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ABSTRACT

Atherosclerosis is a leading cause of heart diseases and mortality around the world.

Recently cryoplasty has emerged as a potentially effective method to treat atherosclerosis.

Finite element heat transfer and mass transfer models are developed in ANSYS in this study.

The heat transfer model analyzes the heat transfer within the atherosclerotic plaque and

arterial wall during the cryopalsty procedure. The model is useful in predicting the transient

temperature through diseased wall tissues. The measurements can be used to decide the

required treatment procedure effectively for freezing the plaque with minimal damage to the

healthy arterial tissues. The model investigates the parameters that may effect temperature

distribution within the tissue during the ablative procedure. A mass transfer model is

developed using ANSYS to study the pressure effects on molecular diffusion across the

arterial wall and the permeability effects of endothelial membrane during the molecular

diffusion process.
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CHAPTER 1
INTRODUCTION

Balloon angioplasty and stents implantation are techniques widely used to open the
blockage in artery caused by atherosclerotic disease. Atherosclerosis is known as artery
disease where the plaque buildups on the arterial wall to narrow the lumen and block the
blood flow. With continuously narrowing of the artery lumen, it may further increase in the
risk factor which leads to cause heart attack or stroke followed by rupture of plaque [1].
Balloon angioplasty and stenting show some advantages over bypass surgery, however long
term results showed that angioplasty has limitation to prevent restenosis. Restenosis occurs in
20-50% of patients after balloon angioplasty and in 10-30% of patients receiving a stent [2].

A new form of angioplasty called cryoplasty has been introduced to reduce the chance of
occurrence of restenosis. Cryoplasty is a technique which combines the dilation force of
balloon angioplasty with delivery of cold thermal energy to vessel wall. Initial clinical results
revealed that the cryoplasty is essentially reducing the restenosis rate and cause less invasive
to arterial wall injury responded to angioplasty [3].

Currently, the cryoplasty is designed as a treatment for femoro-popliteal arterial disease,
type of peripheral arterial disease. Patients with femoro-popliteal arterial disease below knee
may cause serious leg pain, loose ability to walk, in advanced stage, can lead to ulcers,
gangrene, and amputation of legs [4].

Cryoplasty has shown a high potential to prevent restenosis, however the influence of
temperature induced by cryoplasty to the arterial wall still remain unclear. Also, the possible

factors which may affect temperature distribution on the plaque and arterial wall during



cryoplasty procedure need to be identified in assisting the cyoplasty technique to be

performed in carotid or coronary artery in the future.

1.1 Structure of A Blood Vessel

The structure of artery is well known and has been described in many literatures [5-6].
Primary, arterial wall consists of three layers: the intima, media, and adventia. The intima
consists of an endothelial cell monolayer that prevents blood, including platelets, leukocytes,
and other element from adhering to the luminal surface [6]. The intima and media are
separated by the internal elastic lamina (IEL), although this border is not clearly defined in
some areas such as bifurcations, branch vessels, and curvatures. The media is comprised of
smooth muscle cells, elastin, collagen, and proteoglycans. The media makes up the greatest
volume of the artery and is responsible for most of its mechanical properties. The external
elastic lamina separates the media from the adventitia, which is rich in loose connective
tissue and contains fibroblasts, vasa vasorum and nerves. The adventitia, the outer layer of
artery, is made up of collagen, nerves, fibroblasts, and some elastin fiber. The adventitia
contributes to the mechanical properties primary by facilitating tethering to the surrounding

tissue.
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Figure 1.1 Structure of a medium size muscular artery [5]



1.2 Atherosclerosis

Atherosclerosis is a serious disease affecting arterial blood vessels. It is generally
referred to as hardening or thickening the arteries. Atherosclerosis involves the slow buildup
of deposits of fatty substances, cholesterol, and other materials in the lining side of an artery.
The buildup deposit normally referred to as plaque, which can partially or totally block the
blood flow in the lumen, leading to damage of the tissue downstream which has lost needed
blood flow.

The most dangerous result from atherosclerosis is rupture of the plaque. When plaque
ruptures, fatty contents of plaque are released into the blood stream. This fatty mass may
travel through the bloodstream and block somewhere in the downstream of the blood vessel.
Most often, the rupture of plaque triggers the formation of a blood clot thrombus, which can
further narrow the lumen or even block the artery [1]. When the artery is blocked in sudden, it

may cause a heart attack or stroke.

1.3 Response to Injury - A Hypothesis

Factor which triggers the atherosclerosis in the first place is not completely understood
yet. However, during the past decades increasing the knowledge of this complex process,
researchers have come up several hypotheses. These include the response to the injury
hypothesis [7], the lipid infiltration hypothesis [8], the oxidation hypothesis [9], and the
inflammation hypothesis [10]. Among these, response to injury hypothesis is the most
accepted concept.

According to response to injury hypothesis atherosclerosis is considered as a chronic



inflammatory response of arterial wall, initiated by some form of injury to the endothelium.
Sequence of the events in development of atherosclerosis lesion is shown in Figure 1.2. The
tasks are summarized below:

(1) Development of focal regions of chronic endothelial injury. The main factors that
could induce this injury include: hyperlipidemia, hypertension, smoking, homocystein,
homodynamic factors, toxins, viruses, immune reactions.

(2) Chronic endothelial injury results in endothelial dysfunction, which includes increase
membrane permeability, increase leukocyte adhesion and emigration. Lipoprotein stick to
endothelial surface, get oxidized and insudate into the vessel wall.

(3) Smooth muscle cells migrate from media to intima. Monocytes differeinciate to
momacrophages and get activated. Insudation of lipids continues

(4) Macrophages and smooth muscle cells engulf oxidized lipids and become foam cells

(5) Smooth muscle cells proliferate and actively synthesize collagen and proteoglycan.

Increase in both extracellular and intacellular lipid deposition.
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Figure 1.2 Response to the injury hypothesis [7]



1.4 Restenosis

Restenosis is the major problem limits the balloon angioplasty. Each year, more than
800000 angioplasty procedures are performed in United States, however, with 30%-50% of
these resulting in restenosis [2]. Restenosis occurs when the lumen renarrow again at the
treated vessel in the following months of patients who received angioplasty. Restenosis is a
complex process which involves several mechanisms [11].

The first mechanism of restenosis is “elastic recoil”, elastic fibres of vascular wall to
overstretching by balloon catheter, tend to spring back immediately after the procedure. The
second mechanism is chronic remodeling, in which the vessel wall slowly contracts as it
heals, thus producing a smaller lumen. The third mechanism of restenosis is neointimal
hyperplasia, which involves proliferation of smooth muscle cells inside the internal elastic

lamina and migration of smooth muscle cells into the intima.

1.5 Introduction to Cryoplasty

Angioplasty has been used as an effective procedure to open the clogged artery and
restore blood flow. However, restenosis occurs in 30%-50% of the patients after balloon
angioplasty in 3 to 6 months period [2]. To prevent retenosis, normally a wire mesh stent is
implanted at the disease siege after angioplasty. Implantation of stents improves reduction in
the patency rate of restenosis. However, scar tissue form and buildup inside the stent due to
aggressive neointimal response that stents generated, will finally grow through the wire of
stent and narrow the lumen of artery again [12].

A new form of angioplasty, called cryoplasty has been introduced to improve the results



typically associated with angioplasty. Cryoplasty is known as a technique which combines
dilation force of balloon angioplasty with delivery of cold thermal energy to the vessel wall.

Cryoplasty procedure is very similar to balloon angioplasty. A catheter is threaded into
the area of the artery that is clogged. However, nitrous oxide is used instead of saline solution
to inflate the balloon. This process proposed is gentler on the artery wall than angioplasty;
preventing much of the inflammation and scarring that contribute to restenosis to renarrowing
of the vessel [13].

Cryoplasty is performed by using a PolarCath device designed by CryoVascular Systems,
Inc. Patient is awake during the therapy. The physician makes an opening in a patient’s groin,
and a catheter is threaded into the blocked artery. Once the catheter reaches the blockage area,
the highly compressed liquid nitrous oxide flows through the lumen of the catheter to the
balloon. Due to the pressure difference, the nitrous oxide changes its liquid state to gas state
instantaneously. Temperature inside balloon rapidly decreases and cools the plaque to the
desired temperature while the balloon expands and opens up the blockage.

After the procedure, the nitrous gas is exhausted back to the cryoinflation unit and the
balloon deflated. The whole process is complete within 60 seconds. Angiogram is performed

to examine the blood flow after therapy.

1.6 Cryoinjury in Blood Vessel
Cryosurgery has been used extensively to treat the tumors and diseased tissue of the
body. In vivo and in vitro assessment has a long history in tumor tissue, but there is limited

knowledge about the cryotherapy on vascular tissues. When cryotherapy is performed in



human blood vessel, the safety of cryotherapy and cryoinjury responded by the blood vessel
are concerned.

In Gage et al [14] study, they froze dogs’ arteries, veins, and biliary structures by
wrapping a surgical tube around each conduit and circulating extremely cold liquid nitrogen
about -140°C through the tube for ten minutes. This procedure resulted in full thickness
freezing. The treated arteries regained normal conduit function immediately after the
circulating blood thawed the vessel. Thus, demonstrated that arterial structure have a benign
histological response to cold thermal energy with no interruption in conduit function.

While healing process occurs in blood vessel after freezing and thawing. Smooth muscle
cells regenerate rapidly, and intimal hyperplasia results in some narrowing of the lumen. The
remodeling is facilitated by pressure within the vessel, and intima hyperplasia tends to regress
over the following months [14].

Hollister et al. [15] examined the response of monolayers of human smooth muscle cells
and endothelial cells to freezing. The results of their work showed that smooth muscle cells
were more sensitive to cold injury than endothelial cells, with different evident in the
temperature range of 0 to -15° C.

An in vivo study by Cheema et al. [16], working on rabbits, comparing effect of
cryotherapy on vessel after iliac arterial balloon angioplasty with balloon angioplasty alone,
showed no late beneficial effects from freezing on the diameter of the lumen. In this study,
intimal hyperplasia and collagen formation were increased by the cryotherapy. The average
vessel wall temperature was cited as -26° C. Gage [14] gave comment on this study, he

addressed that -26° C was probably too cold to permit any benefit in term of a selective



cellular response. However, he also pointed out that the main problem is that the temperature
that might produce a modified response in the muscle cells and elastic and collagen fibers in
vivo is still not known. He further suggested that if benefit is to be achieved by cryotherapy,
the tissue temperature should be in the range -10 to -15° C.

James et al. [17] clearly defined the cryoplasty goal. Freezing technique is used to
control the smooth muscle response to injury by the balloon angioplasty. The goal of
cryopalsty is to induce apotosis in the vessel wall, which is thought to inhibit smooth muscle
proliferation, rather than destroy the muscle tissue. Apotosis is known as a natural biological
mechanism that results in removal of unwanted tissue via programmed cell death [3].
Experimental tests on human artery smooth muscle cells was found that the peak of apotosis
occured at -10°C and no apotosis was observed above -5°C [17].

Safety of cryoplasty system has been evaluated by Terashima et al [18] on animal
models in vivo. 19 porcine coronary arteries were subjected to freezing in a temperature range
of -5°C to -10°C for 25 seconds using a cryoplasty device. Their results showed that the
health of animals were not impacted by the cryotherapy treatment as indicated by clinical and
physiological evaluations. The results were also compared with animals subjected to
traditional balloon angioplasty, and found that the percent diameter of stenosis in the
cryoplasty group was less than that of the angioplasty group up to a 183 day investigation.

In vivo studies have demonstrated the potential of cryotherapy to prohibit restenosis
processes. However, the mechanisms of injury during cryoplasty and appropriate treatment
thresholds are not well known. In this case, the animal in vitro models may provide important

information on thermal parameters and mechanisms of injury. Animal in vitro models are

10



widely used in experiments, because it is easy to obtain and is cost effective. Moreover, it is
important to carefully choose the model system for in vitro work on cryoinjury
characterization to adequately match the clinical situation. Bischof et al [44] have looked at
the in vitro models with smooth muscle cells to determine the appropriate system for
examining the cryoplasty mechanisms. Rat and pig smooth muscles were compared to human
smooth muscle cells to determine whether either species exhibited the similar responses to
human. In addition, they further compared the response of the smooth muscle cells embedded
in suspension, in collagen and fibrin to determine the effect of the cellular environment. The
freezing temperature cited in this study was -80°C and the duration of the freeze was 10
minutes. The test samples were then thawed at a room temperature of 37°C for 0 to 3 days for
observation. Under all cellular environments, their test results showed that the pig smooth
muscle cells behave similarly to the human smooth muscle cells, whereas rat smooth muscle
cells appeared less sensitive with a higher rate of survival to cooling at a fast rate in
suspension. Another important result in this study was that human smooth muscle cells were
found to be less sensitive to temperatures at -11°C when embedded in collagen, only 30% of
the cells survived compared to a 70% survival rate in suspension. Their results suggested that
the model including the fibrin may be a more appropriate model for testing treatment for
restenosis than the collagen model; this is because cell proliferation is an important part of
restenosis. When collagen is known to inhibit smooth muscle proliferation, it may not be
appropriate for testing treatment for restenosis in the collagen model [44, 45].

Researchers have investigated the arterial wall characteristics to explore the possible

pathologies of atherosclerosis to explain how plaque buildup blocks the lumen of human

11



blood vessel. The mechanisms of restenosis resulted from the pressure induced by the balloon
angioplasty technique. More researches were performed to seek the mechanisms of injury
response of arterial wall tissues on both smooth muscle cells and enthodial cells by freezing,
when cryoplasty shows potential to combat restenosis process. However, the characteristics
of plaque are different from the arterial tissue. A more appropriate model system for testing
the treatment for restenosis should combine both arterial tissue and plaque together rather
than test on each alone. However, attempts to perform measurements of in vivo in the human
body is not easy, especially since most of them are not invasive. In this case, finite element
method may appear as a useful tool to provide some important information based on
physiological conditions when the parameters of arterial, plaque and blood flow are known.
The main objectives of this thesis are:
1. Establish transient temperature distribution in the arterial wall and plaque as a function of
cryogenic fluid temperature.
2. Analyze the influence of blood perfusion and tissue metabolism on the arterial wall and
plaque temperature distribution.
3. Study the re-growth of plaque during the post-cryoplasty period based on biofilm growth

model.
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CHAPTER 2

REVIEW OF BIOHEAT MODELS

2.1 Pennes Bio-Heat Transfer Model

Heat transfer in living tissues is often influenced by the blood flow through the vascular
system. When there is a significant difference between the temperature of blood and the
tissue in which blood flows through, convection heat transfer dominates. Researchers have
proposed many different models to dates for different applications [19- 22], due to different
effects of the blood.

The first comprehensive heat transfer model for blood perfusion was developed by
Pennes in 1948 [19]. His simple model considered the effects of perfusion using a
source-sink relationship between the vessels and the tissue. The model was characterized by
the following equation often referred as “’the bio-heat transfer equation”.

pc%—j:V(kVT)+a)pbcb(Ta -T)+gq, (2.1)

It is not difficult to see that Pennes’s bio-heat equation is simply Fourier’s law with two
additional terms. The second term on the right hand side of equation describes the heat
transfer between the blood and tissue and the last term is the rate of heat generated by tissue
due to metabolism. The main assumption behind this model was that the vessel temperature
was constant and the heat transfer took place predominantly in the capillaries. No importance
was given the vascular structure of tissue and blood flow direction. The model assumes that

the arterial blood enters the capillary bed at certain temperature (T,) and instantaneously

equilibrates with tissue temperature, and leaves tissue at temperature, T.

13



Over the years, Pennes bio-heat equation has been investigated widely under criticisms.
However, it was also shown that much of the discrimination that has been directed toward

Pennes model is not justifiable [23].

2.2 Chen-Holmes Model

In 1980, Chen and Holmes [20] presented a more detail equation with the effect of the
blood vessel dimensions taken into account. Basically, their model questioned the perfusion
term in Pennes equation. They defined a” thermal equilibrium length” (L.), which is the
length at which the difference between the blood and tissue temperature decreases to 1/e of
the initial value. Their analysis of blood vessel and their equilibration showed that Pennes’
model is conceptually incorrect from the point of view of complete equilibration at the
capillary level. Their analysis indicates that the heat exchange between the tissue and the
vessels occurs also before the capillary level. In their model, they proposed that larger vessels
be modeled separately from small vessels and tissue. They developed three terms to replace
perfusion term in Pennes model for heat transfer based on their analysis. Each term modeled
a different region of tissue. The bio-heat equation was modified as:

pc% —V-VT +(pc),@ () =T)=(pc),ii VT +V -k VT +q,  (2.2)

The second term on the right hand side (pc), a)*(T C—T ) is the same as Pennes’ equation
except the perfusion " and arterial temperature 7 is specific to the volume being
considered. The third term is the heat transfer contribution of blood, which is equilibrium
with tissue. # is the blood velocity vector as it diffuses through a porous tissue. Finally, the

fourth term is to account for contribution of the nearly equilibrated blood in a tissue

14



temperature gradient. The nearly equilibrated blood contributes to small temperature

fluctuations within the tissue and the effect is modeled as the tensor “perfusion conductivity”:

_ ° L
k, =n(pc), m;V cos® 7;—L§ﬁf .

(2.3)

k, is a function of local averaged blood velocity vector (V), relative angle () between
blood vessel direction and the tissue temperature gradient, the number of vessels (n), and the
vessel radius (). The Fourier integral spectral wave number () can be approximated as the
inverse of vessel length.

The assumptions in this model include: (1) neglecting the mass transfer between vessel
and tissue space, and (2) treating the thermal conductivity and temperature within the
tissue-vessel continuum as that of solid tissue since the vascular volume is much smaller than
that of the solid tissue.

The limitation of this model is not difficult to be observed. The given details required

make this model not easy to implement. Especially, the “perfusion conductivity” term is

difficult to evaluate.

2.3 Weinbaum-Jiji-Lemons Model

In 1984, Weinbaum, Jiji and Lemons came up with a model that took into account the
vasculature. The model developed by Weinbaum et al. [21] was different from the earlier
models by Pennes and Chen-Holmes from the aspect from addressing the issue of
countercurrent nature of arteries and veins. From their observations of the vasculature of the
rabbit thigh peripheral tissue, they concluded that the local blood contribution to heat transfer

is mainly associated with an incomplete countercurrent heat exchange mechanisms between

15



paired arteries and veins rather than the capillary perfusion.

The main assumptions of their model were (1) the tissue temperature was the mean of
the arterial and venous blood temperatures and (2) heat from the artery of a vessel pair is
almost completely conducted to the vein. The model based on an effective conductivity
which can have a tensor representation and which incorporates the effect of blood flow based

on vascular data and counter flow heat transfer analysis has the form:

or o(. or
o 6x( o 6x] I @9

where k.4 1s the effective conductivity. In the one dimensional case where the blood perfusion

is in the direction of the temperature gradient, the effective conductivity is expressed as:

) — 2
k, = 1{1 e (p; )bkz cosy | ] 2.5)
A

where n is number of vessel, ¥ is blood velocity vector, Y is relative angle between the
blood vessel direction and the tissue temperature gradient, and 0 , is the geometric factor for
the heat transfer from an artery-vein pair to the tissue.

The limitation of this model is that it is strongly dependent on the local blood vessel
configuration and requires detailed physiological data for the appropriate analysis. However,
the detailed information about vascular geometry is not always available. Another known
limitation of this model is that it applicable in situation where equilibration constant (¢ = L./L

ratio of the equilibration length to the actual length of the vessel) e<< 1.

2.4 Small Artery Model

The small artery model was developed by Anderson (1991) in studies of the kidney

16



cortex [22]. The finite difference small artery model considers the energy balance in a control
volume ( i, j, k) which contains either an artery or a vein. For an artery parallel to z-axis, the

equation is

0, = N(4), (pc), (1+/1—2/1§)(%j 2.6)
and for a vein
0, = () (o) 1+ 220 =L @7

where N and M are the density of interlobular arteries and veins in the kidney cortex,
respectively. V' is the mean velocity and 4 is the cross section area of vessel. & is the fraction
of the total interlobular artery flow within the control volume; in the kidney cortex, =1 at
the cortico-medullary junction and decrease to & =0 at the outer capsule. The bleed-off is
presented by the A term, where A =1 presents complete bleed-off. Numerical implementation
of this model is straightforward and simple when the vessel density within the tissue region
of interest is known.

The main assumptions of this model include: 1) thermal equilibration length within the
volume is much less than the actual vessel length, 2) bleed-off is uniform along the length of
vessel, 3) bleed-off is modeled as a varying flow along the vessel, 4) bleed-off heat transfer is
negligible, 5) there are no major thermally significant vessels in the region. The model has
been shown to be valid in the canine kidney cortex where there is uniformly oriented

counter-current artery vein architecture of 70 um diameters.

2.5 Applicability of Models
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There have been studies comparing the applicability of different models in different
regions. Hybrid models using a different model for different regions have come up because of
the failure of a single model to account for heat transfer in all regions. A comparison of
different models has been done by Arkin et al. in 1994 [24]. They suggested that no single
equation being able to provide a complete description of heat transfer process in tissue in

different regions, and thus suggested the use of a combination of equations.

2.6 Choice of Models for Cyoplasty Ablation

In this research, Pennes model have chosen to study cryoplaty ablation. Pennes’ model
was chosen because of its simplicity and it is the most widely used model for living tissue
heat transfer analysis. During the cryopalsty ablation, the blood flow in the main artery is
essentially blocked by the inflated balloon. However, the blood in the small arteries
surrounding the arterial wall still allowed to flow through the arterial tissue within the control
volume interested. The diameter of small artery is about 175 pm and the equilibration length
ratio measured by Chen and Holmes is around 1 [46]. This means that the blood in small
artery will fairly equilibrate with the tissue temperature within the control volume. Along
with Xu’s observations in porcine kidney [47], Pennes’ model appears to be applicable to
regions where the vasculature comprised of numerous small thermally significant vessels
where € = 1. This provides us some confidence to make Pennes model as appropriate model
in this study. Most important is that numerical solution of Pennes’s bio-heat equation can be

solved easily either by finite difference or finite element method.
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CHAPTER 3
CRYOPLASTY SIMULATION
3.1 Mathematical Model
Heat transfer in smooth muscle tissue within the artery wall is governed by the bioheat
equation [19]:
plc,aa—];:V(k,VT)+qb +4q, (3.1
where T is the tissue temperature, t is the time, k is the thermal conductivity of tissue, o and
c refer to the tissue’s density and specific heat coefficient respectively. Also, qmis the rate of
metabolic heat generated by the tissue and g, describes the energy transfer between blood and
tissue suggested by Pennes that
q, = p,c,0, (T, =T) (3.2)
where p yand cpare blood density and specific heat coefficient respective, wy, is the blood
perfusion rate and Ty, is the temperature of artery blood.
Therefore, the equation can be rewritten as:
p,c,%:V(ktVT)+pbcbwb(Tb -T)+gq, 3.3)

Assume that the time-dependent temperature profile depends on radial position only, the

equation (3.3) can be reduced to

oT 1 a( oT
ot ror

pc,—=k —— ’”EJJFPI;CI;%(Y};_T)JF% (3.4

the above equation must be solved with the following initial and boundary conditions:
t=0, T=37°C forallr
r=0, T=T; for all t >0

T=37°C forallt>0
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where r is the radial distance through the arterial wall and T; is the surface temperature of
plaque once the cold from the balloon is applied. Initial model temperatures are uniform at
37°C. The outer layer tissue temperature is maintained at the human body temperature
(37°C).

A 2-D finite element heat transfer model is developed in ANSYS to solve the bio-heat
equation. Some appropriate boundary conditions and assumptions are made as follows:

(1) The atherosclerotic plaque is modeled as eccentric and circular, which is embedded
in a circular artery. The heat conduction transfer through the arterial wall is assumed in radial
direction only.

(2) The arterial wall and plaque tissues are assumed to be homogenous, the tissue
thermal properties of artery and plaque are constant and independent of temperature.

(3) The initial temperatures of artery and plaque were uniform at 37°C.

(4) The temperature of outer arterial wall was maintained at 37°C at all times. (In short
time freezing period, this assumption is reasonable)

(5) The temperature of blood perfuse the tissue was 37°C.

(6) The rate of blood perfusion is independent of temperature.

(7) The balloon was modeled with no thickness and no resistance of heat transfer, where
the surface temperature of plaque in contact with balloon surface is same as the nitrous oxide
temperature.

(8) The temperature and pressure of gas in the balloon remains constant.

(9) No phase change occurs within the tissues during the cooling process

Equation (3.4) was solved with the finite element method by available commercial finite
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element package ANSYS in 2-D presentation, the details of model description and procedure

will discuss later in this chapter.

3.2 Thermal Properties of Blood and Arterial Tissue

Thermal properties of blood are well known and have been widely used in skin burn
models [25]. Thermal properties of human arterial tissue and plaque were measured by
Valvano et al [26]. They measured tissue thermal properties as a function of temperature
using a thermistor heating technique. The measurements were performed at 35, 55, 75, 90°C
respectively. Thermal conductivity and diffusivity of tissues increases as temperature
increases. These values used in current model analysis maybe somehow inappropriate. Tissue
experience a phase change in low temperature environments, also the thermal properties of
frozen tissue and tissue above sub-zero are largely different. However, thermal properties of
arterial tissue below sub-zero were not cited in literature. To simplify the problem, parameters
measured by Valvano [26] at 35°C were used in current modeling. The completed set of

thermal properties of blood and tissue used in modeling are listed in Table 3.1.
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TABLE 3.1

THERMOPHYSICAL PROPERTIES USED IN ANSYS MODELING

Tissue Type Thermal Specific heat | Density (kg/rnB)
Conductivity(W/m°C) | coefficient(Jkg/°C)

Average 0.490 2984 1450
Plaque[26]

Fatty Plaque[26] 0.484 2849 1450

Fibrous Plaque[26] | 0.485 3014 1450

Calcified 0.502 3089 1450
Plaque[26]

Arterial Wall[27] 0.432 3340 1060

Blood[25] 0.5 3500 1080
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3.3 Geometry of Atherosclerotic Plaque

It is difficult to determine the atherosclerotic plaque geometry commonly found in the
artery, since any geometry of plaque configurations are possible. In a finite element analysis
of balloon angioplasty, Kleinberger et al. [28], reviewed the histological record of patients
who died of heart disease relating to atherosclerosis, and grouped the geometry of
atherosclerotic plaques into three basic configurations; concentric and circular, eccentric and
circular, eccentric and non-circular. The model for concentric and circular plaque embedded

in the circular arterial wall was used in this study.

3.4 ANSYS Application

The heat transfer model based on Pennes’s bioheat equation of arterial wall during the
cryoplasty application is solved numerically in ANSYS. The commercial finite element
package ANSYS is installed on a Pentium computer in the computer laboratory located at the
Wichita State University engineering building.

In the first step in ANSYS, we generated the circular shape of the arterial wall with
assume that the artery has an average thickness of Imm and 4mm lumen in diameter. Then,
we added the plaque layer with a thickness range from 1 mm to 3 mm. Though, our initial
interest is modeling a layer-specific arterial wall, as we know the arterial wall is composed
mainly of three layers: intimal, media and adventia. However, this idea had to be fold since
no thermal properties of these three layers has been specifically reported yet. Furthermore,
due to the thinness of the arterial wall, it is reasonable to assume the three layers have similar

thermal properties.
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Once the model is developed in ANSYS, the second task is assign proper material
properties and finite element type into our model for simulation. The thermal properties in
both artery and plaque are assumed to constant and independent of temperature. It is very
important to notice that when assign thermal properties into model, all the data we enter
should have the consistent units. For example, if we decide use meter as our model length
scale, then all the parameters’ dimension involves length should convert into meter scale.
Since there is no default unit in ANSYS, any consistent system of units are accepted. Failed
to maintain consistent units may result inaccuracy of solution.

ANSYS provides two finite elements for 2-D steady-sate or transient thermal analysis;
they are 4-nodes PLANE 55 and 8-nodes PLANE 77. Both finite elements are well describe
our model, but PLANE 55 showed lack of coverage of our model when mesh was performed,
this may due to complex shape of model, so we picked PLANE 77 as our model simulation.
The element descriptions of PLANE 55 and PLANE 77 are well documented in ANSYS
element reference manual.

For mesh generation, ANSYS mesh tool was used and the smart size control was set for
fine generation for both arterial wall and plaque regions. Apparently, smaller the size of
element to generate the mesh, more computing time is required. A fully meshed of the model
is shown in Fig 3.1. The model consists of 4182 nodes and 1314 8-nodes thermal elements.
The outer annulus of model presents the arterial wall and the inner annulus referred as plaque
tissue respectively. The hole in the center of the model was simulated as the cryoplasty
balloon with nitrous oxide gas fulfilled in it.

An initial temperature condition of 37°C was applied uniformly in all nodes within the
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arterial wall and plaque boundary. On the boundary of the outer arterial tissue, a constant
temperature condition corresponding to the initial body temperature was maintained at 37°C
all the time. Balloon fluid temperature was applied on the inner surface of the plaque

boundary, as well as the convective boundary condition due to blood perfusion.
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plague

Figure 3.1 Meshed model of arterial wall and plaque used in the ANSYS analysis.
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3.5 Numerical Experimentation:

The initial result was solved by applying -10°C, standard balloon temperature used in
cryoplasty to freeze the plaque which has 1 mm thickness for 60 seconds. The temperature
history plot of various nodes located along the radial direction is shown in Figure 3.2.
Temperature rapidly decreased in the arterial wall and heat transfer balanced within a very
short time of about 24 seconds. This is due largely to the affect of boundary condition
constrained to 37° C . The lowest temperature achieved in the node located between plaque
and normal tissue is 10°C, if the cryoplasty goal is to freeze plaque to a temperature range
from -5°C to -15°C to turn liquid like plaque into solid state and induce apoptosis, the
temperature result in this model maybe insufficient to kill the abnormal tissue. It was found
that apoptosis will not occur in tissue for temperatures warmer than -5°C [17].

This result suggested that a single treatment temperature may be difficult to overcome
different plaque thickness. The thicker plaque is expected to require lower treatment
temperature for the ablation. This can be achieved by either increasing the balloon pressure to
allow more nitrous oxide to flow into the balloon to compress the plaque and push it back
against the arterial wall even further or apply cooler balloon temperature to freeze the plaque.

However, further increase balloon pressure is not a good option since it may cause
possible overstretch to the arterial wall and trigger the smooth muscle cells proliferation,
migration of those cells from media to intima, which was believed to be the main reason to
cause restenosis response to injury by balloon angioplasty [29]. Control temperature maybe a
good alternative, but it is not without any difficulty. Prediction of freezing propagate in

arterial wall has to be known as well as the freezing time. This is to assure the plaque is
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completely frozen to the desired ablation temperature while minimizing the damage to the

surrounding healthy arterial tissue.
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Figure 3.2 Temperature contour plot of plaque and arterial wall at -10°C (>60 secs).
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Figure 3.3 Temperature distribution plot of selected nodes located at plaque and arterial wall

at -10°C (>60 secs).
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3.6 Optimize of Balloon Temperature and Treatment Time

The goal of this section is to find out the durations required to freeze the different
thickness of plaques by using different treatment temperature. Investigation of this
relationship may somehow help physicians predict the treatment result and come up with a
better treatment strategy. Various plaque thickness models are subjected to different treatment
temperatures. Optimal treatment is based on following criteria:

1. The inflation of balloon stop once plaque is totally in contact with the balloon surface

2. The treatment is focused on the blockage of lumen excess at least 60% of blockage of
lumen

3. The effective freezing temperature is determined as -5°C, which turns gel-like plaque
into solid state

The freezing temperature for different plaque thickness and corresponding effective
freezing time is plotted in Figure 3.4. As expected, the thicker plaque requires a longer time
to complete the ablation. Using lower temperature can essentially reduce the treatment time
to induce the same lesion depth.

Furthermore, the effective freezing temperature has to be known to perform cryoplasty
to certain range of plaque thickness. For example, in 70% lumen blockage the plaque
thickness is about 1.47mm. Using balloon temperature of -95°C, the treatment time was
found to be 32.02 seconds. Temperature warmer than -95°C was found to be ineffective to
induce the expected lesion depth, even extend the treatment time. This is because the
temperature of interface between plaque and arterial wall never reach -5°C, this due to the

large effect of the boundary condition of 37°C at the outer boundary of the arterial wall. This
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result further concludes that cryoplasty may be unable to completely freeze the plaque region
to the desired temperature when a single constant treatment temperature is applied for every
patient, since patients have different percentage of blockage. If this is the case, the solidified
plaque region maybe first cleaned up by the technique such as atherectomy [30], then

undergo a second freezing treatment.
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Figure 3.4 Thickness variation of plaque with freezing temperature and time.
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3.7 Types of Atherosclerotic Plaque and Its Thermal Characteristics

Different types of atherosclerotic plaques are usually found in the medical investigations.
Based on their physical compositions and characteristics, plaques are normally categorized
into three types. These are fatty, fibrous, and calcified plaque.

Fatty plaque: fatty plaque contains mostly the fatty streaks and some fibrous elements
such as collagen. According to the response to injured hypothesis [7], the first step of
atherogensis is the development of fatty streaks, small sub-endothelial deposits of lipid. The
exact cause for this process is unknown, and fatty streaks may appear and disappear in
sequences, result fatty streaks are not clinically significant. However, they can accumulate
smooth muscle cells, migrate from the media and causes the lesions to grow.

Fibrous plaque: fibrous plaque is localized under the intima, within the wall of the artery
resulting in the thickening and the expanding of the wall and, sometimes, localized narrowing
of the lumen with some atrophies of the muscular layer. The fibrous plaque mainly contains
collagen fibres, precipitates of calcium and, rarely, lipid-laden cells [48].

Calcified plaque: the result of an advanced lesion is often characterized by a lipid core
that is completely necrotic or necrotic mixed with hemorrhage, separated from the blood flow
by a layer of fibrous tissue called the fibrous cap. Intracellular mocrocalcifications form
within smooth muscle cells of the surrounding muscular layer, specially the muscle cells
adjacent to atheromas. In time, as cells die, this leads to extra cellular calcium deposits
between the muscular wall and the outer portion of plaque. In this end stage of atherogenesis,
advanced lesion which develops calcifications in the plaque has been called calcified plaque.

In different parts of the body, certain predominant types of plaques are most likely to
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be deposited on the linings of the blood vessel wall. For example, calcified plaques are more
commonly found in the blood vessels of the leg and limbs whereas fatty and fibrous-fatty
plaques are usually deposited in the coronary arteries. For the cryoplasty to be performed in
different parts of the body to treat different type of plaques, analysis of thermal characteristics

of plaques may help in the cryoplasty treatment planning.

Numerical analysis was performed to determine whether certain type of plaques would
have a higher thermal sensitivity to cryoplaty ablation. The parameters of thermal physical
properties of plaques are based on Valvano et al. measurements [26]. They categorized the
plaques by gross visual observation. The calcified plaques were hard and bony. The fibrous

plaques were firm but pliable. The fatty plaques were loose and buttery.

75% lumen blocked model with plaque thickness of 2.0 mm was chosen by applying
freezing temperature of -120°C for 25 seconds. The temperature history plot of plaque-artery
interface for different type of plaque is shown in Figure 3.5. In Figure 3.5, the result showed
that the amount of thermal energy absorbed in the plaque varied according to the predominant
plaque type in the cryoplasty model. Because of the higher water content, the thermal
conductivity and specific heat values for calcified plaque were the highest. Applying an equal
amount of freezing temperature for all three cases resulted in higher temperature drops for
calcified plaque. Calcified plaque is followed by fatty plaque then fibrous plaque in their
ability to absorb thermal energy. The difference between plaque types is 5°C between
calcified and fatty at the peak plaque temperature. The difference was much less for fibrous

plaque with an approximate 0.8°C difference in comparison to fatty plaque. Another
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supported result is shown in Figure 3.6. The temperature of plaque-artery reached -10.4°C in
calcified plaque model, whereas, temperature only reached -5.2°C and -4.8°C in fatty plaque
model and fibrous model respectively. However, in medical observation, plaques normally
consist of a mixture of various plaque types. Therefore, for thermal analysis, it is reasonable
to average all three types of plaques thermal properties for temperature calculating, despite

using only one of them alone.
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Figure 3.6 Temperature distributions plot as a function of different type of plaques in

cryoplaty ablation.
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3.8 Sensitivity Test

Parameter sensitivity test was performed to find out the factors which may affect the
temperature changes within the tissue during the cryoplasty ablation procedure. Assume that
the physical thermal properties such as thermal conductivity, heat capacity, and density of the
arterial wall will not vary from person to person. Similarly, the heat capacity and density of
blood will be fairly constant between individuals. The main variant between individuals is the
thickness of the arterial wall as well as the blood perfusion rate and the tissue metabolic heat
generation may also vary from person to person. To investigate these parameters on the
model predictions, a parameter sensitivity study was performed against second and third term

of Pennes bio-heat equation. That’s recall the bio-heat equation:

oT 10 oT
v t;g(rgj-‘rpbcbwb(]—'h -T)+q, (3.5)

To examine the contribution of the three terms on the right hand side of equation (4.5), the

equation can be normalized the dependent and independent variables in the form:

2
t, ot R oy (7, -7,)

S
where 0 = (T - Tr,) / ( Ts- T), T = t / t;, where #/1s the freezing or treatment time (s), and y =
/R , where R is the thickness of arterial wall (mm).

Equation (3.6) suggests that the blood perfusion may contribute to temperature changes
in the tissue. The temperature gradient is expected to be steep with larger blood perfusion rate,
whereas, the heat generation by the tissue has the minimum effect.

Unfortunately, ANSYS software is impossible to capture the blood perfusion term in

Pennes equation. A finite element modeling partial differential equation solver call
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FEMLAB® was used. FEMLAB is a modulus add-on the Matlab which can solve partial
differential equation in finite element domains. A comparison was made of ANSYS and
FEMLAB solution without perfusion term. The model presents 70% of lumen blockage
which has plaque thickness of 0.0018 mm subjected to -100°C freezing temperature for 25
seconds. It was shown that there was no significant difference between the ANSYS and

FEMLAB solution.

3.8.1 Effect of Metabolism Heat Generation

Metabolism is the chemical reaction inside individual cells that produce energy to
perform bodily activities and to build new structure. Heat is continuously generated by cells
when nutrient is consumed. To investigate whether the metabolic heat generated by tissue
will affect the temperature profile during therapy or not, three different value of rate of
metabolic heat generation are assumed: 0, 140, 5540 w/m™ and applied into the model. The
temperature profile of arterial wall cooled by using temperature -120°C for 30 seconds with
three different metabolic heat generation is illustrated in Figure 3.7. In Figure 3.7,
temperature profiles for three cases are imperceptible as temperature curves almost overlap
each other. Therefore, it is reasonable to neglect the metabolic heat term from the model since

its effect is negligible.
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Figure 3.7 Arterial wall temperature profile at temperature of -120°C for different metabolic
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3.8.2 Effect of Blood Perfusion Rate

' of human muscle has been reported [31].

The blood perfusion rate of 0.0028 m;m,”s”
Assume that the smooth muscle tissue has the similar blood perfusion rate of muscle. A range
of blood perfusion rate wy: 0, 0.0014, 0.0028, 0.0056 m,m, s are selected to investigate
the effect of temperature changes in the tissue during freezing. The results of model
simulations for these four cases are presented in Figure 3.8.

As expected, the temperature profiles are steeper at the higher blood perfusion rates. In
the regions where the blood perfusion rate is zero, the temperature profile is almost linear. As
seen in Figure 3.8, at distance 2mm from arterial wall inner surface, where the blood
perfusion rate is zero, the interface between plaque and arterial wall reach the effective
temperature -5°C. At the same distance for the blood perfusion is 0.0056m,m,s™", the
interface temperature reached only 2°C, this is due to the arterial tissue continuously being
protected by the blood perfusion from temperature decreases. The freezing temperature from
the balloon was essentially withdrawn by the blood, which has a temperature 37°C flows
through the capillaries across the arterial wall.

The blood perfusion effect of temperature distribution during the cyoplaty ablation was
simulated in FEMLAB. The temperature distribution contour plot with no blood perfusion

was shown in Figure 3.9 compare with blood perfusion rate of 0.0056 m,m s

in Figure
3.10. As the figures shown, the arterial wall tissue near the plaque-artery interface already
experienced the temperature at -12°C by applying freezing temperature of -120°C for 30

1

seconds. Meanwhile, for blood perfusion rate of 0.0056m,m, s™" in Figure 3.10, the arterial

tissue still remained at 37°C. Significant blood perfusion effect showed that the propagation
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of freezing front was slowing down while the freezing temperature was continually removed
by the blood flowing through the small blood vessel in the arterial wall.

A study of microwave angioplasty showed the similar thermal analysis results when the
blood perfusion term in the bio-heat equation was accounted [49]. Higher blood perfusion
rate caused the heat to dissipate at a faster rate in the blood vessel wall. Despite, microwave
angioplasty technique using high temperature to melt the plaque, the results showed that the
blood perfusion has significant effect of temperature distribution during the thermal ablation
performed inside the blood vessel.

When the blood perfusion rate was assigned into the model, the model showed very
sensitive to this value, this was probably due to the small scale of the control volume of our
model. However, in cryoplasty ablation, the blood perfusion effect may be different. The
arterial tissue blood perfusion rate is expected largely smaller than the muscle tissue, also
blood perfusion is not constant during the ablation. During the freezing ablation, blood
perfusion to the arterial tissue may change due to decreasing temperature and distension
resulting from the pressure in the balloon [32]. Because of these possible effects, it is difficult
to determine the exact value of blood perfusion rate during inflation of the balloon. In
contrast, the blood perfusion term contributes strongly to the temperature changes in the
tissues, increased in blood perfusion rate essentially result in the limitation of tissue to

achieve the desired temperature.
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Figure 3.8 Arterial wall temperature profile at temperature of -120°C for different blood

perfusion rates (wp: 0, 0.0014, 0.0028, 0.0056 m, m s ™).
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Figure 3.9 Plaque and arterial wall temperature profile at a balloon temperature of -120°C

with no blood perfusion effect.
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Figure 3.10 Plaque and arterial wall temperature profile at a balloon temperature of -120°C

with blood perfusion rate of 0.0056 m,m, s ™"
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3.9 Convergence Test

A fundamental premise of using the finite element procedure is that the body is
sub-divided up into small discrete regions known as finite elements. These elements are
defined by nodes and interpolation functions. Governing equations are written for each
element and these elements are assembled into a global matrix. Loads and constraints are
applied and the solution is then determined. Convergence test was conducted in ANSYS in
order to test the accuracy of the solutions obtained from ANSYS.

Three element size lengths: 0.01, 0.25, 0.5 were selected to perform the convergence
tests. The solutions were obtained from the selected nodes within the model control volume.
If the results differ by a large amount, however, it will be necessary to try a finer element size.
In general, finer mesh returns more accurate solution results we can trust, however, it
consumes more computing time and more computer memory is required due to smaller size
elements used and result in increase the number of elements.

The convergence tests performed in ANSYS used element size length equal 0.01, 0.25,
and 0.5. The results of convergence tests for three different element sizes are shown in Figure
3.11, Figure 3.12, and Figure 3.13. No significant differences were observed in these
temperature solutions results. The temperature solutions did not change while reducing the
element size and defining finer mesh in the model control volume. The only difference during
the tests was the computing time required. Time required to obtain the solutions in element
size equal 0.5 model was about 30 seconds, whereas in 0.25 and 0.01 model were 180
seconds and 4.5 minutes respectively. The results indicated that the use of element size of 0.5

was fair enough to obtain accurate solution domains in our thermal finite element model
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while minimizing the computer calculating time.

48



Temperature (C)

Figure 3.11 Temperatures at select nodes for element size length equal to 0.5 in
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Figure 3.12 Temperatures at select nodes for element size length equal 0.25 in convergence

test.
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test.
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CHAPTER 4
MASS TRANSFER IN THE ARTERIAL WALL

Numerical modeling of mass transport of molecules between blood and artery wall has
been widely applied to study the process of atherosclerosis and localize the disease region. It
is believed that mass transfer between the blood and the artery wall must play some role in
the development of atherosclerosis. The significant evidence comes from the accumulation of
high molecular weight lipoproteins within the arterial wall in the early stage of
atherosclerosis [31].

A diffusion model of arterial wall was developed in ANSYS to study the mass transfer in
the arterial wall. More precisely, the model was used to study the pressure effects on
low-density lipoprotein particles uptake in arterial wall. Previous studies in vivo and in vitro
have shown that pressure resulted from hemodynamic factors has significant effects on
particles deposition in the arterial wall [39-41, 60]. The model was also used to predict
concentration distribution of LDL accumulate into arterial wall as function of arterial wall

permeability.

4.1 Role of Low Density Lipoprotein in Atherogenesis

Researchers have studied the exchange of substances between blood and the arterial wall.
It was believed that abnormal mass transport between the blood and artery wall must play
some important roles in the development of atherosclerosis. Substances of interest include
oxygen, low density lipoprotein, and platelet-derived cytokines. Among these, low density

lipoprotein attracts the most concern, it is because high concentration of low density
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lipoprotein in the blood often considered the most important risk factor linked to
atherosclerosis and excess low density lipoprotein (LDL) particles accumulate in the intima
was believed to trigger the main event in atherogenesis [34, 50, 51], however, not directly
proven yet. A great review of role of low density lipoprotein in atherogenesis and
development of arterial disease was done by Grundy et al. [52].

Low density lipoprotein (LDL) is a plasma lipoprotein particle whose lipid component
includes cholesterol and triglycerides and is commonly referred to as bad cholesterol. LDL
particles are responsible for transporting triglyceride fatty acids from the liver to peripheral
tissues for utilization [38]. About 75% of LDL is removed from circulation by the LDL
receptor when it goes back to the liver, with the remainder going to other tissues.

Based on researchers’ findings and several hypotheses of atherogensis, LDL involved in
the developing of atherosclerotic plaque can be summarized below:

(1) Endothelial-injury theory reveals that the first step in atherogenesis is entdothelial
damage [7]. According to this theory, endothelial damage results in platelet aggression on the
injured surface which essentially increase the wall surface adhesive behavior.

(2) LDL carries cholesterol passes the endothelial cells and penetrates into arterial wall
from circulation. The rate of penetration appears to depend on the plasma concentration [7].

(3) When large amount of cholesterol in the intima results in fatty streak appearing in
injured site, which is the first visible stage of atherogenesis.

(4) LDL particles uptake by macrophage and become foam cells in fatty streak. Here,
another popular theory states that LDL particles within the arterial wall become partially

oxidized, which renders them susceptible to macrophage recognition and uptake [9].
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(5) As atherosclerotic plaque advances, more and more cholesterol is accumulated in
smooth muscle. Smooth muscle cells undergo the similar process and convert into foam cells.
Large amount of foam cells in fatty streak finally ends up to form the fibrous plaque.

In the combined above stages of atherogenesis, LDL appears to be necessary for the
formation of the fatty streak; and without the formation of this lesion, there will be no
progression to fibrous plaque. Furthermore, it has been reported that in populations in which
LDL cholesterol concentrations are low, the development of advance atherosclerosis appears
to be relatively rare, even when other risk factors (eg., smoking, hypertension, and diabetes
mellitus) related to atherosclerosis are frequent [48]. In contrast, LDL must play an important

role in the development of atherosclerotic plaque.

4.2 Effects of Pressure on Particle Deposition in Artery

Early accumulation of low density lipoprotein in the endothelial space seems to be
required to trigger the atherogensis [31]. Mechanisms of transport and distribution of plasma
macromolecules in the arterial wall is strongly correlated with hemodynamic factors [34, 51].
In particular, hypertension is a well known risk factor, especially when associated with
hypercholesterolemia [43].

Tedgui et al. investigated the effects of pressure on the low density lipoprotein and
albumin transport and distribution across the rabbit arterial wall at both low pressure
(70mmHg) and high pressure (160mmHg). Their experiment results showed that artery
pressurized at 70mmHg, the relative concentration of albumin was found to be higher than

that of LDL. This might be due to higher permeability of artery endothelium to albumin than
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LDL. In vivo studies have reported that endothelial permeability to albumin (0.4x10” cm/sec)
was about two times higher than that of LDL (0.2x107 cm/sec) [60]. When the transmural
pressure was increased to 160 mmHg, both albumin and LDL relative concentrations were
increased. Tedgui et al. further suggested that LDL was forced by pressure-driven convection
into a porous material. Concentration profile of LDL showed that most LDL accumulated at
endothelial layer, this is because the media is poorly permeable to the lipoprotein.

However, in an ex vivo study by Chesler et al. presented the different result [61]. They
setup an experiment in vitro to test the pressure effects on particle deposition in live procine
carotid arteries. They cited two mean pressure levels, 100 and 200 mmHg. Their results
showed that surface particle deposition did not significantly change with pressure for either
the steady or the pulsatile waveform, under either no-flow or flow conditions. They explained
this resulted because permeability of artery may decrease slightly with pressure due to radial
tissue compression and compaction, so that increases in transmural fluid flow and thus
accumulation of large particles are not significant as pressure increase. Obviously, their
results were totally different from Tedgui et al. findings. Tedgui et al. reported the endothelial
permeability increased at high pressure of 160 mmHg, the result was due to pressure-induced

wall distension.

4.3 Modeling Mass Transfer in ANSYS
4.3.1 Theory
It was assumed that the molecular transport into the arterial wall is governed by the

three-dimensional convection-diffusion equation. The three-dimensional convection-diffusion
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equation in Cartesian coordinates is:
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In order to model mass transport in ANSYS, a thermal analog which describes the
correlation between mass and heat transport in a physical system is used to perform analyses.
A correspondence between thermal parameters in equation (4.1) and mass transport
parameters is presented in Table 4.1 [36].

Making the appropriate substitutions from the Table 4.1, the governing equation for the

mass transfer analysis is:
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The governing equation is solved by a three-dimensional model in ANSYS. Some
appropriate assumptions are made to simplify the problem:
(1) Assume that the specie we are interested in is low density lipoprotein (LDL), main carrier
of cholesterol into the intima. Even though, there are other molecules such as leukocytes and
smooth muscle cells accumulate in intima.
(2) The diffusion of LDL through the arterial wall is driven by the concentration gradient
(3) Assume that the convection process is associated with the flow of blood in or through the
vessel wall. The flow is driven by pressure gradient of the wall.
(4) Assume that the permeability of the arterial wall to LDL molecules is K = 2x10™um/s

(5) Assume that the convection process is dominated by a transmural flow of fluid through
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the vessel wall, and the convection velocity is determined by a hydraulic conductance.
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THERMAL ANALOG CONVERSION FORMASS TRANSFER MODELING IN ANSYS

TABLE 4.1

[36]

Thermal: Length(m), Mass(kg), Time(s)

Mass: Length(um), Mass(pg), Time(s)

Symbol | Description Units | Symbol Description Unit
T Temperature K C Concentration pe/ng
o | Thermal diffusivity | M?/s D Particle Diffusivity pm?/s
p Density kg/m® p Density pg/um’s
c Specific heat | J/kgK c Mass of particle to | 1
coefficient increase Dimensionless
concentration in unit
mass of tissue by one
unit of concentration
h Film coefficient W/m® h Mass transfer | pg/um’s
K coefficient
k Thermal conductivity | W/m k Particle conductivity | pg/pums
K
q Heat J m Particle mass ug
. Heat transfer rate W(/s . Particle transfer rate | pg/s
q ) m
Heat generation rate W/m’ . Particle  generation | pg/ um3 s
0 per unit volume M rate per unit volume
A% Convection velocity | m/s A% Convection velocity | m/s
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4.3.2 ANSYS Solution Methodology

When the mass transfer involves the solid body and a flowing fluid, the most elaborate
approach to this kind of problem is computational fluid dynamics (CFD). However, CFD is
known to be computationally expensive. A possible solution described in a literature [34] is to
exclude the flow completely from the computational domain and use convection boundary
conditions for the solid model. This method is achieved by either applying a constant
concentration or constant flux on the inner side of the arterial wall. This method has been
greatly applied in modeling drug delivery from stent for treating atherosclerosis [36].

A drawback of this method is the greatly increase in the number of elements needed to
perform a physically valid simulation, because the accuracy of the solution when employing
upwind finite element schemes depends on the element size. In ANSYS, the element size is

calculated based on the Peclet number.

v-L-c
2k

Pe = 4.4)

Where v is fluid velocity, L is the element length, c is the specific heat of the fluid, and k
is the thermal conductivity of the fluid.

To ensure correct simulation results, Peclet must be less than 1 [35]. Therefore, by
increasing fluid speed, the element size has to be decreased. This results in a large number of
elements and therefore requires longer computational time.

In ANSYS, to activate the mass transport function, the key is selecting the proper
element to generate the model. There is only one element type available with this function in

ANSYS, which is SOLID70.

There are five stages in the ANSYS modeling analysis process similar to what we did in
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the thermal analysis: construction of the geometrical mode; determination of appropriate
material properties; determinations and application of appropriate boundary conditions;

solution and post processing.

4.3.3 Geometrical Model

The geometrical model of the arterial wall in this study is presented in Figure 4.1. The
model is presented in a 30 degree view of a wall segment. The wall has a thickness of 1 mm
with the inner surface area being Imm” The model consists of 3600 tetrahedral finite
elements. The mesh of element size gradually increases from the inner surface of wall toward
the outer wall. This is due to the fact that the highest concentration gradient is expected at the
inner wall, also the flow velocity is applied on this surface, therefore it must have the smallest

mesh schemes.

4.3.4 Material Properties and Other Model Parameters
An isotropic diffusivity of 5 Mm?/s was assumed for the LDL through the arterial wall,
based on the diffusivity of LDL molecules in blood. [37]. ANSYS calculated diffusivity
based on the conductivity, density and specific heat capacity. Density of the wall is 1.06 x
10 pg/mm® [27]. The specific heat capacity was prescribed to unity as shown in Table 2, the
conductivity of 5 x 10° Kg/lms was specified to produce the appropriate diffusivity. The
convection flow is determined by the equation:
Vr=L-Ap 4.5)

where Vr is the velocity component in the radial direction, L is the transmural hydraulic
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conductance of vessel wall, Ap is the transmural pressure.

4.3.5 Boundary Conditions

Initial conditions for the model are a constant zero concentration of LDL throughout the
vessel wall. This implied that plaque is cleaned out after the therapy, and there is no LDL
molecules left inside the arterial wall.

The side boundaries (xz and yz planes) are assumed to be adiabatic so molecules diffuse
in radial direction only. Similarly the external boundary is treated as adiabatic, implying that
there is no concentration gradient across this boundary.

A prescribed concentration or a prescribed input flux must be specified at the boundary

at the inlet surface (z=0).
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diffusion

Figure 4.1 Geometrical model of arterial wall in fully meshed used in the mass transfer

analysis.
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4.3.6 Result

In clinical trial, the risk factor to get atherosclerosis disease is measure the LDL
concentration in the blood. It was shown that people has LDL concentration of more than 4.9
mol/L considered very high LDL level and has high risk to get atherosclerosis [38]. Assume
that LDL particles flow in the blood stream, initial concentration of LDL at the artery wall
surface is 0.049 mol/L.

The transient solution of three-dimensional convection diffusion equation is solved by
ANSYS. Time at end of load was set to 800, the time step of 0.01 was used. This returned the
distribution of concentration of LDL in arterial at one month is illustrated in Figure 4.2. From
the Figure 4.2 to Figure 4.4, we can observe that the transport process of LDL molecules
diffuse into arterial wall is very slow. Furthermore, the concentration gradient is not constant
along the wall with the highest concentration gradient which was found at the near wall
surface area, this indicates that a large amount of LDL molecules were deposited in the

endothelial surface area.
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Figure 4.2 LDL concentration distribution within the arterial wall (one month status

post-cryoplasty diffusion).
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Figure 4.3 LDL contour plot of concentration distribution within the arterial wall (one month

status post-cryoplasty diffusion).
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Figure 4.4 LDL contour plot of concentration distribution within the arterial wall (six months

status post-cryoplasty diffusion.
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4.4 Effect of Transmural Pressure

Fluid dynamic plays important role in molecular transport in the vascular system. An
increase in fluid flow, normally known as pressure-driven convection flow or filtration flow,
through the arterial wall may enhance molecules diffuse into the wall. Convection fluid flow
occurs when there is pressure difference between the inner and outer side of the arterial wall.
Previous studies reported that an increase of LDL and albumin transport across the arterial
wall as a result of elevated pressure [39-40].

To show the potential effect of pressure, the analysis is repeated by applying different
pressure and a hydraulic conductance of 10.19 x 10™ km/s/mmHg, based on that measured by
Baldwin et al. [41] in a rabbit artery. The convection velocities are calculated by equation
(4.5). For three different pressures: 90, 120, and 150 mmHg, the corresponding convection
velocities are 0.092, 0.122, 0.153 Mm/s respectively. Assume that in cylindrical coordinates,
convection flow through an arterial wall occurs in radial direction only, means that the
tangential and axis convection velocity components are zero. The results compared with the
diffusion only model is shown in Figure 4.5.

As shown in Figure 4.5, the convection mechanism shows influence on the
concentration distribution of LDL along the arterial wall. Concentration of LDL molecules
are higher in the diffusion and convection model than the diffusion only model, also the
concentration of LDL increases with an increase of pressure or the corresponding convection
velocity. These results shown agreed with Tedgui et al. findings, elevation of the pressure of
the arterial wall may increase the molecules transport into the wall.

In Figure 4.6 and Figure 4.7, the results show that pressure has some influences on the
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inlet flux through the arterial wall. For pressure at 150 mmHg, the inlet flux reaches a steady
state at 0.12 x 10™ pg/um?/s at the fourth month. This result indicates that at a higher pressure,
the convection process of plasma flows though the arterial wall faster, thus more LDL
particles are expected trapping into arterial wall.

In mass transfer of molecules into the arterial wall, both diffusion and convection are
important. When the convection flow is present, convection slightly dominates the transport
process. Also, the convection flow is influenced by the pressure. Transmural convective flow
is particularly interested in drug delivery into the arterial wall by the drug stent [36] as well
as in the research in pathology of atherosclerosis [42].

Moreover, the pressure-driven convection is associated with the arterial hypertension or
high blood pressure. A raised in high arterial hypertension can be induced by several factors
included: high salt intake, smoking, aging, stress, and high levels of saturated fat in the diet
[43]. Nevertheless, in clinical, a high blood pressure or hypertension is often to be believed to
be one of risk factors associated to causing strokes, heart attack, heart failure and arterial

aneurysm.
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Figure 4.5 Effect of transmural pressure for LDL diffusion in the arterial wall after one

month.
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70




Flux (ug/s/um”"2)x10"9

0.18

0.16 +

0.14 -

0.12 A

0.1 4

0.08 -

0.06 -

0.04 -

0.02 A

fffff Pressure=90mmHg
- - Pressure=150mmHg

4

5

6

10

Time (month)

Figure 4.7 Effects of pressure on inlet flux per unit area through arterial wall.

71



4.5 Effect of Permeability in Molecules Transport

Permeability is one of the most important functions of the endothelial membrane. The
endothelial membrane is a thin layer located on the surface of the arterial wall that act as
gates that control the mass transfer between the interior and exterior of the wall. Endothelial
membranes are selectively permeable. This means only certain molecules are allowed to
move in or out of the arterial by diffusion. Assume that the condition of permeability in the
arterial membrane change due to wall remodeling after cryotherapy, there must be a change
in the diffusion rate of molecules across the membrane as well.

Five different values of arterial wall membrane permeability: 2x10%, 4x10™, 6x10™,
8x10™* and 10x10™* pum/s are assumed for analysis. The results of the diffusion rate of the
corresponding assumed permeability are shown in Figure 4.8. The results illustrate that an
increased in the arterial wall permeability results in the increase of the diffusion rate of
molecules into the wall. The permeability of the artery is determined by the membrane, only
a certain amount and certain type of molecules are allowed to enter the arterial wall. The
result shown in Figure 4.8 may be able to explain that when the arterial is injured, large
amount of molecules are expected to diffuse into the injured site since the membrane has lost

its ability to control diffusion rate.
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CHAPTER 5
REGROWTH OF PLAQUE DURING THE POST-CRYOPLASTY PERIOD
The cryoplasty technique for treating diseased arteries shows potential to delay the
period of artery re-clogging and reduce the restenosis rate after angioplasty. However, the
exact mechanism induced by cyoplasty to arterial wall tissue and how it prevent restenosis
still remain unclear. Study of plaque regowth in post-cryopalsty period become important
when the cryopalsty technique may advance to be used in treating atherosclerosis in the
carotid artery and coronary artery. Information quantifications are base on the following
aspects: (1) comparison of angioplasty and cryoplasty (2) influence of low temperatures to

biological tissues (3) effect of blood flow on blood vessel structure after balloon angioplasty.

5.1 A Comparison between Cryoplasty and Angioplasty

Cryoplasty technique is essentially based on angioplasty. Dilation force of the balloon
pushes plaque towards the arterial wall to open up the clogged lumen. Despite using the
dilation force, there must be other mechanics of cryoplasty to get the different results from
angioplasty. Instead of using liquid saline in angioplasty, cryoplasty uses nitrous oxide to
optimize the dilation effects of standard angioplasty. James D., a co-inventor of cryoplasty
claimed that gas from nitrous oxide causes uniform dilation and minimizes the arterial wall
injury, thus preventing the artery from recoiling [53]. Study of restenosis also showed that the
negative remodeling of arterial wall after angioplasty was due to the dilation force induced by
angioplasty causing excess injury to the arterial wall [11].

Despite nitrous oxide ability to minimize the arterial wall injury, cold thermal energy
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transferred to plaque and arterial wall should be the most important factor by using this
technique. Smooth muscle cell proliferation is the most serious problem after angioplasty,
also it is believed that smooth muscle cells play an important role in restenosis [11]. Smooth
muscle cells experience freezing in low temperatures between -5°C to -15°C which results in
a process called apoptosis, known as a natural biologic mechanism that results in the removal
of unwanted tissue via programmed cell death [3]. Apparently, some smooth muscle cells die
by this mechanism, which may postpone the time of restenosis. However, it seems like the

effect is not permanent, since proliferation is observed after a period of time [44].

5.2 Influence of Low Temperature on Biological Tissues

Temperatures below physiological temperature of warm blooded organisms, from about
36°C to -40°C are important to biological tissue. It is because temperatures in this range can
be either used to preserve biological tissues and cells or destroy undesirable tissue. For
example, the cryopreservation technique is used to freeze the cell and store it in a temperature
where all metabolic processes are all arrested. The frozen cell can be thawed to fertilize and
can be used in future clinical research [54]. In the other hand, the cryosurgery is used to
remove and destroy the undesired cancer tumor [55], as well as the recently cryoplasty
technique being proposed for treating the diseased artery [3, 16, 17, 18, 44].

An important change in biological systems during freezing should be the cell membrane.
The cell membrane is important for the cell which isolates the interior of the cell and
sub-cellular components from its exterior. Cell membrane also acts as a gate that controls the

interaction and mass transfer between the interior and exterior of the cell. During the freezing,

75



changes occur in the cell membrane structure and function [56]. The membrane lipids
undergo phase transition as the cell experience cooling. The new lipids configuration fails to
anchor the membrane proteins tightly and a new opened path forms in the cell membrane, this
result the cell membrane looses the ability to isolate the cells interior from its exterior.
Furthermore, uncontrolled mass transfer begins to occur between the cell interior and exterior,
which leads to cell damage [57].

Another key factor that resulted in the cell damaging by freezing depends on the cooling
rate. At a slow cooling rate, cells try to remain equilibrium with the external solution. The
external solution freezes before the intracellular medium because of the protective effects of
the cell membrane. Thus, the outside of the cell becomes more hypertonic and water flows
from the inside to the outside. Removing too much water leads to the death of the cell. At a
fast cooling rate, there is less time for water to move out from the cell, which becomes
supercooled and eventually intracellular ice forms that is inevitably lethal [54]. In contrast, at
a slow cooling rate, cell death is due to long period of exposure to hypertonic conditions; at a
fast cooling rate, cell death is associated with intracellular ice formation. An optimum rate of

cooling by balancing these two phenomena may results an increase of cell survival rate [58].

5.3 Modeling Plaque Regrowth Based on Biofilm Model
Plaque re-growth on the diseased arterial wall is the major problem which limits the
current available techniques for treating atherosclerosis. Restenosis or plaque re-growth
occurs in 20-50% of patients after balloon angioplasty and in 10-30% of patients receiving a

stent [2]. Even in the most recently proposed technique, cryoplasty, 17% of patients were
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found where retenosis occurred at the diseased site after 12 months of receiving treatment [3].
Retensosis involves complex processes which include proliferation of smooth muscle
cells inside the internal elastic lamina and migration of smooth muscle cells into the intima
and accumulation of macromolecules in the intima again [11].
In this section, biofilm growth model was quantified and applied to model the plaque
re-growth in diseased artery. To the best of the author’s knowledge, no particular model such
as the biofilm growth model has been used for atherosclerotic plaque. This is the first attempt

to model plaque re-growth based on biofilm model.

5.3.1 Biofilm Model and Capability
Biofilms are communities of bacteria that attach to surfaces and form heterogeneous
three-dimensional structures [62]. Most often, biofilms are unwanted and related to diverse
problems as microbial induced corrosion of oil rigs and pipelines [63], food and drinking
water contamination [64], dental caries and periodontal diseases and a variety of
biomaterial-centered infection in man [65].
The formation of a biofilm can be summarized in the following sequences [66]:
1. When organic matter is present, a conditioning film of adsorbed components is
formed on the surface prior to the arrival of the first organisms
2. Microorganisms are transported to the surface through diffusion, convection,
sedimentation or active movement
3. Initial microbial adhesion occurs

4. Attachment of adhering microorganisms is strengthened though exopolymer
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production and unfolding of cell surface structures
5. Surface growth of attached microorganisms and continued secretion of exopolymers
6. Localized detachment of biofilm organisms caused by occasionally higher fluid shear
or other detachment forces operative
From above sequences of biofilm growth, the mechanisms of biofilm formation are very
similar to plague buildups. Even though the processes of plaque buildups may be more
complex than biofilm, since the events include the inflammation of smooth muscle cells and
migration of smooth muscle cell from media to intima. Even more complicated event such as
LDL particle being oxidized and transformed into a macrophage. However, the biofilm
growth model provides the basic rules and steps of how the plaque grows on the diseased
arterial wall.
The schematic of steps in plaque formation is presented in Figure 5.1. The growth of
plaque is modeled in the following steps:
1. Injured of endothelial surface due to hypertension or other factors resulted in
increase of arterial wall permeability.
2. Particles enter the endothelial surface either by diffusion or convection process.
3. Large amount of particles accumulated in arterial wall surface and activate the

growth of atherosclerotic plaque.
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Figure 5.1 Schematic of the steps in plaque formation
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5.3.2 Plaque Growth Model

The biofilm model applied in this modeling is based on the multi-species biofilm model
given by Wanner et al. [67]. The model is a one dimensional model in space with biofilm
growth only normal to the substratum. A biofilm consists of different compartments including
the substratum, the biofilm and water. To simplify the problem, assume that only one liquid
phase and one solid phase in this modeling. The total plaque region is given by:

e +e, =1 (5.1

where ¢; and e; are fractions of liquid phase and solid phase in total plaque volume.
Liquid Phase:

The mass balance of molecular particles in liquid phase is given by
— L =-V-J, +7, i=1l.... N (5.2)

where C;; r;; are the concentration and the production rate of the dissolved particles i in liquid
phase /.
The flux J;; of particles in the plaque, due to diffusion, is assumed by Fick’s first law as
J,,=-D, (X)VC,, (5.3)
where DI; ie the diffusion coefficient of dissolved particles 7 in the plaque. Substitute (5.3) to

(5.2) gives

oe,C,
ot

==V (Dl,i(X)VCI,i )+ T (5.4)

Solid Phase:

Under the same assumptions, the mass balance for the solid phase in the plaque is given
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I (5.5)

where p; is the density of solid phase, 15 is the production rate of the solid cells, and J; is the
flux of the solid components within the solid phase. The main assumption behind this is the
solid plaque phase is mainly subject to a common advection process [68], means that if one
particle moves, it causes displacement of its neighboring particles. The J; will be the an
advection flux and is given by
J, =v.pe, (5.6)

where vs= vy(X.,t) is the velocity vector of the solid phase in plaque.

Assume that the plaque growth is predominated normal to the endothelial surface only, it
implies that

v, =0 ) (5.7)

on o

where 1 is defined as the direction perpendicular to the endothelial surface, substitute (5.7)
into (5.5) gives

%g£=—§%QM£J+n (5.8)

Assume constant density ps and volume fraction es so equation (5.8) simplifies to

ov, _ 7 (5.9)
on  enp,

Integrating from 0 to n , with boundary condition that the plaque growth velocity v; at

the endothelial surface is zero, then we obtain

v, =——['rdn (5.10)
eSpS

Let L, = L,(&,t) be the height of plaque growth at the space point & and time t. Assume
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that at each point & along the surface, the interface is moving at the velocity Vi normal in the
endothelial surface. Then, the movement of the interface is due to the effect of the plaque
growth in term of vy, which gives

Viep, =v,(L, e, o, (5.11)

Furthermore, Vi is related to L, by

dL,(&.1)
V,=—%t—= 5.12
/ 7 (5.12)
Combine equation 5.10, 5.11 and 5.12, we obtain the plaque growth equation
dL (&t 1 :
(&) _ fﬁﬁyn (5.13)
dt e.p,

Since the r; depends on the C;;, the above equation is coupled with the concentration
equation (5.4) in the liquid phase.
Plaque Kinetics

Assume that the plaque growth rate r; can be modeled by Monod Kinetics [68]

pscli
T bp 5.14
K+C, o, (5.14)

rS = /umax

as well as production rate of dissolved particles in liquid phase

C,
py, = Ko LTt (5.15)
i Y K+C,

5.3.3 Numerical Results
Modeling plaque growth was attempted based on the biofilm growth model. The
parameters used in plaque growth simulation are listed in Table 5.1. The simulation result is

shown in Figure 5.2. As shown in Figure 5.2, the result shows that plaque grew very fast at
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the initial stage then the process slowed down after 15 days. The model result may not fit the
real plaque growth well since many real boundary conditions and parameters are unknown.
For example, detachment rate is important in the biofilm model, part of the biofilm may be
detached from the substratum due to erosion, factors of erosion included nutrient supply,
biofilm thickness and hydraulic shear [69]. The problem is that detachment mechanism is
unclear in plaque buildup, though we can consider thrombosis or rupture of plaque as
detachment. The problem is thrombosis release the particles from plaque into the blood
stream, instead of reducing the plaque volume, the plaque expands even larger due to cells
migration from the arterial wall. However, without including the detachment term, the
process of plaque growth may continue forever, since the plaque will never reach the steady
state.

Furthermore, the plaque kinetics is not known, although Monod Kinetics was assumed
in this modeling. The Monod kinetics model makes modeling extremely difficult to get
realistic result because the Monod saturation coefficient, the endogenous decay coefficient
and the yield of cell material, as these terms have to be derived from experimentation. In
contrast, biofilm growth model can possibly be applied in plaque growth if the parameters

used in simulation can be obtained from experiment approach.
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TABLE 5.1

PARAMETERS USED FOR PLAQUE GROWTH MODEL

Parameter Description Value Units
Cii Initial concentration 100 pg/pm
el Fraction of liquid phase | 0.8

of plaque
es Fraction of solid phase | 0.2
of plaque
Ts Growth rate of solid | 0.8 pg/pm
cells
Umax | Maximum specific | 7.0 1/sec
growth rate
K Monod saturation | 1.0 pg/pm
coefficient
b Endogenous decay | 1.0 1/sec
coefficient
Y The yield of cell|0.69
material from Cy;
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Figure 5.2 Thickness of plaque growth as a function of time
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CHAPTER 6
CONCLUSION

Research on cryotherapy ablation has actively been pursued while cryoplasty has shown
initial potential to treat atherosclerosis disease by using a controlled freezing method. In this
thesis, it has illustrated using element method to study the heat and mass transfer inside the
arterial wall and tissue in ANSYS. It was shown that ANSYS is a powerful tool to investigate
and answer some phenomena related to medical aspects.

In heat transfer modeling, it was shown that the single treatment temperature of -10°C
used in the cryoplasty procedure may not be effective to complete ablation for plaque with
different thickness. Lower treatment temperatures as low as -110°C may be required for the
patient who has 80% blocked in the lumen. Furthermore, inclusion of the blood perfusion rate
results some effects on the temperature distribution change inside the arterial wall during the
treatment. Four blood perfusion rates (wy: 0, 0.0014, 0.0028, 0.0056 7, m s ") were assumed
for comparison. It was found that the temperature of the frozen tissue is significantly lower
by an increase in blood perfusion. The artery-plaque interface temperature in ©, =
0.0056m,;m,>s™" case was 7°C higher than the no blood perfusion case after the model was
subjected to a freezing temperature -120°C for 30 seconds.

Different types of plaque were also subjected to their thermal characteristics. Applying
an equal amount of freezing temperature for all three cases resulted in higher temperature
drops for calcified plaque. Calcified plaque is followed by fatty plaque then fibrous plaque in
their ability to absorb thermal energy. The difference between plaque types is 5°C between

calcified and fatty at the peak plaque temperature. The difference was much less for fibrous
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plaque with an approximate 0.8°C difference in comparison to fatty plaque.

In the mass transfer model, the result of modeling showed that both diffusion and
convection play important roles in plaque buildup. When the convection flow is present, the
diffusion process was slightly dominated by convection. The modeling results also showed
that the concentration of LDL along the arterial wall is essentially increased when the wall
pressure difference is set to 90, 120, and 150 mmHg respectively, which is consistent with the
previous studies. Moreover, the result of convection is due to hypertension of the artery, this
can partially explain the person who has high blood pressure may have a higher risk of stroke
or heart attack.

Five different values of arterial wall membrane permeability: 2x10*, 4x10™*, 6x107,
8x10™ and 10x10™* pm/s are assumed for diffusion test. The result of diffusion rate of
corresponding assumed permeability illustrated that an increase in the arterial wall
permeability results increase the diffusion rate of molecules into the wall. This reveals that
permeability change of artery due to injury or other conditions in arterial wall membrane,
maybe result in a larger amount of molecules diffusing into the injured site and contributing
to plaque buildup due to the membrane loosing its ability to control the mass transfer between
arterial wall and blood stream.

The last part of the thesis, demonstrated the plaque growth based on biofilm growth
model. The model works well for current problems, except some parameters needed to be
determined by experimental method, also some other phenomena need to be added into
model such as migration of smooth muscle cells from arterial to plaque.

Future study should focus on measuring proper physical properties of vascular tissue in
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low temperature, since tissue is different from other materials because of the presence of a
vascular system and its associated blood flow. Furthermore, accuracy of finite element
modeling is based on the accurate tissue properties being assigned. Temperature changes in
living tissue maybe have a largely different value in the frozen state when a phase change is
considered. In mass transfer modeling, a preferred model should couple the blood side
transfer as well as the artery geometry, since hemodynamics has been regarded as an

important factor linked to blood vessel disease.
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APPENDIX A

ANSYS DESCRIPTION AND THEORY

ANSYS is a commercial finite element program, and one of the leading solvers in this
segment of commercial software. ANSYS can solve various physical problems such as stress
analysis, heat transfer problems, fluid flows problems as well as magnetic field calculation.
Current released version of ANSYS is ANSYS 10.0.

The graphical user interface (GUI) is activated once the ANSYS starts. GUI contains
five major windows, which are the utility menu, the toolbar window, the command window,
the main menu and the graphic window. CUI provides a user-friendly environment in ANSY'S.
Users have two options either type ANSYS command directly into the command window
without using the short cut functions or use the short cuts to access various functions
provided in the toolbar window for those users who are not familiar to the ANSYS
commands.

A model should be created before ANSYS can generate the finite element mesh. A
model of physical problem can be directly created in the ANSYS or imported from other
compatible commercial CAD software such as PRO/E®. Once the model is created, the mesh
is generated based on the elements chosen by user in the element type function. Besides that,
various types of size control of elements are also available. At this stage, the boundary
conditions may be applied using the functions in solution menu. After all the boundary
conditions for the problem are defined, the solution is initiated. Once a solution is obtained,

the results can be analyzed in a general processor or a time history processor. Using a general
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processor, various graphics display, such as stress distribution can be generated. To obtain the
solution of time dependents problems, the results can be analyzed in time history processor.

To solve the time dependent problem, ANSYS uses the Newton-Raphson method. The
Newton-Raphson method is well documented in the literature. Tjalling J. Ypma gives a
historical review of development of the Newton-Raphson Method in his publication [60].
Only basic idea behind the method will be presented.

The Newton-Raphson method is an interative method to finding the root of equations of
the form f (x) = 0, where the f (x) is assumed to have a continuous derivative f". The idea of
Newton-Raphson method is essentially a graphical method, which finds the tangent line of
the function at the current point and uses the zero of the tangent line as the next reference

point. The process is repeated until the root is found. The interative algorithm is expressed as

_y &) (A1)

VA
The derivative of the function is often approximated by a finite difference of the form
)= b+ hy) = f(x)] (A2)
Where X, = Xjis the starting point for the interation and X, is a free chosen X value. Should
the derivative be 0 at any point, another X, may be chosen to reach convergence. To avoid
endless result for a poorly chosen X, value, usually a maximum number of interation is

programmed into the numerical code.
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APPENDIX B

FINITE ELEMENT FORMULATION OF PENNES BIO-HEAT EQUATION

Pennes bio-heat equation can be solved either by finite element or finite difference
method. However, when an analysis is performed in complex geometries, the finite element
method usually handles those geometries better than finite difference method. In he finite
element method, the domain where the solution is sought is divided into a finite number of
elements. Recall the Pennes bio-heat equation:

or
pie, = =V VT) + 0pyc, +4, (B.1)
Apply the method of weighted residual to equation (B.1) with a weight function, w, over

a single element Q. , results in:
oT
dw p,c,E—V-kVT—a)pbcb(Tb ~T)-gq, +dQ, =0 (B.2)
Qe

Integrating equation (B.2) by parts creates the weak statement for the element

4wp[c,8—TdQe+<{ k 5_w8_T+8_w8_T+6_w8_T +waop,c,T :dQ, =
a, ot a Ox Ox Oy Oy 0Oz Oz

lew(wpbchb +q,,)dQ, ~ IW(Q'ﬁ)dre (B.3)
QE rﬂ

Here, I'. is the surface element. The temperature variation inside the element can be

expressed by

m

T(x,y,2)= 2 N,(x,».2)T, (B.4)

i=1

where 1 is an element local node number, m is the total number of element nodes and N is the
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shape function associated with node i. Using the Galerkin method, the weight function w is
chosen to be the same as the interpolation function for T. With this, the weak function

statement in equation (B.3) can be written in matrix form as

e J el e ®3)
The matrix B, the local stiffness matrix [K s ], the local capacitance [C ¢ ], and the residual

vector {Re} for each element are given by

[ON, ©ON, oN,, |
o ox o
oN, oN, N
Bl=| 'y & = o (B.6)
N, aN, N,
Oz 0z oz
k<= (k[BY [B]+ wp,c, NNk, (B.7)
[c]= Jpc, V)N, (B.8)
R }={(g,, +ap,c,T, (N2, — [q,dr* (B.9)

Evaluation of each element in the form of equation (B.5) and then assembling into the

global system equations for each node in the domain yields

{R} (B.10)

e+
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This set of equations can be solved with any kind on numerical integration in time to
obtain the approximate temperature distribution in the domain. For example, use the

Crank-Nicolson method

Skl =( ke Llne R ®) @

2

where the subscript n+1 donates the current time step and the subscript n, the previous time
step.

The steady state finite element formulation of the Pennes bio-heat equation is obtained
similary to equation (B.11) and takes the form

K JTi={r} (B.12)

It is obvious from the equation (B.1) to (B.12) that, in general, the finite element
formulation of the Pennes bio-heat equation resembles that of the finite element formulation
of conduction heat transfer in inanimate systems. The main difference is that in the stiffness
matrix, there is a term related to the volumetric blood flow in tissue and in the residual, force
vector {R}, there are terms related to the arterial blood temperature and the metabolic heat
generation. Stability and accuracy of numerical integration as a function of the equation

matrices remains the same as in conventional inanimate heat transfer.
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