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a b s t r a c t

The effects of hyperthermia, coupling attributes and property variations on Low-density lipoprotein
(LDL) transport within a multi-layered wall while accounting for the fluid structure interaction (FSI) is
analyzed in this work. To understand the potential impact of the hyperthermia process, thermo-induced
attributes are incorporated, accounting for the plasma flow, mass transfer, as well as the elastic wall
structure. The coupling effect of osmotic pressure, Soret and Dufour diffusion is discussed and their
influence on LDL transport is examined, demonstrating that only the Soret effect needs to be accounted
for. The effect of thermal expansion on changing the behavior of flow, mass transport, and elastic
structure is illustrated and analyzed while incorporating the variations in the effective LDL diffusivity and
consumption rate, as well as other dominating parameters. It is shown that hyperthermia results in an
enhancement in LDL transport by increasing the concentration levels within the arterial wall.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cardiovascular diseases have received considerable attention due
to their impact on health issues within the society and 80 million
adults patients in America alone (American Heart Association, 2007;
Khakpour and Vafai, 2008) with half a trillion dollars in expenses
(American Heart Association, 2008; Hossain et al., 2011). Athero-
sclerosis usually occurs in larger arteries and can lead to other kinds
of cardiovascular diseases. This aortic disease is not only associated
with 1/5 of deaths in the United States by its complications
(American Heart Association, 2008; Hossain et al., 2011) but also
the 14th cause of death in America by itself (Gillum, 1995; Khanafer
et al., 2009). Studying atherosclerosis is important for a better
diagnosis and treatment of this disease.

Low-density lipoprotein (LDL), is considered to be one of the
main factors in causing atherosclerosis as it accumulates in an
arterial wall. Oxidization of LDL damages the cells and the wall
function of an artery, resulting in the plaque formation and lumen
stenosis. An accurate and comprehensive model of LDL molecule
accumulation in the wall, can demonstrate the involved processes
leading to atherosclerosis. Wall-free and lumen-wall models were
introduced earlier and have been used by other researchers
(Rappitsch and Perktold, 1996; Wada and Karino, 2000; Moore
and Ethier, 1997; Stangeby and Ethier, 2002a, b; Prosi et al., 2005).
However, the structure and phenomena within the arterial wall is

complex as shown in Fig. 1a, and a detailed multi-layered model
with different consideration in each of the layers of an artery is far
more appropriate. Transport phenomena through porous media
has been studied for numerous different fields of research (Tien and
Vafai, 1989; Vafai and Hadim, 2000; Razi et al., 2005; Li and Stoliarov,
2013). Darcy and extended Darcy models have been applied in earlier
works (Chung and Vafai, 2010; Shi and Vafai, 2010).

Yang and Vafai (2006, 2008) and Ai and Vafai (2006) developed
a multi-layered model in an artery to accurately represent differ-
ent transport behavior within each of the layers. Four arterial
layers, endothelium, intima, IEL, and media, were considered. The
Staverman–Kedem–Katchalsky membrane equation (Kedem and
Katchalsky, 1958) and osmotic pressure were invoked to describe
the transport through a thin porous membrane with low perme-
ability. Based on this model, the impact of macro-structure such as
stenosis (Ai and Vafai, 2006; Khanafer 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 by fluid-structure interactions and
atherosclerotic plaque.

Characteristics and properties of transport within these layers
have been studied, both frommacro-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;
Huang et al., 1992; Hunag 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, 2013). Several theorems have
been developed to calculate the properties by the parameters that
describe the microstructure in each of the different arterial layers,
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such as pore theorem and fiber matrix model which have been
utilized by Huang et al. (1994), Karner et al. (2001), Liu et al. (2011)
and Chung and Vafai (2012, 2013).

Hyperthermia is involved as an important factor or solution in
several health issues, such as cancer treatment (Jain, 1987) or
vascular stent delivery (Stoeckel et al., 2004), and the application
can possibly be extended to treatment of atherosclerosis or other
cardiovascular diseases. Therefore, for transport within an artery,
since thermal impact is an important issue, the consideration of
heat-induced effect is also important. Mass flux driven by tem-
perature gradient (Soret effect) and its counter part Dufour effect
need to be analyzed particularly for hyperthermia applications.
Furthermore, based on Einstein- Stoke model, the molecular
diffusivity is dominated by temperature. The thermal expansion
behavior of an artery has been studied by a number of researchers
(Rabin and Plitz, 2005; Jimenez Rios and Rabin, 2006), and
hyperthermia can change the of transport properties, based on
Chung and Vafai (2012) FSI work. Another aspect which can be
affected by temperature is the reaction rate of LDL in the media
layer.

In summary, the current work aims at investigating the impact
of coupling effect between hydraulic, mass, and heat transport, by
examining influence of osmotic, Soret, and Dufour effects. 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, is analyzed.
This study provides, for the first time, a detailed understanding
of the physics that can potentially be induced by hyperthermia
treatment for cardiovascular issue.

2. Formulation

2.1. Multi-layer model

Fig. 1a shows the layered structure of an arterial wall with, from
inner to the outer side, lumen, glycocalyx, endothelium, intima,

IEL, media, and adventitia layers. Glycocalyx in this study is
neglected (Yang and Vafai, 2006, 2008; Ai and Vafai, 2006) due
to its negligible resistance (Michel and Curry, 1999; Tarbell, 2003),
while adventitia is incorporated as part of the outer boundary
condition for flow, heat and mass transfer. A cylindrical geometry
is adopted to represent the computational domain with lumen
radius of R0 (310 μm), axial length L (0.2232 m). Detailed informa-
tion of the other layers surrounding the lumen are given in
Table 1a (Karner et al., 2001; Prosi et al., 2005; Yang and Vafai,
2006, 2008; Ai and Vafai, 2006; Khanafer and Berguer, 2009;
Chung and Vafai, 2012, 2013). The transport properties of arterial
layers are obtained using either pore theorem or fiber matrix
model using the micro-structure information (Karner et al., 2001;
Chung and Vafai, 2012). The properties in this table are only given
by their original value, and can be affected under the impact of
thermal or elastic effects.

2.2. Governing equations—Original and uncoupled

Assuming steady state based on the negligible effect of blood
pulsation (Yang and Vafai, 2006; Chung and Vafai, 2012), the
conservation of mass, momentum and species inside the lumen
are expressed as

∇ d u!¼ 0 ð1Þ

�∇pþμf∇
2 u!¼ 0 ð2Þ

u!d ∇c¼Df∇2c ð3Þ

where u! is the velocity vector, c LDL concentration, p hydraulic
pressure, and μf and Df are the plasma viscosity and diffusivity
coefficient, respectively.

The Darcy–Brinkman equation is used to describe the flow,
while diffusion–convection–reaction equation incorporating the
Staverman–Kedem–Katchalsky membrane equation (Kedem and
Katchalsky, 1958) is applied to describe molecular transport of LDL

Nomenclature

c LDL concentration
cT thermal capacity
D LDL diffusivity
f s solid domain body force
k reaction coefficient
kT thermal-diffusion coefficient
kD diffusivity effective rate
K hydraulic permeability
L length of the artery
M molecular weight
p hydraulic pressure
r radial location from the centerline
rm molecular radius
R universal gas constant
R0 radius of lumen domain
T temperature
TH hyperthermia temperature applied at the Lunmen-

wall interface
Tref reference temperature chosen as core body tempera-

ture (310 K)
u axial velocity of blood flow
u! velocity vector
U0 maximum velocity at entrance

v filtration (radial) velocity
x axial location from the inlet
α thermal diffusivity
αlj ratio of LDL molecule radius to half-width of the leaky

junction
βlj leaky-bulk expansion ratio
βT thermal expansion coefficient
ε elastic strain
εT thermal strain
μ viscosity
s reflection coefficient
ss Cauchy stress tensor
ΔT temperature drop from inner to outer surface of

the wall

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
f refers to plasma property
lj refers to leaky junction property
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Fig. 1. Configuration for (a) an arterial wall and its layered structure including glycocalyx, endothelium, intima, IEL, media, and adventitia, and analyzed domain and
boundary conditions of (b) flow, mass transfer, (c) elastic, and heat transfer models.

Table 1
Transport properties for each of the layers/domains (Chung and Vafai, 2012).

Property Lumen Endothelium Intima IEL Media Adventitia

Thickness ½μm� 3100 2 10 2 200 100
Density ρ ½kg=m3� 1:07� 103 1:057� 103 1:057� 103 1:057� 103 1:057� 103 –

Viscosity μef f ½kg=mds� 3:7� 10�3 0:72� 10�3 0:72� 10�3 0:72� 10�3 0:72� 10�3 –

Hydraulic permeability K ½m2� – 3:22� 10�21a 2� 10�16 4:392� 10�19 2� 10�18 –

LDL effective diffusivity Def f ½m2=s� 2:87� 10�11 5:7� 10�18 a 5:4� 10�12 3:18� 10�15 5� 10�14 –

Refection coefficient s – 0:9888 a 0.8272 0.9827 0.8836 –

Reaction coefficient k ½s�1� 0 0 0 0 3:197� 10�4 –

Elasticity ½MPa� – 2 b 2 b 2 b 6 b 4 b

Thermal diffusivity α ½m2=s� – 1:42� 10�7 c 1:42� 10�7 c 1:42� 10�7 c 1:42� 10�7 c –

The rest of properties are from Yang and Vafai (2006).
a The endothelium parameters under Δpof 70 mmHg are calculated by Chung and Vafai (2012).
b The elastic parameters are from Khanafer and Berguer (2009) and Chung and Vafai (2012).
c The thermal parameters are from Kolios et al. (1995) and Kotte et al. (1996).
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(Yang and Vafai, 2006; Ai and Vafai, 2006, Chung and Vafai, 2012,
2013). Therefore, the flow and mass transfer governing equations
are given as

∇ d u!¼ 0 ð4Þ

�∇pþμeff∇
2 u!� μeff

K
u!¼ 0 ð5Þ

ð1�sÞ u!d ∇c¼∇dðDeff∇cÞ�kc ð6Þ
where μeff is the effective fluid viscosity, K hydraulic permeability;
sreflection coefficient; Deff effective LDL diffusivity, k reaction
coefficient which is 3:197� 10�4 ½s�1� inside the media layer
and zero in the other layers (Prosi et al., 2005; Yang and Vafai,
2006, 2008).

2.3. Governing equations—FSI and hyperthermia

The heat transfer within an arterial wall is described by the
energy conservation equation, expressed as

u!d ∇T ¼ α∇2c ð7Þ

where T is the temperature and α the thermal diffusivity. It
should be noted that different porosity and structure within each
of the layers does not affect thermal diffusivity much as they do
for mass diffusivity. Therefore, the thermal diffusivity is assumed
to be uniform (Kolios et al., 1995; Kotte et al., 1996).

The elastic structure of the arterial wall is described by a hyper-
elastic model using an elastodynamic equation, described as

∇ssþ f s ¼ 0 ð8Þ

where f s is the solid domain body force and ss is the Cauchy stress
tensor. For strain–stress relationship, Mooney–Rivlin material
model is invoked to correlate Cauchy stress tensor ss with
replacement (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 70 mmHg.

2.4. Governing equations—Coupling effect

Osmotic pressure expression is presented by RTs∇c where R is
the universal gas constant. Similar to osmotic effect, the tempera-
ture gradient can also cause the energy potential to drive

Fig. 2. LDL concentration profile across (a) endothelium, (b) intima, (c) IEL, and d) media, for different set of properties from the works by Yang and Vafai (2006), Ai and Vafai
(2006), and Chung and Vafai (2012).
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molecular movement from higher to lower temperatures. The
Soret diffusion is given by Def f

kTρf
TMf

∇2T (Chapman and Cowling,
1952; Wakeham et al., 1991; Kays and Crawford, 1993), where kT is
the thermal-diffusion coefficient, Mf the molecular weight of
solvent (plasma), and ρf is the density of plasma. The counter
part of the Soret 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
RTkT
cTMf c

∇dðDef f∇cÞ where cT is the plasma's thermal capacity. Incor-
porating these three physical effects, the coupling equations for
flow, heat and mass transfer can be represented as

�∇pþμeff∇
2 u!� μeff

K
u!þRTs∇c¼ 0 ð9Þ

ð1�sÞ u! d ∇c¼∇dðDeff∇cÞþ
kTρf

TMf
∇dðDeff∇TÞ�kc ð10Þ

u! d ∇T ¼ α∇2Tþ RTkT
cTMf c

∇ d ðDeff∇cÞ ð11Þ

2.5. Boundary conditions

The boundary conditions are given in Fig. 1b for momentum,
mass transfer, thermal and elastic models. The entrance of lumen
is set to have a fully developed entrance velocity u0ðrÞ expressed
by

u0 ¼ U0ð1�ðr=R0Þ2Þ at x¼ 0; 0rrrR0 ð12Þ
with a maximum entrance velocity U0 of 0:338 m=s (Yang and
Vafai, 2006; Karner et al., 2001), and an LDL concentration c0 of
28:6� 10�3 mol=m3 (Katz, 1985; Tarbell, 1993; Yang and Vafai,
2006). Hydraulic pressure p is set with fixed values of 100 mm Hg
and 30 mm Hg on the two sides of the arterial wall (Meyer et al.,

Fig. 3. Effect of different sets of properties and the Osmotic pressure on (a) Filtration velocity and LDL concentration distribution at the lumen-endothelium interface and
(b) across endothelium and IEL where highest concentration gradients appears.
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1996; Yang and Vafai, 2006). Both internal and external heating by
hyperthermia are examined and described by a higher tempera-
ture TH at inner or outer surface of the wall and a lower
temperature with temperature drop of ΔT at the other surface as
shown in Fig. 1c. 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). Mass continuity
condition incorporating the Staverman filtration (Yang and Vafai,
2006; Chung and Vafai, 2012) is expressed as:

ð1�sÞvc�Def f
∂c
∂r

� �
þ ¼ ð1�sÞvc�Def f

∂c
∂r

� �
�j

���� ð13Þ

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

2.6. Pore theorem and thermal expansion

Endothelium causes the most hydraulic and mass transfer resis-
tance 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
a much higher impact on the flow and mass transfer characteristics
within an artery. Based on the work of Chung and Vafai (2012), leaky
junctions of endothelium are expanded with a larger cross-sectional
area, while normal junctions with smaller cross-section and stronger
structure are not affected. The Pore theorem, which is well accepted
for calculating transport properties of endothelium (Curry, 1984a, b;
Huang et al., 1992; Karner et al., 2001; Chung and Vafai, 2012), is
utilized here to couple the thermal expansion.

Transport properties of endothelium given in Table 1 are
obtained by Chung and Vafai (2012) based on a 70 mmHg pressure
drop across the arterial wall, using the pore theorem with
corresponding half-width of the leaky junction of 14.34 nm. On
the other hand, the impact of thermal expansion due to hyperther-
mia is considered through the thermal strain ε and temperature T
relationship given by:

εT ¼ βT ðT�Tref Þ ð14Þ
where βT is the thermal expansion coefficient with a value of
6:376� 10�51=K (Rabin and Plitz, 2005; Jimenez Rios and Rabin,
2006) and Tref is the reference temperature given as the regular
organ temperature of 310 K. The cross-sectional expansion rate of
endothelium leaky junction εlj is calculated from thermal strain ε
and leaky-bulk deformation rate βlj (Chung and Vafai, 2012) by

εlj ¼ βljε ð15Þ
Applying the pore theorem, the endothelium permeability Kend

is expressed as:

Kend ¼ KljþKnj ð16Þ

Klj ¼ Klj;70 mmHgð1þβljεÞ3 ð17Þ
where Klj and Knj are hydraulic permeabilities through leaky and
normal junctions.

In this study, the normal junction is assumed to be impermeable
for the LDL molecule (Dnj ¼ 0; snj ¼ 1), since its radius (5:5 nm) is
smaller than the radius of LDL molecule (rm¼11 nm). Therefore,
using the pore theorem, the effective diffusivity Dend and reflection
coefficients send can be calculated (Chung and Vafai, 2012) as:

Dend ¼Dlj ¼Dlj;70 mmHg
kD

kD;70 mmHg
ð18Þ

kD ¼ ð1�αljÞð1�1:004αljþ0:418α3
ljþ0:2104α4

lj�0:169α5
ljÞ=αlj ð19Þ

send ¼ 1� ð1�sljÞKlj

Kend
ð20Þ

slj ¼ 1� 1� 3
2
α2
ljþ

1
2
α3
lj

� �
1� 1

3
α2
lj

� �
ð21Þ

αlj ¼ αlj;70 mmHg=ð1þβljεÞ ð22Þ

where Dlj and slj are diffusivity and reflection coefficient through
the leaky junction, kD diffusivity effective rate, αlj the ratio of LDL
molecule radius to half-width of the leaky junction. αlj;70 mmHg is
obtained as 0.7669 in Chung and Vafai (2012) work, resulting in
kα;70 mmHg ¼ 0:1357 and slj;70 mmHg ¼ 0:7240.

3. Methodology

The validation for the methodology utilized in the present study is given in the
work of Chung and Vafai (2012). Fig. 2 shows comparison of LDL concentration

Fig. 4. Dufour effect on (a) temperature distribution within the arterial wall,
(b) comparison with ordinary diffusion.
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profiles obtained with properties utilized by Yang and Vafai (2006), Ai and Vafai
(2006), and Chung and Vafai (2012). The transport properties applied in the three
works are obtained by different methods, and result in different LDL concentration
distribution especially within endothelium. As such, the main difference in the results
between the threemethods is characterized by mass transfer Peclet numbers of about
1, 5, and 70 respectively (Yang and Vafai, 2006; Ai and Vafai, 2006; Chung and Vafai,
2012) which represents the competition between diffusive and convective molecular
transport. As a result, the concentration gradient driving the penetration in the
endothelium can be smooth (Yang and Vafai, 2006), locally enhanced (Chung and
Vafai, 2012), or in between (Ai and Vafai, 2006). Fig. 2 also illustrates the effect of
variant diffusivity, which will be discussed later. It should be mentioned that in an
earlier work of Ai and Vafai (2006), the numerical results were compared with data
by Meyer et al. (1996) and an excellent agreement was found.

4. Results and discussion

4.1. Impact of the osmotic pressure

Osmotic pressure was 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. Fig. 3 not only shows the
impact by using different sets of transport properties as discussed
earlier, but also validates the assumption of neglecting osmotic

pressure invoked by Chung and Vafai (2012). As can be seen in
Fig. 3a, 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 hydraulic pressure
difference across the arterial wall.

To further investigate the effect of osmotic pressure, its
influence is benchmarked against the Darcy resistance in Fig. 3b.
The ratio of these two effects is expressed as � RTsK

μef f

∇c

u!
and is

displayed across the endothelium and IEL layers, where the
osmotic effect is most pronounced (Yang and Vafai, 2006; Ai and
Vafai, 2006; Chung and Vafai, 2012). Fig. 3b shows that the
osmotic pressure is negligible throughout the endothelium layer
by a ratio averaging less than 2% when compared to the Darcy
resistance. The osmotic pressure has a larger influence of about
10% to 30%, which still barely affects the overall arterial wall, since
more than 90% of hydraulic pressure drop occurs across the
endothelium (Yang and Vafai, 2006; Ai and Vafai, 2006; Chung
and Vafai, 2012). Therefore one can state osmotic pressure has a
negligible effect on the LDL transport within an arterial wall.

Fig. 5. Soret and hyperthermia effects on the LDL concentration distribution across endothelium, intima, IEL, and media layers.
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4.2. Heat transfer model and thermal impact

A 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
can be seen in Fig. 2, the temperature-dependent diffusivity has a
relatively mild impact within endothelium, intima and IEL (a–c),
and a negligible effect within media (d). Influence of variant
diffusivity is somewhat more significant within the endothelium
and IEL layers due to their overall high transport resistance for the
LDL molecular transport. As seen in Fig. 4a, the temperature
distribution across the arterial wall shows an almost linear profile
due to a very small thermal Peclet number (�3� 10�5) and a very
thin wall thickness (2� 10�4 m) as compared to the total radius
of artery (3:314� 10�3 m). Fig. 4a 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. 4b further confirms this point.

4.3. Effect of thermo-diffusion

As seen in Fig. 5, Soret diffusion enhances the LDL transport by
increasing the overall LDL concentration within the arterial wall
when heat is applied externally. On the other hand, hyperthermia
with internal heat can sometimes result in a lower LDL concentra-
tion. Soret effect within the endothelium layer is shown to be
minor due to dominant convection and diffusion flux (Vafai and
Tien, 1989; Vafai and Ettefagh, 1990).

Since Soret diffusion is driven by the temperature gradient, it can
be seen that a higher temperature drop across the wall, ΔT , results in
a more pronounced Soret flux. Although higher values of kTenhances
Soret effect, a typical value of Soret coefficient kT is about 0.01

Fig. 6. Effect of thermal expansion on (a) filtration velocity at the lumen-
endothelium interface and (b) thermal strain across endothelium.

Fig. 7. Effect of temperature drop, ΔT , and leaky-bulk expansion rate,βlj on the LDL
concentration distributions across (a) endothelium, intima, IEL, and (b) media
(kT ¼ 0).
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(Chapman and Cowling, 1952; Wakeham et al., 1991) when consider-
ing thermo-diffusion. Also, a pronounced Soret effect normally appears
with small particles and a less viscous solvent. As such the Soret effect
on LDL transport in an artery is expected to be lower (kT o0:01) due
to the heavy mass of LDL molecules, which can still result in a
considerable impact compared to osmotic and Dufour effect.

4.4. Effect of thermal expansion

In this part, the thermal expansion and its impact on LDL transport,
incorporating temperature-dependent effective LDL diffusivity and
Soret effect, is investigated. Based on earlier results, Osmosis and
Dufour effect are neglected. The results obtained through both full
(∇ssþ f s ¼ 0 and εT ¼ βT ðT�Tref Þ) and simplified (ε¼ εT ¼ βT
ðT�Tref Þ) models are compared with those without accounting for
thermal expansion and are shown in Fig. 6 for filtration velocity, as
well as the strain distribution within the endothelium layer.

Fig. 6a shows that the thermal expansion has a minor enhance-
ment 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 tempera-
ture 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 TH , 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 Fig. 7. Applying the full
thermal elastic model, the effect of temperature distribution
described by different ΔT ’s as well as the variation of βlj, for both
external and internal conditions are illustrated in Fig. 7. Thermal
expansion is based on both full and simplified elastic models,
incorporating Soret effect with variant kT . It should be mentioned
that variation of thermal-diffusion coefficient, kT , will have no
effect for the ΔT ¼ 0 case because there will be no Soret effect
when there is no applied pressure gradient. As seen in Fig. 7, a low
temperature differential and a high leaky-bulk expansion rate, βlj,
will result in an enhancement via thermal expansion.

Fig. 8. LDL concentration distribution under thermal expansion incorporating Soret effect with different (a) elastic models and (b) LDL consumption ratek across
endothelium, intima, IEL, and media.
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A higher temperature differential causes a larger temperature
gradient within the layers which will strengthen Soret 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 domi-
nated by parameters kT and βlj shown in Fig. 8a. As seen in Fig. 8a,
for the full elastic model, as ΔT changes from 0 K to 40 K, the LDL
concentration decreases since the reduction of the thermal expan-
sion is more pronounced compared to the enhancement due to the
Soret effect, especially for small values of kT . In contrast, the effect
of ΔT on thermal expansion diminishes for the simplified model,
so that a larger ΔT results in an increase in LDL concentration due
to a stronger Soret diffusion, which is further strengthened for a
larger value of kT .

4.5. Impact of the 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. 8b. It should
be noted that a higher consumption rate leads to a lower LDL
concentration.

5. Conclusions

The effect of hyperthermia and coupling attributes on the Low-
density lipoprotein (LDL) transport is studied in this work.o, Soret
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 Soret 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 on the LDL concentration within
the arterial wall. It is shown that the thermal expansion enhances
LDL transport by causing a larger cross-section area of the leaky
junction. The competition between Soret effect and thermal
expansion is discussed and quantified. It is established that overall
hyperthermia increases the LDL concentration.
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