells. The concentration is
shown by a black line for a circular SMC and by a gray line for an elliptic SMC.
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Figure  5.5.  PDF  of  ATP  concentration  within  the  bulk.  The  dotted  line  (with  circles)
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C) ordered configurations, F= 0.7, and D) disordered configurations, F= 0.7.Continuous
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5.2 Transport of interstitial flow through the media layer
It has been revealed that the media layer of the thoracic aorta deforms due to the
pressure variation of blood flow which also causes the deformation of SMCs. Therefore,
modeling  the  arterial  wall  as  a  rigid  wall  may  not  be  valid  for  arteries  where
deformation is large (e.g., the thoracic aorta) under high blood pressures [7, 9, 10, 16,
26, 31-32] and is only valid for arteries where wall motion is small [10]. Due to the
aorta wall deformation, the flow filed changes across the wall. These hemodynamic
stimuli result in changes in the shear stress distribution and magnitude over the SMCs.
However, in all previous studies on the distribution of fluid flow in the arterial wall [27-
29, 35] the rigid wall approximation was made for the arterial wall and its components
such as SMCs.
It has been suggested [30-31] that the biphasic, anisotropic model might provide a more
accurate characterization of aortic elasticity with increased intraluminal pressure.
Applying the biphasic, anisotropic model to explain the flow-induced deformation of
the thoracic aorta wall including its components, particularly SMCs, and the variation of
the mechanical characteristics of the aortic wall with transmural pressure is a very
challenging topic. On the other hand, the modulation of SMC function by the fluid shear
stress plays a significant role in atherosclerosis and intimal hyperplasia, which has been
studied extensively in recent years [72, 77-80].
The accuracy of the biphasic, anisotropic model in characterizing the deformation of the
media layer with transmural pressure was our motivation for simulating the interstitial
flow  in  2D  and  3D  geometries  to  investigate  the  distribution  of  shear  stress  over  the
SMCs (see Publications IV and V).
Because of the presence of fenestral pores over the IEL, the velocity of interstitial flow
could be 20-fold greater than the superficial flow velocity in the media layer. This high
velocity  of  interstitial  flow  induces  great  changes  in  shear  stress  distribution  over  the
surface of SMCs near the IEL. Vascular SMCs use multiple sensing mechanisms to
show the mechanical stimulus and transduce it into intracellular signals that lead to
modulations of gene expression and cellular functions, e.g. proliferation, apoptosis,
migration, phenotypic differences, cell alignment, and changes in cell mechanical
properties. Garanich et al. [72] have shown that the elevated shear stress acts to inhibit
SMC migration. This inhibition is due to: 1) increased SMC production of NO, which in
turn inhibits migration by suppressing matrix metalloproteinase (MMP)-2 levels, and 2)
increased SMC production of the platelet derived growth factor (PDGF)-AA, which
would suppress SMC migration in an autocrine fashion. On the other hand, there have
been several studies [28-29] suggesting that elevated shear stress levels inhibit SMC
proliferation. Abnormally high SMC proliferation in the media and subsequent
migration to the intima are recognized as hallmark processes in intimal hyperplasia
(IH). In particular, it has been well established that IH is inhibited in areas exposed to
elevated levels of blood flow shear stress and exacerbated in low shear stress areas.
Garanich et al. [72] have suggested that increased flow conditions diminish the IH
caused by the collar, and this production can be attributed to an increased production of
NO  by  SMCs  in  response  to  the  elevated  flow.  They  emphasized  that  although  these
elevated NO levels might possibly suppress SMC proliferation, it might also inhibit
SMC migration. It could lead to a reduction in IH. Moreover, it has been shown that
shear stress affects SMC biology, as it increases the SMC synthesis of the transforming
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growth factor- β , tissue plasminogen activator, heme oxygenase-1, nitric oxide,
prostaglandins, and basic fibroblast growth factor [27-29].

5.2.1 Physiological parameters
The physiological properties used in the numerical simulations are from experimental
data for the rabbit thoracic aorta [17-18, 25-29, 133, 135-136].

5.2.1.1 Two-dimensional simulations
In the present study, d ( Dd 2 ) is taken as 1.2 mµ  (0.067 mµ ) at 0 mmHg, f  is  held
constant at 0.004, F is taken as 0.4, and the diameter of SMCs (D) is taken as 4.0 mµ  at
0 mmHg. The value of L in 0 mmHg is calculated as 5.6 mµ . The number of SMC rows
in the media layer is set to 26. Therefore, H calculated from the SMC diameter (D =
4 mµ ) and the volume fraction (F = 0.4) will be 146 mµ ,  which is in the range of the
observed medial layer thickness for rabbit thoracic aorta [27-29]. As the pressure rises,
the thickness of the media layer decreases. However, the volume of the aorta is
independent of the pressure [30-31] due to the incompressibility of the aorta wall. The
biphasic, anisotropic model satisfies the isovolumetric condition in the deformation of
the aortic wall due to pressurization. The model suggests that the isovolumetric
behavior may be of some physiological significance as arterial pressure is increased for
a period of time. In the present study, the porosity of the fiber matrix and the volume
fraction of SMCs do not change with pressure. The shape of an SMC varies while its
volume remains constant. As the deformation of the artery can take place only in the
radial (the thickness is measured) and circumferential (due to radius change) directions
(Fig. 4.2), the cross sectional deformation of the SMC is merely associated with strain
in the radial direction (r), which is shown in Fig. 4.4. There is no deformation in the
longitudinal direction (z) of the artery. Therefore, the radius of the SMC may decrease
in the direction of r with the corresponding directional strain, whereas it is unchanged in
the direction of z as the strain is zero. This will change the shape of the cross section of
the SMC into an ellipse. Figure 5.6 demonstrates the variation of the thickness and
radius of the thoracic aorta with pressure. Figure 5.7 demonstrates the variation of the
SMC radius with pressure based on the biphasic, anisotropic model [31]. Note that the
length of SMCs will  change with the circumferential  strain;  however,  it  does not have
significant  effects  on  the  transmural  flow  especially  in  2D  geometry.  The  distance
between  neighboring  SMCs  (L) also decreases as the medial thickness reduces with
pressure.
One of the key parameters is the distance between the IEL and the upstream end of the
most  proximal  SMC  ( a )  which  has  a  very  significant  role  in  the  fluid  flow  and
associated shear stress on SMCs. The value of a is 0.36 mµ  at 0 mmHg but it is allowed
to  change  with  pressure  based  on  the  radial  strain  (along  the  medial  thickness)  to
investigate the importance of a.  It  is  worth mentioning that the diameter of a fenestral
pore does not change with pressure based on studies by Huang et al. [42-43], which
reported that the average diameter of a fenestral pore increases only by 10 percent as the
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lumen pressure is increased from 0 to 150 mmHg. Table 5.2 shows the values of the
hydraulic conductivity of the aorta ( pL ),  medial  thickness  (H), the hydraulic

permeability of the extracellular matrix ( pfK ), the hydraulic permeability of the media

layer  ( pK ),  the  distance  between the  IEL and  the  upstream end of  the  most  proximal
SMC ( a ), and the distance between neighboring SMCs (L) for the rabbit aortic wall at
10, 50, 80,120, and 180 mmHg predicted by the biphasic, anisotropic model.

Figure 5.6. Cross section of rabbit aorta at various transmural pressures. Differences in
radius and wall thickness among the vessels at 0, 50, 80, 120, and 180 mmHg are
presented.

Table 5.2. Pressure-dependent parameters of rabbit thoracic aorta [30-31]

Pressure

P
(mmHg)

Thickness
of media
layer

H ( mµ )

Distance
between
first SMC
and IEL

a ( mµ )

Radius of
an SMC
in radial
direction
r ( mµ )

Hydraulic
conductivity
of the media
layer

pL
mmHgcm sec//

Hydraulic
permeability
of the media
layer

)( 2mK p

Hydraulic
permeability
of the
extracellular
matrix

)( 2mK pf

0 145 0.348 1.93 7.6 810−× 191067.5 −× 181032.1 −×
50 123 0.29 1.64 9.0936

810−×
191084.5 −× 181036.1 −×

80 108 0.25 1.44 1.05 710−× 191091.5 −× 181038.1 −×
120 104 0.243 1.38 1.085 710−× 191081.5 −× 181000.1 −×
180 102 0.24 1.36 1.11 710−× 191083.5 −× 181036.1 −×

0 mmHg 50 mmHg 80 mmHg 120 mmHg 180 mmHg
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Figure 5.7 Variation of an SMC radius (r) versus the transmural pressure.

5.2.1.2 Three-dimensional simulations
In 3D simulations, the same physiological parameters are taken as in 2D simulations,
described in section 5.2.1.1, except the area fraction of fenestral pores ( f )  and  the
diameter of a fenestral pore ( d ), which are set to 0.05 and 1.4 mµ , respectively. Huang
et al. [42-43] have shown that the fenestral pores basically stretch only in the
circumferential direction ( x direction in Fig. 4.6). As the deformation of the artery can
take place only in the radial (the thickness is measured) and circumferential (due to
radius change) directions (Fig. 4.6), the cross sectional deformation of the SMC is
merely associated with strain in the radial direction ( z ). There is no deformation in the
longitudinal direction ( y ) of the artery. Therefore, the radius of the SMC may decrease
in the direction of z  with the corresponding directional strain, whereas it is unchanged
in the direction of y  as the strain is zero. Note that the length of SMCs will change with
the circumferential strain ( x  direction); however, it does not have significant effects on
the transmural flow.

5.2.2 Results and discussion
The influence of transmural pressure on the distribution and magnitude of shear stress
over the SMCs within a deformable media layer is presented. The packing of SMCs
within the media layer was either a square or a staggered lattice. In addition to the
configuration, the cross sectional shape of SMCs and the structural properties of the
media layer, the sensitivity of the local shear stress to the minimum distance between
SMCs and the IEL are investigated.
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Figure 5.8 shows the local normalized shear stress +τlocal  over an SMC right beneath the
IEL for different values of transmural pressure. SMCs are arranged in square arrays in
which the fenestral pore is aligned with the most proximal SMC to the IEL. This
alignment results in maximum shear stress on the SMC. The circumferential coordinate
θ is the counterclockwise direction from the downstream end of the SMC as shown in
the inset of Fig 5.8A. Figures 5.8A and 5.8B demonstrate the distribution and
magnitude of shear stress in 2D, normalized by the mean shear stress at P0=10mmHg
calculated as 0.035122 Pa. In Fig. 5.8A, the smallest distance between the most
proximal SMC and the IEL is set to 0.36 mµ , which is invariant with pressure.
However, a  is permitted to decrease with pressure in Fig. 5.8B. Figures 5.8C and D
represent the local shear stress in 3D, over an SMC right beneath the IEL at 0=x  (the
fenestral  pore  center  axis).  The  values  of  local  shear  stress  in  3D  simulations  are
normalized by the mean shear stress at P0 = 10 mmHg, the normalization factor, which
is calculated as 0.021 Pa. The  distance  between the  SMC and IEL is  kept  constant  at
0.36 mµ  in Fig. 5.8C, whereas in Fig. 5.8D it is allowed to change with pressure.
Figures 5.8A to D show that the shear stress on the nearest SMC to the fenestral pore is
significantly affected by the inflow conditions altered by transmural pressure. Figure 5.8
also shows that the local normalized shear stress +τlocal  over  the  surface  of  the  most
proximal SMC is elevated as the transmural pressure rises. This reflects the fact that the
interstitial velocity through the media layer increases with pressure, which yields a
higher velocity gradient near the SMC surface. On the other hand, Figs. 5.8A to D
signify the important role of a  in raising the shear stress. The interstitial fluid enters the
media through the fenestral pore, so there is an inflow jet hitting the SMC in front of it.
It is clear that the magnitude of shear stress over the nearest SMC to IEL is highly
dependent on a . In a smaller a, the velocity gradient on the SMC surface is larger, while
in a greater a, the gradient is lowered as the bulk velocity of the fluid reduces due to the
dispersion of the jet in the fiber matrix. Therefore, in the arteries having deformation
due to transmural pressure, the shear stress values over the surface of the most proximal
SMC will be higher.
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Figure 5.8. Distribution of local normalized shear stress over an SMC right beneath the
IEL versus θ .Inset: Variation of +

maxτ  with P.  A) 2D simulations with f =0.004, Dd2 =
0.0673 mµ  ( d =1.2 mµ ), and a = 0.36 mµ  B)  2D simulations  with f =0.004 and Dd2 =
0.0673 mµ , a varies with pressure, C) 3D simulations with f = 0.05, d = 1.4 mµ , and a =
0.36 mµ  D) 3D simulations with f = 0.05 and d = 1.4 mµ , a varies with pressure.
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The differences between shear stress profiles for the first and second SMCs could be
understood from the velocity streamlines given in Fig. 5.9. Figure 5.9A shows the
streamlines over the cells arranged in staggered arrays and Fig.5.9B presents the
streamlines over the cells arranged in square arrays. Interstitial flow enters the media
from a fenestral pore which is located at the lower left corner of the domain. The
transmural pressure is 80mmHg, in which the distance between the first SMC and the
IEL  is  set  to mµ25.0 . It is clear that the differences between shear stress distribution
over the first and second cells is due to their streamlines which are different in two
arrangements  of  SMCs.  It  could  be  explained  if  we  notice  that  the  feature  of  the
interstitial flow field through the media layer is quite different than that in conventional
Stocks flow [27-28]. The interstitial fluid spreads laterally into the upstream region of
the  media  as  soon  as  it  comes  from  the  fenestral  pores,  whereas  the  Darcy  resistance
tends to make the jet broader. In square arrays of cells, the nearest SMC tolerates most
of the Darcy resistance against the flow, whereas in staggered arrays the resistance is
evenly distributed on the next SMCs. It is also clear that the shear stress values over the
first and second SMC in a staggered arrangement are in the same order of magnitude,
while there is a significant difference between shear stress values for these cells in
square arrays. On the other hand, in a staggered array of SMCs, the maximum value of

local
+τ  for the second nearest SMC is significantly higher (twice) than that in a square

array of cells. Moreover, the comparison of shear stress over the first SMC in a square
array and the second SMC in a staggered array reveals that the long distance between
the second SMC and the IEL affects the position of +τmax .
Figure 5.10 represents a perspective rendering of the shear stress distributions over the
first  and  second  SMCs  near  to  the  IEL.  Fig.5.10A  shows  the  shear  stress  distribution
over SMCs in a staggered arrangement at 10 mmHg, Fig.5.10B is for a squared
arrangement  of  SMCs  at  10  mmHg,  Fig.5.10C  shows  shear  stress  over  cells  in  a
staggered arrangement at 120mmHg, and Fig.5.10D is for a squared arrangement at
120mmHg. The distance between the first SMC and IEL varies with pressure. The
locations of maximum shear stresses over the first and second SMC surface (larger
gradient of velocity) are recognized by their color. Figure 5.10 reveals that the shear
stress magnitude and distribution are significantly altered due to the transmural pressure
and positioning of smooth muscle cells.
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Figure 5.9. The streamlines for the interstitial flow within the media layer over the first
and second SMCs. A) The streamlines over the cells arranged in staggered distribution
at P=80mmHg in the case ma µ= 25.0 .  B) The streamlines over the cells arranged in a
square array at P=80mmHg in the case ma µ= 25.0 . Fluid enters through fenestral pore
at the lower left corner of the domain. SMCs appear as surfaces in gray.

V(m/s) A

B

Fenestral pore

Fenestral pore

m

2.88 m



111

localτ (Pa)

A

Fenestral pore

B

Fenestral pore

m
3.86 m

2.56 m

10.7 m



 STUDIED CASES112

Figure 5.10. A perspective rendering of shear stress distributions over the first and
second SMCs near the IEL. A) The shear stress distribution over SMCs in a staggered
array of cells at 10 mmHg. B) The shear stress over cells in a square array at 10 mmHg.
C) A staggered array of SMCs at 120 mmHg. D) A square array at 120mmHg. The
white  color  on  the  SMC  surface  represents  the  value  of  shear  stress  larger  than  0.03
Pascal in A and B and larger than 0.15 Pascal in C and D. Additional data for the cases
can be found in Table 5.2.
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5.3 Transport of LDL through arterial wall layers

LDL has been implicated in the pathogenesis of atherosclerosis. Atherosclerosis
involves a distinctive accumulation of LDL and other lipid-bearing materials in the
arterial wall which depends not only on the ease by which materials enter the wall, but
also on the hindrance to the passage of materials out of the wall offered by underlying
layers.  Therefore,  it  is  critical  to  well  understand  the  pathway  that  LDL  takes  in
crossing the endothelial barrier and underlying layers, as well as the mechanisms of
transport and consumption of LDL through the arterial wall.
LDL enters the intima mostly from leaky junctions across the endothelium and passes
through the fenestral pores in the IEL. Then, they enter the media where diffusion and
convection transport them toward the adventitia. Within the media, SMCs consume
LDL. Even though the LDL reaction on the surface of SMCs follows a much more
complex mechanism, it may be approximated by the following reaction scheme. In
general, the ligand binds to a receptor on the cell surface. The receptor-ligand complex
is rapidly internalized. Ligand dissociates from the receptor in the endosome and is
either returned to the medium by exocytosis or degraded in secondary lysosomes. This
process can be described schematically as

L+R            LR          Li                                                                                                (5.7)

where L represents the free ligand, R the receptor, LR the ligand-receptor complex, Li

the internalized ligand, dL  the degraded ligand, and exoL the exocytosed ligand. Ligand-
receptor association is a bimolecular reaction described by association ( 1k ) and
dissociation ( 1−k ) rate constants. Receptor-mediated internalization, degradation, and
exocytosis are first-order processes described by rate constants 2k , 3k , and 5k ,
respectively.
The  rate  constants  determined  by  Truskey  et  al.  [178]  indicate  that 2k >> 1−k , so that
ligand binding and dissociation are not in equilibrium, as in a Michaelis-Menten
scheme.  Rather,  it  is  more  appropriate  to  assume  that  the  concentration  of  LR  is  in  a
steady state

1k [L][R]= ( 1−k + 2k ) [LR]                                                                                            (5.8)

Further assuming that the total number of receptor sites ( TR ) is conserved

[ TR ] =[R] + [LR]                                                                                                         (5.9)

It is easy to show, by solving Eqs. 5.8 and 5.9, that the reaction rate can be written as

1k

1−k
2k 3k

5k

dL

exoL
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Where sC is [L], the surface concentration of the ligand. Assuming that

sC << 121 /)( kkk +−  and  recalling  that 12 −〉〉kk , the effective first-order reaction rate
coefficient is then determined as

[ ]Tr Rkk 1=                                                                                                                 (5.11)

The best fit of the experimental data of Truskey et al. [178] for bovine aortic SMCs in
culture gives 1k =0.0423 ml/ min.gµ and  [ TR ] = 6.167 receptor/cell. Assuming a
molecular weight of 2.4 610× for  LDL,  one  LDL  molecule  per  receptor,  and  a  cell
surface area based on the SMC size of a 3-5 mµ  diameter and a 25-50 mµ length, the
effective first-order reaction rate coefficient is estimated as 8104.72.2 −×−=rk m/s.
The tissue concentration of LDL can be estimated from the experimental data [16]
obtained from human aortas. These data show that the midmedial concentration of LDL
at steady state is ~0.3% of the plasma concentration in aortas with intact internal elastic
laminae. Thus, for a normal human plasma LDL concentration of 350 mg/dl [16], the
concentration in the tissue is estimated to be ~10 mlg /µ , which is of the same
magnitude as )/2.8(~/)( 121 mlgkkk µ+− . However, because the transport is not reaction
limited, the sC may be much lower than the mean tissue concentration, and the
assumption leading to Eq. 5.11 can be used to assess whether LDL transport to the SMC
surface is reaction limited.

5.3.1 Physiological parameters
The glycocalyx covering the plasma membrane of endothelial cells is believed to fill the
entrance of the intercellular junctions. The major molecular components of the
glycocalyx are carbohydrates and glycoproteins, such as glycosaminoglycans (GAG),
proteoglycans (PG), and glycolipids (1). The glycocalyx is assumed as a fiber matrix
characterized by a (Darcy) hydraulic permeability coefficient, PgK , given by (179)

377.2

20572.0 








 ∆
=

f
fPg a

aK                                                                                           (5.12)

where fa  is the fiber radius and ∆  is the spacing between fibers. If we assume that

PgK  is determined primarily by an array of glycosaminoglycan fibers having a fiber
radius of 0.6 nm with the spacing between fibers about 7 nm, then PgK  will be obtained

as 7.07 1810−× m2 from Eq. (5.12). The endothelium is treated as a thin layer of normal
cells and leaky cells with intercellular junctions. Leaky cells, the cells either dying or
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dividing, with the radius of cellR , are regularly distributed and spaced apart by 2 ξ  (Fig.
4.7C). As shown in Fig. 4.7A, leaky cells are located at the center of periodic unit of the
radius ξ . The leaky junction is a hollow cylindrical shell surrounding the leaky cell with
the  width  of  2w equal to 40 nm. Similarly, tight junctions are considered as parallel
cylindrical openings at the endothelial clefts (adopting the approach in Refs. 42 and
177). The fraction of leaky junctions, φ , is defined as the ratio of the area of leaky cells
to the total area of cells

2

2

ξ
=φ cellR

                                                                                                                      (5.13)

where cellR  is the  radius  of  endothelial  cell  taken  as  10 mµ  for  rabbit  thoracic  aorta
(42). The experiments with rat aorta (42, 184-185) and rabbit (190) have shown that
leaky  cells  constitute  below  0.05  percent  of  the  entire  endothelial  cells.  On  the  other
hand, Wu et al. explored (176), in vivo, that hypertension exacerbates the development
of atherogenesis by increasing the turnover rate and hence the macromolecular
permeability of endothelial cells in aorta. They found that the frequencies of both
endothelial cell mitosis and death increase in hypertensive rats. In the present study, the
influence of larger values of φ  on the LDL transport through the rabbit thoracic aorta
wall has been investigated with taking φ  as 310− , 3102 −× , 210− , and 2104 −×  at 180
mmHg (176), whereas φ  is taken as 4105 −×  at 70 mmHg (42, 184-185, 190). Another
important  consideration  in  the  formulation  of  the  model  is  the  resistance  of  the  leaky
junction to the transport of LDL. We assumed that dimensions of leaky junction are
sufficiently  larger  than  the  LDL  diameter,  i.e.  about  20  nm,  so  that  the  transport
resistance of the leaky cell may be neglected. Therefore, the diffusion coefficient of
LDL through the leaky junction, fljD ,  is  taken  equal  to  the  LDL  diffusivity  in  the

plasma, that is sm /105.2 211−× .
The pressure-dependent transport properties of intima, i.e. the porosity, the diffusion
coefficient, the permeability, and the lag coefficient are calculated by using a
heterogeneous fiber matrix theory, which includes proteoglycan and collagen
components of intima (42). The proteoglycan matrix includes the proteoglycan core
protein ( CPr  of 2 nm) with rich glycosaminoglycans ( Gr  of 0.6 nm) fibers attached to it,
bound to a long central filament of hydraulic acid ( CFr  of 2 nm) whereas the collagen
( nmrCG 20~ ) is much thicker than any of the proteoglycan components. Therefore, the
length of collagen per unit volume is much smaller and the presence of the collagen is
treated separately from that of the proteoglycans (42). The porosity of intima layer is
estimated by

CGPGi εε=ε                                                                                                                   (5.14)
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where PGε and CGε  are the porosities of proteoglycan matrix and collagen, respectively.
These porosities are functions of intima thickness, which is pressure-dependent, defined
as

)1(1 0
0

PGPG L
L

εε −−=                                                                                                  (5.15)

)1(1 0
0

CGCG L
L

εε −−=                                                                                                  (5.16)

where 0L  is the thickness of intima at zero luminal pressure, L  is  its  thickness  at  a
given pressure. PG0ε  and CG0ε  are porosities at zero luminal pressure. 0L  is adopted as
0.5 mµ  from the literature. CG0ε  is estimated as 0.95 based on experimental studies
suggesting  that  collagen  only  occupies  about  5  percent  of  the  intimal  volume  at  zero
pressure (131, 190). PG0ε  is given by (42)

)/(31 222
20 α++β=ε− CFCPGPG rrr

n
                                                                              (5.17)

where δζ= /n , and δ  is the average fiber spacing taken as 40nm, β  is  the  ratio  of
glycosaminoglycans fibers to protein core lengths in the intima taken as 5, and α  is the
ratio of proteoglycan monomers to central filament lengths in the intima taken as 3 (42-
43). Thus, PG0ε  is calculated as 0.9866. The intima thickness at 70 and 180 mmHg are
adopted from the study by Huang et al (43) as 0.155 mµ  and 0.0575 mµ , respectively.
Therefore, iε  is calculated as 0.8025 at 70 mmHg and 0.4994 at 180 mmHg. The
diffusion coefficient of LDL within the intima layer is given by
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where sr  is the radius of LDL, and *r  is an effective radius for the entire proteoglycan
matrix,
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Mr  is an effective monomer radius of proteoglycan core protein and
glycosaminoglycans fibers, calculated by

[ ] 2/122
CPGM rrr +β=                                                                                                        (5.20)
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ifeffD )(  takes into account the presence of collagen
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where fD  is the LDL diffusion coefficient in free media (2.06 sm /10 211−× ), CGV  is the
volume of collagen fibers, and PGV  is the volume of the proteoglycan fiber matrix.
Therefore, ifeffD )(  is calculated as 2.13 sm /10 212−×  at 70 mmHg and 3.25

sm /10 213−×  at 180 mmHg. The pressure-dependent permeability of intima is adopted
from the model of Huang et al. (14) suggesting PiK  as a function of intima compaction
( PiK = 0.42 1610−×  at 70 mmHg and 0.07 1610−×  at 180 mmHg).
 The lag coefficient for LDL transport in the intima, cfiK , is given by

icfiK Φ−= 2                                                                                                                 (5.22)

iΦ  is the partition coefficient defined as
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where fr  is  equal  to *r . cfiK  is computed as 1.915 and 1.997 at 70 and 180 mmHg,
respectively.
The IEL is treated as an impermeable layer with fenestral pores which are uniformly
distributed. Huang et al. (16, 42-43) found that fenestral pores over the IEL have a
porous structure that appears to be a continuation of the intimal, rather than medial
matrix. Thus, we have taken the same properties of intima for IEL. On the other hand,
the area fraction and the size of fenestral pores are recognized as crucial parameters in
the solute transport through the arterial wall. Experimental data in various animals show
the area fraction of fenestral pores, f , ranging from 0.002 to 0.02, and the diameter of
fenestral pore, Dd3 , ranging from 0.4 to 2.1 mµ .  The equivalent diameter of fenestral
pores, d , in our axisymmetric model is given by
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where rj is the distance of the j-th fenestral pore from the axis of symmetry. The value
of f  is set to 3.49 310−× . Therefore, d  is determined as 0.083 mµ  at 70 mmHg. Huang
et al. (43) showed that fenestral pores experience a minor enlargement due to hoop
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tension under pressure. Based on their experiment, we have taken d  as 0.091 mµ  at
180 mmHg which is about 10 percent larger than that of 70 mmHg.
The media layer is modeled as a homogeneous porous media with a hydraulic
permeability of PmK , given as (17)

F
FKK pmfpm +

−
=

1
1                                                                                                          (5.25)

where F is the volume fraction of SMCs embedded in a continuous porous medium
composed of interstitial proteoglycan and collagen fiber matrix, assumed as a Darcy
medium with the permeability of PmfK  equal to 1.43 21810 m−× .  In the present study, F

is taken as 0.4 that results in PmK  as 6.09 21910 m−× .  To  determine  the  diffusion
coefficient and the lag coefficient of LDL in the media layer, the influence of SMCs
presence on LDL movement has been considered separately. The diffusion coefficient
of LDL in the media layer is expressed as
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∞D  is the LDL diffusivity in the free media (5 sm /10 210−× ), fr  is the radius of fibers
in the interstitial phase of the media layer (3.22 nm), ε  is  the  porosity  of  the
extracellular matrix phase (0.43), and )(Ff  is a function given by (17)

F
F

F

FF
Ff

π
−+

π
−



















π
−

π+

π
−

π
−

π
−

=
41

241

4

arctan
41

41
arctan

41

2)(                       (5.28)

Thus, efffmD )( is calculated as 4.3012 sm /10 214−×  from Eq. (5.27). The lag coefficient
of the media layer, effcfmK )( , is defined as
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where cfmK  is the lag coefficient for convective transport in the extracellular matrix
phase  ( cfmK is 2 for LDL). Thus, effcfmK )(  is calculated as 3.33 for LDL in the media
layer. The uptake of LDL by SMCs through the media layer is modeled by a first-order
reaction evenly distributed throughout the entire tissue, with an effective reaction rate

effmr )(  given by (17)
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where R is  the radius of one SMC (2 mµ ), rm is the rate constant given in literature as
2.2 sm /10 8−× (43), Da is Damkohler number, and Sh is Sherwood number representing
the dimensionless mass flux at the surface of an SMC defined by

fm

L

D
RKSh ≡                                                                                                                 (5.31)

where LK  is  the  mass  transfer  coefficient.  The  Damkohler  number  represents  the
dimensionless reaction rate

efffm

m

D
RrDa
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=                                                                                                             (5.32)

Da and Sh are determined as 0.88 and 4, respectively. Thus, effmr )( is 1.2 1210 −−× s for
LDL.

5.3.2 Results and discussion

5.3.2.1 Effect of hypertension on concentration profiles
Figure 5.11 demonstrates the spatial distribution of LDL concentration within the
intima, IEL, and media layers, where the distance between the leaky junction and the
first fenestral pore (a) is 10 mµ . Here, a is defined as a = FPLJ rr −  ,  where LJr and FPr
are  the  radial  positions  of  leaky  junction  and  the  closest  fenestral  pore  to  the  axis  of
symmetry, respectively. Figure 5.11A shows the distribution of normalized
concentration, 0/ CCC =∗ ,  versus  the  normalized  radial  position  ( ∗r ) and the
normalized axial position ( ∗z ) at 70 mmHg. Note that C is the local concentration and
C0 is  the  concentration  at  the  inlet  of  leaky  junction.  Figure  5.11B  represents  similar
concentration distribution at 180 mmHg. The radial position is normalized by the radius
of the periodic unit, ξ=∗ /rr , whereas the axial position is normalized by the thickness
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of arterial wall (excluding adventitia) at any given pressure, that is Hzz /' = . The value
of H is equal to 125 mµ  at 70 mmHg, and 100 mµ  at 180 mmHg (131). The
location 'z = 0 represents the lumen-endothelium interface, while 'z =  1  represents  the
media-adventitia interface. A deeper insight into the behavior of LDL flux may be
obtained by presenting the radial concentration profiles at various depths
( Hzzz m /)( −=∗ ) of the media layer in Fig 5.12. Here, *z  is the dimensionless depth
in the media and mz  is the axial position of the media-IEL interface. The distributions
of LDL concentration within the media layer are displayed in Figs 5.12A and 5.12B
corresponding to 70 and 180 mmHg. The distance between the leaky junction and the
nearest  fenestral  pore  to  the  axis  of  symmetry  (a) is 10 mµ .  The  values  of  LDL
concentration calculated at 180 mmHg within the media are lower than those calculated
at 70 mmHg (Fig 5.12B). This is a result of the thinning of intima and the reduction of
Darcy  permeability  in  intima  and  IEL  as  pressure  rises  to  180  mmHg.  There  is  a
maximum concentration at any depth of the media, seen in both pressures, which occurs
in the radial position of the nearest fenestral pore to the leaky junction. The flow of
solute to the media via this pore faces less resistance than that within the intima (about
430 mµ ).

A
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Figure 5.11. Local distribution of normalized concentration within intima, IEL, and
media layers with the cell turnover parameter of, φ , 0.0005. A) at 70 mmHg, and B) at
180 mmHg.

It is obvious from Fig 5.11 that the LDL concentration drops across the media layer
across the thickness ( ∗z ). Figure 5.12 is also presented to demonstrate medial local
concentration profile versus radial coordinate from the leaky junction (r*). The most
noticeable feature of the concentration profiles in Figs 5.12A and 5.12B is that at ∗z =
0.3, the LDL concentration is nearly the same in both pressures. However, for the
sections corresponding to ∗z >  0.3  at  70  mmHg  it  is  twice  larger  than  those  at  180
mmHg. At the midsection of the media ( ∗z = 0.5), the radial concentration profile
becomes essentially flat. As sections move further toward the media-adventitia interface
(z*<0.5), the profiles are nearly one-dimensional with linear decay along z. So, our
results show that the region of non-uniform concentration in radial direction has the
same dimensionless thickness in both pressures of 70 and 180 mmHg, while within the
region concentration is higher for 70 mmHg. Here, the value of flattened dimensionless
concentration is another important parameter indicating the overall arterial wall
permeability. Its value is approximately 0.01 which is independent of transmural
pressure.

B
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Leaky endothelial junctions occurring during cell turnover have been postulated to be
major pathways for enhanced lipoprotein transport across the vascular endothelial layer,
which  eventually  leads  to  the  development  of  atherosclerosis.  In  the  present  study,
based on the study by Wu et al. (176), it is assumed that the cell turnover fraction ( φ )
increases under hypertension. Figure 5.13 presents the axial distribution of LDL
concentration within the media layer at 70 mmHg when φ = 0.005. The concentration of
LDL at 180 mmHg is also shown in Fig 5.13 for five different values of φ  as 0.0005,
0.001, 0.002, 0.01, and 0.04. It is worth mentioning that the averaged variable >< ∗C
represent normalized concentration ( 0/ CCC ><>=< ∗ ). Here, >< C  is the mean
value of concentration calculated over all the elements in a circular slice with radius ξ
having the thickness of 0.5 mµ  along the z-axis. Thus >< C  can be defined as
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where ),( KK rzh  is the local element size, ),( KK rzC  is the local concentration, and

KK zr ,  are the radial and axial positions of element K located inside the slice.
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Figure 5.12. Normalized concentration profiles ( 0/ CCC =∗ , 0C  is  the  LDL
concentration in lumen) versus radial direction at different medial depths (z*) from z* =
0, the media-IEL interface, to z* = 1, the media-adventitia interface. (A) 70 mmHg, and
(B) 180mmHg. ∗r  is the dimensionless radial coordinate,  ( ξ=∗ /rr , ξ  is the radius of
the periodic unit), and φ =0.0005.

Figure 5.13 indicates that the rate of cell turnover affects significantly the LDL
concentration distribution within the media layer. The ratio of the dispersed distance of
LDL to the radius of periodic unit, ξ , increases as φ  is raised due to hypertension. This
ratio is responsible for raising the average concentration over the periodic unit at
different depths of the media.

B
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Figure 5.13. The normalized LDL concentration within the media layer at 70 and 180
mmHg for five different values of the cell turnover parameter. Inset: An enlargement of
concentration profiles for four cases with lower values of concentration.

Figure 5.14 presents the LDL flux, SJ , at four different sites, namely across the inlet of
leaky  junction  (Fig  5.14A),  across  the  outlet  of  leaky  junction  (Fig  5.14B),  across  the
inlet of fenestral pore (Fig 5.14C), and across the outlet of fenestral pore (Fig 5.14D). In
Fig 5.14, the results of LDL flux are plotted for φ =0.0005 at 70 and 180 mmHg, and
φ =0.04 at 180 mmHg. The LDL fluxes corresponding to φ = 0.001, 0.002, and 0.01 at
180 mmHg are not shown in Fig 5.14 as they overlay on the results for φ =0.0005. The
solute flux within the wall can be described (191) as a combination of convection, CJ ,
due to bulk flow and permeation, DJ ,  due  to  diffusion.  The  convectional  and
diffusional fluxes of tracer within the wall can be expressed at any point in a differential
form

dx
dCDJ t

wD ⋅−=             (5.34)

tVC CJJ ⋅⋅σ−= )1(             (5.35)
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where tC  and dxdCt /  are the actual concentration of tracer and the concentration
gradient of the tracer point in the wall, wD  is an effective diffusion coefficient for the
solute  within  the  tissue,  and σ  is  the  reflection  coefficient  of  the  wall  for  LDL.  The
higher value of overall permeability of arterial wall induces larger LDL flux at the inlet
of leaky junction (Fig 5.14A) in 70 mmHg than that in 180 mmHg. As shown in Fig
5.14B, the flow field becomes very nonuniform at 180 mmHg since the flux profile at
the outlet of leaky junction is highly asymmetric so that more flux is leaving from the
outer edge. The asymmetry of the outgoing flux from the leaky junction reveals the
strong influence of the compact structure and the small thickness of intima on the
transport phenomena through intima at high pressure. For the same reason, the flux
profile corresponding to 180 mmHg at the inlet of fenestral pore is considerably more
asymmetric  than  that  in  70  mmHg  (Fig  5.14C).  In  contrast,  the  profile  of  flux  at  the
outlet of fenestral pore as entering to the media has a fairly symmetric shape even at
180 mmHg, which can be regarded to the notable thickness of media layer. As seen
through Figs 5.14A-D for the pressure of 180 mmHg, the flux profile abruptly rises
once the cell turnover parameter increases from 0.01 to 0.04, while it is almost
unchanged up to φ=0.01. This is why the flux profiles are only shown for φ=0.0005 and
0.04 at 180 mmHg. The aspect ratio of computational domain (λ=ξ/H) is the responsible
factor  for  such  sudden  change,  that  is,  the  flux  profile  remains  unchanged  as  long  as
λ≥1. Once λ drops below 1 the flux profile rises quickly.

A
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Figure 5.14. LDL flux as a function of the radial position. A) The inlet of leaky junction
(lumen-endothelium interface), B) The outlet of leaky junction (endothelium-intima
interface), C) The inlet of the nearest fenestral pore to leaky junction (intima-IEL
interface), and D) The outlet of fenestral pore (IEL-media interface).

5.3.2.2 Effect of relative positioning of leaky junction and fenestral pores
Huang et al. (43) found that the endothelium deforms above fenestral pores on rigid IEL
under increasing luminal pressure. They observed, by using random consecutive
sectioning of the wall of rat thoracic aorta, numerous indentations of the endothelium
into the fenestral pores, particularly in region where the endothelium is thin, far from
the cell nuclei. They confirmed that such indentations are absent for transmural
pressures < 50 mmHg. In the present model, the positioning of fenestral pores with
respect to the endothelial junctions can resemble the effect of indentation, which
significantly affects on the LDL transport through the arterial wall. Figure 5.15
demonstrates the axial distribution of LDL concentration within the media layer at 180
mmHg with φ = 0.002 for different indentation parameters a.  The values of a, defined
as a = FPLJ rr − , are taken as 10, 5, 0, and -5 mµ . >< *C  is the mean concentration as
defined earlier ( in Fig 5.13). According to Fig 5.15, the highest medial concentration is

D
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observed when fenestral pore is located right beneath the leaky junction (a = 0). If a = -
5 mµ , the concentration profile against the medial depth exhibits the lowest medial
concentration, which indicates the outflow from leaky junction is divided to an inward
flow  (toward  the  nearest  fenestral  pore  to  the  axis)  and  an  outward  flow  (toward  the
second fenestral pore). The crucial factor in decreasing LDL concentration within the
media layer is the intimal resistance against the flow between the leaky junction and
fenestral pores.
Figure 5.16 demonstrates the influence of a on the LDL flux across different sections
including the inlet of leaky junction (Fig 5.16A), the outlet of leaky junction (Fig
5.16B), the inlet of fenestral pore (Fig 5.16C), and the outlet of fenestral pore to media
(Fig 5.16D). The LDL flux profile is symmetric at the inlet of leaky junction, as shown
in Fig 5.16A. Figures 5.16C and D show the inlet and outlet flux profiles in the nearest
fenestral pore to the axis. The existence of two fenestral pores near the leaky junction
(when a = -5 mµ ) creates differences in LDL flux profiles at the outlet of leaky junction
and in the inlet of fenestral pore, as seen in Fig 5.16B and C.

Figure 5.15. The normalized LDL concentration within the media layer at 180 mmHg
for various indentation parameter, a.
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Figure 5.17 presents the LDL flux profile against the axial position in intima at a certain
distance from leaky junction (about 40 nm) required to establish a fully developed flow
condition. Figure 5.17A shows the LDL flux at 70 mmHg with φ = 0.0005, and at 180
mmHg with φ = 0.0005 and 0.04. The noticeable feature of Fig 5.17A is the higher
values of LDL flux at 180 mmHg, which is a result of the decreased thickness of intima
due to hypertension. This result is very interesting as it shows that the intimal flux of
LDL increases under hypertension. Thus the mass transport can be substantially boosted
within the intima, which can be interpreted as the intimal accumulation of LDL. On the
other hand, it was shown in Fig 5.12 that the LDL concentration inversely changes with
pressure in the media, which suggests stiffer intima and media reduce the presence of
LDL in media at 180 mmHg. This mechanism coupled with an enhanced endothelial
permeability (at higher φ ) associate the accumulation of a higher amount of LDL in the
intima layer. Figure 5.17B shows the LDL flux across the intima for different values of
a, assigned as 10, 5, 0, -5 mµ , at 180 mmHg. As expected, the flux is lowest when the
fenestral pore is right beneath the leaky junction because the outgoing flux from the
leaky junction substantially enters the fenestral pore and only a small portion of the
LDL flux is diverted into intima. Figure 5.17B indicates that the maximum intimal LDL
flux  occurs  when a=5 mµ .  It  may be  explained  based  on  the  definition  of  the  solute
flux, Eqs. 5.34-5.35, which show flux depends on both C and VJ .

A



 STUDIED CASES130

B

C



131

Figure 5.16. LDL flux as a function of the radial position in 180 mmHg. A) The inlet of
leaky junction (lumen-endothelium interface), B) The outlet of leaky junction
(endothelium-intima interface), C) The inlet of the nearest fenestral pore to leaky
junction  (intima-IEL  interface),  and  D)  The  outlet  of  fenestral  pore  (IEL-media
interface).

To get better understanding of the observations in Fig 5.17B, the average velocities
across the leaky and tight junctions are presented in Fig 5.18A for same geometries
shown in Fig 5.17B. The superficial velocity, U, is defined as the mean velocity across
the junction, calculated by
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where Jd (=r2-r1) is the width of junction (leaky or tight), )(ru is the local velocity in

the junction, and
−

r  is the radial position in the middle of the junction. As shown in Fig
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5.18A, for the case of a = 5 mµ , velocity is higher than other cases at the outlet of leaky
junction, which in turn increases the LDL flux within the intima (Esq. 5.34-5.35). The
velocity in leaky junction and tight junctions are shown at 70 and 180 mmHg in Fig
5.18B for φ = 0.0005 and a = 10 mµ . The value of velocity in leaky junction is higher at
the lower pressure while it is opposite for tight junctions.
Table 5.3 demonstrates the values of apparent permeability of the endothelium (Pe), and
the hydraulic permeability ( PL ) of the endothelium, intima, media, and the whole
thoracic aorta wall. The volume flux ( VJ ) through the aorta wall has also been shown in
Table 5.3. The apparent permeability of the endothelium (Pe) is calculated by

tot

LJSe
e AC

AJP
0

=             (5.37)

where SeJ  is the mean LDL flux in the mid-section of leaky junction (the only pathway
of LDL), LJA  is the area of leaky junction as LJdrπ2 , (r is the radial position of leaky
junction), and totA is the total area of domain as 2πξ .
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Figure 5.17. The profile of LDL flux against the axial position in intima at a certain
radial distance from the leaky junction required to establish a fully developed flow
condition. A) ma µ=10  , and B) 180 mmHg and 002.0=φ .

The hydraulic conductivity is defined as

iVPi PJL ∆= /             (5.38)

where i stands  for  one  of  the  wall  layers  or  the  whole  aorta  wall  and P∆  is the
corresponding pressure drop. The hydraulic conductivity ( PL ) of the aorta wall is given
by

PmPinPeP LLLL /1/1/1/1 ++=             (5.39)

where e, in, and m stand for endothelium, intima, and media layer, respectively. Note
that the hydraulic conductivity of intima includes both intima and IEL. Tedgui and
Lever (187) showed that the hydraulic conductivity of the total wall, calculated from the
filtration data, is 4.00 ± 1.31 cm/s at 70 mmHg, and 2.44 ± 0.80 810−×  cm/s at 180
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mmHg. The values of hydraulic conductivity given in Table 5.3 are in good agreement
with the values suggested by Tedgui and Lever (187). The most important quantity
given  in  Table  5.3  is  the  permeability  of  endothelium which  increases  with  either  the
rate of cell turnover or hypertension-induced displacement of fenestral pores. The
increase of Pe has been reported in several experiments [130, 176, 179, 187,190], which
is confirmed by our present computational study.

A
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Figure 5.18. The velocity distribution in leaky and tight junctions. A)  Variation with
four values of a including 10, 5, 0, -5 mµ . B) a = 10 mµ  and 0005.0=φ . U is the mean
superficial velocity in any junction.

Numerical results reveal that LDL concentration within the IEL and media decreases
under higher pressure. On the other hand, the LDL concentration in subendothelial
layers will increase if the fraction of leaky junctions rises under hypertension. In other
words, the enhancement of the fraction of leaky junctions elevates the permeability of
endothelium  to  macromolecules.  Curmi  et  al  (187)  investigated  the  effect  of
hypertension on the transport of LDL in arterial wall, in vitro, and concluded that
synergy between increased endothelial permeability and compaction of the media
together with enhanced pressure-driven convection might account for the marked
increase in LDL concentration observed in the inner wall at high pressure. They also
found in their later study (192) that pressure-induced stretching of the vessel wall is a
major determinant of albumin and LDL transport across the arterial wall, and pressure-
driven convection specifically enhances the accumulation of LDL in the inner media. On
the other hand, Bretheron et al (193) indicated that hypertension increases the influx of
LDL into the aortic intima in rabbits. However, they reported that the reversal of
hypertension  did  not  result  in  an  immediate  reduction  in  the  rate  of  LDL  influx  and
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concluded that the increased LDL flux under hypertension caused from an indirect
effect on aorta wall permeability rather than a direct effect of increased filtration
pressure.
In the present study, Figs 5.11 and 5.12 reveal even though the aorta wall is compressed
under hypertension, the LDL concentration decreases within the wall. However, Fig
5.13 shows that LDL concentration rises significantly by increasing the fraction of leaky
junctions, which is associated with the enhancement of endothelial permeability under
hypertension. These results, particularly in higher rate of cell turnover, are in good
agreement with the results of Curmi et al (187) obtained from aortas incubated for two
hours. As shown in Fig 5.17A, the LDL flux increases in the intima layer with pressure.
The compression of aortic media layer at higher lumen pressure accompanied with the
enhanced endothelial permeability may contribute to the accumulation of LDL in the
intima layer.
The concentration profiles in the media shown in Fig 5.15, and the LDL flux across the
intima shown in Fig 5.17B indicate that the endothelial indentation under hypertension
dramatically increases the LDL influx to the media layer. The LDL concentration is
higher in the region near to the IEL. This is a critical region of the artery wall since the
development of intimal hyperplasia and the migration of SMCs from the media to the
intima mainly takes place there. This implies that IEL may significantly affect on the
artery permeability to LDL.

Table 5.3. Summary of the rabbit thoracic aorta wall data at 70 and 180 mmHg.

Pressure
mmHg φ ma µ,

810−×eP
scm /

810−×peL
mmHgcm sec//

810−×piL
mmHgcm sec//

810−×pmL
mmHgcm sec//

810−×pL
mmHgcm sec//

VJ
610−×
scm /

70 0.0.0005 10 1.19 22.88 21.64 9.24 5.05 2.65
180 0.0005 10 0.70 11.43 7.85 11.70 3.33 4.49
180 0.001 10 1.39 11.49 7.93 11.58 3.34 4.51
180 0.002 10 2.75 11.57 7.92 11.73 3.36 4.53
180 0.002 5 4.35 11.19 7.46 11.79 3.24 4.38
180 0.002 0 12.36 12.13 7.29 11.32 3.25 4.45
180 0.002 -5 3.50 9.60 6.99 9.919 2.87 4.48
180 0.01 10 13.58 13.72 8.75 12.04 3.70 4.99
180 0.04 10 62.71 5.26 4.41 11.51 1.96 2.68

φ  the cell turnover parameter, a the distance between the leaky junction and the first
fenestral pore, eP  the apparent permeability of endothelium, PL  the hydraulic
conductivity, and VJ  the volume flux through the wall.
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In  conclusion,  a  multilayered  model  of  the  thoracic  aorta  wall  clarifies  the  role  of
endothelial cell turnover and indentation on the transport of LDL under hypertension, as
shown here computationally for the first time. We have shown that the indentation,
death, and mitosis of endothelial cells are indirect effects of hypertension which may
gradually cause the creation and development of atherosclerosis within the arterial wall.
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6 CONCLUSIONS

The results and discussions of the studied cases have been given in Chapter 5. This
Chapter deals with the overall conclusions of this doctoral thesis.

Atherosclerosis is the disease of large, high-pressure arteries, but not low-pressure
arteries  or  veins.  It  leads  to  the  major  blockage  of  the  artery  against  the  blood  flow,
which could lead to a heart attack or the death of tissues fed by the blocked artery.
Understanding the early events that trigger atherosclerosis is vital, albeit very difficult.
It is commonly believed that the transendothelial transport of LDL cholesterol and its
lodging in the extracellular matrix of the intima are critical events in this process. On
the other hand, the association of atherosclerosis with regions of altered fluid mechanics
and the role of blood flow in the localization of atherosclerosis has been studied for
many years. In order to understand why high-pressure arteries are susceptible to
atherosclerosis, but low-pressure arteries and even lower pressure veins are less
vulnerable, part of the thesis focused on the modeling of the rabbit thoracic aorta that
deforms due to pressure variation.

The vessels differ in wall thickness, wall composition, transmural pressure (pressure
difference across different layers of the arterial wall), etc., and it is not obvious which of
these differences is responsible for susceptibilities in the onset and development of
diseases such as atherosclerosis. On the other hand, the transport of macromolecules
such as LDL to the arterial wall and their accumulation within the intima and media
layers have been recognized as the pathogenesis of atherosclerosis. Therefore, a full
description  of  LDL transport  in  the  arterial  wall  in  association  with  the  wall  structure
and transmural pressure is essential. This is even more important in the aorta, in which
the wall deforms significantly with pressure and changes the pathways that LDL takes
in crossing the wall. Transmural pressure is the driving force for interstitial flow, hence
macromolecular transport, across the arterial wall that can naturally affect initiating or
amplifying atherosclerosis. In particular, hypertension is a well-known risk factor,
especially when associated with hypercholesterolemia.

In  the  present  thesis,  the  mass  transport  of  LDL  within  the  arterial  wall  has  been
investigated using a multilayered model of the thoracic aorta wall under a wide range
variation of transmural pressure. A new approach is implemented to model the aorta
wall including various layers, i.e. the endothelium, intima, internal elastic lamina (IEL),
and media. The results reveal that the property variations of the intima and media with
pressure significantly affect the LDL distribution. The effect of transmural pressure on
LDL transport and its distribution across the arterial wall has been studied in vivo,
which also revealed LDL concentration changes notably when the wall thickness and its
transport properties vary with transmural pressure. No computational study has been
conducted to investigate the influence of pressure on LDL transport and accumulation
within a deformable aorta wall, but some studies were carried out on the effect of
pressure on LDL concentration within a rigid aorta wall. Therefore, the present study
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brings new insights to understanding the risk degrees of hypertension in the onset of
aorta wall diseases.
Moreover, the influence of transmural pressure on interstitial flow through the media
layer has been studied to quantify the level of variations in shear stress and its
distribution over SMCs. Based on these results, we could determine the significant
dependence of shear stress over SMCs on the spatial arrangement, the shape, and the
pressure-induced deformation of SMCs. These results are very crucial, as the function
of SMCs is influenced directly by the shear stress. Recent in vitro studies have shown
that vascular SMCs are responsive to shear stresses in the range of 1 to 25 2. −cmdyn . It
has been revealed that in a damaged IEL, lower shear stresses on SMCs upregulate
mechanisms supporting intimal hyperplasia. When the IEL is intact, higher shear
stresses suppress SMC proliferation and migration, which might otherwise contribute to
intimal hyperplasia. Therefore, it has been suggested that the shear stress is an inhibitor
of vascular SMC proliferation and migration. It has also been shown that elevated shear
stress inhibits SMC migration. There have been several studies suggesting that elevated
shear stress levels also inhibit SMC proliferation. Abnormally high SMC proliferation
in the media and subsequent migration to the intima are recognized as hallmark
processes in intimal hyperplasia. Thus, in the light of this discussion, one can realize the
importance of calculations of shear stress on SMCs. A direct conclusion from our
computational results can be linked to the real arterial wall, that is, the risk of increasing
SMC proliferation and migration (leading to intimal hyperplasia or atherosclerosis) in
an even healthy artery can be high in the locations where SMCs are positioned away
from the fenestral pores. In addition to the relative positions of SMCs in the vicinity of
the IEL and fenestral pores, the deformation of the arterial wall was also found to have a
considerable influence on shear stress. This deformation is manifested as a change of
the cross sections of the SMCs from circles (at 0 mmHg) to ellipses, as well as the
movement of SMCs towards the IEL.

Obviously, more experimental evidence is required to support our numerical
predictions. Our future studies will be devoted to creating more sophisticated geometric
models of the structure of the arterial wall layers, where more details of macromolecular
and interstitial flow distributions will be revealed. In continuation of the present work,
the creation of new models considering the structure of leaky and tight junctions
(pathways of molecules and macromolecules) across the endothelium with their
pressure-induced structural changes will be our main focus. Moreover, the models that
express the reaction of vascular SMCs to mechanical shear stress will be seriously
pursued.

Another part of my research in this doctoral thesis was devoted to computational
modeling of heat and fluid flow in porous media seen as heterogeneous fields with the
details of the porous structure. Numerical simulations revealed how different porous
structures could affect heat conduction through composite solids and fluid convection
through voids of porous solids. Our results are applicable to a wide variety of porous
media from synthetic (constituent phases arranged in an ordered fashion) to natural
(constituent phases arranged in a disordered fashion) materials. One of the important
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objectives of this part of the thesis in connection to the above-mentioned research in
arterial wall simulations was to determine the fluid mechanics as well as the heat and
mass transfer roles in mechanical and chemical processes in biological tissues. Such
studies are vital in order to solve the bioheat equation in living tissues of various organs.
Future simulations will be devoted to more sophisticated geometries and modeling
techniques in porous materials.
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