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ABSTRACT 

In this dissertation, a methodology for comparing large arteries and 

tissue engineered vascular grafts is presented. This methodology is based on 

general porohyperelastic transport swelling theory (PHETS). Suites of 

experiments are introduced to determine material and transport properties of 

each vessel. These properties include elasticity, permeability, diffusivity, 

and convection coefficient. Finite element models (FEMs) were then used 

to model investigate arterial wall fluid flow and mobile species transport 

under quasi-static and pulsatile conditions. 

Rabbit carotid arteries were compared to rabbit aortas. The carotid 

was more elastic and permeable then the aorta. The pulsatile fluid wall flux 

was very different from the quasi-static and pulsatile in vivo conditions in 

these vessels. Tissue engineered vascular grafts (TEVGs) were fabricated in 

a bioreactor using high and low wall shear stress conditions. The elevated 

stiffness of ePTFE TEVGs significantly affects the fluid and species 

transport under both quasi-static and pulsatile conditions. A repeating 

influx/efflux condition developed in the large arteries and TEVGs during 
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pulsatile pressurization. These conditions provide fluid/species transport 

pathways in arteries and TEVGs in pulsatile environments. 

The theoretical basis for ABAQUS FEMs coupled 

convection/diffusion of neutral species and water was developed. This will 

allow the analysis of mobile species concentration and flux in complex 

FEMs of soft biological structures. The theory and FEMs should also be 

useful in the study of vascular diseases, TEVG development, and drug 

transport in soft tissues. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Mankind has been studying the human body for centuries. From 

Aristotle's description of human anatomy and function of internal organs in 

On the Parts of Animals to the discovery of blood circulation by William 

Harvey in the 16^'' century to Balthasar van der Pol's models of the heart and 

a realistic looking electrocardiograph. Great advances have been achieved 

in this field. The study of soft tissues has been going on for over 400 years. 

The last 25 years has seen significant advances in theories and experiments 

to model soft tissues. 

The modeling involved in this dissertation is based on 

porohyperelastic transport swelling theory (PHETS) developed by Simon 

and Kauffman (1996). While PHETS can be used to model any soft tissue, 

it is used here to model large arteries and tissue engineered vascular grafts 

(TEVGs). Large arteries, such as the aorta, carotid and femoral arteries, 

transport blood to all parts of the body. Diseases of these arteries, such as 

atherosclerosis, cause a buildup of plaque in the lumen of the artery that can 
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cause the artery to be occluded. In recent years, synthetic grafts have been 

used to bypass the blockage. 

According to the American Heart Association, in 2001, cardiovascular 

disease was the number one cause of death for all males and females in 

America. When broken down even ftirther, either coronary heart disease or 

other diseases of the arteries caused 58% of all cardiovascular related deaths 

in the United States. Having a family history of cardiovascular disease and 

experiencing its effects firsthand, the research presented in this dissertation 

was performed. 

1.2 Arterial Tissue Description 

Soft tissue structures can be viewed as a fibrous solid matrix saturated 

by mobile fluids with a non-linear, anisotropic stress-strain relation. Soft 

tissues have a variety of mechanical and transport properties depending on 

the ftinction of the tissue. Of the many soft tissue structures found in the 

body, this dissertation will focus on large arteries as well as the tissue 

engineered grafts used to replace damaged arteries. 

Large arteries are complex biological materials composed of three 

layers: the intima, the media and the adventitia. The intima is the innermost 

layer with a simple squamous endothelial cell lining, the basal lamina, and a 
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subendothelial layer composed of collagenous bundles, elastic fibrils and 

smooth muscle cells. The subendothelial layer is usually only found in large 

elastic arteries. The endothelial cell layer acts as a interface between the 

blood and the vessel wall. It is a barrier that regulates fluid and species 

transport through the artery wall. The endothelial cells respond to various 

stimuli such as vascular wall deformation, normal stress, shear stress, 

chemical agents and cell damage. These stimuli can cause the endothelial 

cells to alter the transport of fluid and mobile species through the arterial 

wall. For example, it has been observed that damage to the endothelial cells 

may cause an uptake of low density lipoproteins (LDL) to that portion of the 

vessel wall, thereby increasing the possibility of atherosclerosis. 

The media is made up of smooth muscle cells and an extracellular 

matrix composed of collagen fibers, elastin matrix and glycoaminoglycans. 

The smooth muscles are attached to the fenestrated elastic lamellae. The 

smooth muscles react to a number of stimulants that change muscular 

tension and alter the size of the lumen of an artery. The media makes up the 

bulk of a large artery. The adventitia is located on the outside of the artery 

and is composed of collagen fibers, elastic matrix, some smooth muscle 

cells, glycoaminoglycans and fibroblasts. This is a loose layer that gives 
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support to the artery. Also arteries with a diameter greater then 1mm 

contain vasa vasorum that are small blood vessels located in the adventitia 

which supply the vessel wall with nutrients 

The structure of blood vessels varies along the arterial tree. In large 

arteries the number of medial layers increases with wall thickness. In 

smaller arteries, the relative wall thickness is increased, elastin is less 

prominent in the media. With increasing distance from the heart, eventually 

only the inner and outer elastic laminea can clearly be seen. Table 1-1 

shows the composition of the media and adventitia layers in three different 

arteries. 

Pulmonary Thoracic Plantar 
Artery Artery Artery 

Media 
Smooth Muscle 46.3 ± 7.7 33.5 ± 10.4 60.5 ±6.5 
Ground Substance 17.2 ±8.6 5.6 ±6.7 26.4 ± 6.4 
Elastin 9.0 ±3.2 24.3 ± 7.7 1.3 ± 1.1 
Collagen 27.4 ± 13.2 36.8 ± 10.2 11.9 ±8.4 

Adventitia 
Collagen 63.0 ±8.5 77.7 ± 14.1 63.9 ±9.7 
Ground Substance 25.1 ±8.3 10.6 ± 10.4 24.7 ± 9.3 
Fibroblasts 10.4 ±6.1 9.4 ± 11.0 11.4 ±2.6 
Elastin 1.5 ± 1.5 2.4 ±3.2 0 

Table 1-1 Percentage Composition of Media and Adventitia of Arteries 
at 7/1 Vivo Blood Pressure (Fung, 1993) 
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Arteries exhibit a highly nonlinear, history-dependent response to 

mechanical loading. In vivo arteries are subjected to constant axial tension. 

This tension causes arteries to be subjected to a constant state of stress. If 

placed under a different stress state, the artery will remodel itself to return to 

its natural state of stress (Fung, 1990). 

The artery can be considered to be a cylinder under internal pressure 

and axial stretch. Under normal conditions, this loading would produce 

large gradients in the hoop stress distribution through the wall and large 

values of stress (aee) at the inside surface where the fragile endothelial cells 

reside. Fung postulated that an artery may remodel itself to decrease these 

large stress and strain gradients, lower internal values of aee, and produce a 

nearly uniform hoop stress through the wall. The artery, through 

physiological adaptation, applies a bending pre-stress on itself in order to 

counteract the elevated stress effects associated with the internal pressure. 

This pre-stress manifests itself as an "opening angle". If a segment of artery 

was excised and then cut axially, the section would open due to the pre-

stress, creating an opening angle as seen in Figure 1-1 (Fung, 1990). The 

pre-stress and therefore the opening angle in an artery is variable depending 

on its location in the vascular network and local stresses. 
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a<180° 

Figure 1-1 Cross-section of Stress Free State of Artery 

J.J Transport  in Arteries 

Endothelial cells line all blood vessels from the largest arteries down 

to the smallest capillaries. The endothelium acts as a living barrier, barring 

passage to some solutes while opening its gates to others. The endothelial 

transport in arteries is the focus of this section. 

Transport across the endothelium has been historically characterized 

by the following two membrane transport equations (Kedem, 1958): 

J, = Lp{^P-(T^n) 

. . _ (1-1) 
j, = p,hc+(\-a)j.c 

(1-2) 
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where Jy, is the volume fluid flux across the endothelium, Js is the solute 

flux, AP is the pressure differential across the endothelium, Att is the 

osmotic pressure differential, AC is the solute concentration differential, cris 

the reflection coefficient, Lp is the hydraulic conductance, Pq is the diffusive 

permeability, and C is the mean intramembrane solute concentration. 

Equation 1-2 is broken into two parts, the first is the diffusive driving force 

of the solute and the second is the convective force driving the solute across 

the membrane. When a = 0, equation 1-1 is referred to as "Starling's law" 

from Starling's hypothesis that fluid transport across microvascular walls is 

determined by the transmural difference in hydrostatic and oncotic pressures 

(Starling, 1896). 

Equations 1-1 and 1-2 have been used to define the transport 

properties {Lp, PQ, d) in vessels based on experimental measurements to 

transendothelial fluxes in the presence of the driving forces {AP, An, AC). 

These two equations are based on the assumption that both water and solutes 

share a single pathway across the endothelium, which is not always valid. 

Dull et al (Dull, 1991) measured and Jg of albumin across bovine aortic 

endothelial cells (BAEC) monolayers in vitro and their suggested that there 

are at least two pathways for transport across the endothelium. 
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In the 1950's, Pappenheimer et al (Pappenheimer, 1951) developed a 

pore theory of capillary permeability that predicted the transport of small 

hydrophilic solutes through water-filled channels of radius about 4 nm. 

These pores were assumed to be the clefts or junctions between endothelial 

cells. Later, Grotte (Grotte, 1956) observed that although the clearance from 

plasma of small solutes declined rapidly as their molecular size increased, 

the clearance of large molecular weight molecules only decreased slightly 

with increasing size. Grotte hypothesized that there were two sets of pores 

in microvascular walls to account for this. One set with radii of around 4 nm 

which Pappenheimer proposed, the other were large pores with radii of 40-

60 nm which were responsible for macromolecular permeability. The 

transport of small solutes would be rate limited by the number of small pores 

in an area while macromolecules would be dependant on the frequency and 

dimensions of the large pores. 

An alternative hypothesis to large pores was proposed by Palade 

(Palade, 1960) after electron micrographs showed that endothelial cells 

contained many small vesicles. Palade proposed that vesicles were involved 

in transport across the endothelial layer in a process that has come to be 

known as "transcyctosis" (Simonescu, 1979). There has been many 
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references supporting transcyctosis by labeling vesicles with electron-

opaque tracers (Bums, 1968a; Bums, 1968b; dementi, 1969a; dementi, 

1969b; Kamovsky, 1967). Simionescu et al. (Simonescu, 1975) suggested 

that vesicles might fuse to form a pathway in which water and small 

hydrophilic solutes might be exchanged through convection and diffusion. 

In a article reviewing this subject in 1994, Rippe and Haraldsson (Rippe, 

1994) indicated that many measurements of the transport of large molecules 

between plasma and tissue showed a large convective component, and 

concluded that there was little positive evidence of this supporting 

transcyctosis. Althougth it now appears that vesicles do play a role in 

transendothelial transport of macromolecules, macromolecular transport is 

primarily convective in nature (Renkin, 1974; Taylor, 1984; Taylor, 1977, 

Haraldsson, 1984; Rippe, 1979). 

The transport properties of the endothelium are constantly changing 

dependent on their fluid stress environment, interaction with molecular 

signals and solute to be transported. Jo et al. first demonstrated the effect of 

fluid shear stress on endothelial transport in 1991 (Jo, 1991). By 

subjugating bovine aortic endothelial cell (BAEC) monolayers to a 10 

'Y 
dyne/cm shear stress, the diffusive permeability (Pq) increased 10 fold in 
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one hour. The Pq returned to normal two hours after the removal of the 

shear stress. Later, the affect of shear stress on hydraulic conductance was 

demonstrated by Sill et al. (Sill, 1995). BAEC monolayers were exposed to 

20 dyne/cm^ steady shear stress for one hour during which the Lp increased 

significantly. 

Recant studies on BAEC have shown that the increased shear stress 

stimulates a nitric oxide (NO) production which mediates the change in Lp, 

where the albumin Pq response is shear stress is independent of NO (Chang, 

1998). The Pq response was measured in the absence of water flux however 

and it is unknown if water flux and shear stress together will illicit a 

response. It has been documented in tests where water flux and albumin 

flux were measured simultaneously that Pq increases as Jv increases 

suggesting that water and albumin share a common pathway (Dull, 1991). 

Another factor which must be considered when examining species and 

fluid transport through the endothelium is "concentration polarization". 

Concentration polarization occurs when there is an accumulation of plasma 

proteins on the surface or within the intercellular junctions. The elevated 

protein concentration could lead to an increase in the concentration gradient 

across the endothelium and an increase in Js. The proteins can also be a 
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resistance to fluid flow where they accumulate, therefore decreases the total 

volume flow, J„, through the endothelial layer (Colton, 1972; Keller, 1974; 

Tarbell, 1988). It has been proposed that if a significant concentration 

polarization layer exists, increased shear stress on the layer will thin the 

layer and therefore increase the volume flow, Jy,, while decrease the solute 

flow, Js. Removal of the shear stress will return the concentration 

polarization layer back to its original state (Tarbell, 2003). 

Lever et al. (Lever; 1992) measured volume flow through rabbit 

common carotid arteries perfused with solutions containing 1% to 4% 

albumin with a luminal flow shear stress ranging between 0.57 - 1.65 

dyne/cm . Lever reported an increase of approximately 30% in when 

shear stress was applied which returned to normal 30 minutes after removing 

the shear stress. However, he did not find a coorelation between the level 

and shear stress and the amount the volume flow increased. Sill et al. (Sill, 

1995) reported a 2.16 fold increase in hydraulic conductance, Lp, when 

bovine aortic endothelial cells cultured on porous supports were given a 

shear stress ranging fi*om 0 to 10 dyne/ cm^. The Lp remained elevated for 

120 minutes after shear stress was removed, but after adding chemical 

agonists the Lp returned to normal levels. Chang et al. (Chang, 2000) 
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repeated Sill's experiment but also showed that by preincubating the cells 

with nitric oxide synthatse (NOS) inhibitor, the change in Lp could be 

blocked. Chang concluded that the response of Lp to shear stress is 

associated with mechano-chemical transduction of the shear stress by the 

endothelial cells and not concentration polarization. 

1.4 Atherosclerosis 

Cardiovascular diseases are the main cause of death for middle aged 

and later adults in the Western world. These diseases cause morbidity and 

mortality and escalate the costs of health care. One of the main 

cardiovascular diseases is atherosclerosis. Atherosclerosis comes from the 

Greek word athero meaning gruel or paste and sclerosis meaning hardness. 

A "hard paste" is a good description of what Von Hallar saw in 1775 when 

he studied the disease (American Heart Association, 1999). 

Atherosclerosis is the major contributor to myocardial and cerebral 

infarction, gangrene and loss of function to the extremities. Atherosclerosis 

thickens the arterial tunica intima with deposits called atheromas or 

atherosclerotic plaques. These deposits narrow the arterial lumen, restricting 

the flow of blood through the artery. Roaming free blood clots or arterial 
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spasms can cause the artery to become completely occluded. An illustration 

of a cut away, atherosclerotic plaque is found in Figure 1-2. 
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Figure 1-2 Atherosclerotic Plaque in Artery 

(Published with permission from ADAM) 

Artherosclerotic plaques are not uniformly distributed through out the 

vascular tree but are most common by found at branches in arteries, 

coronary arteries, abdominal aorta and lower extremity arteries. Plaque 

initiation in these areas is believed to be caused by low shear stress, low 

flow velocity, and flow separation and oscillation in wall shear direction. 

These conditions allow for an increased residence time for circulating 

particles and an increased spot of fluid pressure (Deng et al., 1995; Asakura 

etal., 1990). 
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It is notable that atherosclerosis is seldom, if ever, found in the splenic 

artery and the internal mammary artery. Both of these arteries are identical 

to other arteries except in one point; they have a more stable internal elastic 

lamina. There is currently research being conducted on this phenomenon 

(Williams SK, 1999) 

Of the several etiological theories of atherogenesis, the most accepted 

theory is the response-to-injury hypothesis originally introduced by Virchow 

in 1856 (Vircaow, 1856). This hypothesis states that several sources of 

injury to the endothelium can lead to endothelial cell dysfunction. The 

endothelial barrier is then compromised and agents such as LDL are able to 

migrate through to the subendothelial space. The LDL is exposed to 

proteoglycans and to macrophages that have also penetrated into the vessel 

wall. The proteoglycans modify the LDL, which is then quickly taken up by 

smooth muscle cells and macrophages via non-LDL receptor pathways. 

Some LDL is also oxidated by reactive oxygen species generated by the 

macrophages or endothelial cells. The oxidation process generates products 

with chemotatic properties for monocytes and factors that inhibit the motility 

of the macrophage. The macrophages are prevented fi-om exiting the 
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subendothelial space and stay creating further stimulation of LDL 

modification (Groot et al., 1988). 

The oxidized LDL is toxic and therefore is quickly taken up by the 

macrophages via the acetyl-LDL receptor. The high uptake of oxidized 

LDL causes an accumulation of oxidized debris (ceroid) and cholesteryl 

esters. This converts the macrophages into foam cells. The foam cells 

cannot survive as a result of engorgement with LDL and debris and dies. 

This produces cellular debris in the extracellular matrix. The macrophages 

also secrete bioactive lipids and growth factors that stimulate smooth muscle 

proliferation and migration in the intima. The smooth muscle cells are also 

stimulated by the decrease in NO generated from the damaged endothelial 

cells (Kocher et al., 1989) and platelet-derived growth factor (PDGF) 

released from activated platelets (Legrand et al., 1989). As the plaque 

develops various extracellular matrix molecules accumulate to form a lesion. 

One of the major proteins in these lesions is collagen. Approximately 

one-third of the dry weight and 60% of the total protein content of an 

advanced atherosclerotic plaque is collagen. The main type of collagen 

present is type I, but types III, IV and V are also present in lesser amounts 

(Wight, 1989). Elastin is also seen in plaque. The elastin in atherosclerotic 
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plaques has been found to include a much higher content of polar amino 

acids than the elastin in normal arteries. LDL can bind to these elastin 

molecules and interfere with the normal elastic recoil of the molecule. 

Calcium deposition also appears to occur in the elastin fiber as well as in the 

lipid deposits. The process by which calcium binds with the elastin is still 

unknown, but there might be a direct bonding of the Ca to the ionic 

backbone of the elastin (Wight, 1989). 

There is a great amount of variability in arterial wall lesions. Many 

lesions are dense and fibrous, whereas others may contain large amounts of 

lipid and necrotic debris. The distribution of lipid and connective tissue in 

the lesion determines whether it is stable or there is a risk of rupture or 

thrombosis. 

1.5 Fundamental Work 

1.5.1 Synthetic Vascular Grafts 

The first treatment for patients diagnosed with atherosclerosis is to 

reduce their risk factors by reducing cholesterol levels, lowering high blood 

pressure and quitting smoking. If lifestyle changes cannot control 

atherosclerosis, the next step is drug treatment. While there is currently no 
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drug that can remove an atherosclerotic plaque, there are drugs available that 

offer partial success. If all other treatments fail, diseased arteries may be 

treated with balloon angioplasty, stents, and bypass surgery. 

Angioplasty carried out using a balloon-tip catheter in the 

atherosclerotic artery. The balloon is inflated, breaking up the plaque and 

enlarging the lumen of the vessel. The balloon cracks up the plaque and the 

artery much like cement due to the calcium build up in the lesion. Since the 

artery is in a weakened sate with cracks running through it, often, metal 

stents are placed along the vessel wall to help keep the vessel open and help 

with vessel spasms. 

Bypass surgery involves grafting a blood vessel or artificial graft on 

the diseased artery in order to bypass blocked portions. Autologous blood 

vessels from the leg or the internal mammary artery are often used as bypass 

conduits. However, a growing portion of the population is suffering from 

advanced systemic vascular disease while autologous vessel grafts may be 

unavailable. In this circumstance, synthetic vascular implants are used. 

Small caliber prosthetic grafts have a much lower patency rate then 

autologous venous grafts. A two-year study showed saphenous vein grafts 

had a 70% patency rate compared to only 30% rate with prosthetic grafts 
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(Michaels, 1989). Synthetic vascular grafts are often the last choice in 

treating atherosclerosis. 

With the great increase of arterial injuries that accompanied World 

War II, there was a great need in finding alternative arterial substitutes. The 

inconvenience of procuring autologous arterial replacements prompted 

research in finding synthetic vascular grafts (Donovan, 1949). Since then, 

synthetic vascular grafts have developed together with the development of 

materials used to make them. During the late 1980's and early 1990's, the 

majority of biomedical implants were constructed from materials that were 

already available and were applied to humans on a trial and error basis 

(Ratner, 1987; Ratner, 1993). 

The first attempts for synthetic grafts involved replacing blood vessels 

with grafts made of glass or polished methyl-methacrylate. These grafts 

were soon abandoned due to very poor occlusion rates (Hufnagel, 1947; 

Murray, 1940). Synthetic grafts were then improved upon by using 

polythene tubing which allowed for flexibility and an ease in handling, 

however these grafts also suffered fi-om a high occlusion rate (Donovan, 

1949; Moore, 1950). In 1952 it was found that if silk was placed in the 

ventricle of a dog heart, that it became covered with a film of fibrin 



37 

(Voorhees, 1952). From this Voorhees postulated that a porous fabric 

covered with clot could be used as a functional bypass graft. Voorhees was 

the first to publish a successfiil synthetic graft made fi-om Vinyon "N" cloth 

tubes in a dog (Voorhees, 1952). 

In 1954, the Society for Vascular Surgery specified guidelines that 

graft materials should fit. These specifications included the materials 

stability under continuous mechanical stress and through exposure to tissue 

fluids (Greenhalgh, 1990). The material strength and durability of the 

material became a primary interest in future research for materials to replace 

vascular conduits. Two materials that fit both of these criteria were Dacron, 

made of polyethylene terephtalate, and Teflon, made of 

polytetrafluoroethylene (PTFE). Competing materials such as Ivalon, nylon 

and Orion were abandoned due to their poor resistance to the loss of tensile 

strength, rupture and degradation upon implantation (Harrison, 1958). 

Further functional requirements of a blood vessel substitutes have been 

proposed and include: sufficient burst pressure, viscoelastic mechanical 

properties, vasoactivity and nonthrombogenicity (Nerem, 2000). 

Teflon was first used in the construction of a synthetic vascular graft 

in 1957. It was chosen due to its high strength, durability and chemical 
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inertness (Harrison, 1957). Teflon has been used in humans since 1962 

(Laustriat, 1990), however, it was in 1972 that Teflon was used as a vascular 

graft in its expanded form (ePTFE) rather then knitted or woven forms like 

Dacron (Matsumoto, 1972). Matsumoto reported that patency rates were 

improved in the canine model ePTFE as a small caliber, artificial blood 

conduit (Matsumoto, 1973). Voider and Kolff reported that ePTFE was the 

only type of Teflon graft to develop a neointima as a result of vessel 

ingrowth through the pores of the ePTFE (Voider, 1974). However, it was 

soon discovered that non-reinforced ePTFE grafts developed aneurysms 

(Mohr, 1980). Therefore, a supportive external wrap was added to the 

manufacturing process of ePTFE vascular grafts to improve radial strength. 

Although variations in the physical structure are currently available, 

ePTFE is comprised of solid nodes of material connected by small intemodal 

fibrils. The graft starts as a tube of PTFE that is then heated and pulled apart 

until desired intemodal distances are obtained. Clinically available grafts 

have average intemodal distances of 20-30 um on both the lumen and 

adventitia sides. Dependant on the manufacturer and structural 

characteristics of the graft, a dense, low porosity, extemal reinforcement 

wrap may be present (Martakos, 1995). Currently, ePTFE is the material of 
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choice for use in medium (6 to 10 mm internal diameter) as well as small 

diameter (< 6 mm internal diameter) vascular procedures (Martakos, 1995). 

An electron micrograph of ePTFE is shown in Figure 1-2. The fibrils are 

stretched between the large clumps or nodes of PTFE, inviting cell ingrowth. 

Figure 1-3 shows a macroscopic view of the whole small diameter ePTFE 

graft, as it would look before implantation. 



Figure 1-3 Electron Micrograph of ePTFE 

Figure 1-4 Small Diameter ePTFE Graft 
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While ePTFE fulfills the requirements for graft strength and 

durability, it is far from being the optimal arterial replacement. The graft is 

often subjected to adverse biological tissue responses such as infection, the 

development of avascular fibrous capsule and chronic inflammation 

(Anderson, 1988; Bellon, 1996, Didisheim, 1994; Schreuders, 1988). 

Thrombosis and stenosis also remain high when ePTFE is used as a small 

caliber vascular substitute. As the understanding of the mechanisms 

involved in these biological responses have increased, the approach to the 

selection and development of materials for biomedical implants have 

changed in suit. Originally, modifications were made as a reaction to 

particular tissue response, such as the adding of a supporting wrap in 

response to aneurysms. Scientists are now developing materials in order to 

elicit a particular tissue response (Ratner, 1993). 

One of the techniques used to elicit a particular tissue response is to 

modify the surface of the graft to improve cell adhesion, particularly 

endothelial cells. There are two ways to endothelialize vascular grafts in 

vitro, seeding or sodding based on the technique used. Seeding is the 

preclotting of a vascular graft prior to implantation using a combination of 

blood and endothelial cells in order to develop an endothelial cell lining over 
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time (Herring, 1978). Sodding is a two step process where the graft is 

preclotted first, then endothelial cells are added, creating an immediate 

endothelial cell (EC) monolayer (Rupnick, 1989). Endothelial cell seeding 

was introduced in the late 1970's (Herring, 1978). In the 1980's, EC 

seeding of Dacron and ePTFE vascular grafts were refined by several 

groups, confirming the viability of this approach (Graham, 1980; Graham, 

1982; Herring, 1984; Schmidt, 1985; Thomson, 1989; Williams, 1985; 

Williams, 1989; Williams, 1991). 

In 1989, Zilla et al. published a method were preclot grafts using 

fibrin glue, then seeding with endothelial cells, rotating the grafts for three 

hours to allow for cell adhesure, then culturing the seeded grafts for nine 

days (Zilla, 1989). They observed a complete monolayer of endothelial cells 

on the cultured grafts, but lost 23% of the cells when shear stress was 

applied to the lumen. In their 9-year follow-up publication (Deutsch, 1999), 

they reported a 65% patency rate for the small diameter seeded ePTFE 

compared to a 16% patency rate in the control group. 

Other ways have been considered to improve endothelial cell adhesion 

and retention rates, including surface modifying the graft with ECM 

proteins, use of additional cell types, and in vitro flow regimens prior to 
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implantation. Many studies have shown that fibronectin is better in 

supporting endothelial cell adhesion to the surface of ePTFE when compared 

to collagen IV, laminin and preclot mix (Budd, 1991; Hasson, 1986; 

Koveker, 1991; Pratt, 1988; Vohra, 1991). Budd evaluated seeding 

techniques and showed improved cell adhesion time, improved cell density 

and also increased retention during pulsatile flow (Budd, 1991). By 

incorporating growth factors (GF) in with the surface modification of the 

graft, further improvement of endothelial cell proliferation on the graft 

material was seen (Greisler, 1992; Rupnick, 1989; Shireman, 2000). Others 

groups have experimented with using multiple cell types for seeding, 

including alternatives for endothelial and smooth muscle cells (CD 34+ bone 

marrow cells (Bhattacharya, 2000)) and have seen positive results (Yu H, 

2001). 

Using a mixture of ECM proteins including various GF has recently 

shown great promise. Kidd published that modification of ePTFE with 

insoluble extracellular matrix proteins supports transmural endothelialization 

of porous vascular grafts (Kidd, 2003). Their study showed that harvesting 

ECM proteins and GF harvested from HaCaT or II-4 cell lines promoted 

endothelialization of a 1 mm ePTFE graft. One of the benefits associated 
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with this is that the HaCaT or II-4 serum harvest could be frozen until 

needed at implant time. Further studies from this same group showed that 

using laminin-5 rich ECM promoted angiogenesis and neovascularization in 

the pores of the ePTFE graft (Kidd, 2004). 

Even with all the advances in surface modifications and increased 

endothelial cell adhesion and proliferation on synthetic materials, certain 

limitations remain. The endothelial cells adherent on the graft withstand 

shear stress poorly and many are lost upon introduction to the blood stream 

(Yu, 2001). Also, the creation of EC seeded grafts is a long process. It 

requires cell culturing; cell isolation for immediate seeding of the graft, or a 

prolonged culture period for the maturation of the endothelium once seeded 

(Williams, 1991; Zilla, 1989). However, it has been proven that an 

endothelial monolayer can be formed on the lumen of synthetic vascular 

grafts, which greatly improves patency (Deutsch, 1999). 

1.5.2 Elastic Arterial Models 

Blood vessels can be treated as pseudoelastic, poroelastic, or 

viscoelastic. Pseudoelasticity assumes that a material can be modeled using 

separate elastic constitutive equations to describe the loading and unloading 
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behavior. In most experiments, loading in one direction is generally 

accompanied by unloading in another, making a precise definition of 

pseudoelasticity problematic. Poroelastic formulations treat a material as a 

fluid-saturated porous medium and are well suited to model wall transport. 

Viscoelastic formulations include time-dependent responses in the 

constitutive equation and are useful for modeling creep, stress relaxation, 

and hysteresis (Vito, 2003). 

Initial work in making elastic arterial models was done by Bergel 

(Bergel, 1961; Bergel, 1972) where he used elasticity methods to determine 

the incremental Young's modulus of an artery modeled as an isotropic tube. 

In his studies he was able to quantify the nonlinear behavior of the arteries 

but he was not able to get the actual stress-strain relationship due to the 

Young's modulus being variable. Patel et al. (Patel, 1969) determined the 

anisotropic elastic properties of the canine aorta by assuming it was a thin-

walled tube. Patel et al. used a small strain assumption to study the vessel 

deformation although the aorta was subject to strains as large as 70% during 

inflation. His study came to the conclusion that anisotropic material 

constants are not independent. Yuan (Yuan, 1991) later confirmed the 

conclusions proposed by Patel et al. 
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The early analysis of arteries using incremental elastic models was 

able to characterize the elastic deformation of large arteries. There was 

difficulty in modeling large deformation materials with conventional 

methods. The large/finite strain elastic theories use a strain energy density 

function to produce the stress-strain relationship. Doyle and Dobrin (Doyle, 

1971) used an exponential function to measure the deformation in the 

relaxed and constricted dog carotid artery. Vaishnav et al. (Vaishnav, 1984) 

used a flinction that was represented by a polynomial in Green's strain. 

Fung (Fung, 1990) introduced a strain energy density function that has now 

become the definitive work on this subject. 

1.5.3 Pseudoelastic Models 

Fung et al. (Fung, 1979) proposed pseudoelastic material models after 

observing repeatable loading and unloading curves in biological materials. 

Many of the newest pseudoelastic models build upon the strain energy 

density functions developed by earlier researchers (Chuong, 1983; 

Takamizawa, 1987). Chuong and Fung [1983, 1984] described an 

anisotropic exponential function of Green's strain that can be used to model 

the highly non-linear pressure-radius deformation of large arteries. 
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Vorp and colleagues (Vorp, 1995) modeled the artery as a thick 

walled, cylindrically orthotropic, and compressible. They modeled 

compressibility by permitting fluid extrusion through the dilated material. 

They solved their equations using an iterative FEM and nonlinear regression 

process, which provided a good fit to previously published rabbit infrarenal 

(Brant, 1988) and canine carotid data (Humphrey, 1993). 

Chaudhry et al. (Chaudhry, 1997) treated the artery as a thick-walled, 

cylindrically orthotropic material, and used the functional form of Chuong 

and Fung (Chuong, 1983). After solving the equations analytically, they 

demonstrated a reduction in circumferential stress when residual stress was 

included. Exponential strain energy density functions have been used 

numerous times to study the affect of residual stress. They have been used 

with current data to study human coronaries (Valenta, 2002), the rabbit 

carotid (Peterson et al., 2000), and the carotid bifurcation (Delfino, 1997). 

Holzapfel and Weizsaker (Holzapfel, 1998) used a neo-Hookean strain 

energy density function to model isotropic behavior and an exponential form 

to model anisotropic behavior. 

Pseudoelastic models are limited by the statistical difficulties that 

result from the incremental method of loading used by most researchers. 
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which couples large stains and large stresses (Box, 1987). Despite the 

limitations, pseudoelastic models are the backbone of all the other types of 

models used in arterial mechanics. 

1.5.4 Poroelastic and Multi-phasic Models 

While much study has been done to characterize the large deformation 

of arterial walls, work has also been done to characterize the fluid motion 

through the artery wall. Representative fundamental work in poroelasticity 

includes early studies by Terzaghi (Terzaghi, 1943; Terhazghi, 1967) and 

Biot (Biot, 1941; Biot, 1962). Poroelasticity (as developed for soils) can 

also be used to model porous tissues such as arteries. Terzaghi (Terzaghi, 

1943) developed a theory for the one-dimensional consolidation of a porous 

column under compression. This is the basis for the "confined compression" 

test in biomechanics. Biot (Biot, 1962) built on this theory by adding three-

dimensional analysis thus forming the foundation of poroelastic theories 

based on a solid meshwork saturated with a mobile fluid. 

Fatt (Fatt, 1968) and Kenyon (Kenyon, 1976; Kenyon, 1979) were the 

first to use poroelasticity to model biological materials. Jayaraman 

(Jayaraman, 1983; Jayaraman, 1985) developed a poroelastic model, which 

accounted for the nonlinear behavior of permeability in arterial wall when 
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subjected to stress. Simon, Gaballa, and Yuan have all used poroelastic 

theory to study deformation and fluid flow on large arteries (Simon, 1986; 

Simon, 1995; Gaballa, 1989; Yuan, 1991). 

Simon et al. (Simon, 1998) modeled the aorta using an incompressible 

fluid and an incompressible and isotropic thick-walled solid under axial 

stretch. They used the exponential Fung form of the strain energy density 

function. Simon et al. noted that the model was adaptable to orthotropic 

constitutive laws and could model residual stress. The model was also able 

to fit the rabbit aorta experimental data well within experimental error. 

Mixture theory has also been used to model soft tissues. The biphasic 

mixture theory is based on the idea that a solid phase and liquid phase exist 

and the porous nature of the material is acconmiodated by drag forces 

between the phases. Mow et al. (Mow, 1980) used this theory to model 

articular cartilage. Oomens et al. (Oomens, 1987) used it to model the 

mechanics of skin, Mak et al. (Mak, 1994) modeled pressure sores and 

Snijders (Snijders, 1994) modeled the intervertebral disk. Simon (Simon, 

1992) showed equivalence between the poroelastic and biphasic mixture 

models. Johnson and Tarbell (Johnson, 2001) created a biphasic model of 

bovine and rabbit aortas using previously published data (Baldwin, 1993; 
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Whale, 1996). They used a transversely isotropic Hooke's Law to relate 

strain to effective stress. 

In the last twenty years, attempts have been made to include the 

effects of charged species (dissolved in the fluid) on the fluid flux, swelling, 

and the concentration build up in the material. Myers et al. (Myers, 1984) 

introduced ion-induced swelling in the biphasic model. Eisenberg 

(Eisenberg, 1987) modeled swelling caused by "chemical stress" in the 

poroelastic theory. However neither theory included the convection of 

species induced by fluid motion. Lai et al. (Lai, 1991; Lai, 1994) introduced 

a triphasic theory that accounts for convection and swelling caused by the 

third phase (mobile species). This triphasic theory was based on the small 

strain view. Laible et al. (Laible, 1993) pointed out that there are many 

unknown material properties that would be very difficult to meaure. 

Kaufmann (Kaufmann, 1995) proposed a porohyperelastic transport swelling 

theory (PHETS) that extended triphasic theory to model nonlinear material 

response and finite strain. Frijns et al. (Frijns, 1997) developed a 

quadriphasic mixture theory to describe the shrinking and swelling behavior 

of intervertebral disk tissue. Frijns et al. also showed the equivalence 

between PHETS and quadriphasic mixture theories. 
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1.5.5 Viscoelastic Models 

The simplest linear viscoelastic models are attributed to Maxwell, 

Voight, and Kelvin. Each model is a combination of dashpots and springs 

that provide equations relating force (stress) with the displacement (strain 

and velocity). A linear viscoelastic model cannot model the strain rate 

independence observed in the hysteresis of biological materials (Vito, 2003). 

Therefore, more complex models were developed. A review of nonlinear 

viscoelastic models can be found in Fung (Fung, 1993). 

Recent viscoelastic models include studies by Armentano et al and 

Veress et al. Armentano and colleagues (Armentano, 1995) used a second 

order linear-elastic stress-strain equation to model data from dogs. They 

used a series of three Maxwell elements to model the arterial wall. They 

assumed that the viscoelastic effects in the artery are caused by the smooth 

muscle, however, the effects are still observed when smooth muscle is 

inactivated. 

Veress et al. (Veress, 2000) modeled an artery as a viscoelastic, thick-

walled, axisymmetric cylinder under pulsatile pressurization. Their model 

did not include residual stress, anisotropy, or heterogeneity, but they did 

give suggestions on how they could be included. This model is intended for 
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use in the study of interactions between the arterial wall and atherosclerotic 

plaques. 

Viscoelastic models of arteries have been limited in the past by an 

inability to model the complete range of viscoelastic data if given only 

partial data (ie. stress relaxation from creep data and vice versa) (Thornton, 

1997). It is unclear whether this is still a limitation of the current 

viscoelastic models. 

1.5.6 Finite Element Models 

Multi-phasic theories and the geometry, loads, and material response 

of arterial material are so complicated it is necessary to analyse them on 

finite element models (FEMs). Many of the FEMs for soft tissues have been 

reviewed by Ghista (Ghista, 1975) and Simon (Simon, 1993). The first 

FEMs where based on elastic models. Simon (Simon, 1971; Simon, 1972; 

Simon, 1973) and Ayorinde (Ayarinde, 1975a,b) modeled artery wall using 

transversely isotropic and isotropic models. Early poroelastic FEMs were 

introduced by Simon (Simon, 1986) and Simon and Gaballa (Simon, 1986). 

Spilker, Suh and Mow (Spilker, 1992) used biphasic theory in a FEM to 

model articular cartilage. Simon and Gaballa (Simon, 1988) introduced 

large deformations into poroelastic FEMs using hyperelastic theory and 
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Strain dependent permeability. Yuan (Yuan, 1991), Yuan and Simon (Yuan, 

1992), Simon (Simon, 1992), and Simon et al. (Simon, 1995) developed 

more general FEMs to include fluid motion and mass transport in soft 

tissues. Kaufinann (Kaufmann, 1995) implemented PHETS theory into a 

FEM and showed that the results agree with the predictions using ABAQUS 

finite element solfware. Sun (Sun, 2000) implemented triphasic mixture 

theory (solid, fluid, and species) into a FEM for cartilage. This allowed the 

tracking of multiple mobile species concentrations in a porous material. 

Commercially available, ABAQUS finite element software has been 

used in the research of biological tissues for a number of years. Wu (Wu, 

1998) concluded that ABAQUS is adept in modeling biphasic soft tissues. 

Taylor (Taylor, 2003) simulates bone remodeling in the turkey ulna, Warner 

(Warner, 2001) models indention in cartilage using bi-phasic models, and 

Wu (Wu, 2002) has studied the temperature effect on soft tissue swelling. 

Tsui et al. (Tsui, 2004) used ABAQUS to simulate skeletal muscle during 

isometric, shortening and lengthening contraction. 

1.6 Research Plans 

1.6.1 Significance 
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NIH has reported that 8 to 10% of the American population has a 

permanent biomedical implant of some type. A "perfect" implant would 

match the tissue it is replacing in both mechanical properties as well as 

transport properties. However, many implants used clinically today are a 

significantly different then the tissues they are replacing. This can be seen 

readily in the synthetic materials used to replace vessels damaged from 

cardiovascular disease. 

If autologous vessels are not available, doctors must turn to synthetic 

materials when dealing with arteries suffering from atherosclerotic plaques. 

The current clinically approved synthetic vascular grafts are constructed 

from ePTFE and Dacron. While the natural artery is very elastic, in 

comparison ePTFE and Dacron are rigid. This creates a stress mismatch 

where the two different materials are grafted together causing the artery to 

remodel itself to adjust to the new stress. A natural vessel offers resistance 

to transmural fluid flux and species transport actively via the endothelial cell 

layer and statically via the media. A virgin, denucleated graft offers 

insignificant resistance to either fluid flux or species transport and a pre-

clotted graft will have variable resistance depending on the thickness of the 

clot along the length of the graft. 
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In order to develop a graft that has the same material and transport 

characteristics of the material it is replacing, it is imperative to be able to 

accurately and quantitatively compare the natural vessel and the graft. 

Computer models of arterial behavior are well documented (Simon, 1997). 

The same experimental and computational techniques could be used to 

model and develop new grafts. 

1.6.2 Overall Aims 

The overall objective for this dissertation is to develop a method to 

allow comparison of large arteries and TEVGs. Comparisons will be made 

on material properties and dynamic fluid and species flow characteristics. 

1.6.3 Specific Aims 

Aim 1. Develop a method using experiments and computer model to 

allow comparison between large arteries, specifically between rabbit carotid 

artery and rabbit aorta in this dissertation. The following points will be 

achieved by accomplishing this Specific Aim. 

• Identify the elastic properties, permeability, diffusivity, and 

convection coefficient of large arteries in order to allow for 

comparison of large arteries. 
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• Develop a suite of experiments and data reduction procedures to 

determine initial values of arterial elasticity (Pressure-Radius 

experiment), hydraulic permeability (Bubble Experiment), diffusivity 

(FD Diffusion experiment), and convection coefficient (Pressurized 

FD Diffusion experiment). 

• Create FEMs of larger arteries to match the results from Pressure-

Radius, Bubble, and FD Diffusion experiments and determine the 

optimum values of the material properties in order to validate the 

FEM simulates the vessel. 

• Using the optimized properties, create quasi-static and cyclic pressure 

FEMs of de-endothelialized large arteries and cyclic pressure FEMs 

of large arteries subjected to hypertension and increased heart rate. 

Hvpothesis 1. The PHETS model will identify material properties of the 

artery wall. These properties include nonlinear poroelasticity, hydraulic 

permeability, diffusivity, and the convection coefficient. Finite element 

models based on experimental data will determine the deformation, stress, 

and relative fluid and species flux fields in the arterial wall. 

Characterization of rabbit arteries using the PHETS model provides a 
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baseline for evaluation of the mechanical and transport behavior of tissue 

engineered vascular grafts (TEVGs) described in Specific Aim 2. The 

material and transport properties determined experimentally will be used in 

the FEMs of the arteries. These FEMs can simulate conditions in arteries 

and TEVGs where experimental data would be difficult to obtain, e.g. 

pulsatile {in vivo) conditions. FEMs subjected to cyclic pressure will be 

considered under various boundary conditions to study the arterial wall 

response. These boundary conditions include variation in blood pressure 

(normal vs. hypertension), endothelium condition (intact vs. de-

endothelialized), and change in heart rate (normal vs. increased). The FEMs 

will be able to quantitatively show the difference between the two differing 

vessels. 

Aim 2. Develop a method for the comparison of large arteries to 

TEVGs and TEVGs to TEVGs. The following points will be achieved in 

Specific Aim 2. 

• Creation of endothelial cell seeded TEVG created under two shear 

stresses in order to test the affect shear stress has on hydraulic 

conductance and to compare against the rabbit carotid artery. 
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• Determination of TEVG hydraulic conductance using the Bubble 

experiment. 

• Creation of graft quasi-static and pulsatile FEM in order to compare 

graft material properties and flow characteristics to large arteries. 

• Modification of graft FEM, e.g. compliant graft, in order to evaluate 

graft designs before experiments are conducted. 

Hypothesis 2. This specific aim will compare properties of TEVGs created 

using small diameter (4 mm I.D.) ePTFE seeded with endothelial cells 

created under high and low shear stress. The experimental and analytical 

PHETS models used in Specific Aim 1 for carotid arterial wall tissue will 

also identify the mechanical and transport properties of the TEVG. The 

shear stress applied to the endothelial cells during graft incubation in the 

bioreactor will alter the hydraulic conductance of the graft. FEMs will then 

be used to compare fluid flow fields in the artery and graft wall. 

The FEM of the graft will predict a fluid flow patter that is different 

then that seen in the native vessel due to dissimilar compliance. By 

changing material properties and boundary conditions in the FEMs, new 

grafts can be initially evaluated before experiments are done. 
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Aim 3. Develop a method for the comparison of species diffusion-

convection in large arteries and TEVGs. Formulate theory to allow 

modifications of the ABAQUS program to allow for PHETS theory 

incorporating a coupled diffusion - convection - porohyperelastic model. 

Following are the specific points that will be addressed in Specific 

Aim 3. 

• Create FEM of FD diffusion in grafts under constant pressure using 

the MPHETS finite element program 

• Create FEM of FD diffusion in grafts under cyclic pressure in order to 

model mobile species concentration and fluxes in in vivo conditions. 

• Develop theory to map PHETS theory to ABAQUS finite element 

program porohyperelastic theory (PHE) and mass transport theory 

(XPT). This new theory (PHEXPT) will allow FEMs with more 

complex geometries and boundary conditions to be built 

Hvpothesis 3. Finite element models in Specific Aims 1 and 2 are 

porohyperelastic models; Specific Aim 3 will include coupled diffusion-

convection effects. Pulsatile pressure will cause a change in species 
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concentration in the artery wall due to deformation of the vessel and change 

in porosity. However, due to the non-compliant nature of the graft, there 

will be insignificant change in species concentration in the graft over a 

pressure cycle. 

A 1-D LMPHETS finite element model will be used to predict species 

concentration profiles in the graft under steady and pulsatile conditions. The 

theory to expand 1-D models to axisymmetric or 3-D models by combining 

ABAQUS software (porohyperelastic materials and mass transport) will be 

introduced so that more realistic FEMs of arteries and deformable grafts can 

be evaluated in the future. 
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CHAPTER 2 

POROHYPERELASTIC-TRANSPORT-SWELLING THEORY 

2.1 Assumptions 

The PHETS theory for soft tissue structure assumes the following 

continuum view of the material: an incompressible mobile fluid saturates a 

porous solid, e.g. a fibrous matrix represented as an incompressible, 

hyperelastic material. The mobile fluid is water and is incompressible. 

There are two types of fluid within the porous solid; a) Mobile fluid that 

saturates the pores of the solid and is free to flow governed by the properties 

of the fluid and solid; and b) Immobile fluid "trapped" in the solid (in the 

cells, fibers, etc). Therefore, the porous solid material is considered to be 

incompressible. However, due to relative mobile fluid motion (into or out of 

the material) the overall response is compressible. The pores in the solid are 

considered to be sufficiently small that the material can be viewed to be a 

continuum. There can also be charged mobile species in the mobile fluid. 

In the "mixture" view, a particle of solid coexists in the same location as a 

particle of fluid and mobile species. 
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2.2 Summary of PHETS Theory 

Porohyperelastic theory including mass transport and swelling was 

first introduced by Kaufmann (1995) and Simon et al. (1998). PHETS 

theory is a coupled electro-mechano-chemical model. This section will 

summarize the field equations in this theory. A more detailed development 

of the theory is given in the above references. 

2.2.1 Notation 

This thesis will use the following conventions for notation: 

1. Index notation will be used where the subscripts i, j, k represent 

the 1, 2, 3 directions in a Cartesian coordinate system. A 

current position is x, and the reference position is Repeated 

indices imply a sum over the 1, 2, 3 directions. 

3 

Aj j  = = 1̂1 + A22 + ^33 
t=i 

Spatial differentiation is represented with a comma in index 

notation. 
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A dot above a quantity represents the material time derivative 

with respect to the original solid position. 

dA, dA, 

dt dt 

dA. 

dt 
+  V -

dx 

3. In general a tilde (~) above a quantity represents a Lagrangian 

quantity. 

2.2.2 Fundamental Definitions 

Kinematics 

The displacement, velocity, and acceleration of the solid are 

M, =X, -X,, V, = v; = u. = X, - X,, a, = M, = V. (2.1) 

Where a superposed dot denotes the material time derivative. 

)> ). 

dt dt 

_ ), 

dt 
+  V  
' dx ,  

(2.2) 

Deformation and strain measures include the volume strain, deformation 

gradient, velocity strain, Green's strain, and Finger's strain tensor 



64 

j = (2.3) 
d V '  "  d X :  '  2  c b c ,  c b c ,  

Additional deformation measures used in the ABAQUS theory are the 

deviatoric deformation gradient (with the volume change eliminated) and the 

deviatoric stretch matrix (left Cauchy-Green strain tensor) 

F,=J-"'F^, (2.4) 

Strain invariants (TJ, Tj, J) used in isotropic models ARE 

T, = B^, T,=^ai-BM, J = da(F,) (2.5) 

Porosity, Void Ratio, and Concentration 

The porosity in the current configuration for a fluid-saturated material is 

dV^ dV^ 
n = and n. = ——. Then for an incompressible solid material 

dF " dV, ^ 

Jn = J-l + no. The void ratio is e = «/(l-«) so that « = e/(l + e). There are a 

number of possible definitions for concentration, i.e. the molar 

dn" 
concentrations used in MPHETS/PHETS models, ^ = [moles/(current 
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dfi" fluid volume)] and c = Jnc = — [moles/(total reference volume)]. The mass 
dV^ 

din^ concentration used in ABAQUS is c'^ = [mass/(total reference volume)]. 
dVo 

These concentrations are related as = M^c = M'Jnc where the molecular 

weight (MW) is M' = measured in [kg/mole]. 
dn" 

Apparent Relative Velocities and Flux 

The apparent relative velocities are defined for the fluid and the mobile 

species in Eulerian form as and w"' in Lagrangian 

form (where a ,  p  =  f , c ) .  The apparent relative flux vectors are j f  = \ f  and 

j" = , in Eulerian form; and ]('' = vf and J" = cv" in Lagrangian form. 

2.2.3 Phenomenologic Equations 

The phenomenological equations form a common basis for porous media 

and mixture theories in soft tissue mechanics. For a continuum mixture 

formulation, these equations relate Cauchy stresses (o-,-, a(j^ and chemical 

potentials to "drag" forces associated with differences in the 
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absolute constituent velocities. Following is a summary of the equivalent 

forms for these equations for the mixture-based and porous medium-based 

model formulations. 

Mixture Formulation 

The phenomenological equations have the quasi-static, anisotropic Eulerian 

form for mixture models 

=/J (v; - vj)+// (v; - v/) (2.8) 

where no body forces are considered. 

Poroelastic Formulation 

The total Cauchy stress, <t,J = fa-j - where afj is the solid stress and 

the fluid stress, (t (j  =-p^Sy =-u^Sy (viewed as hydrostatic pressure, ="w)-

The volume fractions are f = \-n and =n. Then the phenomenological 

equations can be written in terms of the apparent relative velocities as 



67 

(2.9a) 

(2.9b) 

The osmotic pressure is p" = and the generalized mechano-electro-

chemical potentials are 

The phenomenological coefficients in the poroelastic and mixture models 

are related as 

The activity is a' = y^c and and are the osmotic and activity 

coefficients. Note that as y'^ ^ I, c^O. For a single neutral mobile species, 

/f" = 0 and the chemical potential, //* = if. In general, p° and if are 

dependent on deformation, temperature, and concentrations. Multiple 

charged species models are considered in Simon et al (2004). 

^ + p°, p° = Po - Rdfc (2.10a) 

— c c c n = / /  =  ,  n' = Mo + (2.10b) 

2.2.4 Field Equations 
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2.2.4.1 Mixed Porohyperelastic Formulation (MPHETS) 

The primary fields are the displacements w, and the generalized potentials 

/j"* in the Mixed PoroHyperElastic Transport Swelling (MPHETS) model. 

The generalized potentials and activity are used as primary nodal degrees of 

freedom in this mixed FEM since they are continuous across material 

interfaces. Whereas secondary fields such as concentration, fluid pressure, 

etc may not be continuous at these interfaces and are not taken as primary 

degrees of freedom in the mixed formulations for the FEM. 

Constitutive Equations 

1. Effective stress principle. The effective stress principle defines effective 

stress as 

o-f = (j^. +Syp^  =  ay  +SyU„ (2.12) 

or 

e r f ( 2 . 1 3 )  

Then a f  (and the second Piola-Kirchhoff effective stress, S f  )  is generally 

dependent on strain history, temperature, concentration, electric potential. 
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and other state variables. General anisotropic, hyperelastic strain energy 

density functions can be introduced to determine the effective stress, 

S f  =  based upon experimental observations. For initial studies, 
dE ij 

isotropic hyperelastic materials are available in ABAQUS where 

(2.14) 
" J 07, ' 5/2 " a/2 ' dJ ' 

The deviatoric operator is defined for a second order tensor, t,^ 

For porohyperelastic materials, the effective strain 

energy density function has a compressible, isotropic form { J  * \ )  that can 

be written as 

U'ff =U'^([^,\,J) = U (2.15) 

Compressible polynomial forms available in ABAQUS are 

v"=i; c,J(T, -3y(/, -3)' (2.16) 
/+7=1 1=1 M 

where the initial shear modulus, =2(C,o + Cm) and the initial bulk modulus, 

^0 =2/D,. User defined isotropic hyperelastic laws can be introduced using 

the UHYPER or UMAT options in ABAQUS. 
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2. Darcy Law. The mixed form for the generaUzed Eulerian MPHETS 

model is derived by solving equations (2.9b) above for the relative velocities 

and introducing the relative flux definitions 

II
 jff dju^* 

dx j  dx j  

jf = _icf 
dXj  

jCC 
^ijM 

(2.17) 

with = n'c = n'c B% = L%, = n'^B^ and 

= [a'fY^ • The corresponding Lagrangian MPHETS form is 

Ji ijM m 
' ' (2.18) a-/* a~c* ^ ^ - _ T^f _ fee SM 

J i  J iM ay -dX j  dX j  

and lL%]=JFi'L'S^^FTj,. (2.19) 

2.2.4.2 Mixed Formulation (PHETS) 

The Eulerian porohyperelastic-transport-swelling (PHETS) material 

transport model is obtained from the MPHETS model by introducing the 

appropriate definitions for the generalized potentials in equation (2.17). 

This results in the Eulerian Darcy and Pick laws 
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vf = - [|̂  + Re(rs, - (2,20) 

JT = + bf cv'; (2.21) 

The corresponding Lagrangian Darcy and Pick laws are 

vf = -1/ [^ + - ?)^] (2.22) 

] r  = ^  I f  (2.23) 

The permeabiHty, diffusivity, and convection coupling coefficients are then 

determined in terms of the MPHETS parameters by the equations 

(2.24a,b,c) 

= r f « = Ren'c [B^-BUBLT'B!;^]=Rec-'[L;,-Li,al^y'Lt^] 

jjCf Uc ncf (off yl =r-^rf (iff yl 

If the materials are anisotropic in the current (Eulerian) configuration, then 

H=JF::kiF;: (2.25a,b,c) 

d" = I F~'d" F~' 
^ij ^ •* im ^mn jn 

and 

icf p-^ucf p _ rr = hfi 
"ij ^ ik "km^mj ^ Jk^hn^mi "ji 
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Note that the form of the last equation is not the classical transformation for 

Eulerian and Lagrangian descriptions [Kaufmann, 1995]. If the material is 

isotropic in the current configuration, then k? = k^dy, d-j = , and 

bf- = ; so that 

k§ = J k^ Hy (2.26a,b,c) 

d^f = J d'' Hy 

and 

6.^ = = b̂ '' = b̂ '̂ S 
Uy Uj! Uy Ujj U Uy . 

2.2.4.3 Conservation Equations (MPHETS and PHETS Models) 

The quasi-static (no body or inertia forces) forms for the conservation 

equations include conservation of momentum and conservation of mass for 

the solid, fluid, and the neutral mobile species. The Eulerian forms are 

da 
= 0, (jj, = ay, (2.27a,b,c) 

dx, 

) + -^(nc vj + ^ = 0 
ot dx^ dx^ 
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and the corresponding Lagrangian forms 

T — P ^ 
ji im jm 

(2.28a,b,c) 

2.2.5 Strain Energy Density Function 

Fung-Moonev Form 

Due to the observed exponential elastic behavior of the artery wall, 

the Fung-Mooney form of the strain energy density function will be used. 

The linear Fung-Mooney form of the strain energy density function is. 

#'W7,,7„y)]=ic.p, (2.29) 

and the exponential form is. 

(2.30) 

where (p[l, (/, - 3) + Cj - 3)+ K'(j -1)'.  
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In this strain energy density function, Cq, are hyperelastic material 

parameters and K' is the drained bulk modulus. The initial shear and bulk 

moduli are, 

//.=2c.(c;+c;) 

An exponential form of the Fung-Mooney equation is shown in Figure 

2-1 that is typical of the non-linear stress-strain relationship seen in 

biological materials. Recently, there have been difficulties using the 

exponential Fung-Mooney form for general problems and FEMs. Holzapfel 

et al. (2004) states that this form of the strain energy density fiinction does 

not allow shear deformations and is restricted to cylindrical models. The 

Fung-Mooney form is also based on a phenomenological approach, which is 

concerned with fitting the constitutive equations to the experimental data. 

However, the Fung-type model does predict qualitatively reasonable 

response for restricted geometry and loading, and it has contributed to the 

current level of understanding of arterial wall mechanics (Holzapfel et al., 

2004). The model used in this dissertation does not include shear stress and 

is based on cylindrical geometry. Therefore, the difficulties in using the 

Fung-Mooney form are not expected. Further research is needed to find 
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general constitutative laws for 3-D structures composed of anisotropic 

materials. In this model, the isotropic cased is used as the first 

approximation. 

600 
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Figure 2-1 Fung-Mooney Effective Strain Energy Density Function 

Neo-Hookean Form 

The Neo-Hookean form of the strain energy density function was used 

for both ABAQUS and LMPHETS finite element models when modeling 

tissue engineered vascular grafts. The neo-Hookean form is, 
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#'[«.(7„7j,y)l = iQ«., (2.31) 

where ^(7, , I ^ , j )  =  C [ (7, -1>) + K'{J-1)'.  

2.3 Material Properties in Porohyperelastic Transport-Swelling Theory 

The PHETS theory presented above identifies fundamental Eulerian 

and Lagrangian material properties that must be determined experimentally. 

The material properties are the parameters associated with the Fung-Mooney 

^ effective strain energy density function, C,,, C,', C^.and K', the diffusion 

coefficient, , the convection coefficient, bl, and the permeability, . The 

porohyperelastic material properties for rabbit aorta were experimentally 

determined by Baldwin et al. (1993) and Kaufmann (1995). Methods are 

described in Chapter 3 to determine the structural and transport material 

properties of excised rabbit common carotid arteries. 
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CHAPTER 3 

CHARACTERIZATION OF RABBIT ARTERY 

This chapter will describe the experimental methods used to 

determine arterial material properties for rabbit common carotid arteries and 

aortas. Experimental data was introduced in generalized least squares data 

reduction programs to determine optimal material parameter values that best 

fit the data. The material properties to be determined are the structural 

properties (C,,, Q), bulk modulus {K'), hydraulic conductance (k), 

difflisivity (d), and convection coefficient (b). 

3.1 Introduction 

3.1.1 Description of Soft Arterial Tissue 

The focus of this section is on the behavior of arterial tissue in both its 

structural and transport response. Much of the previous work in this field 

has been done on modeling the structural properties through linear elastic, 

nonlinear elastic and hyperelastic theories. When subjected to a fluid 
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pressure, the arterial wall can undergo very large stress and deformation (as 

much as 100% strain). The Fung-Mooney strain energy density function 

(noted in last chapter) approximates the characteristic nonlinear stress-strain 

relationship and was used as the material model. The nonlinear nature of the 

artery may also be coupled with inherent history dependence, but no 

intrinsic viscoelasticity is included in the PHETS model. 

The mechanical response of arterial tissue is due to the structure and 

composition of the wall material. The porous solid component represents 

the fibrous matrix of the wall. It is a complicated structure constructed of 

collagen fibers, elastin bundles as well as other structural components. A 

quantitative view of the nonlinear response suggests (Roach and Burton) that 

when the pressure is increased, the elastin bundles first take up the stress. 

This results in the compliant response of the artery at low mechanical 

pressure loads. As the pressure increases, the elastin fibers become fully 

extended and the collagen fibers start taking up the stress. As the pressure is 

increased the collagen fibers align in the direction of the load resulting in a 

stiffer response. As more and more of the collagen fibers are aligned, the 

stiffness increases. The structural matrix of the artery wall is viewed as and 
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dV^ 
can be characterized as a continuum with a porosity, n = -^, that is a 

measure of local fluid for saturated materials. This porosity is dependant on 

the mechanical load applied to the artery and therefore affects the water and 

species transport through the artery wall. 

3.1.2 Experimental Apparatus 

The experiments described in this thesis are based on similar 

experiments conducted by Baldwin et al. (Baldwin et al., 1992) and McAfee 

(McAfee, 1995) in their studies of rabbit aorta. All experiments were 

conducted on adult New Zealand White rabbits of approximately the same 

weight and age. 

All experiments were conducted in vitro. In vivo, arteries are 

subjected to axial tension. The artery will shorten to its undeformed length 

when the artery is excised and released from this tension. The shortening of 

an artery to its undeformed length can cause damage to the endothelial 

lining. Since some experiments were to be conducted on intact (both the 

media and endothelial layers) a jig was constructed to keep the artery at in 

vivo length and ensure that the endothelial layer remains viable when the 
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artery is removed from the rabbit. The adventitia was not considered in the 

study and was carefully removed prior to vessel excision. 

"2. * bar 

Figure 3.1 Construction Diagram of Jig 

After anesthesia and preparation for surgery, an IV with a pressure 

transducer was introduced in an artery in the rabbit's ear to determine blood 

pressure. A three-inch long incision was made over the rabbit's throat and 

both carotid arteries were isolated. The effects of the smooth muscle are not 

included in these models, i.e. the carotid was considered to be "passive". 

Before the adventitia was removed from the arteries, heparin and papavrine 

diluted in physiologically buffered saline solution (PBS) was administered to 

the rabbit through the IV. The heparin prevents blood coagulation and 

papavrine relaxes smooth muscle. The vessels were also washed in 

papavrine via a syringe to ensure that no smooth muscle tension developed. 
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In order to determine the in vivo axial stretch on the artery, two marks 

were made approximately 10 mm apart along the arterial axis. At first, two 

small sutures were used as the markers. But due to the thin wall of the 

carotid artery and the difficulty in keeping the markers in place, the sutures 

were abandoned and a surgical marking pen was used. Two dots were 

drawn on the artery. The gauge length, Ig, between these marks was 

recorded using a digital image. 

Both ends of the artery were tied off above and below the markers. 

An incision was made slightly inside one of the ties and a mouse feeder (see 

Figure 3.1) was inserted into the artery. The artery was then secured to the 

mouse feeder using a suture. A second incision was then made inside the 

other tie and a second mouse feeder was inserted into the artery. The artery 

was secured to that mouse feeder. The mouse feeders were then fit inside 

the jig. The jig secured the mouse feeders so that no axial movement of the 

artery occurred. The artery was then removed from the rabbit. 

When the artery was pressurized, most of the leaks were found to be 

at the suture securing the artery. When a leak was found, another suture was 

used to re-secure that end of the artery. It was also imperative during this 
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time that the artery was kept wet and no air bubbles were allowed to enter 

the artery. 

The process of excising, securing and testing the artery for leaks 

subjected its endothelial layer to stress. If the artery was accidentally 

twisted or bent, or if the mouse feeder was inserted too far into the lumen of 

the artery, the endothelial layer could be compromised. In order to check for 

a complete endothelial cell (EC) coverage, 0.03% Trypan Blue dye in PBS 

was flushed through the lumen of the artery at low pressure. A blue stain 

would be present if there was endothelial cell damage. Damaged vessels 

were completely denatured, and no intact endothelium experiments were 

performed on them. At this time, the stretch on the artery was also 

readjusted to be the same as the in vivo stretch by adjusting the jig until the 

distance between the two markers is the same distance that was recorded in 

vivo. 

For experiments dealing only with the medial layer, a 3-4 cm long 

artery section was excised. A slightly inflated balloon catheter was passed 

through the artery three times to scrape off endothelial cells, leaving only the 

medial layer. These arteries are termed the "de-endothelialized" vessels. 

The distance between the marks on the artery was measured in its deformed 
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State using a digital image. Each end of the artery was then sutured to the 

jig. The artery was stretched until the distance between the two marks on 

the artery equaled the distance measured previously when the artery was in 

the rabbit. The artery was then considered to be in an axial tensile state. 

The artery attached to the jig was placed in a bath of TRIS solution 

(pH 7.4). The number of free ions in the fluids used in experiments was to 

be kept to a minimum, therefore TRIS solution was used in all experiments 

instead of PBS. The TRIS solution also acted as a buffer to balance any 

osmotic pressures within the vessel wall. 

One end of the vessel was canulated with a polyethylene capillary 

tube that was connected in series to a pressure transducer and a fluid 

reservoir. The fluid reservoir was an IV bag filled with TRIS solution. The 

IV bag was in an inflatable cuff that could be inflated to apply pressure to 

the system. The other end of the artery was attached to a tube with a 

stopcock on it, which could be opened to evacuate the fluid from the system. 

The system was filled with TRIS solution prior to attachment to the artery. 

Any air bubbles in the system were removed. Figure 3.2 shows the 

experimental apparatus used in this dissertation. 
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Specific measurements of the dimensions of the arteries were 

recorded using Metamorph imaging software. This program allows accurate 

measurements of dimensions to be taken from still digital images and live 

images from cameras or microscopes. 

rPBS/FD) 

Figure 3.2 Setup of the experimental system 

3.2 Undrained Test 
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3.2.1 Undrained Test Method 

When a porous structure with a relatively low permeability is inflated 

very rapidly, the mobile fluid does not have time to flow in the material. 

Since both the fluid and the solid are considered incompressible, the 

response of this structure is then incompressible. This condition is referred 

to as the "undrained state". As the vessel is rapidly inflated, the vessel wall 

will experience a deformation but the material will remain incompressible. 

Then the deformed vessel volume is equal to the initial undeformed vessel 

volume. 

The undrained response of the sample carotid arteries was created by 

rapid inflation by applying a steep pressure ramp to the fluid reservoir. The 

artery was preconditioned before the undrained experiment was conducted. 

Preconditioning consisted of inflating the artery fi-om 0 mmHg to 160 

mmHg ten times in rapid succession. Using external radius of arteries taken 

fi^om computer images, it was shown that ten cycles of inflation were 

sufficient to achieve a repeating hysteresis loop. An image of the artery was 

taken at zero pressure, and then images of the vessel were taken at 10 mmHg 

increments up to 40mmHg and 20 mmHg increments up to a maximum 

pressure of 120 mmHg. After the test was completed, a sample of the 
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arterial cross section was removed and the undeformed inner and outer radii 

of the vessel were measured using a microscope. 

3.2.2 Undrained Test Data Reduction 

The artery is considered to be an axisymmetric circular cylinder with 

a constant strain applied in the axial direction (plane strain). The 

endothelium was considered structurally insignificant (thin and very 

compliant) and was ignored when determining structural properties. The 

artery was also assumed to be incompressible (J=l) and isotropic as a first 

approximation. The TRIS solution balances the osmotic pressures in the 

artery wall and eliminates any osmotic transport or swelling effects. 

In axisymmetric plane strain, the stretch ratios are defined to be 

2,=^, 1^=^, = (3.1) 
" dR" R ' dZ L/ ^ ^ 

where the subscripts R, 0, and Z represent the radial, circumferential and 

axial directions; r and R represent the deformed and undeformed radial 

positions; and Ig and Lg represent the deformed and undeformed gauge 

lengths determined by the marks places on the media by surgical markers. 

The volume strain is related to the stretch radios by 
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J = (3.2) 

In the undrained case, the material is considered incompressible and 

therefore 

'l.Vz=-§^-lz=l- (3-3) 

Integrating the above equation and solving for r yields a relationship 

between deformed and undeformed radii 

(3.4) 

where and Rg represent the deformed and undeformed outer radii 

respectively. 

Green's strain will be used to quantify the finite deformations in this 

problem. The Green's strain components in cylindrical coordinates for 

axisymmetric plane strain are 

£.=^(4-1). £e=^(4-l). (3.5) 

By measuring the undeformed dimensions (outer radius Rg, inner 

radius /?,, and gauge length Lg), deformed outer radius, and deformed 

gauge length, the deformed inner radius, r„ can be calculated. Then 

using (3.4), the Green's strain components can be calculated. 
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The effective Fung-Mooney strain energy function is then used to 

describe the behavior of the hyperelastic material in the solid. The effective 

strain energy density function is 

»"=|c.(e'-l) (3.6) 

where 

<t, = C,(I,-?>) + K\J-\f (3.7) 

and 

7,=y-"'[3 + 2(£,+£9+£2)]. (3.8) 

In the undrained case, the artery is incompressible, J=\.  In (3.7), as J 

approaches 1, K' approaches infinity. Therefore equations (3.7) and (3,8) 

simplify to 

<^ = C,(7,-3) (3.9) 

I,=7, + 2{E^+E^+E,). (3.10) 

The second Piola-Kirchoff stress, which is conjugate with Green's strain, is 

then used as the stress measure. These stresses are defined as 

~ ~J-. + ^ (3* 1 1) 
dE^ 

+ (3.12) 
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,_2 f ^1\ Sz=^^ + ^z^ (3.13) 
dE^ 

where is hydrostatic stress. 

Using equation (3.10) and the Fung-Mooney energy density function 

(3.6), the second Piola-Kirchoff stresses may be expressed as 

S,  =cy[c,  +2C,(H.£, +£2)]+A,V, (3.14) 

Sg =C„e'[C, +2C,(l + £, (3.15) 

Sz =C„c'[C, +2Cj(l + £, +£e)]+'l?'r'. (3.16) 

The equilibrium equation in cylindrical coordinates is 

^ + = (3.17) 
dr r 

Integrating this equation gives 

(3.18) 

Using the boundary conditions 

(3.19) 

where P, and Pg are internal and external pressure respectively, the 

relationship between the undeformed and deformed dimensions 

r = RX^,  dr = X ,dR, (3.20) 
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and the true stresses calculated from the second Piola-Kirchoff stresses with 

where in general ^0,. Here P is the gauge pressure measured by a 

transducer. 

Using the undeformed dimensions, the axial stretch, the deformed 

external radius measured at a given pressure, if the material properties, Q, 

C[ and Cj are known, a theoretical pressure can be calculated using equation 

3.22. This theoretical pressure can be compared with the experimental 

pressure value. A best fit set of material constants, , C[ and C'^, can be 

found by minimizing the difference between the theoretical and 

experimental data in a least squares sense. 

(J=l) 

(3.21) 

Equation [3.16] can be written as 

(3.22) 

(3.23) 
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where N is the number of experimental data points. The material properties 

are subject to the constraints 

Co > 0, Cj > 0, Cj > 0. 

This data reduction scheme was programmed in Matlab. Details of 

the program can be found in Appendix II. 

3.2.3 Results 

Figure 3-3 shows a carotid under pressure during inflation and 

deflation at various pressures. To determine the external radius of the 

vessel, three measurements were taken equal distant along the artery from 

each image. Each measurement was taken from the same location on the 

artery in each image 

Ascending Descending 

mmHg 
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Figure 3-3 Images of Carotid Artery at Pressure during Pressure-
Radius Experiment 

The data was tabulated and the radii at each pressure were averaged to 

determine a characteristic pressure-radius curve for the rabbit common 

carotid artery. This curve is shown in Figure 3-4. The radii are normalized 

against the average undeformed radius (Ro). It should be noted, that even 

after cycling the artery ten times in order to minimize hysteresis effects, the 
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inflation and deflation curve do not start and end at the same radius. The 

area between the curves represents the energy lost during each cycle. 
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Figure 3-4 Characteristic Pressure-Radius Curve of Rabbit Common 
Carotid Artery 
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The data points for the characteristic artery was used by the data 

reduction program in order find the material properties Cq , and C,'. The data 

reduction program also required the axial stretch, X, and the undeformed 

inner and outer radius of the artery, Ri and Rq. The best fit solution found 

using the averaged pressure-radius data is found in Figure 3-5. The circles 

are the data points and the line is the best-fit solution. 
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Figure 3-5 MATLAB Best Fit Solution to Pressure-Radius 
Experimental Data for Rabbit Carotid Artery 
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The material properties calculated by the data reduction program are 

in Table 3-1. The value of Q is much lower than expected (over an order of 

magnitude), when compared to the Q found by Kaufman et al. for the rabbit 

aorta. This could be in part due to using 1-D equations in data reduction and 

trying to match data from an axisymmetric problem. However, the results 

determined by the MATLAB data reduction program will be used as an 

initial guess for the ABAQUS axisymmetric porohyperelastic model 

discussed in Chapter 4. 

C„ 4171.5 N/m' 

C[ 1.0967 

Table 3-1 Structural Properties of Rabbit Carotid Artery Found Using 
Least Squares Data Reduction 

3.3 Hydraulic Permeability Experiments (Bubble Test) 

3.3.1 Experimental Procedure 

In this experiment, the artery is inflated with TRIS solution. When 

the artery is pressurized and reaches steady state, a gradient in pore fluid 

stress will develop causing a fluid flux through the wall. The amount of 
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fluid flowing through the wall is dependent on the wall permeability, k, and 

is given Darcy's Law, 

vi' 
dp^ dn" ^  + - (3.24) 
dr dr 

In this case, TRIS solution acts as a buffer, therefore the osmotic pressure, 

is zero. 

A small air bubble was inserted into the capillary tube in order to 

measure the volume displacement of the fluid through the artery wall. The 

system (shown in Figure 3.2) was pressurized for ten minutes until steady 

state was reached and a digital image of the artery was taken. The deformed 

external diameter, and the total flux length (the length between the two 

mouse feeders) were then measured. The position of the air bubble was 

marked and recorded every minute for ten minutes. The velocity of the 

bubble, Vg, was calculated by plotting time vs. bubble displacement for each 

run from this data, then calculating the slope of each curve. 

The intact vessel was used for the first experiment and bubble 

positions were recorded for pressures of 60, 80, 100 and 120 mmHg. After 

these experiments were completed, the vessel was removed from the jig and 

the endothelial layer was removed using a balloon catheter. The 
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undeformed gauge length, Lg, was measured and the vessel was then 

reattached to the jig and brought back to the original axial strain. The 

experiment was then repeated for the de-endothelialized vessel at the same 

pressures. After the completion of the experiment, a cross-section of the 

artery was obtained to measure the undeformed inner and outer radii of the 

vessel. 

3.3.2 Data Reduction 

The media is a fibrous matrix of collagen fibers, elastin, protoglycans 

and smooth muscle cells. This complex material can be viewed as a 

continuum (analogous to a porous material). The endothelial layer, 

however, is only a single cell thick layer on the inside surface of the artery. 

The endothelium is not considered to be a continuum and therefore only the 

hydraulic resistance can be determined. The intimal permeability is then a 

parameter calculated from this resistance by assuming that the intima is a 

relatively thin layer. 

The permeability of the media is determined first using the data taken 

from the de-endothelialized tests. Using the bubble positions along the 

capillary tubing, the bubble velocity can be determined for a specified 
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pressure (when the bubble velocity has reached a constant value - slope of 

the bubble displacement-time plot). Then 

(3.25) 
At 

where Ax is the change in bubble position and At is the change in time. The 

total volumetric flow through the artery at steady-state from the bubble 

velocity 

q = A,V„ (3.26) 

where (=0.595 mm) is the internal radius of the capillary tube. 

Since the internal and outer radius of the artery will are not equal 

(thick cylinder model), a different fluid velocity occurs at r, and r^. An 

average fluid velocity is calculated as the average of the relative fluid fluxes 

on the internal and external surfaces 

^exp _ ^ 

47tL 
{321) J_ J 

where L, is the total length of the artery available for radial flow. The 

relative fluid velocity can then be related to the fluid pressure using a 

simplified Lagrangian Darcy law 

_ ~ dP _  ~ Pj-Pe nQ\ 
~ ^MED ~ ^MED ^ (3.28) 

oR R„ -  R: 
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based on a thin tube approximation for the media. The Lagrangian medial 

permeability can then be estimated by minimizing the differences between 

the theoretical and experimental relative fluid velocities in the least squares 

sense 

where N is the number of experimental data points. The value obtained 

via the thin walled approximation is then used in an ABAQUS finite element 

model of the vessel. The refining of the approximation using ABAQUS is 

discussed in Chapter 4. 

Once the medial permeability is determined, the hydraulic resistance 

of the intima can be obtained. The total resistance of the arterial wall is the 

sum of the resistance of the intima and media (adventitia removed) 

The resistance of the intact vessel and the media can be approximated as 

where is the steady-state bubble velocity for the intact vessel at P and 

yMED jg steady-state bubble velocity for the de-endothelialized vessel at 

MED (3.29) 

(3.30) 

/+A/ MED 
(3.31) 
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the same pressure P. Substituting equations [3.31] into [3.30], the intimal 

resistance can be found to be 

^INT ~ J 
A 

1 
jr l+M ttMED 

\^b J 
(3.32) 

Although the intimal layer is not a continuum, it is convenient to determine 

an equivalent permeability for the intima for use in a FEM (PHETS or 

ABAQUS). In order to do this, the undeformed thickness of the intima must 

be knovm. It was assumed that the thickness, T^T, is 0.1% of the thickness 

of the undeformed wall thickness, 

=0.00l(i?,-i?,). (3.33) 

The resistance of the intima can then be written as a function of permeability 

(3.34) 
ICiNT 

where A, is the surface area of the intima 

A,=7IR,L,. (3.35) 

The Lagrangian permeability of the intima can then be determined by 

minimizing the difference of the theoretical intimal resistance and calculated 

experimental intimal resistance found in equations 3.28 and 3.30 

respectively. 
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n INT 

7=1 

T 

1 ( 1 1 ' 

^ INT ~ 
KJNT _ 

7 
A, T T I + M  TT MED 

j  ,  

(3.36) 

where N is the number of experimental data . 

3.3.3 Results 

After the undrained test was completed and the endothelium was 

found to be intact, the hydraulic permeability test was performed in order to 

determine the permeability of the vessel. The artery was kept on the jig 

and a small caliber tube was added to the system in order to track fluid 

displacement. When the system was all flushed with TRIS solution, a small 

air bubble was inserted into the small caliber tubing to check for leaks. The 

flow before the jig was stopped and the system was pressurized. Any leaks 

were dealt with, the bubble was flushed out, and the artery was opened to 

flow again. 

The system was then pressurized up to 80 mmHg and left at that 

pressure for 30 minutes. A bubble was inserted into the small caliber 

tubing, and bubble movement was measured for 15 minutes. Each test was 

done twice at each pressure. The bubble was placed back at the start of the 

small caliber tubing by stopping flow before the artery and applying a 

counter pressure to the distal end of the small caliber tube. After two tests at 
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a pressure were finished, the system would be adjusted to the new pressure 

and left for 30 minutes. 

After tests on the intact vessel were completed, one of the sutures 

securing the vessel to the jig was cut. The mouse feeder tube was removed 

from one end of the vessel and a balloon catheter was inserted into the 

lumen. A slight ballooning and a back and forth motion of the catheter 

removed any endothelial cells, leaving only the medial layer of the carotid 

artery. The vessel was then re-secured to the jig and axial tension was 

adjusted to in vivo state by keeping the same distance between the marks on 

the artery. The vessel was then subjected to the same hydraulic permeability 

tests before its denutering. 

The hydraulic permeability tests were completed using TRIS 

solution in order to keep any electrical charge effects between the buffer and 

artery to a minimum. The test was also done without using any albumin in 

the TRIS solution. Tarbell et al. (Tarbell et al., 1988) showed that albumin 

concentration changed the hydraulic conductance in the rabbit common 

carotid artery. Since the in vivo vessel would be in contact with albumin, the 

hydraulic permeability test data would be adjusted by a ratio provided by 

Tarbell et al. to bring the results in line as though they were done with 4% 
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serum bovine albumin in the TRIS solution. All volume flow rates were 

multiplied by 0.567 to make this adjustment. 

Earlier experiements (Baldwin et al., 1992) indicated that the intimal 

resistance to fluid flow (permeability) demonstrated some pressure (strain) 

dependence only over the range of pressures from 50 to 75 mmHg. It was 

also observed that the medial permeability showed little variation with 

pressure. Therefore, the flow tests for the intact vessels were performed at 

three or four pressures (depending on the fitness of the artery) over the range 

of pressures 60 to 120 mmHg. Similarly, for the de-endothelialized arteries, 

flowing experimental results at only one pressure were needed to determine 

the medial permeability. However, results at three pressures were taken in 

case carotid medial permeability behaved unexpectedly. 

The experimental setup is seen in Figure 3-6. 
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Figure 3-6 Experiment Setup for Hydraulic Permeability Test 

The hydraulic permeability test results on intact and denutered 

carotid arteries are shovm in Figure 3-7. Bubble velocity in the capillary 

tube was used to calculate the average transmural fluid velocity, shown on 

the Y-axis. 
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Figure 3-7 Transmural Fluid Velocity vs. Normalized Pressure for 
Denutered and Intact Vessel 

The permeability of the media, k^, was calculated using the MATLAB 

data reduction program. The value for the medial permeability, k^, was 

determined to be 3.6675x10"'^ m'^/N-sec which is comparable to 

permeabilities reported in the literature (Kenyon et al, 1979; Holmes et al., 

1985; Mow et al, 1990; Baldwin et al., 1992). The RMS error was 

3.318x10-6, which indicates the strong probability of a linear relationship. 

The Eulerian medial permeability is nearly constant and not a strong 

function of strain. The MATLAB data reduction solution and fit to 
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experimental data is found in Figure 3-8. Figure 3-9 shows the function of 

medial hydraulic permeability, k,n-, as a function of normalized pressure. 

-5 Velocity of Bubble vs. Pressure/C„ X10 ' ° 
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Figure 3-8 MATLAB Best Fit Solution to Hydraulic Permeability 
Experimental Data - Media 



109 

X 10 
Permeablity vs. Pressure/C 

3.9 

3.8 

3.7 

3.6 

3.5 

3.4 

0.5 1.5 
P/C„ 

Figure 3-9 as a Function of Normalized Pressure - Media 

In vessels with an intact endothelial layer (Figure 3-7), the transmural 

fluid flow is observed to become approximately steady at pressures around 

P=75 mmHg. While in general increasing pressure tends to increase the 

fluid flow, a constant flow over a range of pressure must be due to some 

variation in the permeability of the artery wall with pressure (strain). 

Specifically, it would indicate that as pressure (strain) increases, the 

permeability of the wall must have been decreasing to counteract this effect. 
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At higher pressures, the variation of fluid flow appears to be linear. Baldwin 

et al. (1993) has demonstrated this relationship on rabbit aorta. Figure 3-10 

compares the transmural fluid flow of de-endothelialized and intact rabbit 

carotid artery with that of de-endothelialized and intact rabbit aorta. It can 

be seen that while flow rates at varying pressures are similar in both arteries, 

the carotid artery has less resistance to flow than the aorta. 

Fluid Velocity Through Artery Wall 
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Figure 3-10 Rabbit Carotid and Aorta Transmural Fluid Flow 

The current configuration of the MATLAB data reduction program is not 

able to determine the permeability of the intimal layer. The pressure 

dependence of the intimal permeability, ki, creates a function rather then a 
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constant as seen in the medial permeability, k^. Quantification of the intimal 

permeability function, hi (P), was done using ABAQUS. 

It is extremely important to note that while these experiments indicate 

that the intimal permeability is dependent on the state of strain, the 

interpretation should not be limited to a direct cause and effect between the 

state of strain and the intimal permeability. There are many other factors 

(chemical, biological, etc.) that may play a role in the strain-permeability 

relationship. Furthermore, the possibility exists that the influence of the 

endothelium on the media may provoke some strain dependence on the 

media that may vanish in the absence of the endothelium. Further research 

is needed to further investigate the direct factors that determine the strain 

dependency of the arterial wall properties. 

3.4 Diffusion Test 

3.4.1 Experimental Procedure 

A concentration gradient will induce relative species flux from high to 

low concentration. The amount of species transported through the material 

is proportional to its diffusivity to the species, d, as shown in Pick's Law, 

r;'-d^+bcvi'.  (3.38) 
or 

If there is no fluid flow (P = 0 thus vf = 0), as in this experiment, (3.38) is 

simplified to 
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(3-39) 
or 

The species used in diffusion experiments was 70,000 MW FITC 

Dextran (FD). Dextran was chosen as the mobile species because it is low in 

cost, approximately the size to albumin (69,000 MW), and it can be charged. 

The concentrations of FD were relatively low so that the osmotic term was 

considered insignificant. Refer to section 3.6 in this chapter for more detail. 

The artery was attached to the jig at its natural axial tension and then 

placed in a bath of TRJS solution. TRIS solution was inserted to fill the 

artery and tubing making sure no air bubbles exist. A mixture of TRIS 

solution with FITC-dextran (FD) at a concentration of 1 mg/mL was 

introduced in the arterial lumen. The solution was introduced gently using a 

syringe with very low pressure so that no convection of FD occurred. The 

FD was allowed to diffuse through the artery wall fi^om the inside to the 

outside for a 15 minutes. The TRIS-FD solution in the lumen was replaced 

every five minutes to keep the concentration of the FD the same for the 

duration of the experiment. 

After 15 minutes, the artery was removed from the jig and cut in 5 

mm long sections. A thin slice of one section was used to determine the 

undeformed inner and outer radius of the vessel. The other sections were 
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quickly washed to removed excess FD and placed in a mold filled with OCT 

compound. Each mold was then frozen in liquid nitrogen and placed in the 

freezer until sectioning. 

Since the vessel is not fixed but rather frozen, it was assumed that the 

FD does not move during the time the artery is sectioned, placed on the glass 

slide, and the image of the fluorescent concentration profile taken. The 

sectioning and fluorescent imaging were done as fast as possible. The 

process from sectioning to imaging was done in approximately 15 minutes. 

A cryogenic sectioning machine was used to produce samples for 

microscopy. Five 20 (xm sections were taken from each frozen section. A 

FITC filter was placed in the microscope in order to view the fluorescence of 

the FD diffusion profile in the artery wall. Using Metamorph imaging 

software and a low light camera, digital images of the artery cross-section 

were taken. The linescan feature in Metamorph was also used to create a 

light intensity profile through the artery wall. Five light intensity line scans 

of each section was taken to determine the FD concentration profile. 

Before the experiments were performed, a calibration curve was 

created to convert the light intensity measured by Metamorph with the 

corresponding FD concentration. A rabbit carotid artery was cut into six 
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equal pieces and submerged into vials filled with different concentrations of 

FD (ranging from 1 mg/ml to .01 mg/ml). The artery specimens were 

allowed to soak for two hours during which time the FD reached 

equilibrium. The light intensity of each specimen was determined with 

fluorescent microsopy and was plotted vs. concentration. The concentration 

was modified by the carotid partition coefficient to dextran, 0.17 (taken from 

unpublished data from Dr. Ann Baldwin). The calibration curve is shown in 

Figure 3-11, The calibration curve on a standard x-y plot is a non-linear 

function. Plotting on a logio scale, the curve becomes nearly linear and a 

simple equation was determined to equate intensity to concentration (see 

Figure 3-12). The calibration equation is, 

logio c = 0.0161/«/e«5//>-3.5916. (3.40) 
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Figure 3-12 Calibration Curve in Linear Form 
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3.4.2 Data Reduction 

In this experimental case, there was no fluid pressure and the 

concentration of the FD in the bath was small enough to consider the 

osmotic pressure insignificant. This can be seen in the equation 3.41 where 

where vf = 0. 

r; =-d^+bcvf =-d^. (3.41) 
or or 

Then the transport process is pure diffusion and the 1-D diffusion equation 

was used to solve for concentration, 

140' 

where c is the concentration of the dextran and x is the position in the vessel 

from inside surface. A 1-D Cartesian coordinate system was assumed to 

further simplify the data reduction. 

Using separation of variables, the simple diffusion equation can be 

solved to be 

c  =  c ,+ (c2-c , )—+—w,  (3 .43)  
I n 
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u = y^^a_£!2sin(a,).e(-'«"", (3.44) 
«=i ri 

Yt TT • • • where a = — , c, is the inside concentration, is the outside concentration, 

and N is the number of data points. 

The medial diffusion coefficient can then be determined by 

minimizing the differences between the theoretical and experimental species 

concentrations in the least squares sense 

n"°=i;Ic"'L-[4F (3-45) 
7=1 

where N is the number of experimental data points. This data reduction 

routine was created using Matlab and details can be found in Appendix II. 

Further refinement of the diffusivity will be conducted using ABAQUS 

finite element software. The ABAQUS model will use a polar coordinate 

system. 

3.4.3 Results 

3.6.3.1 Neutral Species 

A total of 5 intact vessels and 5 denutured vessels were tested. A 

neutral species of fluorescent dextran was used in order to remove any 

electrical effects between the dextran and the arterial wall tissues. 
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Images showing the fluorescent dextran diffused through the carotid 

wall can be seen in Figure 3-13. A line scan showing fluorescent intensity 

vs. position for each corresponding fluorescent image is also shown in 

Figure 3-13. A total of five line scans per image were taken and averaged 

together to give a characteristic concentration profile for each section. 

Fluorescent Image of FD Light Intensity Line Scan 
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The concentration profile of each artery was then used by the 

MATLAB data reduction program to calculate the difflisivity, d, of each 

artery. After the d of each artery was determined (intact and de-

endothelialized), all diffusivities were averaged together to find the 

representative d of the intact and de-endothelialized rabbit carotid artery. 

Data for the intact and de-endothelialized vessels are shown in Figures 

3-14 to 3-17. The averaged diffusivity for the intact vessel was found to be 

2.34x10"'^ m^/sec ± 1.47x10"'^. The averaged diffusivity for the de-

1 ^ ^ 1 ^ 
endothelialized vessel was 4.86x10" m/sec ± 2.52x10" . These results are 

comparable to published figures for rabbit aorta (Simon et al., 1994). The 

ABAQUS finite element program will further refine the diffusivity 

calculated by the MATLAB data reduction program. 



121 

250 

200 

150 

100 

50 

0 
1.2 0 0.2 0.4 0.6 1 0.8 

Normalized Position 

Figure 3-14 Intensity vs. Position in Intact Artery 

0.25 

0.2 

f 
n> 
E 0.15 

0 0.2 0.4 0.6 0.8 1 1.2 

Normalized Position 

Figure 3-15 Concentration vs. Position in Intact Artery 



122 

250 

200 

150 

« c S 
100 

0.4 0.6 0.8 

Normalized Position 

Figure 3-16 Intensity vs. Position in Denutered Artery 

0.25 

E 0.15 

0.6 

Normalized Position 

Figure 3-17 Concentration vs. Position in Denutered Artery 



123 

3.6.3.2 Charged Species 

A separate experiment was conducted using a charge species diffusion 

experiment to consider whether a charged large species (69,000 MW 

dextran) is affected by the fixed charge of the artery. Eight rabbit carotid 

arteries were excised the diffusion test experiment was conducted on them 

following the protocol discussed above. However, an anionic fluorescent 

dextran used in place of the neutral fluorescent dextran. Four carotid arteries 

were in their intact state, while the other four were denutured. The FD was 

allowed to diffuse in for 15 minutes as before. 

The data points for each intact artery (both neutral charged species) 

are plotted in Figure 3-18. A best-fit polynomial trendline was created using 

Excel to estimate both neutral and charged species intensity curves. The 

data for each species was used in an ANOVA single factor data analysis tool 

in Excel. The ANOVA analysis reported that there was no significant 

difference between the two species (p=0.34 < 0.05). 

The neutral and charged species data points for the de-endothelialized 

artery are plotted in Figure 3-19. Again, the ANOVA analysis showed that 

there was no significance (p=0.27) between neutral and charged species. 
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These two experiments demonstrated that charge has no significant 

effect on the diffusion of 69,000 MW FD through the carotid arterial wall. 

One possible reason is because the large size of the molecule that is being 

used as the transport species. The attraction or repulsion caused by the 

charge on the molecule and the extra cellular matrix may be insignificant in 

comparison with the momentum of the molecule. Another possibility could 

be attributed to the small ions in the buffering solution (Na^ and CI"). The 

small ions are far more numerous in the solution then the large dextran 

molecule and they are always surrounding it. The ions could always keep 

the large molecule electrically neutral and thereby have it act like a neutral 

species during diffusion. More electrical effect could be expected if a 

smaller molecular weight dextran were used. Future experiments could be 

performed to test this hypothesis. 
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Figure 3-18 Charged and Neutral Species in De-Endothelialized Vessel 
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Figure 3-19 Charged and Neutral Species in Intact Vessel 

3.5 Diffusion - Convection Test 

3.5.1 Experimental Methods 

This test considers combined diffusion-convection species transport. 

The convection can be made significant by raising P > 0. In this test, fluid 

pressure gradient in the vessel wall is constant at steady state and a constant 

fluid flux develops through the vessel wall. This creates steady state 

convection in addition to diffusion. 
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The vessel was first inflated with TRIS solution to /* = 100 mmHg and 

allowed to reach equilibrium after 15 minutes. A predetermined amount of 

70,000 MW FITC dextran was then added to a different batch of TRIS 

solution. The TRIS solution was then replaced with and the FD-TRIS 

solution in order to keep the artery inflated at the same pressure as before. 

The vessel was again placed in a bath of TRIS solution for 180 minutes. 

After the 180 minutes, the carotid was removed and prepared following 

exactly the same procedures found in 3.4.1. 

3.5.2 Data Reduction 

Using the data obtained in the above experiments, the Peclet number 

can be used to obtain the convection coefficient of the media. The Peclet 

number relates diffusion to convection and is defined as 

P e  =  v f  L — ,  (3.46) 
d 

where L is the thickness of the artery and v/' is assumed essentially constant 

through the wall. Since the diffusion coefficient, d, was determined using 

the diffusion experiment data reduction, the convection coefficient, b, can be 

determined. 

3.5.3 Results 
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A total of four rabbit carotid arteries were used to in the convection-

diffusion tests. Each of these arteries were denutured using the techniques 

described above. Figure 3-20 shows a sample fluorescent image of the FD 

in the artery along with a line scan showing the brightness intensity along 

one line in the image. A total of five line scans per image were collected 

and averaged together to get a representative brightness intensity vs. position 

plot for each sample. 

Fluorescent Image of FD Light Intensity Line Scan 

Linescan on 3h5 

Position 
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141 

Figure 3-20 Fluorescent Image of FD and Light Intensity Scan in 
Conyection-Diffusion Experiment 

The diffusivity of the rabbit carotid artery determined in the diffusion 

experiment and the Peclet number can used to identify the convection 

coefficient. The MATLAB data reduction program used the diffusivity and 

guessed at Peclet numbers until a fit to the experimental data was found 

using least squares. The convection coefficient was then calculated from the 

Peclet number, 

b'^=Pe^. (3.47) 

The convection coefficients, b, all the samples were then averaged 

together to find the representative convection coefficient for the rabbit 

carotid artery. 

Unescan on 3hl 

70.5 

Position 
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Figure 3-21 shows the results to the MATLAB data reduction 

program. The program finds the best fit to the experimental data then 

determines the Peclet number and convection coefficient for that sample. 

Concentration Profile: Steady State 
6 
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Figure 3-21 Results from Conyection-Diffusion MATLAB Data 
Reduction Program 

The representative convection coefficient, b, for the rabbit carotid 

artery was calculated to be 0.1623 ± 0.063. This convection coefficient is in 

agreement the results on the rabbit aorta reported by Simon et al. (Simon et 
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al, 1994) (b = 0.12). The average Peclet number used to determine the 

convection coefficient was 16.6. This large Peclet number suggests that 

convection in dominating diffusion at physiologic pressure (the experiment 

was conducted at 100 mmHg). 

3.6 Osmotic Coefficient Test 

The osmotic effect in the Darcy equation was initially assumed to be 

insignificant. However, in order to test this assumption the following 

experiment was conducted. 

A denutured rabbit carotid artery was placed on the jig following all 

protocols discussed above. The experiment was setup in the same matter as 

the hydraulic permeability experiment with the following exception. A large 

amount of non-labeled 69,000 MW dextran was mixed in the TRIS solution 

producing a significant gradient in c. There was no fluid pressure applied. 

The osmotic pressure induced by the concentration gradient across the 

arterial wall was used to move the bubble in the capillary tubing. 

For the first test, a concentration of 10 mg/mL of dextran was added 

to the TRIS solution. After 15 minutes, no noticeable bubble movement was 

detected. The concentration in the TRIS solution was then increased to 20 
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mg/mL. Again, no noticeable bubble movement was detected. Finally, the 

dextran concentration in the TRIS solution was increased to 35 mg/mL. The 

bubble was observed to move 4 mm in 20 minutes. This corresponded to a 

pressure gradient of approximately 30 mmHg. 

The experiments used to determine the difflisivity and the convection-

coefficient of the carotid artery all used concentrations of 1 mg/mL 

fluorescent dextran in the luman and 0 mg/mL in the bath. This 

concentration is much lower then the concentration needed (35 mg/mL) to 

see any response to osmotic pressure in the system. With this evidence, the 

osmotic effect was continued to be considered insignificant. The artery used 

in this experiment is shown in Figure 3-22 while on the jig. 

Figure 3-22 Image of Carotid Artery During Osmotic Effect 
Experiment 
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To further offer support to the assumption that the osmotic effect can 

be ignored, the following calculations are offered. 

= -k^ / dr) + Re [f - ) (dc / 5r)] 

For carotid arteries and FD: 

<^^»100mmHg = 13332 Pa; 

dr « 0.5 mm = 0.0005 m; 

R = 8.3145 [J/(mole "K)] = 8.3145 [(N-m)/(moIe °K)]; 

0 « 300 °K; 

c «1 mg/mL --1.6667 x 10"^ mole/m^; 

and =60,000. 

Then the convection and osmotic terms are, 

dp^ I dr «(13332 Pa/0.0005 m) = 2.6664x lO'iV/m' 

and 

R O i f - b f ' Y d c I d r ) ^ [ % 3 U 5  ][300 °K][ 1.0][ 1-6667x 10 ^ mole/m ^^g 3^gj^i 
^ ' mole- K 0.0005 m m 

SO that, 

?sL^>ReU-b")--
dr ^ ' dr 

This shows that the convection term is dominant in the Darcy at 
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physiological and experimental conditions 

3.6 Summary 

This chapter described a number of tests used to determine the 

material and transport properties of the rabbit carotid artery. An undrained 

(pressure-radius) test was used to determine structural properties, a hydraulic 

permeability test (bubble test) was used to find the permeability of the 

vessel, a FD diffusion test was used to determine the diffiisivity, and a 

diffusion-convection test was used to calculate the convection coefficient. 

The osmotic term of the equation was shown to be insignificant in this study 

and was ignored. The results from this chapter were obtained from a 

MATLAB data reduction program using 1-D, thin wall assumption 

equations. While these assumptions will determine approximate values for 

the material properties, the finite element model discussed in Chapter 4 

calculate more exact values. For quick results the MATLAB program 

performs well. For more precise results, a longer and more complex finite 

element model is needed. 
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CHAPTER 4 

FINITE ELEMENT ANALYSIS OF ARTERIES 

SUBJECTED TO STEADY AND CYCLIC PRESSURE 

The finite element model is a useful tool for the analysis of soft 

tissues. The theory used to describe the coupled strain, water flow and 

species transport through porous material is very complex. In order to solve 

the multitude of simultaneous equations at many different points in time, the 

finite element model is necessary. This chapter will include the fitting of 

finite element models of the carotid to the experiments performed in the last 

chapter. The finite element model will refine the properties of the carotid 

artery determined by the MATLAB data reduction program. Then the final 

properties will be used to analyze the carotid under conditions that are 

difficult to perform experimentally including cyclic pressure, damaged 

endothelium and hypertension. 

4.1 ABAQUS Finite Element Implementation 

The ABAQUS finite element program was used to analyze the fluid 

flow through porohyperelastic models of soft tissues and TEVGs. 
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ABAQUS was chosen to perform this task because it uses mixed pore 

pressure (poroelastic) elements with displacements and pore pressures as 

unknown variables. Most importantly, ABAQUS uses the effective stress 

principle that can include in isotropic hyperelastic material properties 

described above. The effective stress energy function is defined in 

ABAQUS using the UHYPER option. UHYPER is a FORTRAN subroutine 

that allows specification of a user-defined hyperelastic material law 

(effective strain energy density function) to describe the material behavior of 

a poroelastic material. The Fung-Mooney effective strain energy density 

function and its derivatives with respect to the deviatoric strain invariants 

were implemented into UHYPER. The user subroutine is given in Appendix 

III. 

4.1.1 ABA Q US Permeability 

ABAQUS defines permeability as a function of void ratio, 

n  d V ^  e  =  
\ - n  d V  '  

for saturated materials. The porohyperelastic material used in the analysis is 

compressible, meaning it pores in the material can change shape in turn 
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changing the void ratio of the material. Void ratio is thus dependent on 

pressure. 

Permeability in ABAQUS is dependant on void ratio. For situations 

where the permeability is constant (such as the media), a single permeability 

can be given and it will be used for all void ratios (pressures). For other 

situations where the permeability is dependant on pressure (the intima), the 

corresponding void ratio must be found for the correct pressure. This was 

done by holding the artery at a certain pressure, then reading the void ratio in 

the tissue corresponding for that pressure. A table of void ratios and 

pressures was created using this technique. Using this table, the intimal 

permeability function was described in ABAQUS as a function based on 

void ratio and not pressure 

4.1.3 Finite Element Mesh 

The ABAQUS model is made up from 400 axisymmetric pore 

pressure elements (ABAQUS element CAX8RP). The large number of 

elements is needed to achieve spatial resolution needed in the model. The 

mesh is cut down to 4 axisymmetric intimal elements and 20 axisymmetric 

elements media elements in order to make viewing results easier. The 400 
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element mesh will be used to create x-y plots of the data. The coarse model 

is shown in Figure 5-1. A typical artery is composed of three layers: a thin 

intimal layer which acts like a barrier to flow, a relatively thick media layer 

that acts as the primary structural component, and a loose adventitia layer. 

In this model, the loose adventitia has been neglected and the endothelium is 

assumed to not be structurally significant. Material properties determined by 

in Chapter 3 were used. 

All 400 elements were given the same material properties, however 

the first four elements were given intimal permeability. The rest of the 

model was given medial permeability. Characteristic carotid internal and 

external radii determined by averaged experimental data and were set to 0.54 

mm and 0.74 mm. The axial length is arbitrary and was set as 1 cm. 

Through experiments, the average axial stretch ratio, , of rabbit carotid 

was determined to be 1.5. The mesh was stretched by the axial stretch ratio 

to reflect this. 
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Figure 4-1 ABAQUS Finite Element Arterial Model 

When de-endothelialized tests were conducted, the intimal 

permeability of the first four elements were replaced with the medial 

permeability. Although the intima in this study is considered to be a 

porohyperelastic material with elastic properties identical to those of the 

media, in actuality the intima does not exist as a continuum and is not a 

poroelastic material. The intima is too thin to be considered generally 

significant, however the intima serves as a resistance to fluid flow on the 

interior of the wall. Therefore, to describe the fluid flow property of the 
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intima a gross resistance should be used rather then permeability that is used 

in this thesis. 

4.1.4 Finite Element Input File 

Modeling the flow of fluid through a fibrous meshwork like an artery 

wall is very similar to the analysis of saturated soils. Both require a solution 

of coupled stress-diffusion equations. The coupling is approximated by the 

effective stress principle. Treating the porous media as a continuum, the 

total stress at each point is the sum of an effective stress which is carried by 

the porous mesh skeleton and a pore pressure in the fluid permeating the 

meshwork. The fluid pore pressure can change with time due to external 

changes on the system and a gradient of the fluid pressure will be created 

causing the fluid to flow. ABAQUS solves this problem using the SOILS, 

CONSOLIDATION analysis step. 

Porous media problems are run in two steps. The first step establishes 

the initial solution that is a uniform pore pressure equal to the load 

throughout the body, with no stress carried by the porous media skeleton. 

This is accomplished by not allowing any drainage though any surface of the 

model and applying a load to it. The second step is the actual consolidation 
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of the meshwork. Stress is transferred to the meshwork skeleton and fluid is 

allowed to flow through one or more surfaces. 

The first pre-load step where no fluid flow is allowed is only 

necessary to at the beginning of the simulation. Once the pore pressures 

within the model are set up only consolidation steps are required to calculate 

the fluid flow when boundary conditions change. The pre-load step causes 

unrelated stress, fluid flow and pore pressure in the vessel after the 

consolidation step, therefore the model must be run until equilibrium is 

reached. The pre-load effects and time to reach equilibrium are shown in 

Figure 5.2. The pre-load causes the initial pore fluid velocity to start below 

zero. The first consolidation step causes the pore fluid velocity to spike. 

The pore fluid velocity reaches equilibrium after approximately 100 

seconds; the model is then ready to run simulations. 
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Figure 4-2 Effects of the Pre-load step and first consolidation step 
before equilibrium 

4.1.5 Structural and Transport Material Properties 

The material properties used to describe the structural and transport 

behavior of the artery in ABAQUS were the properties of a rabbit carotid 

artery. The properties determined using the MATLAB data reduction 

program will be the properties initially used in the ABAQUS finite element. 

If ABAQUS does not fit the experimental data using the MATLAB 

properties, they will be adjusted until a fit occurs. ABAQUS uses 
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axisymmetric geometry and a coupled deformation/pore pressure model that 

will more accurately model the experiments. 

Property Media (MED) Intima (INT) 
U" - Structural Co =4171.5 N/m^ negligible 
Properties C, = 1.0967 

= 0.00248 
K' = 12.5 

k - Permeability =3.67x10-" m'^/N-s ( P ,  A . )  =  nonlinear 

function 
d - Diffusion ^MED =4.86xl0-'^m^/s =2.52x10"''mVs 
Coefficient 
b - Convection ^MED ~ 0-1623 bjfjT - 0-1623 
Coefficient 

Table 4-1 Transport and Structural Properties of Rabbit Carotid 
Artery used as Initial Guesses in ABAQUS 

The permeability of the intimal layer was found to be dependant on 

fluid pressure and axial strain of the vessel as discussed in Chapter 3. A 

table of void's ratio (porosity in ABAQUS) and permeability was written 

into the ABAQUS input file and the corresponding permeability is used 

depending on the void's ratio at a certain pressure and axial strain. For 

void's ratios that are between given data points on the table, ABAQUS 

calculates the permeability as if there was a linear function between the two 

points. The function given to ABAQUS to express the nonlinear 

characteristic of the intimal permeability is shown in Figure 5.3. 
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Figure 4-3 Nonlinear Function of Intimal Permeability vs. Void's Ratio 

4.2 Verification of Experiments 

4.2.1 Pressure-Radius Experiment 

The undrained test was simulated by applying a rapid inflation 

(internal pressure) to the cylinder. The results correspond to the 

incompressible hyperelastic solution. It was assumed that the inflation was 

rapid enough that no flow would be considered. 

The first test done using the MATLAB determined material properties 

did not fit the experimental data. MATLAB assumed the inflation was rapid 

enough that no fluid flow was allowed, therefore an undrained experiment. 
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However, the due to experimental constraints, the vessels could not be 

inflated rapid enough stop fluid movement and still be able to take an image 

of the vessel at each determined pressure. Therefore, there was drainage 

occurring during the pressure-radius experiment and K' should be accounted 

for. Using the user defined hyperelastic material option (UHYPER) in 

ABAQUS, the Fung-Mooney form of the strain energy density function in 

implemented into ABAQUS. ABAQUS can allow for drainage during the 

e x p e r i m e n t  a n d  w i l l  b e  u s e d  t o  d e t e r m i n e  K ' .  

Iterative ABAQUS runs were made, changing Q, C,, and K' until a 

fit was acquired. A fit was determined by a sum of least squares method 

between the results of each ABAQUS run and the experimental data. Figure 

4-4 shows the pressure/radius response of the cylinder. This plot 

demonstrates the characteristic exponential behavior typical of soft tissues. 

There is good agreement between the FEM results using the refined 

experimentally determined material properties and the observed 

pressure/radius response. Table 3-2 shows the refined material properties 

for the carotid artery. 
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Figure 4-4 Comparison of FEM and Experimental Data for Undrained 
Pressure/Radius Response 

Co 6410.6 NW 

c; 1.22 

c; .00248 

K' 8.0 

Table 4-2 Sturctural Properties of Rabbit Carotid Artery Refined using 
ABAQUS 

With the correct material properties available, the hysteresis effect of 

the artery was examined. It has been shown if a soft tissue is subjected to 
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cyclic loading, the stress-strain relationship in the loading process is usually 

different from that in the unloading process. This phenomenon is call 

hysteresis (Fung, 1972). After a number of cycles, the soft tissue reaches a 

steady state and all ftirther stress-strain curves do not change. 

Figure 3-5 and 3-6 show the precondition effect on the rabbit carotid 

artery at 1 Hz and 10 Hz cyclic pressures, respectively. After ten cycles, the 

carotid under 1 Hz pressures reach equilibrium and no ftirther change was 

detected. However, the carotid under 10 Hz reach equilibrium much faster. 

This is due to the rapid nature of the cycles. The fluid flow in and out of the 

artery wall affect the amount of preconditioning needed to achieve 

repeatable results. If cycles are applied fast enough the water does not have 

enough time to move and less preconditioning is needed. 
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Figure 4-5 Preconditioning Effect of Carotid Artery at 1 Hz 
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Figure 4-6 Preconditioning Effect of Carotid Artery at 10 Hz 
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The above results confirm it was necessary to inflate/deflate the rabbit 

carotid artery rapidly multiple times before being tested in order to achieve 

repeatable results. During experiments, the vessel could only be inflated at a 

frequency of approximately 0.2 Hz. Therefore it was necessary to 

inflate/deflate 20 times to reach equilibrium. These results will also be used 

when applying the carotid artery to cyclic pressure in ABAQUS. Models 

under 1 Hz cyclic pressure will have to be preconditioned ten times, while 

slightly less preconditioning will be required for 2 Hz cyclic pressure tests. 

4.2.2 Hydraulic Permeability Experiment 

Two pressurized flow tests were analyzed. The first FEM examined 

the de-endothelialized vessel. This would allow the determination of the 

permeability of the media alone. In the second FEM, the wall was 

considered to be composed of two layers, the intima and the media. The 

permeability of the media would be used from the first test and the 

permeability of the intima would be changed at each pressure until a fit 

occurs. 

The FEM results are shown in Figure 4-7. The permeability of the 

media, was determined to be 4.323x10"'^ m'^/N-sec. The permeability of 
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the intima is a function and is shown in Figure 4-8. While ABAQUS 

models the intima as its own body that has its own properties, it is actually a 

very thin layer of cells (almost like a film). In the continuum sense, the 

intima should not have material properties like permeability. The intima 

behaves like a resistance, which is related to the permeability. However, 

ABAQUS must be able to use permeabilities to be able to run correctly and 

it should be noted that the intima should be described as a resistance. 
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Figure 4-7 Comparison of FEM and Experimental Results for 
Hydraulic Permeability Test 
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Figure 4-8 Permeability Function of the Intima 
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4.2.3 Diffusion Experiment 

The diffusion experiments on the de-endotheliaUzed arteries were 

analyzed. The concentration profile for each artery was fitted using 

ABAQUS, with the MATLAB defined difflisivity as the initial diffiisivity 

guess. Two ABAQUS runs are shown in Figure 4-9. The difflisivities were 

averaged to get the refined characteristic diffusivity for the rabbit carotid 

artery. The diffusivity was calculated to be 4.9x10"'^ mVsec ± 2.11x10"'^ for 

the medial layer. 

0.1 

0.09 

0.08 

0.07 

E, 0.06 

I 0.05 
& 
£ 0.04 

o 0.03 

0.02 

0.01 

0 
0.9 1 0.6 0.7 0.8 0 0.2 0.3 0.4 0.5 0.1 

Normalized Position 

• Experimental Data - Vessel 1 —•• 

FEM-Vessel 1 

Experimental Data - Vessel 2 

FEM - Vessel 2 

Figure 4-9 Experimental Diffusion Data and FEM Solution 
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The intimal layer is thin and changing the difflisivity of this layer had 

no significant change on the diffusion curve for the rest of the model. 

However, it is shown in results in Chapter 3 and in the literature that the 

intima acts as a barrier to species flow. To simulate this, the intimal in the 

ABAQUS model was given a partition coefficient. This allowed for the 

concentration of species at the intimal layer to be lower then estimated using 

the medial partition coefficient of 0.17 and better match experimental data. 

The average partition coefficient calculated for the intima is 0.105 ± 0.037. 

4.2.4 Convection-Diffusion Experiment 

In its current configuration, ABAQUS cannot do coupled convection-

difflision-porohyperelastic problems. Until proposed modifications to 

ABAQUS (Chapter 8) are completed, the MATLAB data reduction program 

will be used to determine the final value of . 

4.2.5 Summary of Final Properties 

Table 4-3 shows a summary of the finalized mechanical and transport 

properties of the rabbit carotid artery using ABAQUS finite element 

software. All further finite element models in this chapter will use these 

properties. 
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Property Media (MED) Intima (INT) 
U' - Structural Co = 6410.6 NW negligible 
Properties C, = 1.22 

= 0.00248 

II 00
 

o
 

k - Permeability = 4.323 X10"''m'^/N- ( P ,  A )  =  nonlinear 
s ftinction 

d  -  Difftision =4.9x10-''m^/s negligible 
Coefficient 
b  -  Convection ^MED ~ 0-1623 bjj^r = 0.1623 
Coefficient 

Table 4-3 Transport and Structural Properties of Rabbit Carotid 
Artery finalized by ABAQUS FEM 

These results have demonstrated that the finite element models, with 

proper material properties, do an excellent job of simulating the behavior of 

soft tissues such as the carotid artery. They have also shown that the 

constitutive models used in this dissertation accurately describe the 

nonlinear and history dependent poroelastic response of such materials. 

With the verification of the theory and methods developed, the FEM is a 

useful tool for the analysis of tissue and can be applied to problems of 

interest in soft tissue mechanics such as arterial hypertension, damage to the 

intima, and elevated heart rate. 

4.3 Arteries Under Constant and Pulsatile Pressure 
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The porohyperelastic field theory was used with the finite element 

program ABAQUS to simulate the response of a rabbit carotid artery to a 

steady and cyclic intraluminal pressure associated with the systolic and 

diastolic stages of blood pressure. 

4.3.1 Constant Pressure 

To simulate the carotid at constant pressure, a fluid and mechanical 

pressure of 100 mmHg was applied to lumen of the vessel. There was no 

mechanical load or fluid pressure at the outside of the vessel. The FEM was 

allowed to run until it reached the steady state solution. The relative fluid 

velocity in the wall was plotted and can be seen in Figure 4-10. At constant 

pressure, as expected, the relative fluid velocity is the same throughout the 

vessel. 

Figure 4-10 Relative Fluid Velocity in Carotid under Constant Pressure 
(100 mmHg) 

4.3.2 Cyclic Pressure 

The cardiac cycle was approximated as a sawtooth wave with a 

fi'equency of 1 beat/sec (IHz) as shown in Figure 4.11. The systolic 



156 

pressure is 120 mmHg and the diastolic pressure is 80 mmHg. The idealized 

cardiac cycle resembles the natural cardiac cycle where systolic pressure is 

obtained by a construction of the heart in the first third of the cycle, and then 

the heart relaxes to obtain the diastolic pressure during the final two thirds of 

the cycle. These pressures represent the applied mechanical pressure as well 

as the fluid pressure at the internal boundary. 
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Figure 4-11 Cyclic Interluminal Blood Pressure 

The first test done was to show the pressure/radius response of the 

artery over the normal cardiac cycle. This is shown in Figure 4-12. Since 
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each cycle is applied over a short period of time (one second) and the 

permeabilities of both the intimal and medial layers are low, the cyclic 

portion of the pressure/radius response is relatively undrained. However, 

there is a steady state flowing condition at some pressure between 80 and 

120 mmHg underlying the undrained response. Therefore, there will be 

some net flow of fluid through the wall while the intraluminal pressure is 

cycling. 
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Figure 4-12 Cyclic Pressure/Radius Response of Rabbit Carotid 

The next test was to investigate the fluid motion within the artery wall 

during cyclic loading. Figure 4-13 shows the relative fluid velocity in the 
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artery wall at the high and low peaks of the cycle. Figure 4-14 shows the 

relative fluid flow in the carotid artery over one systolic-diastolic cycle. 
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Figure 4-14 Relative Fluid Flow in Carotid Under Cyclic Pressure 
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Figure 4-15 Pore Fluid Pressure Distributions for "Normal" Cycling 
Case 

These plots provide some interesting information concerning the fluid 

motion within the artery wall during cyclic loading. The first observation is 

the development of large gradients in fluid flow on the interior of the wall. 

This is due to the low permeability of the intimal layer. Figure 4-15 

demonstrates that the pore pressure gradients across the intima increase with 

increasing pressure. This effect combined with the fact that the permeability 

of the intimal layer is essentially asymptoting to a constant value at high 

levels of strain, will cause the relative fluid velocity to increase substantially 



161 

at higher pressures. This can be more clearly seen in Figure 4-13 where at 

P=80 mmHg, the relative fluid velocity is close to zero on the internal 

surface of the wall whereas there is the maximum relative fluid velocity on 

the inside of the wall at P=120 mmHg. 

A second observation of the results concerns the relative fluid 

velocities through the walls on the systolic part of the cycle. Over the 

diastolic part of the cycle, the relative fluid velocities through the wall are all 

from inside to outside. However, at the higher pressures of the systolic 

portion, fluid is imbibed from both surfaces of the artery. Of particular 

interest are the effects of the cyclic response of the artery on various drug 

delivery systems. The results presented here suggest that distribution of a 

drug infused into the artery wall by intraluminal pressure could be studied. 

Efficient means of drug delivery could be developed with the knowledge of 

the tissue fluid motion within the wall. The coupled convection-diffusion 

theory for ABAQUS developed in Chapter 7 can be used to expand this 

analysis to provide even more information and inside into this phenomena. 

The fluid flow distribution in the rabbit carotid artery can be 

compared to the similar fluid flow distribution results of the rabbit aorta 

published by Kaufman (Kaufman, 1995). The relative fluid flow 
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distributions for the aorta can be seen in Figure 4-16. When compared 

against each other, it can be seen that the carotid allows much greater fluid 

flow. This is due to the carotid being more permeable then the aorta; 

= 4-323 X10"''m'^/N-s for carotid compared to = 1.05x10"'^ m'^/N-s 

for the aorta. The next observation is the difference in the shape of the flow 

distribution through the vessel walls. While both show similar flow patterns 

at the inside and outside surfaces, the aorta shows regions within the wall 

where the flow changes direction where the carotid does not. Two possible 

causes to this phenomenon are 1) the difference in permeability of the two 

vessels or 2) the difference in the stiffness. A smaller permeability will 

cause more resistance to fluid flow; setting up a different equilibrium state 

then exists in the normal carotid. The pore fluid pressure within the wall 

would not have a chance to equilibrate and a fluid velocity profile like that 

of the aorta is possible. A stiffer material will have a different fluid velocity 

field due to the rate of porosity change in the vessel wall. By expanding or 

contracting pores, a pore pressure is created and a fluid flow profile is 

produced. It will require more research to determine how each of these 

variables affects the fluid flow profile in vessel walls. Due to the increase of 

stifftiess in atherosclerotic arteries and a corresponding decrease of 
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permeability, research in this area could have impact on combating the 

disease. 

2.00E-04 

o 1.50E-04 

1 1 .OOE-04 

o 5.00E-05 

0.8 0.2 0.6 
a -5.00E-05 

Normalized Position 

® -1.00E-04 

-1.50E-04 

80mmHg 120mmHg 

Figure 4-16 Relative Fluid Flow in Aorta under Cyclic Pressure 

Due to the differing sizes of arteries and the relative amount of 

transluminal fluid flux through them, a non-dimensional plot is necessary to 

compare the fluid flow field between differing arteries. The x-axis will be 

normalized in position, 0 being the inside surface and 1 being the outside 

surface. The y-axis will be normalized by dividing the relative fluid velocity 

by the average fluid velocity if the artery at a constant 100 mmHg. This 
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non-dimensional plot will show deviations of fluid flow from the norm at 

various pressures in the cardiac cycle. 

The rabbit carotid artery flow plot is seen in Figure 4-17 and the 

rabbit aorta is seen in Figure 4.18. 
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Figure 4-17 Normalized Fluid Flow in Carotid under Cyclic Pressure 
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Figure 4-18 Normalized Fluid Flow in Aorta under Cyclic Pressure 

From these two plots, it can be seen that the deviatoric fluid flux is 

approximately the same on the inside and outside of each of the arteries. 

However, the fluid flux in the wall of the aorta deviates from the norm flux 

much greater then the carotid. 

4.3.3 Injured Vessels 

An injured vessel was modeled in ABAQUS by replacing the intimal 
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layer element properties with those of the medial layer. This homogenous 

material would only have medial properties, and not the highly flow resistant 

intimal properties. This model could be used to simulate the flow condition 

of injured arteries prior to the formation of atherosclerotic plaques or injuries 

due to catheter insertion. 

Figure 4-19 shows the relative fluid flow in an intact and injured 

carotid artery at constant pressure. As expected, without the pressure 

dependant intimal resistance, the fluid in the injured vessel in much greater. 

The fluid flow of the injured vessel under cyclic pressure also resembles that 

of the intact vessel but with a significant increase in the fluid velocity on the 

intimal edge of the wall. This is shown in Figure 4-20. The flow in the 

middle and outside edge of the arterial wall remains relatively unchanged. 

However, the removal of the intimal resistance will cause an increase in the 

net flow through the wall and may increase the transport of LDLs or other 

promoters of atherogenesis. Furthermore, this phenomena will be occurring 

many times over until the vessel is healed, compounding the effects that are 

observed on a per cycle basis. 
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Figure 4-19 Relative Fluid Flow in Intact and Injured Carotid at 
Constant Pressure 
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Figure 4-20 Relative Fluid Flow in Injured Carotid under Cyclic 
Pressure 

4.3.4 Carotid Arteries under Hypertension 

An ABAQUS model was created to simulate the affects hypertension 

has on the intact carotid artery. The physiological 80 mmHg to 120 mmHg 

cycle was replaced by a hypertensive 120 mmHg to 160 mmHg sawtooth 

cycle. The results are shown in Figure 4-21. There is very little difference 
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in the pattern of fluid flow between the normal vessel and the hypertensive 

vessel. Due to the increase of pressure gradient across the vessel wall in 

hypertension, there is an increase of relative fluid velocity. There is an 

average increase of 31.2% fluid velocity throughout the wall. This 

corresponds with the 33% increase in relative fluid pressure due to the 

hypertension. As previous stated when discussing the injured artery model, 

an increase in fluid flow through the artery wall may increase the transport 

of atherosclerotic causing factors. The increased transport caused by injured 

vessels or hypertension alone is a major risk, but having both injured 

endothelium in a hypertensive environment is compounding the effects. 
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Figure 4-21 Relative Fluid Flow in Intact Carotid under Hypertension 

4.3.5 Carotid Arteries Under Increased Heart Rate 

The effect heart rate has on fluid flow through an artery wall as 

examined by using the ABAQUS model of the rabbit carotid but instead of 

cycling around 80 and 120 mmHg for one beat per minute (1 Hz), cycle at 

two beats per minute (2 Hz). The results showing relative fluid flow 

throughout the artery wall at the minimum and maximum pressures are 

shown in Figure 4-22. 

Heart rate seems to have little effect on the flow of a healthy intact 

carotid artery. The overall flow remains the same with only a slight increase 
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in fluid velocity at the inside and outside edge of the vessel. The change in 

fluid velocity over time at the intimal surface can be seen in Figure 4-23. 

While increased heart rate on its own does not change the flow 

characteristics of the artery significantly, increased heart rate coupled with 

either artery injury or hypertension could be an increased source of concern. 
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Figure 4-22 Relative Fluid Flow in Intact Carotid Cycling at 2 Hz 
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Figure 4-23 Relative Fluid Velocity at Intimal Surface (2 Hz) 

4.4 Summary 

This chapter has shown that numerical models, such as ABAQUS 

finite element models, can predict experimental results when using the 

correct structural and transport properties. Using the properties for the 

rabbit carotid, the finite element model then determined fluid flow patterns 

in the artery wall under various conditions. At normal blood pressure and 

heart rate, an intact carotid was shown to have a completely different fluid 

flow proflle while under cyclic pressure compared to steady pressure. The 
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carotid flow characteristics also differed from that of the rabbit aorta, due to 

the stiffness and permeability differences between the two arteries. 

A non-dimensional fluid flux plot was introduced which can be used 

to compare two dissimilar arteries. The rabbit carotid artery was compared 

to the rabbit aorta in this dissertation. It was seen that while both arteries 

have similar fluid flow patterns on their inside and outsides surfaces, the 

fluid flux in the wall of the aorta deviates greater from the normal average 

flow then the carotid. 

A number of hypothetical tests were conducted examining what 

conditions placed on the artery affects fluid flow. It was seen that vessels 

with damaged endothelium or under hypertension have an increased flow 

associated with them. While an increased heart rate does little to affect the 

flow. Many other tests may be performed to more fully describe the 

relationship between fluid flow and the properties and boundary conditions 

placed on the artery. These include conditions which precursor the growth 

of atherosclerotic plaques such as increasing the stiffness of the artery and 

decreasing its permeability. The following chapter will describe the 

construction and testing of tissue engineered vascular grafts. These grafts 

will then be modeled using the same techniques found in this chapter. 
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CHAPTER 5 

CHARACTERIZATION OF TISSUE ENGINEERED VASCULAR 

GRAFT CREATED UNDER SHEAR STRESS 

5.1 Introduction 

Endothelial cells serve as gatekeepers, regulating the transport of 

molecules and fluid across into the arterial wall. The endothelial cells 

change their permeability under various stimuli such as cytokines and 

vasoactive molecules (thrombin, histamine and nitric oxide). There is also 

evidence that fluid shear stress plays a role in changing the permeability of 

endothelial cells (Friedman et al., 1986). 

Fluid shear stress and fluid pressure in the vessel affect the transport 

of molecules through the endothelial layer in many ways. The convection of 

water through the vessel wall increases the transport of molecules by 

convection. Endothelial cells also change permeability in response to fluid 

shear stress placed on them, changing the molecule flux through the wall. 

Finally, fluid pressure causes an expansion of the vessel material itself that 

produces fluid flow in and out of the vessel. 
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There is a wide range of the effect of shear stress on different vessels. 

Williams et al. (Williams, 1996) has shown that frog capillaries exhibit an 

increase of hydraulic conductance when shear stress in increased while the 

hydraulic conductance of terminal arterioles did not. In vitro experiments 

have also demonstrated shear stress affects transendothelial transport, 

however the macromolecular and hydraulic conductance are one to two 

order of magnitude larger then those measured in vivo. This could be due to 

the cells using different transport pathways or the junctions between the cells 

being looser then they would normally be. Bovine aortic endothelial cells 

(BAEC) were exposed to 10 dyn cm'^ for one hour. The hydraulic 

conductance increased 2.2 times the normal amount and remained elevated 

after the shear stress was removed (Sill et al., 1995). BAEC exposed to a 

high shear stress had an increased permeability to dextran by 5.5 times that 

of cells not exposed to flow. While BAEC cells subjected to steady laminar 

flow with no shear gradients increased dextran permeability by 2.9 fold 

(Seebach et al, 2000). 

Adherens and tight junction proteins in endothelial cells have been 

shown to respond to shear stress. Endothelial cells exposed to 15-50 dyne 

cm' lead to a decrease in a-catenin and VE-cadherin in exposed areas while 
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an increase of the cell not exposed. However, the relationship between these 

structural changes and vessel permeability have not yet been established. 

Most measurements of macromolecule permeability and hydraulic 

conductance were made on cells grown under static conditions. It has been 

hypothesized that the changes might be attributed to cells remodeling 

themselves under the changing shear stress and not a change in the transport 

pathways. 

Currently, small diameter vascular grafts (6mm and less) fail at a 

clinically unacceptable rate. Endothelial cells are the only known anti-

thrombogeneic blood-compatible surface (Esquivel et al., 1986). To keep 

grafts patent, it has become popular to grow EC on the grafts and/or apply 

extracellular matrix proteins to the grafts. These grafts are commonly made 

fi"om porous expanded polytetrafloroethylene (ePTFE), Dacron and 

polyurethane. Several techniques have been developed to achieve 

endothelialization of the vascular grafts. Herring et al. first achieved this by 

seeding endothelial cells onto the luminal surface of a vascular graft. This 

technique have been replicated and shown to improve long term patency in 

small diameter vascular grafts. 
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While studies have been conducted showing the affect shear stress has 

on endothelial cells grown under static conditions, the affect of cells grown 

under shear stress has not yet been sufficiently demonstrated. Also, with the 

introduction of drug treatments to keep grafts patent, the transport behavior 

of endothelial cell seeded vascular grafts is important to know. The purpose 

of this chapter is to investigate the correlation between hydraulic 

conductance and endothelial cells grown under shear stress. 

5.2 Graft Creation 

5.2.1 Cell Culture and Cell Seeding 

To promote the adhesion of human microvascular endothelial cells 

(HMVEC), the graft was coated with extracellular matrix proteins derived 

fi-om HaCaT human squamous epithelial cells. The HaCaT cell line was 

maintained in culture medium containing Dulbecco's Modified Eagle 

Medium with high glucose, 10% fetal bovine serum, 2mM L-glutamine, and 

5mM HEPES buffer. The HaCaT cells grown until they reached 70% 

confluency when the HaCaT culture medium was replaced with the same 

culture medium but with the 10% fetal bovine serum removed. This HaCaT 

conditioned medium was then harvested after 60 hours. Fifteen mL of 
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2 HaCaT conditioned medium was collected for each 1 cm of graft to be 

treated. The HaCaT cells were discarded. 

The graft used was 4mm inner diameter ePTFE with 30-(xm intemodal 

distance (IMPRA, Inc., Tempe, AZ). The graft was cut into 4.2 cm long 

tubes, and then male and female connecters were careftilly attached on each 

end, which reduced the available usable graft length to 2 cm. The grafts 

were gas sterilized and denucleated in varying grades of ethanol/water 

mixture. The distal end of the graft was then stopped and a 5mL syringe 

was used to insert HaCaT conditioned medium into the luminal volume of 

the graft. Two times the luminal volume of the graft was inserted which 

caused the medium to flow through the pores of the graft. The graft was 

then attached to a bioreactor, which was filled with the same HaCaT 

conditioned medium. A pump was used to flow medium through the graft 

wall at 15 mL/min for one hour, giving time for the extracellular matrix 

proteins to bind to the ePTFE. 

A HMVEC cell line used to create an intimal lining on the ePTFE 

graft. The HMVEC cell line was maintained in Media 199, 10% fetal 

bovine serum, 2mM L-glutamine, 5mM HEPES buffer, and .4% ECGS and 

were removed using Sigma Cell Dissociation Solution. The HMVEC cells 
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were all passive 5 and under when used. The grafts were removed from the 

bioreactor and, with the distal end still stopped, were flushed with HMVEC 

medium. The volume equivalent of 1 x 10^ cells/cm2 were then aspirated 

through the graft using a Icc syringe. A follow up bolus of 4 times the graft 

luminal volume was then aspirated though the graft. The HMVEC cells 

remained on the luman of the ePTFE while the medium flowed through. 

The proximal end of the graft was then stopped and each graft was rotated at 

1 revolution per minute for 1 hour. The grafts were then unstopped and 

placed into the bioreactor that was filled with HMVEC medium plus 

antibiotics (0.9% Penicillin Streptomycin and 0.12% Fungizone). 

5.2.2 Graft Incubation 

Over the first night, the bioreactors were flowed at 2.5 mL/min. The 

flow was then ramped up slowly the next day until the target shear stress of 

2.65 dyne/cm (100 mL/min) and 0.40 dyne/cm (15 mL/min) was reached. 

Each graft stayed under this shear stress for two weeks, only stopping when 

medium was changed every three days. A total of 10 grafts were created, 5 

under the high shear stress and 5 under the low shear stress. Flow rates in 

each bioreactor were checked daily using a 6mm Transonic flow probe 
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attached to a T106 Transonic Flow meter (Transonic Systems, Inc., Ithaca, 

NY). An image of a graft in a bioreactor without any media is shown in 

Figure 5-1. 

Figure 5-1 TEVG in Bioreactor 

5.3 Analysis Methods 

5.3.1 Hydraulic Conductance Measurements 

Hydraulic conductance was measured by measuring the volume flow 

through the graft wall under varying pressures. A rig was constructed to 

hold the grafts steady while submerged in a bath. The distal end of the graft 

was stopped while the proximal end was connected to a small diameter tube 
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(1.4mm imier diameter). The small diameter tubing was then connected to a 

pressure gage and an IV bag, which served as a fluid reservoir. A constant 

pressure was achieved by inflating a cuff around the fluid reservoir to the 

desired pressure, which was read using Notocord. The bath, reservoir and 

tubing were filled with divalent-cation free phosphate-buffered saline (DCF-

PBS), pH 7.4 with 1% bovine serum albumin. 

At the beginning of each experiment a virgin denucleated ePTFE 

graft, the same dimensions as those used in the bioreactors, was first placed 

in the rig and was pressured up to 60 mmHg. A small bubble was placed in 

the small diameter tubing and held for 5 minutes. The bubble displacement 

was noted and converted into a fluid volume displacement. A graft was then 

removed from a bioreactor, placed in the rig and gently flushed with DCF-

PBS. The pressure was raised to SOmmHg and held for 30 minutes. A small 

bubble was then placed in the small diameter tubing and position was noted 

every 5 minutes for 15 minutes. The same procedure was followed 

measuring bubble displacement at lOOmmHg and 120mmHg of pressure. 

This was performed on each graft twice. The graft luminal fluid was then 

flushed with DCF-PBS with .02% Evan's Blue dye and allowed to sit for 15 

minutes to check intimal integrity. 



Figure 5-2 TEVG Attached to Jig for Bubble Test 

w. 

Figure 5-3 Bubble Test Setup 
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5.3.2 Histology 

Grafts were cut into three equal segments for histological evaluation. 

One segment was fixed in 3% glutaraldehyde, dehydrated in grades of 

acetone, critical-point dried, and sputter-coated using gold. These samples 

were evaluated using a JOEL 820 scanning electron microscope (JOEL 

USA, Peabody, MA). One segment was fixed in Histochoice, dehydrated, 

embedded in paraffin, and sectioned cross-sectionally at 6 |Lim. They were 

then stained with hematoxylin and eosin to determine intimal lining 

thickness. The last segment was fixed in Histochoice and then stained with 

BBI nuclear stain. Observations were carried out under a light microscope 

for the H&E stain and fluorescent microscope for the BBI stain. 

5.3.3 Statistical Analysis 

All statistical analysis was conducted using ANOVA analysis of 

variance. Differences were considered statistically significant at P < 0.05. 

5.4 Results 

5.4.1 ePTFE Modification and EC Seeding 
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A total of 10 grafts were created, with 5 being grown under high shear 

stress and 5 under low shear stress. Each graft was grown using the same 

isolation of HMVEC cells. Each graft looked ftilly de-nucleated before 

HMVEC cells were aspirated into the luminal volume of the graft. After the 

HMVEC cells were injected into the lumen of each graft, a strong increase 

in resistance was felt when the follow-up bolus of medium was aspirated 

indicating there were no leaks in the graft and the HMVEC cells were being 

pushed in the pores of the ePTFE. 

Of the 10 grafts created, one graft grown under low shear stress was 

found to be contaminated at day 10 in the bioreactor. The contamination 

most likely was introduced when the media in the bioreactors was changed. 

The other bioreactors did not show any signs of contamination. After 

hydraulic conductance experimentation, one graft grown under high shear 

stress was found to have its intimal layer compromised. This was confirmed 

with Evan's Blue dye testing and BBI staining. The data collected fi-om this 

compromised graft was discarded. When Evan's Blue dye was introduced to 

the luminal volume of the other 8 grafts, there was no indication of leakage 

through the graft wall. In one test, a pressure of SOmmHg was applied to the 

Evan's Blue dye and a small ring of dye appeared on each end of the graft 
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where the connecters fitted with the ePTFE indicating a disrupted portion of 

endothelial cell lining. 

5.4.2 Hydraulic Conductance 

The movement of the bubble in the small diameter tube was expressed 

at distance moved plotted against time in Figure 5-4, A-F. The slope of each 

function is the average fluid velocity of the bubble. This was used to 

determine the average filtration flow rate per unit surface area {Jy) through 

the graft wall. 
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Figure 5-4a Bubble Displacement vs. Time - Low Shear, 80 mmHg 

Figure 5-4b Bubble Displacement vs. Time - Low Shear, 100 mmHg 
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Figure 5- 4d Bubble Displacement vs. Time - High Shear, 80 mmHg 
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Figure 5-4f Bubble Displacement vs. Time - High Shear, 120 mmHg 
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Assuming the intimal layer was small enough to be considered a 

membrane, the hydraulic conductivity was calculated using the equation 

7.=i,(Ap-<7An) (5.1) 

where Jy is the filtration flow rate per unit surface area, Lp is the hydraulic 

conductivity, AP and All are the hydrostatic and colloid osmotic pressure 

differences, respectively, and a is the osmotic reflection coefficient. The 

graft had the same DCF-PBS with 1% BSA both in inside and outside 

surface of the graft. Therefore, the osmotic pressure gradient is assumed to 

be small compared to the hydrostatic pressure term. Equation (5.1) was thus 

simplified to 

A 
Ap 

L,=^.  (5.2) 

The average hydraulic conductance values are given in Table 2. The 

hydraulic conductivity of the high shear stressed grafts were not 

significantly smaller then those of the low shear stressed graft at each 

pressure (/^O.Ol). There was also no significant difference in hydraulic 

conductance of the high shear stressed grafts between pressures. The 

hydraulic conductivity was not significant changed between pressures of the 
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low shear stressed grafts, although a trend of increasing hydraulic 

conductivity following increase in pressure was seen (Figure 5-5). 
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Figure 5-5 TEVG Hydraulic Conductance 

Pressure (mmHg) High Shear 
Low Shear 

80 3.88±1.07xl0-^ 5.02±1.35xl0"^ 

100 3.90±0.68xl0-^ 5.47±1.46x 10"^ 

120 3.44±0.57xl0-^ 6.00±1.39x 10"^ 

Table 5-1 TEVG Hydraulic Conductance ~ Lp units are cm/(s-nimHg) 

SOmmHg lOOmmHg 120mmHg 
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5.4.3 Histology 

H&E stained section revealed a cellular lining on all the samples. 

This lining was of variable thickness dependent on the shear stress applied to 

the graft during incubation. Figure 5-6 shows an example of an H&E 

stained sections that were used to determine neointimal layer thickness. The 

low shear stressed graft had a significantly thicker neointimal lining than 

that of the high shear stressed graft (p<0.05). The average lining thickness 

for the low and high shear stressed graft were 47.0115.1 |j,m and 27.8±13.1 

|j.m respectively. 
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Figure 5-6 Thickness of Neointima - H&E Stain 
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Figure 5-7 Neointimal Lining Thickness 

Scanning electron microscopic evaluation of each section revealed a 

complete cellular lining with morphological characteristics that were 

consistent with the presence of endothelial cells on each graft (Figure 5-8). 

The entire ePTFE surface area was covered with the cellular lining in each 

sample. In no cases, were there areas of ePTFE that could be seen. 

BBI strain evaluation revealed complete cell coverage on each 

sample. BBI stains the nucleus of any cell; therefore, cell coverage is 

verified by a field full of nuclei. No spots devoid of nuclei were found after 
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scanning each sample at IX and lOX magnification. Characteristic images 

of BBI stained sections for low and high shear stressed grafts are shown in 

Figure 5-8. 
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Figure 5-8 SEM and BBI Images of EC Coverage 

5.5 Discussion 

These experiments were conducted to test the hypothesis that 

increased shear stress on developing TEVGs would alter the hydraulic 
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conductivity of the graft. The hydraulic conductance results indicate that an 

applied shear stress during incubation has no significant effect on the 

hydraulic conductance. The TEVG hydraulic conductance is compared to 

the hydraulic conductance of a rabbit carotid artery (data from experiments 

in chapter 3 and Tedgui et al., 1984) in Table 5-2. It can be seen that after 

two weeks in the bioreactor, the TEVG allows much more transluminal fluid 

movement then a native vessel. 

Graft 
Native Vessel 

Pressure 
(mmHg) 

High 
Shear 

Low 
Shear 

Pressure 
(mmHg) 

Intact 
Aorta 

Damaged 
Aorta 

Carotid 
Media Only 

80 3.88±1.07 
xlO-^ 

5.02+1.35 
X 10"^ 

70 4.00±1.31 
X 10"^ 

5.36±1.62 
xlO-^ 

1.33 X 10"^ 
100 3.90±0.68 

xlO-^ 
5.02±1.35 

xlO-^ 
180 2.44±0.80 

xlO-^ 
5.27±0.84 

xlO-^ 

1.33 X 10"^ 

120 3.90±0.68 
X 10-^ 

5.0211.35 
xlO"^ 

Tedgui and Lever, 1984 
Author's 

Experiments 

Table 5-2 TEVG and Native Vessel Hydraulic Conductance ~ Lp units 
are cm/(s-mmHg) 

However, the neointimal lining thickness is significantly changed by 

shear stress environment it was created under. This observation supports 

similar studies that demonstrated a decrease in shear stress is associated with 

an increase in intimal thickening and high shear stress with inhibition of 

intimal thickening in PTFE grafts (Kohler, 1991; Mattsson, 1997). In these 
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studies, neointimal thickening decreased markedly in response to an increase 

in blood flow due to loss of both smooth muscle cells and matrix. The 

decrease in neointimal mass was also associated with increased expression 

of cNOS in the overlying endothelium. 

This ePTFE graft model stands in contrast to finding in normal blood 

vessels. Langille and O'Doimell (Langille, 1986) demonstrated that a 

decrease in blood flow leads to a decrease in the luminal diameter of a 

natural vessel. It was concluded that smooth muscle cell proliferation and 

cell death (apoptosis) are increased during the massive remodeling that 

occurs in the infrarenal aorta of sheep following a decrease in blood flow by 

95% (Cho, 1995; Bendeck, 1994). However, in vein graft and synthetic 

grafts, intimal thickening tends to appear in regions covered by endothelium. 

In both kinds of arterial grafts, increased shear stress inhibits intimal 

thickening and a reduction of shear stress induces it (Morinaga, 1985; Birms, 

1989; Davies, 1993). 

An alternate approach in assessing the hydraulic conductivity of the 

whole wall is to calculate the flux per unit surface area per unit driving 

pressure gradient or the hydraulic permeability. The vessel would have to be 

assumed to be of homogenous material. The hydraulic permeability is 
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independent of then all thickness. The hydraulic permeability for each 

TEVG was calculated by dividing the hydraulic conductance of each graft 

by that particular graft's average neointimal lining thickness. The 

permeability for each graft were then averaged together and shown in Figure 

5-9 and Table 5-3. Statistical methods show that there is now a significant 

difference between the permeability of the low shear stressed graft and the 

high shear stressed graft. 

0.003 

0.0025 

0.002 

B 0,0015 

S 0.001 

0.0005 

80mmHg lOOmmHg 

H Low Flow • High Flow 

120mmHg 

p<0.05 

Figure 5-9 Permeability of Low and High Shear TEVG 
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Graft 
Native Vessel 

Pressure 
(mmHg) 

High 
Shear 

Low 
Shear 

Pressure 
(mmHg) 

Intact 
Aorta 

Damaged 
Aorta 

Carotid 
Media Only 

80 
6.62+0.21 

xlO"^ 
1.78+0.41 

xlO"^ 
70 

5.00 
X 10-'° 

6.70 
X 10"'® 

5.76 X 10-^ 

100 6.98±0.22 
xlO-^ 

1.9810.44 
xlO"^ 

180 
2.40 

X lO"^*^ 
5.30 

X 10-'° 

5.76 X 10-^ 

120 6.37±0.29 
X 10"^ 

2.21±0.28 
X 10"^ 

Tedgui and Lever, 1984 
Author's 

Experiments 

Table 5-3 TEVG and Native Vessel Hydraulic Permeability — k units 
are cm^/(s-niniHg) 

It is of particular note that the average permeability of the high shear 

stressed graft is extremely close to the permeability of a rabbit carotid artery 

determined in chapter 3. The neointimal lining in the graft is beginning to 

exhibit the same material properties as the vessel it is to replace when placed 

under the physiological shear stress (high shear stress). However, it is not 

known if the intimal lining will continue to keep the same properties as it 

matures in the bioreactor. It is recommended that experiments be conducted 

on TEVGs that have matured in the bioreactor for longer periods of time. A 

two-month-old TEVG will have a more developed neointimal layer, possibly 

a complete intima and media layer. 
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It has been shown that microvascular endothelial cells try to create 3-

tiered lining (neo-intima, neo-media, and neo-adventitia) in TEVGs 

implanted in animals (Dal Ponte, 2001). The permeability of the neointimal 

layer of the high shear stressed TEVG is constant, not changing as the 

luminal pressure changes. The neointimal lining behaves similar to the 

medial layer of an artery, which is also constant. If a neo-media were 

created by HMVECs transforming into smooth muscle cells, there would 

still be an endothelial cell blood-graft interface or neo-intima. It would be 

expected that the neo-media would act like the media of the carotid artery 

and the neo-intima would resemble the intimal layer of the carotid. Baldwin 

et al. (Baldwin, 1993) attributed the change in intimal permeability to 

endothelial-derived relaxing factor (EDRF), which increases the 

permeability of the intima at low pressures. 

One major difference between native vessels and the TEVGs used in 

this dissertation is the non-compliance of the TEVGs. It is hypothesized that 

the strain the endothelial cells feel when under pressure, could be the trigger 

to start a signal cascade within the cell, telling it to change permeability. 

The endothelial cells comprising the neo-intimal layer in the TEVG would 

not be able to feel strain due to the non-compliance of the ePTFE scaffold. 
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This would inhibit any signal cascade from starting and keep the cell's 

permeability constant. Further research is necessary to better understand the 

mechanisms behind this phenomenon. 

The following chapter will take the material properties of the TEVG 

and simulate the transmural fluid flow using the ABAQUS finite element 

program. Finite element models will be used to determine the effect 

pulsatile pressure and the non-compliance of the ePTFE scaffold has on fluid 

flow through the graft. 
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CHAPTER 6 

FINITE ELEMENT ANALYSIS OF TISSUE ENGINEERED 

VASCULAR GRAFTS 

This chapter will present the fluid flow analysis of TEVGs 

characterized in the previous chapter. The TEVGs will be modeled in 

ABAQUS using the techniques developed for the rabbit carotid artery 

analysis (Chapter 4). The FEMs will be used to describe deformation and 

fluid transport of TEVGs under constant and cyclic pressure. 

6.1 The ABAQUS TEVG Model 

The TEVG model was composed of 400 axisymmetric pore pressure 

elements (ABAQUS element CAX8RP). The model can be seen in Figure 

6-1. The graft was modeled as three separate parts. The first part is the 

intimal layer. This layer was comprised of 4 elements and is located on the 

inside edge of the graft. The second part is the medial layer. The TEVG 

media was made up fi-om the other 296 elements. Finally, the third part was 

the ePTFE scaffold. The ePTFE graft material was assumed to be a rigid 

body that offered no resistance to fluid flow. The ePTFE scaffold was much 
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Stiffer then the neo-intimal tissue. The ePTFE was also porous enough to 

allow fluid to flow freely from the neo-intima. A diagram showing the make 

up of the TEVG model is shown in Figure 6-2. 

Figure 6-1 ABAQUS Finite Element TEVG Model 
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MEDIA ePTFE 

Figure 6-2 Finite Element Model of TEVG - Multi Layer Construct 

The results of the last chapter showed that the neo-intima of both the 

high and low shear stressed TEVGs were very thin (27.8 and 47.0 |xm 

respectively). This thickness is very small for the continuum model which 

ABAQUS uses. This model assumes that materials are large enough that 

they can be viewed as a whole with characteristic material properties, not as 

a construct of numerous materials that must all be modeled. For example, in 

the continuum sense the media of an artery would be a homogenous 

material. However, if looked at close enough, it is obvious that the media is 

comprised of smooth muscle cells and extracellular matrix proteins. 

Therefore, it was assumed that the TEVG modeled in this chapter would 

have a medial thickness of 0.5 mm. The intimal thickness would be the 



203 

average thickness of the neo-intima of either the high or low flow graft 

(depending on which analysis was performed). This would allow ABAQUS 

to model the TEVG in the continuum sense without errors from the very 

small thickness. 

Both the intimal and medial layers in the TEVG model are assumed to 

be homogenous. The model was split up into two different layers for future 

experiments. Either the high or low shear stressed graft permeability was 

assigned to the TEVG model, depending on which graft was being analyzed. 

This permeability was assigned to both the medial and intimal layers. 

Experiments to determine the mechanical properties and the 

diffusivity of the grafts were not conducted. For this analysis, it is assumed 

that the intimal and medial tissue have rabbit carotid artery structural 

properties and difftisivity. 

6.2 FEM of Hydraulic Permeability Tests 

The first analysis was the confirmation of experimental test results. In 

this test, the neo-intimal thicknesses of the graft in the model were assigned 

their experimental values (27.8 and 47.0 |im). ABAQUS is able to compute 

with thin layers under steady conditions without errors; the thin neo-intimal 
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layer acts as a resistance and an overall relative fluid velocity can be 

calculated. Errors occur when investigating the fluid flow in the thin layers 

during transient processes like pulsatile pressure. 

With the material properties described above, a constant mechanical 

and fluid pressure was applied to the inside edge of the TEVG. The 

pressures were 80, 100, and 120 mmHg. Each test, the model was allowed 

to run for ? = 2 hours to reach equilibrium. The relative fluid velocity was 

then recorded and compared against the experimental values. The 

permeability of the TEVG was then adjusted using a sum of least squares 

optimization scheme until the FEM results matched the experimental results. 

The results for the low and high shear stressed graft are shown in Figure 6-3 

and 6-4 respectively. The FEM results for both grafts plotted together are 

shown in Figure 6-5. 
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Figure 6-3 Comparison of Experimental and FEM Fluid Flow Results 
for Low Shear Stress TEVG 
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Figure 6-4 Comparison of Experimental and FEM Fluid Flow Results 
for High Shear Stress TEVG 
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Figure 6-5 FEM Fluid Flow Results in High and Low Shear Grafts 
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The permeabilities that were found to best fit the experimental data 

were k = 6.20 x 10-9 cm^/(s-mmHg) for the low shear stressed graft and k = 

1.17 X 10-9 cm^/(s-mmHg). These new permeabilities were used all the 

following TEVG FEMs. 

6.3 TEVG Under Pulsatile Pressure 

To simulate the conditions a TEVG would be under if implanted into 

a subject, a pulsatile pressure to simulate the cardiac cycle was applied. The 

cardiac cycle was approximated as a sawtooth fiinction as shown in Figure 

4-12. The cycle was repeated once per second that corresponds to a 1 Hz 

frequency. The systolic pressure was 120 mmHg and the diastolic pressure 

was 80 mmHg. 

Before cycling began, a constant pressure of 120 mmHg was applied 

to the luminal surface of the model until it reached equilibrium (/ = 24 

hours). The final displacement of the TEVG at this steady state is shown in 

Figure 6-6. 
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••ioraad V«r < U DaionoAtion Bc«l* r«ctor i «^1.000»*00 

Figure 6-6 Displacement of TEVG at Constant P = 120 mmHg 

The simulated cardiac cycle was then applied to the TEVG and 

allowed to repeat until equilibrium was achieved. Equilibrium was 

determined when the relative fluid flow during a cardiac cycle matched the 

flow of the previous cycle. Plots of the relative fluid flow in the high and 

low shear stressed grafts can be seen in Figure 6-7 and Figure 6-8 

respectively. 
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Figure 6-7 Relative Fluid Flow in TEVG under Pulsatile Pressure ~ 
High Shear Graft 



210 

2.50E-03 

2.00E-03 

1,50E-03 

1.00E-03 

E 
1 5.00E-04 i 
o 
II. 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

-5.00E-04 
Normalized Position 

-1.00E-03 

-1.50E-03 

80 mmHg — —100 mmHg Systolic - - - 120mmHg— - 100 mmHg Diastolic 

Figure 6-8 Relative Fluid Flow in TEVG under Pulsatile Pressure ~ 
Low Shear Graft 

In both grafts, most fluid movement is happening at the outside edge 

of the medial layer, where it contacts the rigid ePTFE scaffold. During the 

cardiac cycle, only the outside edge of the graft is being deformed, causing a 

change in pore pressure. These changing pore pressures cause the mobile 

fluid to flow in and out of the graft. As expected, the low shear stressed 

graft has much larger fluid velocities due to its higher permeability. 

The fluid flow model for the rigid graft can be compared to the fluid 

flow in the rabbit carotid artery by examining Figure 4-14 below. The high 

shear stressed graft had a permeability value very close to the carotid artery. 
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This is seen by the magnitude of the fluid velocities seen. Both approach 1.0 

X 10'̂  mm/s. However, the fluid flow patterns at 80 and 120 mmHg differ 

dramatically. At 80 mmHg, fluid is leaving both ends of the carotid artery. 

However, at 80 mmHg in the graft, fluid is steadily entering the graft fi"om 

the lumen and fluid is also being imbibed at the outside edge. The opposite 

is true at 120 mmHg. In the artery, fluid is being imbibed on both ends, 

while the graft shows a constant flow into the graft at the luminal surface 

and water leaving on the outside edge. 
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I 1.00E-03 

O.OOE+00 

-1.00E-03 

-2.00E-03 

-3.00E-03 

Deformed Radius (mm) 

's80 mmHg • P=120mmHg 

Figure 4-14 Eulerian Relative Fluid Velocity Distribution for "Normal" 
Cyclic Loading 
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Another observation is that average net flow through the high shear 

stressed TEVG is less then that of the carotid artery. When compared to the 

carotid artery, there is very little fluid flow through the graft wall in the 

inside half of tissue. This is different from the carotid where, except for the 

ends, there is a near constant flow rate. The conclusion determined from this 

comparison is that the rigid TEVG does not have a fluid flow pattern that 

resembles that of the native vessel when under physiological pulsatile 

pressure. 

The main difference between a rigid TEVG and the carotid artery is 

the non-compliance of the graft. If the ePTFE support was removed and the 

remaining medial and intimal tissue had the mechanical strength to function 

in the body, the graft could then undergo the deformation experienced by a 

native vessel. This model was simulated using the ABAQUS TEVG model 

but removing the rigid body that constrains the outside edge of the graft. 

This new compliant graft was then subjected to cardiac pressure cycles 

exactly as in the previous experiment. Since the high shear stressed graft 

had permeability similar to that of the carotid artery, only this model was 

analyzed. The resulting fluid flow field is shown in Figure 6-9. 
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Figure 6-9 Relative Fluid Flow in TEVG under Pulsatile Pressure — 
High Shear Graft, No ePTFE 

By making the graft compliant, a number of changes have occurred in 

the fluid flow patterns. 1) The flow directions at the inside and outside 

edges of the graft have reversed direction, 2) the net flow of fluid through 

the graft wall has increased, and 3) the flow patterns in the graft resemble 

the flow patterns in the native vessel more then before. However, there is a 

point of fluid stagnation (v = 0 mm/s) at approximately the 0.7 location on 

the normalized position. This area of stagnation is not seen in the native 

vessel graft. 
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There is one further modification to the TEVG which may be applied 

using the FEM. The carotid artery FEM included the axial stretch inherent 

to all arteries. Experiments in this dissertation determined the average 

stretch ratio was A, = 1.5, where X is the in vivo vessel length over unstressed 

vessel length. An axial stretch of 1.5 may be applied to the compliant 

TEVG model. 

This axial stretch model was analyzed using the same pressures as the 

previous analysis. The fluid flow results are shown in Figure 6-10. 
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Figure 6-10 Relative Fluid Flow in TEVG under Pulsatile Pressure ~ 
High Shear Graft, No ePTFE, Axial Stretch 



215 

When the axial stretch is applied to the TEVG, the fluid flow pattern 

through the wall changes again. The stagnation point changes from position 

0.7 on the normalized position to points 0.3 and 0.9. Overall, the fluid flow 

in the middle portion of the graft is constant, like the fluid flow in the native 

vessel. The large changes in fluid velocity at the inside and outside edges of 

the graft also resemble the fluid flow patterns of the carotid artery. 

There are a few differences however. The native vessel has higher 

relative fluid velocities throughout the near constant flow portion of the flow 

pattern. One possible cause for this is the difference in size of the carotid 

and TEVG. The rabbit carotid artery has an average inner radius of 0.57 

mm with an average thickness of 0.23 mm. The TEVG was created using an 

ePTFE scaffold with an inner radius of 2.0 mm. The thickness of the graft 

tissue built up on the inside of the ePTFE was assumed to be 0.5 mm thick. 

Together with an intimal lining, the inner radius of the TEVG used in these 

analyses was 1.47 mm. The difference in thickness (the graft is 2.3 times as 

thick) could account for the difference in fluid velocity. 

The porohyperelastic behavior of the arteries and grafts in this model 

are very complex and difficult to predict. It is possible that larger inner 

radius of the TEVG could cause a significant change in the deformation and 
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porosity of the graft material when compared to the smaller carotid artery. 

However, changing the size of the ePTFE support could also cause a change 

in permeability during TEVG creation due to a change in apparent shear 

stress. Further experiments to determine TEVG material properties are 

suggested if any change in ePTFE is applied. 

The conclusions drawn from this study are: 

1. Under pulsatile pressure, the fluid flow profile in a rigid TEVG is 

very different then the fluid flow profile of a native vessel. 

2. Making the TEVG compliant changes the flow characteristics in 

the TEVG wall, making the graft behave more similar to the native 

vessel. 

3. The fluid flow profile of a compliant TEVG was most similar to a 

native vessel when axial stretch was applied. 

From these three points and the characterization of the permeability a TEVG 

in the last chapter, the following suggestions can be made for future 

development of TEVGs. 

1. Endothelial cell seeded grafts should be subjected to physiological 

levels of shear stress in order to achieve permeability values 

similar to native vessels. 
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2. Non-compliant grafts should be avoided due to the unnatural fluid 

flow profiles they induce. 

3. When implanted, grafts should be placed under axial stretch in 

vivo. Axial stretch helps the graft fluid flow pattern look very 

similar to that of a natural vessel. 

The next chapter introduces a coupled diffusion-convection analysis 

to the fluid convection analysis done with ABAQUS. The concentration of a 

neutral species (70K MW dextran) will be analyzed in rigid TEVGs under 

constant and pulsatile pressure. 
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CHAPTER 7 

CONVECTION COUPLED MASS TRANSPORT IN TISSUE 

ENGINEERED VASCULAR GRAFTS 

This chapter will discuss a mathematical model and finite analysis 

tool that is available to perform diffusion-convection analysis on soft tissues. 

The mathematical model is similar to PHETS and is called LMPHETS. This 

theory was developed by B.R. Simon at the University of Arizona. 

LMPHETS differs fi"om PHETS by solving for fluid and chemical potentials 

instead of pore pressure and species concentration. The potentials are 

related to pressure and concentration and can be converted to back to 

PHETS values. However, while concentrations are disjointed over materials 

due to partition coefficients, the potential is continuous. The continuous 

nature of the potentials allows for easier implementation into finite element 

software. 

7.1 Summary of LMPHETS Theory 

Phenomenological equations form a common basis for porous 

media/mixture theories in soft tissue mechanics and are used to relate 
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Cauchy stresses {g-j, and chemical potentials to "drag" 

forces associated with differences in the absolute constituent velocities. 

Mixture Formulation 

These equations have the quasi-static, anisotropic Eulerian form 

dXi 

(7.2) 

(v5 - v5)+/;/ (v5 - v{) (7.3) 

where no body forces are considered. The total Cauchy stress, 

(J.J = fcr-j - (l>^where o-^ is the solid stress and the fluid stress, 

ct(j =-dy =-u^Sy (viewed as hydrostatic pressure, p^ ^u^). The volume 

fractions are (j)' = \-n and = n. Then the phenomenological equations can 

be written as 

dxj 
= 0 (7.4a) 

I  d X f )  
c {d/ f*  /dXj)  

y 1 a 
1 1 

<
 

-a^f- CC a-
y 1 <

 

(7.4b) 
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The relations between the phenomenological coefficients are 

The generalized potentials are 

= pf+p"  (7.6a) 

c* ce , c /J,  =  / /  + //  (7.6b) 

For a neutral mobile species, = 0  and the chemical potential, //"* = //". 

The osmotic pressure, p" = Ji^. In general, p° and // are dependent on 

deformation, temperature, and concentrations. 

Mixed Porohvperelastic Formulation (MPHETS) 

The primary fields are the displacements «, and the generalized potentials 

/j"* in the Mixed PoroHyperElastic Transport Swelling (MPHETS) model. 

The corresponding generalized nodal degree of freedom in the ABAQUS 

transport theory is the activity or normalized concentration =c'* I s'* where 

s'̂  is the solubility. The generalized potentials and activity (used as nodal 

degrees of freedom in the FEMs) are continuous across material interfaces; 

whereas fields such as concentration, fluid pressure, etc may not be 

continuous at these interfaces. 
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Constitutive Equations 

1. Effective stress principle. The effective stress principle defines effective 

stress as 

O-f = (Ty +SyP^ ^ (Ty + dy (7.7) 

or 

" ij ^ik'^km ̂ jm 

Then <jf (and the second Piola-Kirchhoff effective stress, Sf ) is generally 

dependent on strain history, temperature, concentration, electric potential, 

and other state variables. General anisotropic, hyperelastic strain energy 

density functions can be introduced to determine the effective stress, 

S f  = . General anisotropic models can be derived based upon 
dEj 

experimental observations. For porohyperelastic materials, the effective 

strain energy density function has a compressible, isotropic form {J that 

can be written as 

^U'̂ (T,J„J) = U (7.8) 

This strain energy density function can be either the Neo-Hookean form or 

Mooney-Fung form discussed in Chapter 2. 
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2. Darcy Law. The mixed form for the generalized Darcy law is derived by 

solving equations (7.4b) above for the relative velocities as 

= -n ^iJM 
i '^f.  

^ijM 
nuj nCC 
^jiM ^iJM 

I d X j )  

/dxj) 
- -n 

Rff 
'^ijM 

^jiM 

C ^ ^ijM 

^ijM 

I  d X j )  

{ d / f * I d X j )  
(7.9) 

where [a'f] '. These equations can be rewritten in a symmetric form 

using relative flux definitions as 

it 
j f .  

with 

,fr 

cvr  
= -n ^ijM C 

^ °ijM 

(d^^* /dXj) r ^iJM ifi ^ijM 

1 

*
 1 

(dM'*/dxj) jcf 
_ ^JiM 

jCC 
^iJM_ 

(7.10) 

\l^ iJM 

1 

JCC _ j i M  

n'Bl, n\ 
n'cBf^ nVB^l, 

Equation (7.10) is the mixed porous media transport (MPHETS) form. The 

corresponding Lagrangian form is 

It 
Jr 

vf 
cvr  

^iJM 

M. 

Tfi 
^iJM 

ruj rCC 
^JiM ^iJM ( d f i ' ^ / d X j )  

(7.11) 

where [L %] = J F ;,'l'£^fj^. 
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Mixed Formulations (PHETS) 

The Eulerian porohyperelastic-transport (PHETS) form is obtained 

from the MPHETS model by introducing the appropriate functions for the 

generalized potentials, e.g. 

+ p°, P° = Po ~ (7.12a) 

fi'* = if ̂ i/ = + ReXxia") (7.12b) 

where the activity, a" = y'c, and and y'' are the osmotic and activity 

coefficients. 

Now substituting these potential functions in equation (7.10), the Darcy and 

Pick laws have the Eulerian form 

vf = - */ [^ + Rein's,^ - i-f )^] (7.13) 

if  = bfcy'; (7.14) 

The corresponding Lagrangian forms for the Darcy and Pick laws are 

vf = -ki (7.15) 
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The permeability, diffusivity, and convection coefficients are then 

determined in terms of the MHETS parameters by the equations 

= R0n^c [S« - = ROc'lLl, - it^^Ll^Y' 

bij =b';=Bi,(Bi,r -c-'ifULtr (7.19) 

If the materials are anisotropic in the current (Eulerian) configuration 

(7-20) 

37 = J dZ F-; (7.21) 

and note that 

bf=bj^-bf^bf  (7.22)  

(Kaufmann, 1995). If the material is isotropic in the current configuration, 

then , d-f = , and bf. = b '̂Sy; so that 

kf=Jk^Hy (7.23)  

= J d'' Hy (7.24) 

and 

= = (7-25) 

7.2 LMPHETS Finite Element Program 
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A finite element program that is based on LMPHETS theory was 

created by Dr. Bruce Simon and a number of graduate students. This 

program will be referred to as LMPHETS FEM throughout this chapter. The 

LMPHETS FEM has a number of advantages over the commercial 

ABAQUS finite element program. 

1. LMPHETS FEM is capable of solving coupled diffusion-

convection models. 

2. It can solve models with either neutral or charged mobile species. 

LMPHETS FEM can also account for any number of charged and 

neutral mobile species. For example, dextran in a salt solution can 

be modeled as a positive Na"^ ion, a negative CI' ion, and a charged 

or neutral dextran species. 

However, some of the disadvantages associated with LMPHETS FEM are: 

1. LMPHETS FEM is currently restricted to one-dimensional 

geometry. The mesh is a line of nodes, with three nodes 

comprising an element. LMPHETS FEM is not programmed to 

solve axisymmetric problems like those used to simulate 

cylindrical materials. 
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2. LMPHETS FEM has a boundary condition prescribed where the 

right hand node must be stationary. When a force is placed on the 

left hand node, the model will always be in compressed against the 

rigid right hand node. 

Before LMPHETS FEM was used to conduct diffusion-convection 

analysis on a TEVG, it was verified that data output was correct. This was 

done by running a purely elastic, purely convective, and purely diffusive 

analysis on both LMPHETS FEM and ABAQUS. By using the same model 

and material properties, the data should be nearly identical (small error will 

occur due to the different methods of equation solving built into LMPHETS 

FEM and ABAQUS). To match LMPHETS FEM geometry, the model used 

in ABAQUS was a two-dimensional meshwork set in an x-y Cartesian 

coordinate system. The top and bottom of the meshwork was held placed on 

rollers, while the right hand edge was set rigid. 

The purely elastic model was calculated by placing a porous material 

under a constant load. Figure 7-1 shows the porosity profile of both the 

LMPHETS FEM and ABAQUS at the same time during the analysis, t = 

7.25 sec. There is very little difference between the lines, showing that both 

models agree when solving the hyperelastic problem. 
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Figure 7-1 Verifaction of Elastic Model 

The convection model was verified by adding a pore pressure 

component to the elastic model used above. The results are shown in Figure 

7-2. The ABAQUS results match the LMPEHTS FEM results with little 

variance between the lines. The LMPHETS FEM data is not smooth like the 

ABAQUS data due to number of nodes used in the model. The ABAQUS 

model uses four times the number of nodes which smoothes out the results 

when compared to the LMPHETS FEM data. Due to the greatly increased 

run time associated with an increase of nodes in the model, this test was 



228 

acceptable to show agreement between the two programs and verify that the 

convection model of LMPHETS FEM is running correctly. 

1.40E-03 

1,20E-03 

1 1.00E-03 

•3 8.00E-04 

2 6.00E-04 

.2 4.00E-04 

2.00E-04 

O.OOEtOO 

0 0.1 0.2 0.3 0.4 0.5 0.6 

Radius (mm) 

ABACUS - - - -LMPHETS 

Figure 7-2 Verification of Convection Model 

Finally, the diffusion model was verified by placing a concentration, 

Cl, on the left hand edge of the model with a very small concentration, 

CL/100, on the right hand edge. This will create a concentration gradient in 

which the mobile species will diffuse across. At the same point in time 

during the analysis, t=500 sec, the concentration data was recorded and 

plotted in Figure 7-3. The concentration profiles calculated from each 

program achieved very similar results. From the agreement between the 
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results, ABAQUS verified that the LMPHETS FEM diffusion model was 

working correctly. 
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Figure 7-3 Verification of Diffusion Model 

Currently, ABAQUS cannot perform diffusion-convection analysis on 

porohyperelastic materials. Therefore, there is no model available to verify 

LMPHETS FEM diffusion-convection data. Several diffusion-convection 

models were created and run using LMPHETS FEM, to determine if the 

model conformed to known patterns. For example, as a larger and larger 

fluid flow in generated in the model, the mobile species would be convected 

along with the fluid. The diffusion-convection models did show expected 

changes when fluid flow, convection coefficient, and diffusivity were 



230 

modified. Together with the agreement with ABAQUS when each model 

was run separately, it was agreed upon that the LMPHETS FEM was 

predicting correct results and could be used to simulate a TEVG under 

steady and pulsatile pressure. 

7.3 Concentration Profiles in TEVG using LMPHETS FEM 

As shown in the previous chapter, one of the main differences 

between TEVG created using an ePTFE scaffold and a natural vessel is the 

non-compliance of the scaffold. The ePTFE acts as a rigid body, where the 

luminal fluid pressure pushes the intimal and medial layer against it. 

Due to the constraints inherent in the current build of the LMPHETS 

finite element program, it cannot be used to model compliant vessels and 

TEVG. However, stiff TEVGs, like those built upon currently available 

ePTFE grafts, lend themselves well as LMPHETS finite element models. 

7.5.1 Assumptions 

The first assumption is that a TEVG was placed in a bioreactor long 

enough for it to grow into a vessel that would be ready to implant. The 

TEVG is assumed to have a 0.5mm thick medial layer that is supported by 
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an ePTFE scaffold of 2mm inner diameter. The ePTFE scaffold is assumed 

to be completely rigid and very permeable, k^pipi; » . 

The TEVG is cylindrical in shape. This is usually modeled using 

axisymmetric or 3-dimensional geometry in finite element programs. As an 

initial model in the study of diffusion-convection in vessels, it is assumed 

the graft can be modeled using 1-D geometry. As further work is done on 

the LMPHETS FEM and axisymmetric geometry capability is programmed 

in, more precise simulations using axisymmetric geometry will be used. 

The difflisivity of the TEVG created in chapter 5 was never 

determined. It is assumed that the hypothetical TEVG being tested in this 

model has the difflisivity of a rabbit carotid artery. The TEVG also is 

assumed to have the mechanical properties of the rabbit carotid artery, but 

retains the permeability of the TEVG created in chapter 5. 

The properties used in creating this hypothetical graft are shown in 

Table 7-1. 
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Property TEVG 

U" - Structural Q =6410.6 NW 

Properties c, = 1.22 

C[  =  0.00248 

K' = 8.0 

k - Permeability = 5.000 x 10"" m'̂ /N-s 

d - Diffusion dj.,,yg =4.9x10"'̂  vci/s 

Coefficient 

Z) - Convection =0.1623 

Coefficient 

Table 7-1 Transport and Structural Properties of TEVG 

7.3.2 Constant Pressure Model 

The first model to be analyzed was a TEVG subjected to constant 

mechanical and fluid pressure to the luminal surface, a = p^ =\00mmHg. 

The model ran until steady state was achieved, t^ 24 hours. Concentration 

profiles were reported at each time step. The initial time step was 0.183 

seconds, with each subsequent time step increased by a factor of 5. The 
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results are shown in Figure 7-4. The concentration profile is plotted as a 

function of time, as well as position and concentration. At steady state, there 

was a constant transmural fluid flow of 1.61 x 10"^ m/s. 
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Figure 7-4 Concentration Profile in TEVG under Constant Pressure 

7.3.3 Pulsatile Pressure Model 

The second analysis to determine the effect cyclic pressure has on the 

concentration profile in the TEVG. First steady state was achieved by 

rerunning the constant pressure problem shown above. Then a pulsatile 

pressure was applied to the luminal surface of the graft, 

%QmmHg< <\2QmmHg. The cyclic pressure was chosen to resemble the 
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cardiac cycle and was approximated as a sawtooth waveform with a 

frequency of 1 beat per second (IHz) as shown in Figure 7-5. The pulsatile 

pressure was repeated until the graft reached equilibrium where the 

concentration profile of the last cycle of the same as the concentration 

profile of the previous cycle. It took approximately 15 cycles for the system 

to reach equilibrium. The results of a characteristic cycle are shown in 

Figure 7-6 with concentration profiles plotted for every 10 mmHg change in 

the pressure. Figure 7-7 shows the concentration profile near the inside wall 

of the TEVG over a characteristic cycle. 
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Figure 7-5 Cyclic Interluminal Blood Pressure 
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7.3.4 Discussion 

The constant pressure, steady state concentration profile shown in 

Figure 7-4 shows a classic convection dominated solution. This can be 

checked by calculating the Peclet number for the graft at 100 mmHg. The 

Peclet number, Pe, is defined as 

Pe = yfL— (7.26)  

where L is the thickness of the graft and the fluid velocity through the graft 

wall is v^= 1.61 X 10'̂  m/s. A Pe « 1 predicts a model that is difftision 



237 

dominated; a Pe»\ predicts a convection dominated model. The Peclet 

number calculated for the TEVG at steady pressure was Pe=26J. This 

agrees strongly with the concentration profile shown in Figure 7-4. While 

convection is not totally dominant over diffusion, it is a significant force in 

the transport of mobile species. 

Using data taken fi-om the constant pressure finite element model of 

the rabbit carotid artery, the Peclet number of the TEVG can be compared to 

that of a native vessel. Solving equation 8.26 using the carotid properties of 

v^=1.81 X 10"^ m/s, L = 2.3 X 10""^ m, 6"-'̂  =0.1623, and =4.9xl0"'̂ m^/s, 

the Peclet number for the rabbit carotid artery at a steady 100 mmHg is 

Pe=13.8. The Peclet numbers of the TEVG and carotid artery are very 

similar (only factor of 2 off), which is expected since one of the assumptions 

in the model was that the TEVG shares the same diffusivity as the carotid. 

This would suggest that at constant pressure, the TEVG would perform as a 

adequate substitute to a rabbit carotid artery in terms of mass transport. 

However, a complete set of experiments on a fully grown TEVGs (medial 

layer of 0.5 mm) would need to be conducted to determine the grafts 

diffusivity to 70K MW dextran in order to draw any more conclusions. 
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While it is best suited to determine material properties of vessels and 

TEVGs at constant conditions, the goal is to develop models at in vivo 

conditions. The TEVG LMPHETS model was subjected to pulsatile 

pressure, as if it was implanted into a human. As shown in the last chapter, 

the rigidity of the ePTFE scaffold greatly changes the fluid flow 

characteristics of the graft when compared to a compliant vessel. Therefore, 

the concentration profile in the graft during a cardiac cycle is not expected to 

resemble that of a native vessel. It is of interest to study the mass diffusion 

characteristics of a rigid ePTFE graft at in vivo conditions due to the high 

patency reports small caliber endothelial cell seeded ePTFE grafts 

(Buttemeyer et al., 2003; Meinhart et al., 2001; James et al., 1992). 

The data is Figure 7-6 show that there is not much change in the 

concentration profile of the graft during a cardiac cycle. There is a slight 

change in concentration at the inside surface of the graft, as well as a very 

slight dip in concentration near the outside surface. Figure 7-7 shows a 

close-up few of the concentration changes at the inside surface. The 

probably cause for this change in concentration is the change of porosity in 

the graft during the cycle. In LMPHETS theory, the fluid, mobile species 

and solid material are all considered to be separate entities. Each component 
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interacts with each other (i.e. the fluid can convect species with it when it 

moves and the decrease in pore size can create a pore pressure which causes 

fluid movement), however the material properties such as diffusivity and 

permeability dictate how they behave. As the porosity of the irmer and outer 

edge of the TEVG changes, the volume of the mobile fluid in that region 

also changes. The mobile species is also pushed (or diffused) in or out of 

the region, but not at the same rate as the fluid (that would be 100% 

convection). By examining the LMPHETS definition of concentration 

(7.27), it can be seen that this would cause increased areas of species 

concentration in regions where were the porosity is decreasing and 

decreased species concentration in regions where the porosity if increasing. 

c = -^ (7.27) 
dV^ ^ ^ 

Where n" is moles of mobile species and is current fluid volume. 

It takes approximately 30 minutes for the medial tissue in the TEVG 

to fully compress against the ePTFE scaffold. There is very little 

deformation when the graft is subjected to cyclic pressure. This suggests 

that mobile fluid is trapped inside the graft tissue because of its low fluid 

permeability. Through most of the graft, the water cannot escape fast 
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enough for the any deformation of the media to take place before a new 

pressure is placed upon it. Some fluid can escape through the inner and 

outer edges of the graft, allowing a small region of tissue deformation and 

porosity change. This is seen in Figure 7-7, at the inside edge of the graft 

where there is a relatively high concentration of mobile species. The outside 

edge of the graft has almost no mobile species present, which corresponds to 

a much less pronounced effect. 

A new LMPHETS analysis was conducted assuming an initial 

constant concentration of species through the graft wall. This was to remove 

the situation where insignificant amount of species concentration was 

located at the portion of largest deformation on the graft. Thereby showing 

little change in a location hypothesized to show large change in 

concentration. Figure 7-8 is the results of the new analysis with initial 

concentration throughout the graft wall. 
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Figure 7-8 Concentration Profile in TEVG under Pulsatile Pressure 

- Constant Initial Concentration Throughout Graft 

This figure shows that, as expected, there is change in species 

concentration where the neo-intima of the graft experiences the greatest 

amount of deformation. The change in pore pressure in this region induces a 

water flux that in turn convects mobile species along with it. An increase of 

concentration was also seen near the inside surface of the graft. 
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The theory and finite element method discussed in this chapter are 

very powerful in modeling mass transport in biological soft tissues. 

However, like all computer programs, correct input in required to get correct 

output. It is suggested that experiments on endothelial cell seeded ePTFE 

vascular grafts be conducted to determine a characteristic difflisivity. For an 

initial study, assuming the graft has the same difflisivity as a rabbit carotid 

artery is acceptable. But, more accurate material and transport properties are 

required for future research. Further research would also have to be 

conducted to determine the graft's diffusivity for other mobile species if this 

model was used for local drug delivery simulations. The LMPHETS FEM is 

limited to simple 1-D geometry connected to a rigid body. The next chapter 

will present a detailed description of a new theory that would allow 

ABAQUS to perform single species diffusion-convection analysis on 

poroelastic material. This new theory would allow convection coupled mass 

transport analysis on compliant vessels that the current form of LMPHETS 

FEM cannot perform. 
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CHAPTER 8 

POROHYPERELASTIC TRANSPORT THEORY FOR ABAQUS 

Many researchers have studied the complex behavior of soft tissues 

using mixture theories where mobile species and mobile fluid interact in a 

highly deformable fibrous matrix. To solve these highly nonlinear, coupled 

problems, they developed finite element models. The ABAQUS finite 

element program has been used extensively to analyze fluid flux in 

deformable porous materials. ABAQUS also includes a robust mass 

diffusion analysis tool. However, the coupling of water flux with mass 

diffusion in a powerful commercial finite element program has eluded 

researchers. To study this phenomena, individual laboratories have had to 

construct their own finite element programs which are time consuming to 

write often assume simplistic geometries. A theory that allows ABAQUS to 

perform coupled diffusion-convection of mobile species in a deformable 

material would be a powerful tool for researchers. 

This chapter will introduce a porohyperelastic-transport (PHEXPT) 

formulation relating PHETS theory, discussed in Chapter 2, to the ABAQUS 

FEM. The PHEXPT theory presented here is for quasi-static, finite straining 
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of anisotropic materials with no body forces. Suggestions for implementing 

this theory into the ABAQUS code will also be presented. 

8.1 Theory 

The material in a soft tissue is considered to be comprised of a 

hydrated, incompressible, porous solid (5), an incompressible fluid/water if, 

w), and one neutral mobile species (c). The superscript A denotes field and 

parameters in the ABAQUS mass transport theory. The ABAQUS theory 

will be presented using the indicial notation for the tensor equations given in 

the ABAQUS theory manual. 

8. J. J Fundamental Definitions 

The displacement, velocity, and acceleration of the soft tissue are 

= X,. - X,. (8.1 A) 

V. = v; = ii; = i:,. - X; (8.1B) 

f l ,  =« ,  =v .  (8.1C) 

Deformation and strain measures include the volume strain, deformation 

gradient, velocity strain, Green's strain, and Finger's strain tensor 



F,-§t̂  (8.3) 

D„=-(^ + ̂ ) (8.4) 
2 dXj cbc,. 

(8-5) 

H, = (8-6) 

The porosity in the current configuration for a fluid-saturated material 

« = — (8.7) 
dV 

and 

«o=— (8-8)  
'  dV, 

Then for an incompressible solid material 

J« = J-l + «o (8.9) 

The void ratio is 

e  =  « / ( ! -«)  (8 .10)  

So that « = e/(l + e). 
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There are a number of definitions given for concentration. The molar 

concentrations are 

dn' c = • (8.11) 
dV^ 

[moles/(current fluid volume)] and 

c = Jnc = ̂  ̂ (8.12) 
dK 

[moles/(reference fluid volume)]. 

The mass concentration used in ABAQUS is 

c^=dm'ldV, (8.13) 

[mass/(total reference volume)]. These concentrations are related as 

= M'c = M'Jnc (8.14) 

where the molecular weight (MW) is 

M'=— (8.15)  
dn" 

measured in [kg/mole]. 

The Eulerian apparent relative velocities are defined for the fluid and mobile 

species in Eulerian form as 

vr  = «(vf -v , . )  (8.16) 

with the corresponding Lagrangian form 
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vr=j/^-'vr (8.17) 

where a, (5 = f,c. The associated Eularian relative flux vectors are 

= (8.18) 

and 

y- = cvr (8.19) 

with Lagrangian forms 

ir = vf (8.20) 

and 

ir-c^r (8.21) 

The mass flux in ABAQUS, Jf, will be in the Lagranian form 

=(M^)Jr. (8.22) 

8.1.2 Convection (Darcy Law) 

In order to accommodate the ABAQUS program, a special "partially 

uncoupled" case of the PHETS model must be applied. The conditions for 

the development of this special case can be identified using the isotropic 

Eulerian form of the Darcy law, 

yfi = + R0(f - (8.23) 
Sc,. d X j  
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The "partially uncoupled" form of this equation if obtained if either 

^ (8.24) 
Sx, Sx, 

For these conditions (8.27) is simplified to 

= (8.25) 
fix:, 

It was shown in Chapter 4, in the case of rabbit carotid artery, the convection 

term (8.27) is much greater then the osmotic term, . 
fix,. fix,. 

The ABAQUS program can only be used in situations where the above is 

valid. In these conditions, ABAQUS can be used for coupled analysis of 

porohyperelastic materials and mass transport of one mobile, neutral species. 

The PHEXPT model uses the Eulerian porohyperelastic (PHE) 

material models and the Lagrangian mass transport (XPT) models in 

ABAQUS. The Eulerian PHE conservation equations defined in ABAQUS 

are 

^ = 0 (8.26a) 
d x j  

^+^ = 0 (8.26b) 
fix^ dx^ 

and the conservation equations of the effective stress principle 
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a f = ( T y +  u ^ S ^ ,  U „  =  p ^  (8.27) 

and the Darcy law (isotropic, Eulerian form) 

(8.28) 

where when compared to (8.25) it can be seen that 

«V. = V (8.29) 

and 

(8.30) 

ABAQUS allows for anisotropic permeability that can be expressed in 

terms of the appropriate field variables. For the Eulerian isotropic case, the 

permeability is determined (from experiments) as a function of the void ratio 

A table lookup form of ^ = k ( e )  is used to describe the nonlinear, isotropic 

form for the permeability in ABAQUS. This is done by assigning values for 

the permeability at differing values of void ratio. ABAQUS interpolates 

between known values to determine needed values of k. 

8.1.3 Mass Transport (Pick's Law) 

k  =  k { e )  (8.31) 
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The conservation of mass equation (Lagrangian) is 

dc^ dJ 
+ ^ = 0 (8.32) 

dt dX, 

The ABAQUS Pick's law (in Lagrangian form) is 

+ a:„ (8.33a) 
"  d X j  "  d X j  

' ' - - 7  (8.33b) 

(s' r ' — D 'c' -xyo'(8.33c) 
dX J dX J " '' " dX J 

where is diffusivity, s'* = s^{9,fQij) is solubility; 6 is absolute 

temperature; is a predefined field variable (where Q ranges from 1 to the 

number of field variables used); is the "pressure stress factor". While a 

temperature dependant term is used in the ABAQUS model, it is not 

included in this version of PHEXPT and is assumed constant. 

The PHETS form of the conservation of mass equation and Pick's law 

are 

^ = 0 (8.34) 
dt dX^ 

and 
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Ir—dS-^-bfcv," (8.35) 
a x j  

A PHETS form of the Pick's law, similar to the ABAQUS version in (8.33), 

can be seen by substituting the Lagrangian form of (8.25) into (8.35) 

7- ^ (8.36) 
d X j  "  "  d X j  

Comparison of the ABAQUS equations with the PHETS equations gives the 

relations of the following properties 

s''=ify'M'Jn (8.37) 

c^^M'Jnc (8.38) 

= {Jn)-'d^; = (Jnyjd''Hy = n-'d''Hy (8.39) 

P^=u^ = P^ (8.40) 

K = K ,  k i  ( d - r = 3 (^) (8.41) 

Table 8-1 is a summary of all variables needed for ABAQUS to use 

PHEXPT theory. 
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Variable PHETS to ABAQUS Conversion 

Concentration = M'c = M'Jnc 

Permeability k = gp„k^ 

Soluablility s^={yyM''Jn 

Diffusivity = {Jnfd- = (JnrJd-H,. = n'd-H^j 

Pressure II K
 

II 

Pressure Stress Factor < = (s'')-'c-' 62 K = 3 (^) (-^) 

Table 8-1 Variables in PHEXPT 

8.2 Implementing PHEXPT into ABA Q US 

ABAQUS is a very flexible finite element program, allowing users to 

dynamically define material properties and variables from outside sources 

during the finite element analysis. This flexibility in ABAQUS must be 

used in order for PHEXPT to be implemented. Since most variables in 

PHEXPT are dependent on variables that change over the course of the 

analysis (i.e. porosity and concentration), a routine to dynamically update 
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the PHEXPT variables is necessary. The following section is 

recommendations for solving these dilemmas. 

8.2.1 Pressure Term 

ABAQUS currently has the ability to introduce convection to a mass 

transport problem under certain conditions. This is done by running two 

ABAQUS finite element models that build off each other. The first run is 

the fiuid convection model. The second run is the mass diffusion model. 

Data is passed fi-om the first convection model to the second mass diffusion 

model through the results file (.fil). The results file is a file created by 

ABAQUS. However, the user can define what variables get placed into the 

results files and at what time during the analysis they are written to it. 

In order for ABAQUS to integrate convection in the mass diffusion 

problem, it requires that the pressure term for all nodes at all times during 

the analysis. This is provided by requesting the pressure term to be written 

to the results file during the fluid convection analysis. ABAQUS defines the 

pressure term as the 3*^^ stress invariant. With this information available for 

the mass diffusion run, the pressure term is placed in equation (8.33a) as p'^. 

The pressure stress factor, , is used to scale the convection term. 
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J', = -s'D'[^ + K, (8,33a) 
'  d x .  "  d X j  

Under the current configuration, ABAQUS is not able to solve mass 

diffusion/convection problems with porous material under finite 

deformation. However, by replacing ABAQUS variables with the PHEXPT 

variables, ABAQUS can be modified to solve these types of problems. The 

first term that needs to be replaced is the pressure term. Instead of the 3'^'* 

stress invariant, the pore pressure at each node needs to be used. This is 

seen in equation (8.40). 

p" = (8.40) 

There are a number of prewritten subroutines supplied by ABAQUS 

to read or modify existing results files. The subroutines are written in 

FORTRAN and must be called fi-om a FORTRAN program written by the 

user. To change the 3'^'* stress invariant to the pore pressure in the results 

file, a FORTRAN program is necessary. To make this switch, the following 

steps should be followed: 

1. Instruct ABAQUS to write both 3*^^ stress invariant and pore 

pressure variables at each node to results file during fluid 

convection analysis. 
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2. Using the FORTRAN subroutines provided by ABAQUS, 

search through the results file and replace the 3*^^ stress 

invariant value with the pore pressure value at each node. 

3. Delete the pore pressure variable from the results file. 

ABAQUS expects the pressure term of equation (8.33a) to come in as the 3'^'^ 

stress invariant. There is no way to tell ABAQUS to use pore pressure 

values instead. Therefore, the pore pressure value must be substituted in 

place of the 3'^'^ stress invariant. 

8.2.2 Solubility Term 

As shown in equation (8.37), the solubility term is dependant on the 

volume strain, J, and porosity, n, of the material. The molecular weight, 

M', and partition coefficient, are assumed constant. 

s^={y'yM'Jn (8.37) 

The volume strain and porosity are both determined in the fluid convection 

model since they mass diffusion model is based on a non-deforming 

meshwork. Since the solubility is not dependant on any variables 

determined by the mass diffusion model, it will be calculated for each node 

using the J and n values reported in the results file. The determined 
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value will then be placed into the results file at each node using the 

FORTRAN program. 

While ABAQUS uses the volume strain in its hyperelastic material 

calculations, it does not allow J to be written to the results file. In order to 

J, we must look at the definition of J 

(8.42) 

where Fy is the deformation gradient. ABAQUS does allow the deformation 

gradient to be written to the results file. Therefore, J can be found by 

taking the determinant of Fy. 

ABAQUS does not use porosity, but a related term called void ratio 

that was defined above in equation (8.10). Again, ABAQUS allows to value 

of void ratio to be written to the results file, which can then be converted to 

porosity. The following steps are recommended to bring PHEXPT solubility 

factor into the mass diffusion analysis: 

1. Instruct ABAQUS to write the deformation gradient, F^, and void 

ratio, e, to the results file during the fluid convection analysis. 
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2. Using a FORTRAN program and the ABAQUS subroutines, read 

the values and take the determinant to calculate J for each 

node. 

3. Read the values of e  at each node and calculate n . 

4. Determine the solubility factor at each node using known values of 

M' and y"", and calculated values of J and n. 

5 .  Write the solubility of each node to the results file in the space 

defined for field variable # 1. 

6. In the mass diffusion analysis, set solubility to be determined by 

field variable #1 in a linear relationship. As field variable #1 

(solubility defined outside ABAQUS) changes, the solubility 

(defined in ABAQUS input file) should change to match it. 

ABAQUS does not have a defined spot for solubility in the results 

file. In order to pass solubility fi-om one analysis to the next, it must be 

passed over as a field variable. A field variable is a spot in the results file 

the user can place any information in. The analysis which then reads that 

results file knows nothing about where the field variable came from. It only 

knows values corresponding to that field variable at different nodes and 

times. However, many variables in ABAQUS can be dependant on field 
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variables. Therefore, by placing solubility as dependant on the values in 

field variable #1 in a 1 to 1 relationship, we can specify the solubility in the 

mass transport analysis to be the solubility calculated using the values from 

the fluid convection analysis. This method of defining variables from one 

analysis to another will be used for most PHEXPT variables. 

8.2.3 Diffusivity Term 

The diffiisivity term in PHEXPT is dependant on the porosity of the 

material, n, and its Finger strain, Hy. PHEXPT diffusivity is determined 

using equation (8.39) 

= (Jn)-' = (Jn)-' Jd^'Hy = (8.39) 

ABAQUS runs the mass diffusion analysis on non-deformed geometry. 

Therefore the Lagrangian form of the diffusivity must be used. Eurleanian 

diffusivity is isotropic, however the Lagrangian form is anisotropic. This 

will create six different difflisivities that must be calculated. 

The porosity determined while calculating the solubility can be used 

to determine the diffusivity also. The Finger strain matrix, H^, can be 

calculated using equation (8.6) 
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(8-6) 

Like the porosity, the deformation gradient used in calculating the solubility 

can also be used to calculate the Finger strain. The following steps are 

recommended in order to setup ABAQUS to use PHEXPT diffusivity: 

1. Using the deformation gradient reported at each node in the results 

file, use the FORTRAN program to calculate the Finger strain 

matrix at each node. 

2. Use equation (8.39) to calculate the six difflisivities at each node 

using the porosity determined while calculating solubility and the 

Finger strain matrix calculated above. 

3. Write each diffusivity to ) in field variables #2 to #7. 

4. In the mass diffusion analysis, select anisotropic diffusivity that is 

dependant on field variables #2 to #7. Setup the dependencies in 

the diffusivity table look up to Z),^ is only dependant on field 

variable #2, D,2 is only dependant on field variable #3, and so 

forth. 

8.2.4 Pressure Stress Factor 
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The pressure stress factor acts as to scale the amount of convection 

allowed in the mass diffusion equation. It acts much like the convection 

coefficient in PHETS theory. It is defined in equation (8.41). 

<bi ki (d';r(8.41) 

As seen in this equation, the pressure stress factor is dependant on the 

concentration and solubility. The Eulerian convection coefficient, 

permeability, and diffusivity are all considered constant. The solubility at 

each node was already calculated and placed into field variable #1. The 

concentration is changing over time during the mass transport analysis and is 

internally tracked by ABAQUS. 

ABAQUS inherently makes the pressure stress factor dependant on 

concentration and temperature. It can also be told to be dependant on field 

variables. In PHEXPT theory, the temperature is considered constant. 

Therefore, in the table look up determination of the temperature term 

will be left blank, telling ABAQUS not to use temperature. The following 

steps demonstrate how to inform ABAQUS to use PHEXPT pressure stress 

factor: 



261 

1, Inform ABAQUS that is dependent on solubility (field variable 

#1) and concentration by setting up a table look up scheme. This 

scheme will map out different values of for incrementing 

values of and 5^ using equation (3.41). 

2. ABAQUS will then interpolate between the two closest 

combinations of and to determine a value of at each 

node. 

This procedure is hard coded into the mass diffusion analysis input 

file instead of using the FORTRAN program like the other variables. For 

finite element models run with differing values of permeability, diffusivity, 

or convection coefficient, the whole table look up chart will have to be 

recalculated. 

8.2.5 Permeability Term 

The permeability is used during the fiuid convection analysis model. 

This analysis is performed on the deformed geometry. Therefore, the 

constant Eulerian form the permeability can be used. ABAQUS 

permeability is dependant on the specific weight of the wetting fluid and 
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gravity. The equation to change PHETS permeability into ABAQUS 

permeability is shown in equation (8.30) 

^ = Spy (8.30) 

If the permeability is considered constant (i.e. medial permeability of the 

carotid artery), a simple calculation of k can be done and placed into the 

input file for the fluid convection analysis. For pressure dependent 

permeability (i.e. intimal permeability of the carotid artery), a table of k at 

varying void ratios will need to be constructed. 

8.2.6 Concentration 

There are varying definitions for concentration. PHETS theory views 

concentration as moles of species over current fluid volume (8.12). 

ABAQUS views concentration as mass of species over reference fluid 

volume (8.13). The conversion from PHETS concentration to ABAQUS 

concentration is shown in equation (8.14) 

= M'c = M'Jnc (8.14) 

The concentration term in the mass transport analysis can only be 

specified at the beginning of the analysis. The initial concentration in the 

inside and outside bath, along with the initial concentration in the material 
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must be calculated from the initial PHETS concentration. When 

determining the initial values, it is assumed there is no change in volume. 

Therefore, J = 1 and n = «„. 

After the analysis is over, ABAQUS will report concentrations in the 

mass of species over reference fluid volume format. In order to convert this 

to PHETS concentration, the final J and n values must be known. These 

values are contained in the FORTRAN program when it calculated the 

solubility term. The FORTRAN program can be programmed to report the 

final J and n values. By having ABAQUS report the final concentrations at 

each node and the FORTRAN program reporting the final J and n values, 

the final PHETS concentration can be determined. 



264 

CHAPTER 9 

CONCLUSIONS 

The overall goal of this dissertation was to develop quantitative 

analytical, experimental, and numerical modeling tools that will aid in the 

comparison of large arteries and the design of tissue engineered vascular 

grafts. From the this research, a number of conclusions can be made as well 

as recommendations as to the fiiture direction of this work. 

9.1 Conclusions to Specific Aims 

Conclusions from Aim 1. 

• Identify the elastic properties, permeability, diffusivity, and 

convection coefficient of large arteries in order to allow for 

comparison of large arteries. 

The elastic properties, Q, C [ ,  C ' 2 ,  the drained bulk modulus, K', diffusivity, 

dy, permeability, , and the convection coefficient, by, were identified as 

material properties within the PHETS model. These material properties are 

significant because they can be used in comparison of any large arteries due 

to their non-dependence on artery size. 
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• Develop a suite of experiments and data reduction procedures to 

determine initial values of arterial elasticity (Pressure-Radius 

experiment), hydraulic permeability (Bubble Experiment), diffiisivity 

(FD Diffusion experiment), and convection coefficient (Pressurized 

FD Diffusion experiment). 

A suite of experiments comprising of four different experiments were 

created to determine the material properties of large arteries. This suite of 

experiments can be used on any large artery, allowing the comparison 

between arteries via material properties. 

• Create FEMs of larger arteries to match the results from Pressure-

Radius, Bubble, and FD Diffusion experiments and determine the 

optimum values of the material properties in order to validate the 

FEM simulates the vessel. 

ABAQUS finite element software was used to model the artery. Minor 

adjustments to the material properties found using the MATLAB programs 

were made in order for the FEM to fit the experimental data. The final 

material property values are shown in Figure 4-3. By simulating the suite of 
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experiments, the FEM shows that it can be used as a reliable model for large 

arteries. The FEM is an important tool in comparing large arteries because 

of its ability to model experiments that would be difficult to conduct 

experimentally e.g. water flow in arterial wall tissue under cyclic pressure. 

• Using the optimized properties, create quasi-static and cyclic pressure 

FEMs of de-endothelialized large arteries and cyclic pressure FEMs 

of large arteries subjected to hypertension and increased heart rate. 

Cyclic pressure created a fluid flow profile in the artery wall that was 

different that the fluid flow profile seen at steady flow. Due to the 

porohyperelastic nature of the vessel, fluid flow was shown flowing in and 

out at both the inner and outer surface of the vessel during the pressure 

cycle. Hypertension increased the amount of fluid flux through the artery 

wall but did not change the pattern of the flow in the artery significantly. An 

increased heart rate showed no significant change in the flow model of the 

artery. Removal of the intimal layer significantly increased the amount of 

fluid through the vessel wall. 

It is significant to note that the removal of the intimal layer and 

increases in the pressure drives more fluid through the artery wall. This 
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increases the convective force on solutes in the blood, causing an increased 

risk for arterial disease. 

• Comparison of rabbit carotid with rabbit aorta using property values 

and FEM. 

The rabbit artery has a lower permeability then that of the rabbit carotid. 

This causes lower fluid flow through the aorta wall then the carotid wall 

when constant fluid pressure is applied. When pulsatile pressure is applied, 

the fluid motion on the inside and outside surface of each vessel are similar. 

However, by normalizing the flow plots of each artery, the fluid flow within 

the aorta wall deviates more from the average flow then the carotid. Within 

the aorta wall, there are points of fluid stagnation and other points where 

fluid changes direction and velocity rapidly. This is in contrast to the fluid 

motion in the wall of the carotid artery that is unchanging over of the 

pressure cycle. It is hypothesized that the higher permeability of the carotid 

artery allows the fluid to move easier through the wall. While the lower 

permeability of the aorta causes pressure buildups and pressure decreases in 

the aorta wall due to the fluid not being able to move as freely. This would 

cause the large change in fluid flow as seen in the aorta. 
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It must be noted that the suite of experiments developed in this 

dissertation were used to characterize healthy arteries. A number of 

problems must be considered if diseased arteries were to be characterized. 

The location and size of the injury, the non-uniformity of the diseased tissue, 

and how diseased human tissue differs to specimen animal tissue must all be 

considered. Modification to this suite of experiments could be necessary to 

profile diseased specimens. 

Conclusion of Aim 2. 

• Creation of endothelial cell seeded TEVG created under two shear 

stresses in order to test the affect shear stress has on hydraulic 

conductance and to compare against the rabbit carotid artery. 

Two types of TEVGs were created. One was created under low flow 

conditions in the bioreactor causing a low shear stress to the endothelial 

cells. The other had a higher flow applied that resulted in a higher shear 

stress to the endothelial cells. The higher shear stress was set to be 

approximately the same as the physiological shear stress in the rabbit 

common carotid artery. 
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• Determination of TEVG hydraulic conductivity using Bubble 

experiment. 

The same Bubble experiment used to determine the permeability of the 

rabbit carotid artery was used to determine the hydraulic conductance of the 

TEVGs. It was found that there was no significant difference between the 

hydraulic conductances of the two types of grafts. However, there was a 

significant difference between the thickness of the neo-intimal layer of the 

low and high shear stressed grafts. When this was taken into account, there 

was a significant difference in the hydraulic conductance that was 

independent of thickness. 

It is significant to note that the value of the permeability of the high shear 

stressed graft was very similar to the medial permeability of the rabbit 

carotid. From this it can be speculated endothelial cells grown under 

physiological shear stress will create a neo-intima with approximately the 

same permeability as the natural vessel. However, more experiments must 

be conducted to verify this. The high shear stressed graft permeability was 

used as the permeability used in the FEMs of the graft. 
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• Creation of graft quasi-static and pulsatile FEM in order to compare 

graft material properties and flow characteristics to large arteries. 

The permeability of the TEVGs was used together with the elastic material 

properties of the rabbit carotid artery in order to develop a FEM for the 

TEVG. The thickness of the neo-intimal layer in the FEM of the graft was 

increased to allow for significant fluid modeling. 

The FEM of the graft showed a significant difference in the fluid flow under 

cyclic conditions when compared to a native carotid artery. It is significant 

that the same FEM used to model large arteries can be used to model 

TEVGs. Therefore, using the same material properties as the large arteries, 

the same method of comparison can be used between TEVGs their native 

counterparts. 

• Modification of graft FEM, e.g. compliant graft, in order to evaluate 

graft designs before experiments are conducted. 

In order to change the fluid model in the graft the rigid encasing of the graft 

was removed and it was allowed to be a compliant graft. This caused a 

change in flow in the outside and inside surface of the graft that better 

resembled that seen in the carotid artery. By axially stretching the graft the 
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same amount as the native carotid, the fluid flow in the wall of the graft also 

changed to more resemble the flow shown in the carotid artery. 

It is significant to note that removing the rigidity of the outside layer 

and making the graft compliant achieved a large change in the fluid 

movement in the graft. It is also significant that the FEM can be used to 

hypothetical grafts before experiments are conducted in order to determine 

which grafts are the best candidates for experimentation. 

Conclusions of Aim 3. 

• Create FEM of FD diffusion in graft under constant pressure using 

MPHETS finite element program 

A 1-D FEM of a graft was created using the graft hydraulic conductance 

found in Chapter 7, elastic properties and diffusivity of a carotid artery 

found in Chapter 4, and the convection coefficient of a carotid found in 

Chapter 3. It was found under quasi-static pressure, convection was the 

more dominant force in species transport then diffusion (demonstrated by a 
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graft Peclet number of 26.7 at 100 mmHg). This was seen by a 

characteristic bulging of the simple diffusion curve. 

The 1-D FD diffusion FEM is significant because it is the first step in 

modeling the complex species flux relationship in arteries and TEVGs. 

• Create FEM of FD diffusion in Graft under cyclic pressure in order to 

model mobile species concentration in a graft under cyclic pressure in 

the bioreactor or in a patient. 

Under repeating cyclic pressure, there was no significant change in species 

concentration on the normal test case where a high concentration of species 

was applied to the inside of the graft and a low concentration was applied to 

the outside. When a constant concentration was initially applied to the 

whole graft wall, a change in concentration was seen at the inside and 

outside surface of the graft. The concentration at the inside surface had a 

constant concentration spike over the whole pressure cycle. The 

concentration at the outside surface (where the neo-intima comes in contact 

with the ePTFE) was significantly different over the pressure cycle. The 

concentration varied as the water flowed in and out at the outside edge. 
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• Develop theory (PHEXPT) to map PHETS theory to ABAQUS finite 

element program theory. This will allow FEMs with different 

geometries and properties then the models built in the MPHETS finite 

element program. 

Theory to map PHETS theory to ABAQUS was created. This theory allows 

the combination of ABAQUS porohyperelastic theory and mass diffusion 

theory in a partially coupled analysis package. 

9.2 Recommended Directions 

1. It was shown in this dissertation the compliance is a major factor that 

determines the flow characteristics of a graft. The FEM results shown in 

Chapter 7 predict that a compliant graft would have similar flow fields as the 

native vessel. However, the permeability of such a graft has yet to be 

determined. Research should be done to examine the characteristics of a 

compliant TEVG. Finite element models could then determine how the fluid 

flow fields in this graft compare to that of the native vessel. 

2. The TEVG created in this dissertation were created under constant 

pressure but different luminal flow. It has been shown in the literature (put 
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citation here) that pulsatile pressure during vessel creation has lead to 

stronger and grafts structurally similar to native vessels. There has yet to be 

any research in determining how pulsatile pressure affects graft 

characteristics. It is recommended that research be done to determine TEVG 

graft characteristics (using both a rigid ePTFE and compliant scaffold) under 

pulsatile pressure at specific times in the bioreactor (every two weeks for 

example). 

3. The theory for adapting ABAQUS to run coupled convection-

difftision problems was introduced in this dissertation. This theory would 

allow the convection of one species. Work should be completed to 

implement this theory into ABAQUS. 

Currently, the LMPHETS finite element program is able to hand any 

number of species (neutral or charged) but only in a restricted 1-D geometry. 

Research should be done to extend LMPHETS geometry to axisymmetric 

and 3-D. Having both of these programs would allow for a commercial and 

powerftil finite element model (ABAQUS) to handle simple cases of 

convection-diffusion on complex geometries, and a program that can 

compute the convection and diffusion of a large number of species on more 

general geometries. 
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4. This dissertation was designed to study the flow patterns of vessels at 

steady state. The effect pulsatile pressure has on transient state of fluid flow 

in arteries has been examined closely by Jon Alberding (Alberding et al., 

2004). Finite element modeling of the results published by Alberding would 

be able to determine how much of the increase in fluid flow while under 

cyclic pressure is attributed to the porohyperelastic nature of the artery. 
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APPENDIX A 

NOMENCLATURE 

"y 

c„ 

Relative drag coefficients 

Area of intima 

Area of capillary tube 

Shear modulus 

Convection coefficient 

Green's deformation 
tensor 

Co, Ci, C2 Hyperelastic material 
constants 

c" Concentration of a 
species 

Fixed charge density 

D-j Velocity strain or rate of 
deformation 

£)> n/'- Volumetric fluid strain ^Idc'^kk 
rate 

lap Diffusion coefficients '"y 

Ey Green's strain 

K*. Almansi's strain 

ac ~ac Osmotic cocfficicnts o /w ' o im 

J 

K' 

m 

M" 

Finger's strain 

Strain invariants 

Deviatoric strain 
invariants 

Volume strain 

Relative species flux 

kj ,k j  Permeabi l i ty  

Drained bulk modulus 

Deformed length 

Undeformed length 

Mass of a 

Molar mass of a 

Voids ratio 

Deformation gradients 

n 

P , P  

Porosity 

Mechanical Pressure 
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<i Fluid flow rate 

r Deformed radius; 
Eulerian 

R Undeformed radius; 
Lagrangian 

Flow resistEince 

R^^^ Radius of capillary tube 

S- 2"'' Piola-Kirchoff stress >j 

t time 

T 1^' Piola-Kirchoff stress IJ 

Tj^j. Intimal thickness 

u Displacement 

ii- Solid velocity 

V Volume 

V" Volume of a 

yor ^-co- Average relative velocity 
of a 

v"^ Velocity of a relative to 

Velocity of fluid relative 
to moving solid 

Velocity of solid 

v" Velocity of a 

Bubble velocity 

lY Strain energy density 
function 

x" Position vector of a 
I 

X" Reference vector of a 
I 

x" Mole fraction of a 

z" Valence of a 



Greek Superscripts 

Kronecher delta Effective 

Engineering strain / Fluid phase 

/I2 Principle stretch ratios Intima 

n Minimization function M Media 

PT 

P" 

Pore fluid stress 

True density of a 

Relative density of a 

Total Cauchy stress 

Cauchy stress of a 

a, p 

Tl,^ 

Solid phase 

Species, i.e. +, -

Constituents, i.e. s,f, 

Cation phase 

Anion phase 

Subscripts 

i,j, k,I, m, n Spatial directions i.e. 
l,2,3,R,e,Z 

i Internal 

e External 

t 

0 

Tube 

Initial or Reference 

INT Intima 

MED Media 
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