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ABSTRACT OF THE DISSERTATION 

 

 Arterial LDL Transport Incorporating Fluid Solid Interactions, Hyperthermia, and 
Atherosclerosis 

 

by 

 

Stephen Chung 

 

Doctor of Philosophy, Graduate Program in Mechanical Engineering 
University of California, Riverside, August 2013 

Dr. Kambiz Vafai, Chairperson 

 

 

 

A comprehensive investigation and analysis of low-density lipoprotein (LDL) transport in 

an artery is presented to demonstrate the molecular accumulation that can lead to 

atherosclerosis.  This study paves the way for a better treatment and diagnosis of the 

cardiovascular disease. The impact of LDL accumulation and other pertinent 

characteristics within an artery due to pulsation, hypertension, plaque formation, lumen 

stenosis and hyperthermia are systematically examined.  

 

A comprehensive multi-layered model is introduced to incorporate convection-diffusion-

reaction and Staverman filtration effects. Endothelium and intima transport properties are 

obtained using both the micro-structure information as well as the experimental data. The 
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results are analyzed and validated and an excellent agreement is observed when 

compared with the earlier works. Additional effects such as the heat and mass transfer, 

and elastic structure, are also considered and analyzed for LDL transport. 

 

The effects of a deformable wall while incorporating the fluid-structure interaction (FSI) 

along with, plasma filtration and thermal expansion are accounted for. The fiber matrix 

model is utilized to link the cholesterol lipid accumulation and tissue proliferation to 

variable properties of intima. Pore theorem is applied to calculate the endothelium 

properties using the structural parameters for the endothelial junctions, which affect the 

elastic wall deformation. The hyperthermia along with the thermo-induced effects due to 

the thermal expansion and variable LDL diffusivity and consumption rate are analyzed. 

The coupling effects of Osmotic pressure, Sorret and Dufour diffusion are discussed and 

their domain of influence on LDL transport is established. A comprehensive investigation 

of plaque development and wall thickening, lumen stenosis and dysfunctional 

endothelium due to atherosclerosis is presented. 
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Nomenclature 

 

c  LDL concentration 3mol m  

Tc  thermal capacity J kg Ki  

sd  acceleration within the solid region 2m s  

D  LDL diffusivity 2m s  

sf  solid domain body force 3
N

m  

G  Kozney constant 1 

H thickness of the layers mμ  

k  reaction coefficient 1 s  

Tk  thermal-diffusion coefficient 1 

Dk  diffusivity effective rate 1 

K  hydraulic permeability 2m  

L  length of the artery m 

M  molecular weight kg mol  

N ′′  solute mass flux per area 2mol m si

p  hydraulic pressure mmHg 

pΔ  pressure drop across arterial wall mmHg 
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Pe  Peclet number 1 

r  radial location from the centerline m 

mr  molecular radius nm 

CFr  radius of central filament nm 

CPr  radius of proteoglycan core protein  nm 

fr  effective intima fiber radius  nm 

Gr  radius of glycosaminoglycan  nm 

Mr  effective monomer radius nm 

R  universal gas constant J K moli  

0R  radius of lumen domain m 

CellR  radius of endothelial cell mμ  

t  time s 

T  temperature K 

HT  Hyperthermia temperature applied at the lunmen-wall interface K 

refT  Reference temperature chosen as core body temperature 
(310K) K 

TΔ  temperature drop from inner to outer surface of the wall K 

u  axial velocity of blood flow m s  

u  velocity vector m s  

0U  maximum velocity at entrance  m s  



xvii  

v filtration (radial) velocity m s  

w  half width of the leaky junction  Nm 

x  axial location from inlet M 

0x  half width of atherosclerotic plaque M 

stx  axial location of atherosclerotic plaque / stenosis Cm 

α  thermal diffusivity 2m s  

fα  the length ratio of proteoglycan monomers to central filament 1 

ljα  ratio of LDL molecule radius to half-width of the leaky 
junction 1 

fβ  
the length ratio of glycosaminoglycan (GAG) fiber to protein 
core 1 

ljβ  leaky-bulk expansion ratio 1 

Tβ  thermal expansion coefficient 1 K  

γ  sieving coefficient (1 )σ−  1 

δ  porosity 1 

stδ  ratio of maximum thickness of plaque to radius of lumen 1 

ε  elastic strain 1 

Tε  thermal strain 1 

φ  fraction of cells with leaky junction 1 

μ  viscosity kg m s•  

ρ  fluid density 3kg m  



xviii  

σ  reflection coefficient 1 

sσ  Cauchy stress tensor Pa 

Γ  time period for pulsation S 

Subscripts 

0 refers to entrance condition  

70 mmHg refers to property under 70 mmHg pressure drop across the 
wall without hyperthermia   

eff refers to effective property  

end refers to endothelium property  

int refers to intima property  

f refers to plasma property  

nj refers to normal junction  

lj refers to leaky junction property  

PG refers to proteoglycan  

CG refers to collagen  

Lip refers to property affected by LDL lipid accumulation   
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Chapter 1 

 

 

Introduction 

 

 

Cardiovascular disease is a critical issue with respect to human health due to the 

high rate of death that it causes. Almost 80 million adults in America have one or two 

types of cardiovascular diseases (American Heart Association, 2007; Khakpour and Vafai, 

2008).  Atherosclerosis is a type of cardiovascular disease that usually occurs in a larger 

artery like aorta and leads to other types of cardiovascular diseases. In most of the cases, 

the first symptom of atherosclerosis is a heart attack, and half of these lead to death, with 

the subsequent mortality rate increasing by 1-2% per hour after it is discovered (Wang 
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and Dake, 2006; Khanafer and Berguer 2009). On an annual basis, this aortic disease is 

not only associated with 1/5 of deaths in the United States by its complications 

(American Heart Association, 2005, 2006; Hossain et al., 2011) but also the 14th cause of 

death in America by itself (Gillum, 1995; Khanafer et al., 2009).  

 

In fact, cardiovascular diseases are associated with almost half a trillion dollars 

expense in the United States of 2008 (American Heart Association, 2008; Hossain et al., 

2011), and apparently, its impact to human society is still increasing now. Therefore, 

better understanding of the formation of atherosclerosis can lead to a better diagnosis and 

treatment of this disease. Although the main cause of atherosclerosis is still not fully 

established, many researchers consider the accumulation of macromolecules such as 

Low-density lipoproteins (LDL) initiates atherosclerosis. LDL oxidized with free radicals 

inside the arterial wall damages the cells and compromises the immune response, thus 

resulting in a wall dysfunction, plaque formation and lumen stenosis. As such, low-

density lipoprotein (LDL) is considered to be one of the main factors in causing 

atherosclerosis. 

 

A comprehensive model of LDL accumulation within the arterial wall is crucial in 

better demonstration of the involved processes leading to atherosclerosis. Prosi et al. 

(2005) introduced the wall-free and lumen wall models for representing an artery, which 

have been widely used to study mass transfer within arteries (Rappitsch and Perktold, 

1996; Wada and Karino, 2000; Moore and Ethier, 1997; Stangeby and Ethier, 2002a, b). 
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However, the arterial wall posses a complex structure, and as such it is far more 

appropriate to consider several layers with different properties, referred to as the multi-

layered model. Layers often encountered from lumen-side to the outer surface are 

glycocalyx, endothelium, intima, internal elastic lamina (IEL), media, and adventitia. 

Adventitia, which stabilizes the arterial attachment to organs, has a gel-like structure with 

connective tissues. Surrounded by adventitia, media is made up of smooth muscle cells 

and elastic tissues with capillaries. A very thin fenestrated membrane, referred as internal 

elastic lamina (IEL) separates the next laryer, intima, which is made up of collagen and 

proteoglycan fibers. Finally endothelium which is composed of a layer of cells is 

sandwiched between intima and a gel-like layer named glycoalyx which reduces the 

turbulence in blood flow. 

 

Transport phenomena through porous media has been studied for numerous different 

fields of research (Hadim and Vafai, 2000; Vafai and Hadim, 2000; Razi et al.). Darcy 

and extended Darcy models were usually applied in earlier works (Chung and Vafai, 

2010; Shi and Vafai, 2010). After Darcy model was presented by Henry Darcy, a number 

of works were tried to build the model comprehensively describing the flow and heat 

behavior inside porous medium. Brinkman (1947) counted the effect of solid boundary to 

develop a modification of Darcy model. The calculation for viscous force exerted by fluid 

on particle was given, and the relation between the particle geometry and the 

permeability was obtained. Vafai and Tien (1981) further analyzed the effects of solid 

boundary and inertial forces on transport through porous media. Volume-averaging 
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technique and matched asymptotic expansions were app lied in developing the governing 

equations. The generalized Darcy-Brinkman model collaborating with convection-

diffusion-reaction equation is invoked in the present study, as well as the early works 

(Yang and Vafai, 2006, 2008; Ai and Vafai, 2006; Chung and Vafai, 2012, 2013).  

 

The hydraulic and mass transport properties are different in each of these layers. 

Transport within these layers have been investigated, both from macro-scale view point 

(Huang et al., 1994; Tada and Tarbell, 2004; Prosi et al., 2005; Ai and Vafai, 2006) as 

well as a micro-scale point of view (Curry, 1984a, b; Fry, 1985; Wen et al., 1988; Huang 

et al., 1992; Huang et al., 1997; Huang and Tarbell, 1997; Yuan et al., 1991; Weinbaum 

et al., 1992; Karner et al., 2001; Liu et al., 2011; Chung and Vafai, 2012). For example, 

Ai and Vafai (2006) utilized a reverse procedure to solve for hydraulic permeability, 

effective diffusivity, and reflection coefficient of arterial porous layers using a circuit 

analogy. On the other hand, Huang et al. (1994), Karner et al. (2001), Liu et al. (2011) 

and Chung and Vafai (2012, 2013) obtained the properties with the methods using the 

micro-structure information,  such as  pore theorem and fiber matrix model. 

 

Yang and Vafai (2006, 2008) and Ai and Vafai (2006) developed a comprehensive 

new four-layer model to describe the hydraulic and molecular transport inside an arterial 

wall. This model considers the arterial wall as four layers with different homogeneous 

properties. These layers are endothelium, intima, IEL, and media, while glycocalyx is 

neglected and adventitia is embedded into outer boundary condition. The Staverman-
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Kedem-Katchalsky membrane equation (Kedem and Katchalsky, 1958) is invoked to 

describe the mass convection inside a low permeability porous medium. Also, osmotic 

pressure is brought into play inside thin layers of endothelium and IEL due to their high 

concentration gradient. Based on this model, the impact of macro-structure such as 

stenosis (Ai and Vafai, 2006; Kanafer et al., 2009) or bifurcation (Khakpour and Vafai, 

2008) has also been studied. Furthermore, Chung and Vafai (2012, 2013) coupled the 

model with extended physics to represent the effect of fluid-structure interactions and 

atherosclerotic plaque. 

 

The impact of stenosis on LDL transport has been discussed in Ai and Vafai’s 

(2006) work. Starting with lipid accumulation, atherosclerosis results a lipid filled plaque 

that can block blood flow through an artery. Three stages can be cited during 

development of atherosclerosis: 1) cholesterol lipid accumulation inside arterial wall, 

especially within the intima layer; 2) thickening of the wall due to component deposits 

that cause stenosis; and 3) dysfunction of endothelium and fibrous cap formed on the 

inner wall surface within endothelium and intima (Hossain et al., 2011). Likewise, 

stenosis can be classified into three grades (Buchanan and Kleinstreuer, 1997): 1) no 

Stenosis (almost 0% blockage in the cross-sectional area); 2) moderate stenosis (less than 

75% plaque blockage in the cross-sectional area); severe stenosis (more than 75% 

blockage in the cross-sectional area) (Ai and Vafai, 2006). 
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Ai and Vafai (2006) had discussed the LDL transport and its deposition inside the 

arterial wall along with variations in the thickness of the wall due to plaque formation. 

Their results show limited impact on LDL transport by stenosis due to the relatively 

higher permeability of intima. Hossain et al. (2011) obtained the hydraulic and molecular 

transport properties for the fibrous cap, as well as lipid filled intima, based on Stoke-

Einstein equation assuming that the lipid viscosity is similar to that of the olive oil. Their 

results were applied to the simulation of drug delivery into a diseased artery, represented 

by a transient concentration distribution.   

 

Most of the earlier works treat the arterial wall as a solid non-elastic medium, which 

does not represent the real physiological condition. The arterial wall is an elastic bio-

material which will deform due to the pressure difference across the arterial wall. 

Furthermore, this deformation changes in time since the pressure applied from lumen side 

is affected by the pulsation of cardiovascular system. Gao et al. (2006a, b) performed a 

numerical simulation on the stress distribution across the aorta wall. Based on the work 

of Gao et al. (2006a, b), which considers zero pressure at the outlet of aorta, Khanafer 

and Berguer (2009) introduced a more realistic model by applying time-dependent 

pressure in a wave-form. Utilizing the fluid-structure interaction (FSI) model, Khanafer 

et al (2009) further analyzed the turbulent flow effect and the wall stress on aortic 

aneurysm. 
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Osmotic effect, accounting for flow driven by the gradient of solute density, 

typically is considerable across a thin porous membrane with significantly higher flow 

permeability and molecular concentration gradient than its solute permeability and 

hydraulic pressure. Osmotic pressure term was invoked for LDL transport through 

endothelium and IEL in some of the earlier works (Yang and Vafai, 2006, 2008; Ai and 

Vafai, 2006) due to a relatively high LDL concentration gradient across the two layers. 

However, although high gradient of LDL concentration does appears, there also is a high 

pressure drop (70mmHg or higher) across the wall dominating the plasma filtration. One 

of the missions in current study is to identify the impact of the Osmotic pressure, based 

on the earlier works (Yang and Vafai, 2006, 2008; Ai and Vafai, 2006, Chung and Vafai, 

2012, 2013). 

 

Hyperthermia is involved as an important factor or solution in several health issues, 

such as cancer treatment (Denekamp, 1984; Jain, 1987) or vascular stent delivery 

(Stoeckel et al., 2004; Baer et al., 2007), and the application can possibly be extended to 

treatment on atherosclerosis or other cardiovascular diseases. Therefore, for transport 

with an artery, since thermal impact is an important issue, the consideration of heat-

induced effect may also be critical. It is known that the movement of molecules can also 

be driven by temperature gradient, the so called Sorret effect, and its counter part Dufour 

effect need to be analyzed particular for hyperthermia application. Furthermore, based on 

Einstein- Stoke model, the molecular diffusivity is dominated by temperature. The 

thermal expansion behavior of an artery has been studied by numbers of researchers 
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(Rabin and Plitz, 2005; Jimenez Rios and Rabin, 2006; Xu et al., 2007), and as such 

hyperthermia can cause change of transport properties, based on Chung and Vafai’s FSI 

model (2012). Another aspect which can suspected to be affected by temperature is the 

reaction rate of LDL in the media layer. 

 

In summary, the current work presents a model that couples the multi-layer model 

for LDL transport while fully incorporating plasma flow, deformable wall, elastic 

structure, effective properties, and heat transfer. FSI is invoked by considering a elastic 

wall with the endothelium properties affected by pore deformation. The change of 

hydraulic and mass transfer properties due to the wall deformation is analyzed, and its 

effect on flow and LDL transport through the arterial wall is investigated. Furthermore, 

the impact of pulsatile flow is studied along with its effect on the LDL transport within an 

arterial wall.  

 

Then, the impact of atherosclerotic plaque on LDL transport is considered and 

analyzed, following Ai and Vafai’s (2006) work which examined the stenosis rate and 

location. This work discusses the sensitivity to the plaque geometry, such as wall 

thickening, axial width etc. The impact of a simplified computational domain, as well as 

consideration of endothelium for a diseased artery and the role of the fibrous cap, is 

examined in this work. Furthermore, the intima properties affected by cholesterol 

accumulation are developed through fiber matrix method (Huang et al., 1992, 1994), and 

its effect on the variation of LDL transport is illustrated and discussed. 
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Moreover, coupling between hydraulic, mass, and heat transport, the influences of 

Osmotic, Sorret, and Dufour effects are examined. Further, to study the impact of the 

hyperthermia effect on molecular transport in an artery, thermal expansion, as well as 

temperature-dependent effective diffusivity and reaction rate of LDL, are analyzed. This 

study will provide a detailed understanding of the physics know to be involved in cause, 

result, or treatment of atherosclarosis. 
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Chapter 2  

 

 

Formulation 

 

 

2.1 Multi-layered model 

 

The layered structure of the wall for an artery is shown in Fig. 1, from inner to the 

outer side, we have lumen, glycocalyx, endothelium, intima, IEL, media, and adventitia. 

In the present work, glycocalyx is neglected for the entire study due to its negligible 

thickness (Michel and Curry, 1999; Tarbell, 2003), and adventitia is embedded into the 

boundary condition on the outer wall surface for the models of plasma flow and heat and 
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mass transfer due to its low resistance (Yang and Vafai, 2006, 2008; Ai and Vafai, 2006). 

The lumen domain is considered as a cylindrical geometry with radius of 0R  ( 310 mμ ) 

and axial length L (0.2232 m), surrounded by the porous layers of endothelium, intima, 

IEL, and media. As such, the corresponding computational domain is given as Fig. 2 for 

each of the layers with their detailed information given in Table 1 (Karner et al., 2001; 

Yang and Vafai, 2006, 2008; Khanafer and Berguer, 2009; Chung and Vafai, 2012, 2013).  
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Figure 1 Configuration for a) Endothelial junctions; b) Multi-layered structure of an 
arterial wall including glycocalyx, endothelium, intima, IEL, media, and adventitia; c) 
Endothelium, intima, IEL, and intima fiber matrix; (Chung and Vafai, 2012, 2013).  
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Figure 2 Configuration for analyzed domain and boundary conditions of a) flow and 
mass transfer; b) elastic and heat transfer models. (*: Hydraulic impact on elastic model 
under 70mmHg transmural pressure is already embedded into a pre-described leaky 
junction expansion (Chung and Vafai, 2012)). 
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 Lumen Endothelium Intima IEL Media Adventitia

Thickness 
[ ]mμ  

3100 2 10 2 200 100 

Density 

ρ 3[ ]kg m  
31.07 10×  31.057 10× 31.057 10× 31.057 10×  31.057 10×  - 

Viscosity 

[ ]eff
kg

m sμ •  
33.7 10−×  30.72 10−×  30.72 10−× 30.72 10−×  30.72 10−×  - 

Hydraulic 
permeability 

K 2[ ]m  
- 213.22 10−× * 162 10−×  194.392 10−×  182 10−×  - 

LDL effective 
diffusivity 

effD 2[ ]m s  

112.87 10−×  185.7 10−× * 125.4 10−× 153.18 10−× 145 10−×  - 

refection 
coefficientσ  - 0.9888 * 0.8272 0.9827 0.8836 - 

reaction 
coefficient 

1[ ]k s−  
0 0 0 0 43.197 10−× - 

elasticity 
[ ]MPa  

- 2 2 2 6 4 

Thermal 
diffusivity 

α 2[ ]m s  
- 71.42 10−×  71.42 10−× 71.42 10−×  71.42 10−×  - 

* indicate the parameters with gage pressure of 70mmHg  
Table 1 Transport properties for each of the layers/domains (Chung and Vafai, 2012) 
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2.2 Governing equations 

 

The hydraulic and molecular transport in the lumen region is described by continuity, 

Navier-Stokes and convection-diffusion equations, and thus the governing equations for 

conservation of mass, momentum and species are given as:  

0u∇ =i           (1a) 

2
f

Du p u
Dt

ρ μ= −∇ + ∇         (1b) 

2
f

c u c D c
t
∂

+ ∇ = ∇
∂

i         (1c) 

where u  is the velocity vector, c  LDL concentration, p  hydraulic pressure and 

fμ and fD  are the plasma viscosity and diffusivity coefficient respectively.  

 

The flow and mass transfer behaviors within the four layers, endothelium, intima, 

IEL, and media, are represented by Darcy-Brinkman and diffusion-convection-reaction 

equations while incorporating the Staverman-Kedem-Katchalsky membrane equation 

(Kedem and Katchalsky, 1958), and thus the governing equations are given (Yang and 

Vafai, 2006; Ai and Vafai, 2006, Chung and Vafai, 2012, 2013) as: 

0u∇ =i           (2a)  

2eff
eff

u u p u
t K

μρ μ
δ
∂

+ = −∇ + ∇
∂

       (2b) 
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2(1 ) eff
c u c D c kc
t

σ∂
+ − ∇ = ∇ −

∂
i        (2c) 

where effμ is effective fluid viscosity, K  hydraulic permeability; σ reflection coefficient; 

effD  effective LDL diffusivity. reaction coefficient k  which represents the LDL 

consumption is 4 13.197 10 [ ]s− −×  inside the media layer and zero in the other layers 

(Prosi et al., 2005; Yang and Vafai, 2006, 2008). The properties utilized in the early 

works by Yang and Vafai (2006) and Ai and Vafai (2006) are given in Table 2, used for 

methodology validation and results comparison in the later section. The property values 

for each of the layers are listed in Table 1 (Chung and Vafai, 2012), while the variable 

endothelium properties due to FSI or hyperthermia and the variable intima properties due 

to the lipid accumulation are considered later in this work.  
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Ref Parameter Lumen Endothelium Intima IEL Media 

Diffusivity 

effD 2[ ]m s  
112.87 10−× 176 10−×  125.4 10−× 153.18 10−×  145 10−×  

Permeability 

K 2[ ]m  
 214.32 10−×  162 10−×  

194.392 10−×  182 10−×  

Refection 
coefficientσ  0.9979 0.8272 0.9827 0.8836 

Porosity 
δ   

 45 10−×  0.983 0.002 0.258 (a
) Y

an
g 

an
d 

V
af

ai
 (2

00
6)

 

Viscosity 

[ ]eff kg m sμ •  
33.7 10−×  30.72 10−×  30.72 10−× 30.72 10−×  30.72 10−×

Diffusivity 

effD 2[ ]m s  

112.87 10−× 178.154 10−× 125 10−×  
153.18 10−×  

145 10−×  

Permeability 

K 
2[ ]m  

 213.2172 10−× 162.2 10−× 193.2188 10−×  
182 10−×  

Refection 
coefficientσ   0.9886 0.8292 0.8295 0.8660 

Porosity 
δ  

 45 10−×  0.96 0.004 0.15 (b
) A

i a
nd

 V
af

ai
 (2

00
6)

 

Viscosity 

[ ]eff kg m sμ •  

33.5 10−×  
30.72 10−×  

30.72 10−× 30.72 10−×  
30.72 10−×

Table 2  Hydraulic and LDL transport properties for each of the layers/domains utilized 
by a) Yang and Vafai (2006); b) Ai and Vafai (2006) 
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2.3 Governing equations – FSI and hyperthermia 

 

When deformable wall is considered within the wall, a hyper-elastic model is used 

to describe the elastic structure of the artery, and thus the elastodynamic equation can be 

written as: 

s s s sd fρ σ=∇ +          (3) 

where sρ  is the density, sd  acceleration within the solid region, sf  solid domain body 

force and sσ  is the Cauchy stress tensor, where Mooney-Rivlin material model is invoked 

to describe the strain-energy relationship (Khanafer and Berguer, 2009). Strain due to 

hydraulic effect is embedded into the properties by assuming that pressure difference 

through the wall stays constant at 70mmHg. 

 

When heat transfer is considered within the wall, a uniform temperature ( HT T= ) 

and no solid (free structure) are assumed for the lumen region. The heat transfer within an 

arterial wall is described by the equation of energy conservation, expressed as: 

 2u T cα∇ = ∇i          (4) 

where T  is temperature and α  is the thermal diffusivity. Since the thermal permeability 

is much higher than the molecular permeability, which is mostly assumed negligible, 

through cells and fibers of an arterial wall, the porosity and structure does not affect 
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much on as Therefore, the thermal diffusivity is assume to be the same as 

7 21.42 10 [ ]m s−×  (Kolios et al., 1995; Kotte et al., 1996) for all the arterial layers.  
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2.4 Governing equations – coupling effect 

 

Osmotic pressure expression is represented by RT cσ∇ where R is the universal gas 

constant. Similar to Osmotic effect, the temperature gradient can also cause energy 

potential to drive molecular movment from higher to lower temperature  The Soret 

diffusion is given by 2T f
eff

f

k
D T

TM
ρ

∇  ( Chapman and Cowling, 1952; Wakeham et al., 

1991; Kays and Crawford, 1993), where Tk is the thermal-diffusion coefficient, fM  the 

molecular weight of solvent (plasma), and fρ  is the density of plasma. The counter part 

of the Sorret effect is the Dufour effect, which indicates that the molecular transport will 

enhance heat transfer by the energy carried by the solute. Dufour effect is represented by 

2T
eff

T f

RTkD c
c M c

∇ , where Tc is the plasma’s thermal capacity. Incorporating these three 

physical effects, the coupled equations for flow, heat and mass transfer can be presented 

as: 

2 0eff
effp u u RT c

K
μ

μ σ−∇ + ∇ − + ∇ =        (5a) 

2 2(1 ) ( )T f
eff

f

k
u c D c T kc

TM
ρ

σ− ∇ = ∇ + ∇ −i      (5b) 

2 2T
eff

T f

RTku T T D c
c M c

α∇ = ∇ + ∇i        (5c) 
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2.5 Boundary conditions 

 

The boundary conditions are illustrated in Fig. 2, where the axial velocity u  at the 

entrance is considered to have a fully developed profile 0 ( )u r  expressed by: 

2
0 0 0

0
(1 ( ) ) 0, 0ru U at x r RR= − = ≤ ≤      (6)                  

where the maximum entrance velocity 0U  is taken as 0.338 m s  (Yang and Vafai, 2006; 

Karner et al., 2001) and LDL concentration at the entrance 0c  is taken as 

3 328.6 10 mol m−× (Katz, 1985; Tarbell, 1993; Yang and Vafai, 2006). Hydraulic 

pressure p  is set to be fixed with the values of 30mm Hg  and a total pressure drop of 

70p mm HgΔ =  through the arterial wall (Meyer et al., 1996; Yang and Vafai, 2006) is 

given at the outer surface (media-adventitia interface) resulting the highest pressure 

within lumen as100mm Hg . For a pulsatile flow with a time period of 1sΓ = , 0U and pΔ   

become time-dependent by added 0 sin(2 ) [ ]U t m sπ Γ and 25sin(2 / ) [ ]t mm Hgπ Γ  

respectively (Chung and Vafai. 2012)  

 

Continuity conditions for the flow and mass transfer are invoked at the interface 

between each of the layers while incorporating the Staverman filtration condition (Yang 

and Vafai, 2006; Chung and Vafai, 2012) as: 
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[(1 ) ] [(1 ) ]v veff eff
c cc D c D
r r

σ σ+ −

∂ ∂
− − = − −

∂ ∂
     (7) 

where v  is the filtration velocity of the blood flow penetrating through the arterial wall in 

the radial direction. Also, the lumen-wall interface is experiences the hyperthermia effect 

with a temperature of HT , while the media-adventitia interface has a temperature drop 

through the wall given by TΔ . Both inner and outer surfaces of arterial wall are set as a 

free surface since the hydraulic impact is embedded within the transport properties 

(Chung and Vafai, 2012).  
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2.6 Calculation of Endothelium Properties from the Micro-

structure attributes 

 

Endothelium causes the most hydraulic and mass transfer resistance across the wall 

compared to other arterial layers due to its low porosity and small pore size. Therefore, 

the endothelium pore expansion due to elastic deformation on the arterial wall will have 

much higher impact on the flow and mass transfer characteristics within an artery. Based 

on the work of Chung and Vafai (2012), the Pore theorem, which is well accepted for 

calculating transport properties of endothelium (Curry, 1984a, b; Huang et al., 1992; 

Karner et al., 2001), is utilized here to couple the thermal expansion with the property 

variations within the endothelium. The pores of endothelium can be characterized as 

normal or leaky junction as shown in Fig. 1a. Normal junction is the space between 

strands which connects the endothelial cells, while its area is barely affected by the 

electric deformation due to a stronger support by strands than the leaky junction. Leaky 

junction is formed due to the dysfunctional strands around the damaged cells with a 

substantially larger cross-sectional area than that of a normal junction.  

 

Pore theorem is well accepted for calculating permeability, effective diffusivity, and 

reflection coefficient in the literature (Curry, 1984; Huang et al., 1992; Karner et al., 

2001). Applying pore theorem, the endothelium permeability endK can be expressed as:  
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Kend = Klj + Knj          (8a) 

  
Klj =

w2

3
4wφ
RCell

         (8b)    

where w  is the half-width of the leaky junction, CellR  is radius of the endothelial cell 

taken as 15 mμ , and φ  is the fraction of the leaky junction taken as 45 10−× (Huang et al., 

1992). 

 

In this study, the normal junction is assumed to be impermeable for the LDL 

molecule ( 0; 1nj njD σ= = ), since the average radius of the normal junction is 5.5nm , 

which is smaller the radius of LDL molecule ( 11mr nm= ). Therefore using the pore 

theorem and incorporating the effect of the tissue matrix, the effective diffusivity and 

reflection coefficients can be calculated as: 

3 5 4(1 )(1 1.004 0.418 0.169 )end lj free lj lj lj lj
Cell

wD D D
R

α α α α φ= = − − + −   (9) 

(1 )
1nj nj lj lj lj lj

end
nj lj nj lj

K K K
K K K K

σ σ σ
σ

+ −
= = −

+ +
      (10a) 

2 3 23 1 11 (1 )(1 )
2 2 3lj lj lj ljσ α α α= − − + −       (10b)    

where ljα  is the ratio of mr  to w . 

 

Huang et al. (1992) and (Karner et al., 2001) specified the half width of the leaky 

junction as 10w nm= , which is the same as the cleft opening for a normal junction. This 
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value of width is smaller than the radius of LDL particle, so leaky junction, by pore 

theorem, becomes impermeable to LDL molecule. However, when deformation occurs, 

realistically, without the connection of strands between cells, leaky junction should have 

a larger gap. As such, a more reasonable representation should be calculated based on the 

approach given in Ai and Vafai (2006). 

 

To obtain more realistic values of w , Ai and Vafai (2006) presented a logical 

approach  through the application of circuit analogy to obtain   

exp( )
(exp( ) 1)

end end end

end end

D Pe PeN
c H Pe
′′ =

−
       (11) 

where N ′′ is solute mass flux per area, endH  thickness of endothelium, and the Peclet 

number for endothelium endPe  can be expressed as: 

(1 )end end
end

end

HPe u
D
σ−

=         (12)      

Further, in Ai and Vafai’s (2008) work, the normal case corresponded to a lumen 

pressure of 100mmHg , 102 10 [ ]N m
c s

−′′ = × , 81.78 10u m s−= × , and 

21 23.22 10 [ ]endK m−= ×  (Truskey et al., 1992; Meyer et al., 1996; Huang and Tarbell’s, 

1997).  Solving equations 8 to 12, results in the half width of the leaky junction 

as14.343 nm , when the gage pressure is 70mmHg . The corresponding properties of 

endothelium with gage pressure of 70mmHg  can be seen in Table 1, which is used as a 

reference value when calculating properties due to deformation. 
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2.7 Strain-pore size ( wε − ) relation 

 

The θ − direction strain ε ,obtained from the elastic equation, is considered to have 

a substantially more impact on the pore size w  due to the pore shape and distribution. To 

correlate ε  with w , a coefficient ljβ  is introduced as: 

lj
lj

ε
β

ε
=           (13a)    

where ljε  is the expansion ratio of the leaky junction. Since cross-sectional area of the 

leaky junction is 2 cellR wπ ,  w  can be considered as a function of ε : 

70
70

1
1

lj
mmHg

lj mmHg

w w
β ε

β ε
+

=
+

        (13b) 

 

Transport properties of endothelium given in Table 1 for endothelium are obtained 

by Chung and Vafai (2012) based on a 70mmHg pressure drop across the arterial wall, 

using the pore theorem with corresponding half-width of the leaky junction of 14.34nm. 

On the other hand, the impact of thermal expansion due to hyperthermia is considered 

through the thermal strain ε  and temperature T  relationship given by: 

( )T T refT Tε β= −          (13c) 

where Tβ is the thermal expansion coefficient with a value of 5 16.376 10 K
−×  (Rabin 

and Plitz, 2005; Jimenez Rios and Rabin, 2006; Xu et al., 2007) and refT  is the reference 
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temperature given as the regular organ temperature of 310K. Applying pore theorem 

(Chung and Vafai, 2012), the endothelium permeability endK can be solved using Eqs. 8. 

Also, the effective diffusivity endD  and reflection coefficients endσ  can be calculated 

using Eqs. 9 and 10.  
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2.8 Atheromatous plaque and stenosis 

 

To study LDL transport inside a diseased artery, a computational domain similar to 

that used in Ai and Vafai’s (2006) work is utilized as shown in Fig. 3a. The 

atherosclerotic plaque is considered by a partial wall thickening within the intima layer 

that causes stenosis, characterized by stδ , ratio of maximum thickness to lumen radius, 

stx , its axial location from inlet, and 0x , its half width. Ai and Vafai’s work (2006), 

considered the transport properties of all arterial layers for a diseased artery with 

atherosclerotic plaque to be the same as those within a normal artery when cholesterol 

lipid accumulation is not considered. However, the variable properties of intima due to 

lipid filling should be considered. In this work, this is done by applying the fiber matrix 

theory within a computational domain that incorporates the multi-layered structure of the 

diseased arterial wall as shown in Fig. 3d. 
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Figure 3 Configuration for a) Analyzed domain in the presence of stenosis (Ai and Vafai, 
2006) ; b) Proteoglycan fibers within intima (Huang et al. 1994) c) Fiber matrix filled 
with cholesterol lipid; d) Analyzed region for the stenosis/plaque case. 
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2.9 Fiber matrix model and intima properties 

 

The intima is mainly formed by proteoglycan fibers (Fig. 3b), and looser-thicker 

collagen fibers (Frank and Fogelman, 1989), which can be represented as a homogeneous 

fiber matrix as shown in Fig. 1c. Intima has less influence on flow and molecular 

transport than endothelium and IEL have on a normal arterial wall due to its high 

permeability. Ai and Vafai (2006) pointed out that diffusion in intima layer is not 

substantial, which was also confirmed in Yang and Vafai’s (2006) study. The micro-

structure of intima fiber matrix can be characterized by its porosity δ  and effective fiber 

radius fr . A common way to calculate the effective radius of intima protein, fr  (Huang 

et al., 1994; Dabagh et al., 2009) is: 

2 2
1/2[ ]

1
f M CF

f
f

r r
r

α
α

+
=

+
        (14a) 

where fα  is the length ratio of proteoglycan monomers to central filament, with a value 

which is variant between 3 to 10 (Lark et al., 1988), CFr  is radius of central filament with 

a value around 2 nm (Buckwalter and Rosenberg, 1982), and Mr is the effective monomer 

radius calculated by: 

2 2 1/2[ ]M f G CPr r rβ= +         (14b) 

where fβ  is the length ratio of glycosaminoglycan (GAG) fiber to protein core with a 
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value which is variant between 5 to 10 (Lark et al., 1988), Gr  is radius of GAG with a 

value of 0.6 nm, CPr  is radius of proteoglycan core protein with a value of 2 nm 

(Buckwalter and Rosenberg, 1982).  By taking 3fα =  and 5fβ = (Dabagh et al., 2009; 

Liu et al. 2011), we can obtain the effective fiber radius for proteoglycan as 2.31 nm. 

 

Utilizing the Carman-Kozney equation (Curry and Michel, 1980; Curry, 1984a, b), 

the intima’s permeability intK  can calculated as: 

2 3

int 24 (1 )
fr

K
G

δ
δ

=
−

         (15a) 

where ε  is the porosity of intima, and G  is the Kozney constant which, for randomly 

oriented fibers, is calculated as (Happel and Brenner, 1965): 

3

2

3

2

2

2 2
13 (1 )[2ln( ) 3 4(1 ) (1 ) ]

1
1 2

1 1 (1 )3 (1 )[ln( ) ]
1 1 (1 )

G δ

δ δ δ
δ
δ

δδ
δ δ

=
− − + − − −

−

+
− −

− −
− + −

    (15b) 

 

The molecular transport properties for LDL particle through intima, such as the 

effective diffusivity effD  and reflection coefficient σ  can be calculated by (Huang et al. 

1992, 1994): 

1/2exp[ (1 ) (1 )]m
eff f

f

rD D
r

δ= − − +       (16a) 
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2
int(1 )σ φ= −          (16b) 

where mr  is LDL molecular radius taken as 11 nm (Huang et al., 1992, 1994), and intφ  is 

the partition coefficient obtained by: 

2

int 2

2exp[ (1 )( )]m m

f f

r r
r r

φ δ= − − +        (16c) 

 

In the work of Dabagh et al. (2009) and Liu et al. (2011), in addition to proteoglycan 

fibers, the collagen fibers are also considered. As such the transport properties were 

calculated as: 

int

1 1 1

PG CGK K K
= +         (17a) 

1/2 0.5exp[ (1 ) (1 )]( -1)exp[-(1- ) (1 )]m m
eff f PG PG CG CG

f CG

r rD D
r r

δ δ δ δ= − − + + +  (17b) 

2
int(1 )σ φ= −          (17c) 

2
0.5

int 2

2exp[ (1 )( )]( -1)exp[-(1- ) (1 )]m m m
PG PG CG CG

f f CG

r r r
r r r

φ δ δ δ δ= − − + + +   (17d) 

where PGδ  and CGδ  are the porosity of proteoglycan and collagen fibers, and CGr  is  

radius of collagen fiber set as 20 nm (Dabagh et al, 2009). Also, PGK  and CGK  are 

calculated through equations 15, using PGδ  and CGδ  as the porosity and fr  and CGr  as the 

fiber radius. However, due to a much coarser distribution of collagen fibers, it is 

considered to have an insignificant impact. Therefore, an alternative way is to use 

equations 15 and 16 with porosity defined by PG CGδ δ δ=  (Dabagh, 2009). 
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Chapter3  

 

 

Methodology and Validation 

 

 

The results for the velocity field and mass concentration are obtained using, Comsol 

Multi-physics, with post-processing through the use of a Matlab code. Comsol utilizes a 

finite element method with adaptive meshing and error control within different numerical 

solvers for governing partial differential equations. The direct linear system solver 

UMFPAC is utilized in this work. Rigorous grid independence was established for the 

results presented in this work with relative and absolute errors less than 310−  and 610−  

respectively. Our model and the computational results were validated through 
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comparison with the available limiting cases in the literature. The LDL component was 

compared (Figs. 4-9) with the works of Yang and Vafai (2006, 2008) and Ai and Vafai 

(2008), while validation for FSI model (Figs. 10 &11) was done with the work of 

Khanafer and Berguer (2009).  
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Chapter4  

 

 

Results Comparison 

 

 

4.1 LDL transport Model 

 

Figures 4 and 5 illustrate the comparisons with Yang and Vafai’s (2006) work. As 

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

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

entirely different solution scheme. Comparisons of LDL concentration across intima, IEL 

and media with both numerical and analytical results of Yang and Vafai (2006, 2008) are 
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demonstrated in Fig. 6. Once again a very good agreement is observed with only a very 

small difference near endothelium-intima interface. The present results are very close to 

those of Yang and Vafai (2006, 2008), especially to Yang and Vafai’s analytical work 

(2008).  

 

For further validation of computational results and LDL transport model within the 

multi-layers, another set of comparisons with Ai and Vafai’s (2008) work are shown in 

Figures 7-9. Filtration velocity and LDL concentration at endothelium-intima interface 

obtained in the present work are compared with those in an earlier study, resulting very 

good agreement as seen in Figs 7 and 8. A perfect agreement can be seen in Fig. 9, for 

LDL concentration across each of the arterial layers against the results of Ai and Vafai 

(2008).  
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Figure 4 Comparison of a) filtration velocity; b) LDL concentration at lumen-
endothelium interface with those of Yang and Vafai (2006) 
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Figure 5 Comparison of normalized LDL concentration across intima, IEL, and media at 
different gage pressures and effective diffusivities with a) numerical and b) analytical 
results of Yang and Vafai (2006, 2008) 
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Figure 6 Comparison of normalized LDL concentration across intima, IEL, and media 
with numerical and analytical results of Yang and Vafai (2006, 2008) 
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Figure 7 Comparison of filtration velocity at different interface and axial locations with 
those by Ai and Vafai (2008). 
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Figure 8 Comparison of normalized LDL concentration at different interface and axial 
locations with those by Ai and Vafai (2008). 
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Figure 9 Comparison of normalized LDL concentration 0c c  across each of the arterial 
layers with those by Ai and Vafai (2006) [presented in Chung and Vafai (2012)]. 
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4.2 Elastic model and Stenosis 

 

Figure 10 displays Von Misses stress at different parts of the pulsation cycle across 

the arterial wall. Effects of higher value of elasticity across media are shown in Fig. 9 

The present results are compared with those obtained by Khanafer and Berguer (2009), 

showing excellent agreement for the results presented in Figs. 10 and 11. Figures 2-9 

establish and validate different modules of the current models against available limiting 

cases in the literature covering both multilayer as well as the FSI attributes 

.  

Besides the normal artery, the model developed in this work is also compared with 

the work of Ai and Vafai (2006) for a diseased artery with stenosis, using a different 

solution methodology. In the comparison, the results from both shows an insignificant 

impact as result of either thickening of the wall or different stenosis locations (Fig. 12a), 

even with different boundary conditions on the outer surface (adventitia side, 

3.314r mm=  ) that is commonly applied (Fig 12b). As can be seen, the results are 

comparable, with a small discrepancy due to different setting of boundary condition on 

the adventitia side.  
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 Khanafer and Berguer (2009)            Present work  

Figure 10 Comparison of Von Mises Stress across arterial wall at different steps in 
pulsation cycle with those by Khanafer and Ramon (2009) 
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 Khanafer and Berguer  (2009)            Present work 

Figure 11 Comparison of Von Mises Stress across media at different steps in pulsation 
cycle and different modulus of elasticity with those by Khanafer and Ramon (2009) 
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Figure 12 Normalized LDL concentration 0c c  across diseased artery layers in the 
presence of stenosis with 0.5δ = , 5.58stx cm= and 0 02x R= :a) for comparison with Ai 
and Vafai (2006) work; b) for two different boundary conditions at the media-adventitia 
interface ( 3.314r mm= ) 0c = & 00.012c c= . 
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4.3 Transport properties obtained by different methods 

 

As mentioned, the transport properties in an artery utilized by Yang and Vafai 

(2006) and Ai and Vafai (2006) are obtained by two different methods, pore theorem and 

circuit analogy, while Chung and Vafai (2012) combined the two and resulted another set 

of properties. Comparing the results solved with properties utilized by Yang and Vafai 

(2006), Ai and Vafai (2006), and Chung and Vafai (2012), figure 13 shows a small 

difference on filtration velocity and, however, a negligible influence on LDL 

concentration.  Looking into each of the arterial layers in Fig 14, the transport properties 

are obtained with different methods in the three works. It should be noted that the 

filtration velocity into the artery is the same, however, when he transport properties are 

obtained by three different methods, this will result in three different Peclet number for 

each of these studies even for the same filtration velocity. As such, the main difference in 

the results between the three methods characterized by Peclet numbers in mass transfer of 

about 1, 5, and 70 respectively (Yang and Vafai, 2006; Ai and Vafai, 2006; Chung and 

Vafai, 2012). With different transport properties, the Peclet number which represents the 

competition between diffusive and convective molecular transport affects the 

concentration profiles. As a result, the concentration gradient driving the penetration can 

be smooth (Yang and Vafai, 2006), locally enhanced (Chung and Vafai, 2011), or 

between (Ai and Vafai, 2006). 
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Figure 13 Effect of different sets of properties and the Osmotic pressure on a) Filtration 
velocity, b) LDL concentration distribution at the lumen-endothelium interface.  
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Figure 14 LDL concentration profile across a) endothelium, b) intima, c) IEL, and d) 
media, for different set of properties from works by Yang and Vafai (2006), Ai and Vafai 
(2006), and Chung and Vafai (2012). 
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Chapter 5  

 

 

Result and Discussion 

 

 

5.1 FSI effect 

 

Figure 15 displays the variations of the half width of the leaky junction, w versus the 

angular strain, ε . This representation is based on equation 13, which shows that w  

increases linearly with an increase in ε . Larger ljβ  produces a more substantial 

deformation of the pore size at larger values of ε , while reaching a limiting case at a 

certain value of ε , beyond which, w  decreases as ljβ  increases. Using equations 8-13, 
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the variations of pertinent properties such as endothelium’s permeability, effective 

diffusivity, and reflection coefficient with ε are illustrated in Fig. 16. The effective 

properties for a higher fraction of leaky junction 0.10%φ =  are also shown in Fig. 16.  

 

With respect to flow penetration, the permeability of a leaky junction is more than 

that of a normal junction permeability, which experiences a negligible change with 

deformation. However, the fraction of leaky junctions is much smaller than normal 

junction. On the other hand, LDL will mainly pass across the endothelium layer through a 

leaky junction, rather than a normal junction whose cross-section area is too small for 

LDL transport. Therefore, as can been seen in Fig. 16, variations in ε  have a more 

pronounced impact on the effective diffusivity and reflection coefficient as compared to 

the permeability. To further illustrate the deformation effect on the reflection coefficient, 

the variations of the sieving coefficient γ end = (1−σ end )  with the θ − strain ε  are 

displayed on Fig. 16, showing how convection is affected by deformation. Figure 16, 

confirms our physical expectations, that endothelium is more permeable for both blood 

flow and LDL molecule transport for larger deformations. Also, as can be seen in Fig. 16, 

the endothelium becomes more permeable at a higher fraction of leaky junctions φ . This 

is due to the fact that a single leaky junction has a substantially larger cross-sectional area 

than a single normal junction has. 

 

Figures 17 and 18 illustrate the angular strain and von Misses stress variations of the 

endothelium layer for different pressure drops across the lumen and the outer arterial wall. 
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It can be seen that consideration of porous wall has a significant impact on the FSI results. 

On the other hand, variable permeability caused by deformed pores has a minor influence 

on the elastic behavior of the arterial wall due to a small fraction of leaky junctions 

( 0.05% & 0.10%φ = ). The filtration and concentration distributions within different 

layers, while accounting for FSI effects and variable permeability, diffusivity and 

reflection coefficient at different pressure levels are shown in Fig. 19. The results of 

angular strain ε  are then incorporated with those in Fig. 16, resulting the flow 

penetration and LDL concentration distributions shown in Fig. 19.  Part a of figure. 19 

shows that the hydraulic pressure gradient dominates the flow penetration within 

different layers of an artery. FSI has a substantially more limited effect in enhancing the 

flow penetration in terms of creating a variable permeability and deformed leaky junction. 

This is because the deformation by FSI poses an insignificant effect, due to the limited 

flow through the leaky junction ( 0.05% & 0.10%φ = ) as compared to that through the 

normal junction.  

 

Figure 19 also shows the impact of endothelium deformation on LDL transport for 

different pressure drops across lumen and the outer arterial wall. Since leaky junction 

affects the diffusion of LDL macromolecules, FSI has a more pronounced affect on the 

concentration distribution across different layers as seen in Fig.19. This is in contrast to 

the relatively insignificant effect of FSI on the filtration velocity. Figure 19 clearly shows 

that FSI augments the impact of pressure change across the arterial wall. As can be seen 

in Fig. 19 the pressure and FSI effects are most significant within the intima layer. The 
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impact of FSI becomes more pronounced as ljβ  increases, due a larger cross-sectional 

area of a leaky junction. 

 

As seen in Fig. 20, when φ  increases from 0.05%  to 0.10% , the permeability for 

blood flow as well as LDL transport increases, resulting in a higher value of filtration 

velocity and LDL concentration. Again this is due to the fact that a leaky junction has a 

much larger cross-sectional area than a normal junction, which allows more blood flow 

and LDL molecules through the endothelium layer. As φ  increases, the impact of FSI 

becomes more pronounced, because the deformation of a leaky junction is significantly 

more than that of a normal junction. 
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Figure 15 Half width of leaky junction ( w ) variations with the angular strain ε  
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Figure 16 Endothelium a) Permeability endK , b) Effective Diffusivity effD , c) Reflection 
coefficient endσ , and d) Sieving coefficient endγ  (=1 endσ− ), variations with angular strain 
ε  at different φ  and ljβ  
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Figure 17 Von Misses stress variations at the lumen-endothelium interface for different 
pressure drops across the arterial wall and different FSI models 
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Figure 18 Angular strain ε  variations at the lumen-endothelium interface for different 
pressure drops across the arterial wall and different FSI models 
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Figure 19 a) Filtration velocity variations at the lumen-endothelium interface, and 
Normalized LDL concentration across b) endothelium, c) intima and IEL, and d) media, 
for different β  and pΔ  
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Figure 20 a) Filtration velocity variations at the lumen-endothelium interface, and 
Normalized LDL concentration across b) endothelium, c) intima and IEL, and d) media, 
for different φ  and pΔ  
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5.2 Pulsation effect 

 

Figure 21 shows the impact of pulsation on the entrance velocity and pressure. As 

can be seen in Fig. 21, the pulsation has a more pronounced effect on the concentration 

distribution for larger values of pulsation period Γ . Also as can be seen in Fig. 21, 

incorporating pulsation for the pressure, increases the filtration velocity and 

concentration, while the velocity pulsation has an insignificant effect on the results. It 

should be noted that the impact of pulsation on LDL concentration is quite limited, due to 

the very dominant transient effect on mass transfer caused by the very small pulsation 

period ( 1sΓ = ).  

 

Figure 22 illustrates the FSI effect on filtration velocity when pulsation is taken into 

account. As was the case for the steady state results (Fig. 19a), FSI does not have a 

significant effect on the results since the leaky junction plays a minor role on the flow 

penetration. Figure 23 shows that FSI has a negligible effect on the temporal 

concentration response in contrast to the FSI’s significant effect on the steady state 

concentration distribution. The reason that FSI has a less pronounced effect on the 

concentration profile under pulsation, is due to the substantial damping effect of the 

pulsatile flow in an artery. 
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a) 

b) 

Figure 21 a) Filtration velocity; and b) Normalized LDL concentration; at different 
pulsation periods 
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Figure 22 Effect of FSI on filtration velocity incorporating the pulsation at the mid axial 
position of the endothelium layer  
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a) mid axial position of the lumen-endothelium interface 

 

b) mid axial position of the endothelium-intima interface 

Figure 23 Effect of FSI on normalized LDL concentration incorporating the pulsation at 
the a) mid axial position of the lumen-endothelium interface; b) mid axial position of the 
endothelium-intima interface 
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5.3 Impact of the Osmotic effect – Osmosis pressure 

 

Osmotic pressure is taken into account in Yang and Vafai (2006) and Ai and Vafai 

(2006), but not in Chung and Vafai’s (2012) work due to its minor influence. Figure 13 

not only shows the impact by using different sets of transport properties as discussed 

earlier, but also validates the assumption invoked by Chung and Vafai (2012) for 

neglecting the Osmotic effect in an arterial wall. To understand if osmosis has 

considerable influence, Fig. 13 compares profiles of filtration velocity and LDL 

concentration in the lumen-wall interface with and without consideration of Osmotic 

pressure. As can be seen in Fig. 13, the Osmotic pressure has a minor impact on the flow 

penetration and a negligible effect on the LDL transport, regardless of which set of 

transport properties is applied. This minor role of the Osmotic pressure is due to a 

dominant gage pressure of blood across the arterial wall.  

 

To further investigate the effect of Osmotic pressure, its influence is benchmarked 

against the Darcy resistance in Fig. 24. The ratio of these two effects is expressed as 

eff

RT K c
u

σ
μ

∇
−  and is displayed across the endothelium and IEL layers, where the 

concentration gradient is most pronounced (Yang and Vafai, 2006; Ai and Vafai, 2006; 

Chung and Vafai, 2011). Fig. 24a shows that the Osmotic pressure is negligible 

throughout the endothelium layer by a ratio averaging less than 2% when compared to the 
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Darcy resistance, regardless of transport properties utilization. Within the IEL layer, the 

Osmotic pressure has a larger influence of about 10% and 30% depending on which set 

of properties are used as seen in Fig. 24b. However, since more than 90% of hydraulic 

pressure drop occurs across the endothelium (Yang and Vafai, 2006; Ai and Vafai, 2006; 

Chung and Vafai, 2011), a small enhancement within IEL will not significantly affect the 

plasma filtration flow. Therefore one can state Osmotic pressure has a negligible effect 

on the LDL transport within an arterial wall. 
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Figure 24 Effects of different sets of properties on the Osmotic effect ratio in a) 

endothelium, b) IEL where highest concentration gradient appears. 
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5.4 Heat transfer model and thermal impact 

 

A preliminary thermal model is developed in this study based on the assumption of 

uniform and homogenous thermal properties (Kolios et al., 1995; Kotte et al., 1996) 

within the arterial wall. As seen in Fig. 25a, the temperature distribution across the 

arterial wall shows an almost linear profile due to a very small thermal Peclet number 

(~ 53 10−× ) and a very thin wall thickness ( 42 10 m−× ) as compared to the total radius of 

artery ( 33.314 10 m−× ). Fig. 25a illustrates that the Dufour effect has an insignificant 

effect on the thermal profile within an arterial wall. The ratio of Dufour flux to the 

ordinary heat flux shown in Fig. 25b further confirms this point. 

 

For thermal modeling, normal human core temperature of 310K is set as the 

reference temperature, for which effective LDL diffusivity is same as that presented in 

Chung and Vafais (2011), while 350K is set for the presence of hyperthermia. As can be 

seen in Fig. 14, the temperature-dependent diffusivity has a relatively mild impact within 

endothelium and IEL (a & c), and a negligible effect within intima and media (b & d). 

Influence of variant diffusivity is more significant within the endothelium and IEL layers 

due to their overall high transport resistance for the LDL molecular transport. 
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Figure 25 Dufour effect on a) temperature distribution within the arterial wall, b) 
comparison with ordinary diffusion. 
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5.5 Effect of Thermo-diffusion 

 

As seen in Fig. 26, Sorret diffusion enhances the LDL transport by increasing 

overall the LDL concentration within the arterial wall. Also, since Sorret diffusion is 

driven by temperature gradient, it can be seen that a higher temperature drop across the 

wall, TΔ , results in a more pronounced LDL enhancement. A typical value of Sorret 

coefficient Tk is about 0.01 (Chapman and Cowling, 1952; Wakeham et al., 1991) when 

considering thermo-diffusion. Higher values of Tk  increase the LDL enhancement. 

However, a pronounced Sorret effect normally appears with small particles and a less 

viscous solvent. As such the Sorret effect on LDL transport in an artery is expected to be 

lower ( 0.01Tk < ) due to the heavy mass of LDL molecules. Unlike Osmotic and Dufour 

effect, Sorret effect has a considerable impact on the LDL transport. 
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Figure 26 Soret and hyperthermia effects on the LDL concentration distribution across 
endothelium, intima, IEL, and media. 
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5.6 The impact by thermal expansion  

 

In this part, the thermal expansion and its impact on LDL transport, incorporating 

temperature-dependent effective LDL diffusivity and Sorret effect, is investigated. Based 

on earlier results, Osmosis and Dufour effect are neglected. The results obtained through 

both full ( 0s sfσ∇ + =  and ( )T T refT Tε β= − ) and simplified ( ( )T T refT Tε ε β= = − ) 

models are compared with those without accounting for thermal expansion and are shown 

in Fig. 8 for filtration velocity, as well as the strain distribution within the endothelium 

layer. 

Fig. 8a shows that the thermal expansion has a minor enhancement on plasma 

filtration velocity, which is consistent with the study on the flow induced wall expansion 

given in Chung and Vafai’s (2012) work on fluid-structure interaction. The temperature 

drop has a significant impact on the wall strain which incorporates the elastic effects. A 

higher temperature drop will result in a lower average temperature through the wall with 

a fixed value of HT  , which leads to a smaller thermal expansion. On the other hand, the 

strain which is based on the simplified model is only affected by the local temperature, 

irrespective of the temperature drop across the whole arterial wall. 

The impact of thermal expansion on LDL concentration across each of the arterial 

layers is shown in Figs. 9 and 10. Applying full thermal elastic model, The effect of 

temperature distribution described by different TΔ , as well as the variation of ljβ ,with 
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both thermal models of external and internal heating are illustrated in Fig 9. Thermal 

expansion with both full and simplified elastic models, incorporating Sorret effect with 

variant Tk . It should be mentioned that variation of thermal-diffusion coefficient, Tk , 

will have no effect for the case 0TΔ =  because there will be no Sorret effect when there 

is no applied pressure gradient., as well as an additional enhancement by Sorret effect. As 

seen in Figs. 9 and 10, Low temperature drop, TΔ , and a high leaky-bulk expansion rate, 

ljβ , will result in a  enhancement via thermal expansion.  

A higher TΔ  causes a larger temperature gradient within the layers which will 

strengthen Sorret diffusion of LDL, but this also lowers the overall temperature through 

the arterial wall and reduces the thermal expansion. This competition between the 

thermo-diffusion and thermal expansion is dominated by parameters Tk  and ljβ  shown in 

Fig. 10. As seen in Fig. 10, for the full elastic model, as TΔ  changes from 0K to 40K, the 

LDL concentration decreases since the reduction of the thermal expansion is more 

pronounced compared to the enhancement due to the Sorret effect, especially for small 

values of Tk . In contrast, the effect of TΔ  on thermal expansion diminishes for the 

simplified model, so that a larger TΔ  results in an increase in LDL concentration due to a 

stronger Sorret diffusion, which is further strengthened for a larger value of Tk . 
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Figure 27 Effect of thermal expansion on a) filtration velocity at the lumen-endothelium 

interface and b) Thermal strain across endothelium. 
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Figure 28  Effect of temperature drop, TΔ , and leaky-bulk expansion rate, ljβ  on the LDL 
concentration distributions across a) endothelium, intima, IEL, and b) media ( 0Tk = ). 
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Figure 29 Comparisons between the full and simplified elastic models and their effects 
on LDL concentration distribution across a) endothelium, intima, IEL, and b) media, 
incorporating Sorret effect with the variation of Sorret coefficient Tk . 
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5.7 Impact by effective LDL consumption rate 

 

One factor related to the LDL transport that might vary during the hyperthermia 

process is the LDL consumption rate k which exists within the media layer. The effect of 

variations in the effective consumption rate on the LDL concentration profiles across 

each of the arterial layers is illustrated in Fig. 11. It should be noted that a higher 

consumption rate leads to a lower LDL concentration. 
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Figure 30  Effect of LDL consumption rate k  on its concentration distribution across a) 
endothelium, intima, IEL, and b) media. 
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5.8 Impact of atherosclerotic plaque formation – thickening of 

the wall and the stenosis location 

 

Using the computational domain in Fig. 3a (Ai and Vafai, 2006), Fig. 31 shows an 

insignificant impact as result of either thickening of the wall or different stenosis 

locations. This limited effect on LDL molecular transport is caused by the high 

permeability of the enlarged domain, intima, as compared to the other layers. Varying 

boundary condition on the outer surface (adventitia side, 3.314r mm= ), such as zero 

gradient ( 0c
r

∂ =∂ ), zero concentration ( 0c = ), and fixed concentration ( 00.012c c= ), 

that are commonly applied (Meyer et al., 1996; Yang and Vafai, 2006; Ai and Vafai 

2006), also display a negligible effect as seen in Fig. 12. The negligible impact of 

different outer boundary condition is shown in more detail in Fig. 32. 
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Figure 31 Normalized LDL concentration 0c c  across diseased artery layers in the 
presence of stenosis at center of the plaque ( stx x= ; 0 02x R= ) with different wall 
thickening stδ and location of stenosis stx . 
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Figure 32 Normalized LDL concentration 0c c  across IEL and media of a diseased 
artery at different locations x in the presence of stenosis with 0.5stδ = , stx = 5.58cm  and 
16.74cm  for three different boundary conditions at the media-adventitia interface 
( 3.314r mm= ) as 0c r∂ ∂ = , 0c = , 00.012c c= .  
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5.9 Sensitivity study on plaque geometry and model 

simplification 

 

Various researchers have modeled the artery both with and without atherosclerosis; 

however, mostly modeling it as a wall-free or simplified-wall model, which doesn’t allow 

them to look into the highly pertinent transport behavior within the arterial wall. In figure 

31, the impact of the macro-structure, i.e., the shape of stenosis due to atherosclerosis is 

shown to be negligible. Figure 33 & 34, which zooms into the lumen-wall interface for 

pressure, filtration velocity, and LDL concentration, still shows that this effect is 

negligible. Figure 33 shows the hydraulic and mass concentration characteristics along 

the endothelium-intima interface where stenosis effect is more significant due to 

exposure to the flow in the lumen. As can be seen in Fig. 33, overall the impact of axial 

location on pressure, filtration velocity and concentration is relatively small. The impact 

of variations in the plaque width ( 0 0x R=  to 06R )is also found to be relatively small as 

shown in Fig. 34. Therefore, one can conclude that the axial location has a negligible 

effect on the results.  

On the other hand, the impact of the atherosclerosis is shown to be present within 

the intima as shown in Fig. 35 & 36 due to a smaller exposed surface area of the wall to 

lumen caused by the radial wall thickening. Along the intima-IEL interface, the pressure, 

filtration velocity and LDL concentration display a significant drop as seen in Fig. 35. 
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Furthermore, this drop becomes more pronounced as the plaque builds up. Figure 36 

shows that using the reverse boundary conditions at the inlet (specifying pressure instead 

of velocity) and outlet (specifying velocity instead of pressure), displays the same 

phenomena seen in Fig. 35, and confirms the fact that the edge effects are insignificant. 

The effect of boundary condition is also shown to be negligible as can be seen in Fig. 32.  

In conclusion, the atherosclerotic impact at the lumen-wall interface is shown to be 

minor, compared to the concentration distribution within each different layer of the wall. 

The present results show that the thickening of the arterial wall impacts plasma and LDL 

transport in the radial direction substantially more than in the axial direction. As such, a 

simplified computational domain shown in Fig. 3d can be applied. On the other hand, the 

microstructure and the transport properties of the arterial layers are impacted by 

atherosclerosis either by cholesterol lipid accumulation and tissue hyperplasia, or the 

dysfunction of endothelial layer, which is discussed in detail in the present work. 
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Figure 33 Blood pressure, filtration velocity, and LDL concentration along the lumen-
endothelium interface for different wall thickening ratio stδ  and stenosis locations stx . 
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Figure 34 Blood pressure, filtration velocity, and LDL concentration along the lumen-
endothelium interface for different values of the plaque half widths 0x . 
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Figure 35 Blood pressure, filtration velocity, and LDL concentration profile along the 
intima-IEL interface for different plaque half widths 0x . 
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Figure 36 Effect of reversed boundary conditions (inlet: pressure, outlet: velocity) on 
blood pressure, filtration velocity, and LDL concentration along the intima-IEL interface 
for different plaque half widths 0x . 
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5.10 Dysfunctional endothelium and fibrous cap  

 

Dysfunctional endothelium and fibrous cap forms as LDL cholesterol deposits 

accumulate within intima (Hossain et al., 2011). The transport properties of normal 

junction (Ai and Vafai, 2006) and leaky junction endothelium (Curry, 1984a; Chung and 

Vafai, 2012), as well as effective diffusivity of fibrous cap (Hossain et al., 2011) are 

listed in Table 3. Fig. 37 shows comparison between different considerations for 

dysfunctional endothelium and fibrous cap on penetration of blood and LDL. The 

comparison shows that dysfunctional endothelium results a deduction on the resistance 

from lumen into wall, while fibrous cap results an increasing resistance. The models that 

were considered on the condition of endothelium and fibrous cap for a diseased artery in 

this work are: case 1) 65 mμ  fibrous cap covered by 2 mμ  normal junction endothelium 

on the inner surface with all the properties being the same as those given in Table 2b and 

the effective diffusivity taken from Table 3; case 2) case 1 with the normal endothelium 

replaced by a leaky endothelium; case 3) case 2 with no endothelium; case 4) case 3 with 

fibrous cap permeability and reflection coefficient corresponding to a leaky junction. The 

effect of different physical attributes of endothelium and fibrous cap given in Table 3, on 

filtration velocity and LDL concentration is shown in Fig. 37. It can be seen that a 

dysfunctional endothelium leads to a higher infiltration velocity and a higher LDL 

concentration across endothelium, fibrous cap and intima. 
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 Normal endothelium Leaky endothelium Fibrous cap 

Thickness 2 mμ  65 mμ  

Hydraulic 

Permeability 
21 23.21 10 m−×  19 22.62 10 m−×  - 

Effective 

Diffusivity 
2178.15 10 m

s
−×  

2141.142 10 m
s

−×  
2134.5 10 m

s
−×  

Reflection 

Coefficient 
0.9886 0.7240 - 

Reference 
Ai and Vafai  

(2006) 

Curry (1984a,b) 

Chung and Vafai (2012) 

Hossain et al. 

(2011) 

Table 3 Properties obtained in previous works for dysfunctional endothelium and fibrous 
cap. 
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Figure 37 Filtration velocity and LDL concentration across endothelium, fibrous cap, 
and intima for different physical attributes of endothelium and fibrous cap given in Table 
3.  
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5.11 Calculation of intima properties through fiber matrix model 

 

Table 4a illustrates the intima properties that were used in previous works and were 

obtained by either experimental, analytical or the fiber matrix method which was 

introduced in equations 15 and 16, or Eq. 17. However, as seen in Table 4a, not all of the 

property values were based on the micro-structure information in any of the prior works. 

It is more reasonable to obtain property values based on the microstructure information 

through the fiber matrix method. The healthy intima (no cholesterol/lipid accumulation) 

microstructure characteristics, effective fiber radius fr  and porosity δ  are used as a 

reference point. 

 

Table 4b lists intima properties obtained from Eq. 15 and 16 (considering only the 

proteoglycan fiber), or Eq. 17 (considering both proteoglycan and collagen fibers) with 

effective fiber radius fr  obtained from Eq. 14 as 2.31 nm, and the porosity taken from the 

following prior works: 1) 0.983δ =  (Karner et al., 2001; Yang and Vafai, 2006); 2) 

0.9568PGδ =  and 0.8387CGδ = (Dabagh et al., 2009; Liu et al., 2011); 3) 0.9866PGδ =  

and 0.95CGε =  (Dabagh et al. 2009); 4) 0.9373PG CGδ δ δ= =  (Dabagh et al. 2009). These 

results are shown in Table 4b.  
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Tables 4a and b show a significant variation with respect to intima’s transport 

properties, especially with respect to the reflection coefficient. This is due to the subdued 

influence of the intima’s resistance compared to the other layers. Figures 38a illustrate 

the filtration velocity and LDL concentration along the endothelium-intima interface 

utilizing the data given in Table 4b. These results are compared with the works of Ai and 

Vafai (2006) and Liu et al. (2011) given in Table 4a. As can be seen in Figs. 38a, even 

though the intima property values are quite different, as seen in Table 4b, the impact on 

plasma and LDL molecular transport is limited. 

 

Ai and Vafai (2006) pointed out that, within the intima layer, the transport is mostly 

dominated by convection flux, and their analytical work resulted a reflection coefficient 

σ  of 0.8292. As such, from the results given in Table 4b, case 2 ( 0.8025PG CGδ δ δ= = ) 

and case 4 ( 0.9397δ = ) are selected for comparison with the results of Ai and Vafai 

(2006). Utilizing Eqs. 16b and c, with the intima reflection coefficient of 0.8292 and 

porosities δ  of 0.9373 and 0.8025, results in an effective radius of intima protein fiber fr  

as 2.08 and 4.17 respectively [nm]. These are represented in Table 4c based on Eqs. 15 

and 16.  

 

Figures 38b show the comparisons for both filtration velocity and LDL 

concentration at the endothelium-intima interface using the data given in Table 4c. A 

perfect agreement is seen with the results of Ai and Vafai (2006) and Liu et al. (2011). It 

should be noted that since a fiber radius of 2.08 nm is closer to the value which is 
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obtained through Eq. 14, which is also utilized in Yang and Vafai’s work (2006), it is 

more reasonable to assign the porosity δ and effective fiber radius fr  for a healthy intima 

as 0.9373 and 2.08 nm. 
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# 
Porosity 

δ  or ( PGδ , CGδ )
Effective fiber

radius [nm] 
Permeability 

K 2[ ]m  
Diffusivity 

effD 2[ ]m s  
Reflection 
coefficient 

σ  

a) 

1 0.983 2.31 161.66 10−×  111.35 10−×  0.1771 

2 (0.9568, 0.8387) 2.31 173.93 10−×  123.7 10−×  0.7983 

3 (0.9866, 0.95) 2.31 162.1 10−×  129.7 10−×  0.3247 

4 0.9373 2.31 172.5 10−×  126.78 10−×  0.7512 

b) 

1 0.9373 2.08 172.02 10−×  125.94 10−×  0.8292 

2 0.8025 4.17 189.59 10−×  125.7 10−×  0.8292 

c) 

Ai & Vafai 
(2006) 0.96 - 162.2 10−×  125 10−×  0.8292 

Liu et al. 
(2011) (0.9568, 0.8387) - 174.2 10−×  123.7 10−× * 0.7983* 

Table 4 Intima properties a) obtained using fiber matrix method with protein fiber radius 
fr  of 2.31 nm (Eq. 14) and variation of intima porosity,δ  or ( PGδ , CGδ ) given in 

previous work (Yang and Vafai, 2006; Dabagh et al., 2009); b) obtained using fiber 
matrix method variations in both intima porosity ε  (Dabagh et al., 2009, PG CGδ δ δ= ) 
and protein fiber radius fr ; c) obtained in the prior works (Ai and Vafai, 2006; Liu et al., 
2011). 
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Figure 38 Filtration velocity and LDL concentration along the intima-IEL interface. 
Intima properties were obtained through fiber matrix model with a) protein fiber radius 

fr  of 2.31 nm and variations of intima porosity,δ  or ( PGδ , CGδ ) based on data given in 
Table 4a; and b) variations of intima porosityδ  and effective protein fiber radius fr  
based on data given in Table 4b, and compared with those based on the properties 
obtained by Ai and Vafai (2006) and Liu et al (2011) given in Table 4c. 
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5.12 Impact of variations in intima properties by lipid 

accumulation 

 

The structure of intima for a normal artery is shown in Fig 1c, while during LDL 

molecule accumulation, the structure resembles the schematic shown in Fig. 3c 

displaying a thicker fiber radius ,f Lipr  and a lower porosity Lipδ  due to the lipid deposits 

as compared to a healthy intima (δ  and fr ). As discussed earlier, the normal intima 

porosity δ  and the effective fiber radius fr  are set as 0.9397 and 2.08 nm. The maximum 

fiber thickening ratio ( , /f Lip fr r ) is set as 150 which is the same as the ratio of the 

thickness of atherosclerotic plaque with 0.5stδ =  to the thickness of a normal intima 

layer. With the effective intima porosity Lipδ  and protein fiber thickening rate ,f Lip fr r  

varying between 20-93.97 % and 1-150 respectively, the variable properties for the 

hydraulic permeability K , effective diffusivity effD , and reflection coefficient σ  are 

obtained through fiber matrix model using Eqs. 15 and 16 and represented in Table 5.  

 

To describe LDL transport within a diseased artery (Fig. 3d), a fibrous cap with 

dysfunctional endothelium embedded (model 4 in Fig. 37) is selected to represent the 

transport properties. Figure 39 illustrates the impact of variable properties due to lipid 

accumulation on filtration velocity subject to different effective intima porosity Lipδ  and 
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protein fiber thickening ratio ,f Lip fr r . As can be seen in Fig. 39, a lower porosity leads 

to a lower permeability, while a thicker effective fiber radius reduces this impact by 

providing a larger space between the fibers. 

 

Figure 40 displays the effect of variable properties on the LDL transport. As 

expected, a higher porosity results in more LDL molecule deposits inside the arterial wall. 

As the thickening ratio ,f Lip fr r increases, a larger space between the fibers is created 

resulting in a reduction in the selective behavior for LDL particles inside the intima due 

to formation of stenosis. As such, LDL particles are deposited more near the intima-IEL 

interface, instead of the inner wall surface, because the IEL layer with its higher rate of 

the particle selection takes over the role of blocking LDL particle migration from the 

lumen side. 
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Porosity Lipδ  Hydraulic Permeability 
K [ 2m ] 0.2 0.4 0.6 0.8 0.9373 

1 213.42 10−× 204.72 10−× 193.24 10−× 183.32 10−×  172.02 10−×

10 193.42 10−× 184.72 10−× 173.23 10−× 162.32 10−×  152.02 10−×

50 188.55 10−× 161.18 10−× 168.09 10−× 155.80 10−×  145.06 10−×

Intima’s fiber 
thickening ratio 

,f Lip

f

r
r  

150 177.70 10−× 151.06 10−× 157.28 10−× 145.22 10−×  134.55 10−×

 
Porosity Lipδ  Effective Diffusivity 

effD  [ 2m s ] 
0.2 0.4 0.6 0.8 0.9373 

1 131.04 10−× 132.02 10−× 135.38 10−× 121.72 10−×  125.94 10−×

10 127.31 10−× 128.77 10−× 111.09 10−× 111.45 10−×  111.96 10−×

50 111.07 10−× 111.22 10−× 111.42 10−× 111.75 10−×  112.17 10−×

Intima’s fiber 
thickening ratio 

,f Lip

f

r
r  

150 111.14 10−× 111.29 10−× 111.49 10−× 111.80 10−×  112.21 10−×

 
Porosity Lipδ  Reflection Coefficient 

σ  0.2 0.4 0.6 0.8 0.9373 

1 1 1 1 0.9991 0.8292 

10 0.4313 0.3042 0.1715 0.055 0.0065 

50 0.0266 0.0156 0.0073 0.0019 0.0002 

Intima’s fiber 
thickening ratio 

,f Lip

f

r
r  

150 0.0031 0.0018 0.0008 0.0002 0 

Table 5 List of intima property variations with porosity ε  and protein fiber radius fr  
based on fiber matrix model (Eq. 15 and 16). 
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Figure 39 Effect of variations in the effective porosity Lipδ  and protein fiber thickening 
ratio ,f Lip fr r on the filtration velocity across a diseased arterial wall.  
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Figure 40 Effect of variations in the effective porosity Lipε  and protein fiber thickening 
ratio ,f Lip fr r  on the LDL molecule concentration across a diseased arterial wall.  
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Chapter 6  

 

 

Conclusion 

 

 

A comprehensive model which incorporates the multi-layer features as well as Fluid 

Solid Interactions (FSI), hyperthermia, as well as Atherosclerotic plaque, for 

investigating LDL transport is analyzed and presented here. The presented model and the 

computational results are in excellent agreement with prior results.  
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6.1 FSI and Hyperthermia – Elastic and Thermo induced 

coupling phenomena 

 

The presented model incorporates coupling of LDL transport and FSI and accounts 

for the elastic deformation of endothelium. Pore theorem is utilized to relate pore 

structure with hydraulic and mass-transfer parameters. Under steady state conditions, 

there is a significant impact from FSI on LDL concentration but a minor effect on 

filtration velocity. When pulsation effects are taken into account, the impact of FSI is 

quite minor due to the time period for the blood pulsation. 

 

The effect of hyperthermia and coupling attributes on the Low-density lipoprotein 

(LDL) transport is studied in this work. Osmotic, Sorret and Dufour effects in an artery 

for LDL transport are introduced and examined.It is shown that the Osmotic and Dufour 

effects are negligible while the Sorret diffusion is shown to have a significant effect in 

enhancing the LDL transport. The increase in the effective LDL diffusivity and 

consumption rate due to hyperthermia is shown to have a small effect in decreasing the 

LDL concentration inside the arterial wall. It is shown that the thermal expansion 

enhances LDL transport by causing a larger cross-section area of leaky junction. The 

competition between Sorret effect and thermal expansion is discussed and quantified. It is 

established that overall hyperthermia increase the LDL concentration. 
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6.2 Atherosclerosis – Plaque/stenosis formation and 

endothelium dysfunction 

 

The effects of atherosclerotic plaque/stenosis and cholesterol lipid accumulation 

have been analyzed in detail in this work. A multi-layered model is utilized while 

incorporating the fiber matrix model to calculate variable properties taking into account 

the lipid deposits. The present results are compared with pertinent prior works for both 

normal and stenosed arteries and are found to be in very good agreement. It is established 

that the geometrical effects of a stenosed artery in the axial direction is not substantial 

while the geometrical impact in the radial direction is quite significant. 

 

The microstructure details and characteristics of the endothelium and intima due to 

the formation of plaque/stenosis are incorporated into the present analysis. Pertinent 

scenarios for transport through a dysfunctional endothelium and fibrous cap within intima 

have been examined, and it is shown that the dysfunction in the endothelium results in a 

reduction in the resistance between lumen and intima. The variable intima properties 

affected by LDL molecule accumulation are analyzed, and its impact on the hydraulic 

and molecular transport in a thickened arterial wall is examined. Lower porosity by lipid 

blockage results in a lower permeability, which is diminished by thickening of effective 

fiber due to more space between the fibers as a result of stenosis.  
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