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SUMMARY

The developmentf small diameter tissue engineered blood vesGd8Vs) with low
thrombogenicity low immunogenicity suitable mechanical properties, and a capacity to
remodel to their environment could signifitignadvance the treatment of coronary and
peripheral artery diseasPespite significant advances in the field of tissue engineering,
autologous vessels are still primarily utilized as grafts during bypass surdtavesver,
undamaged autologous tissue ymaot always be available due to disease or prior
surgery. TEBVs lack longterm efficacy due to a variety of types of failures including
aneurysmal dilations, thrombosis, and ruptdihe mechanisms of these failures are not
well understood. In vitro mecha&al testing may helfhe understanithg of these failure
mechanismsThe typical mechanical tests lack standardized methodo|dbi¢s results

vary widely.

The overall goal of this study is to develop noegperimentabnd mathematical models

to study the mechanical properties and failure mechanisms of TEEBMS.results

suggest thaburst pressure testshe current standardyre not sufficient to assess
TEBVs®d suitabil it y;ceepandoraydic laadirgtesis ae @lfos t i t uf
requiral. Results from this model cdmelp identify the most insightful experiments and
guantities to be measuréad ultimately reducing the overall number of experimental
iterations.Improving the testing and characterization of TEBVSs is critically important in
decreasing the time necessary to validate the mechanical and functional responses of

TEBVs over time, thus quickly moving TEBVs from the benchtoghépatient.
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CHAPTER 1
INTRODUCTION

1.1 Cardiovascuar Disease/Atherosclerosis Prevalence

Cardiovascular disease (CVD) is estimated to account for 32.8% of all deaths in the U.S.
and estimatedtb cost $297.7 billion in 20081]. CVD includes coronary artery diseases,

stroke, peripheral artery disease, heart failure, arrhythmia, and valve disease.

Atherosclerosis accounts for approximately 75% of CVD deaths. Complications due to
atherosclerosis are projected te thew o r | lehdirgy cause of deathy 2020 [1].
Atherosclerosi®ccurs wherlipids, cells, and extracellular matrix (ECMyildup on the
luminal surface of tharterial walland form structures called plaqy&$. These plaques

can rupture and result in blockage of the arteryich decreases blood flow to tlustal
tissues and leads taissue ischemia andeath. When dherosclerosisoccursin the
coronary arteriegcoronary arter disease) iteads to a decrease in the blood supply to the

heartand can lead to myocardial infarction.

Coronary artery disease is estimated to account for 1 out of every 6 deaths in the U.S. and
estimatedto cost of $156.4 billion in 20081]. Coronary bypass surgers a common

form of treatment. Most often thessurgeriesuse autologous saphenous vein or
mammary artery as graftddowever longterm complicéions still occur 3660% of the

time with the use of autologous graft¥5]. Patients with atherosclerodigequently have

inadequate amounts of undamagedutssavailable for use as a grdfecauseof



preexisting disease or guious surgery [6, 7]. An alternative method is ultimately
necessary for these patientaplantation of synthetic graftsuch as Dacron or PFT®,

replace large diameter vessét6mm) has had some succefsj. However,thrombus
formation and intimal hyperplasia have causédsé synthetic grafts to fail as
replacements for small diameter arterjésl?]. Thus,thereis a great clinical need to
develop a small diameter tissue engineered blood vessels (TEBVs) with low
thrombogenicity and immune response, suitable mechanical properties, and a capacity to

remodel to their environment.

1.2 Normal Blood Vessel Architecture

Blood vesselsare composed of three layers: the tunica intima, tunica media, and tunica
adventitia Figure 1-1). The intima is the innermost layer and is comprised of a
continuous monolayer of endothelial cells (ECs). basal lamia, the outermost layer of

the intima, separates the intifram the rest of the vessel walthich consistef type IV
collagen, laminin, elastin, and proteoglycans. ECs fornseanipermeable, non
thrombogenic layer on the lumen of the blood vessel walliateract directly with the
components in the blood, which allows the ECs to sense and respond to changes in blood
flow. The intimacontainsa thick elastic layer called the internal elastic lamina. The
middle layer, the media, is the thickest layer awodsists predominantlyof smooth

muscle cells (SMCs), collagen, elastin, and proteoglycans. The méddught to be the

main load bearindgayer over physiological conditiongl3]. The SMCsoénsmai n
are to maintain vascular tone and synthesize ECM. In elastic aredastc laminae are

concentrically located in between layers of smooth muscle cells. The elastic laminae are



more compliant than other ECM constituents and contribute to load beprinarily

low loads while collagen contributeto it at higherloads[14]. The adventitia, the
outermost layer, is mainly composed of fibroblasts and collagdns thought to provide

a spnificant mechanical contribution over supraphysiologioalls, thereby preventing
overdistension of the vessellhe adventitiaalso tethers the vessel to surrounding
connective tissue, and is vascularized to provide nutrients to the SMCs in the media of

the vessel.

Tunica Intima

Elastic Lamina

Tunica Media

Figurel-1. Anatomy of the arteppdapted from{15].

The size and composition of each of the three layefsidod vessels depend on the
location and function of the vessel. Arteries and veins differ significantly in their

compositions. Since arteries are closer to the heart, arteries are exposed to much higher
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pulsatile pressures and shear stresses than [Mé&hsThe mean pressures in arteries are

90 to 100 mm Hg, while the mean pressures in veins are 2 mnAliteries generally

have a thicker media layer, have higher elastin and collagen content, and are stiffer than
veins to compensate for the higher stresgEs. Any changesn the content or
organization of t he bl ood vessel 0s ECM ¢
mechanical properties of the vessel. Various pathological conditions, such as CVD, can

affect the vessel 0gacsits machanicalermnnmem.d negati ve

1.3  Atherosclerosis

Atherosclerosis is major contributor to deaths worldwitig. It is characterized by the
formation of plaques on the lumen of the vascular wall. A plaque is the accumulation of
lipids, cells, and ECM on the lumen. Atherosclerosis is considered taused by a
combination of genetic factors and lifestyle choidesccurs predominantly in areas of
disturbed flow ofthe vasculatureln response to disturbed flow or the accumulation of
lipids in the vascular walls, the ECs begin expressing markershéoadherenceof
monocytes and T cells to the endothelium. Following adherence, monocytes differentiate
into macrophages and start to migrate, into the subendothelial layer. As the macrophages
internalize the lipids in the wall they transform into foartisgevhich eventually rupture

and contribute to plague formatiofhe rupturealso induces signals for the SMCs to start
migrating towards the luminal surface, which synthesize fibrous tissue and start to form a
fibrous cap. Under certain conditions théréius cap can rupture, releasing all the

material from the necrotic core. This leads to thrombosis and blockage of thd Hjery



If the fibrous cap ruptures a coronary artery, the artery needs to be replaced to provide

adequate nutrients to the heaRigure1-2).

HORMAL ARTERY FATTY STREAK

Leh
| COrDnay
L nirbanies

THROMBOSIS OF A
RUPTURED PLACUE

Figurel-2. Progression of atherosclero3igken from[19].



1.4  Coronary Arter y Bypass Grafting

Coronary artery bypass grafting (CABG) has been a common surgical procedure since
the 1960920]. CABG uses grafts to circumvent thechutled regions of the coronary
arteries and restore the supply of nutrients to the heart. Currently, only autologous
vesseld the saphenous veins, internal mammary arteries, or radial adtenesused as

grafts in this procedure. While the internal mammengries have been shown to be the
most effective autologous graft with the longest patency and survival, most patients
require supplemental graft sources because multiple vessels require grafts for treatment
[2]]. Following implantation, the veins are exposed to significantly different mechanical
environments from their native state. The coronary artery is expossaynificantly

higher mean pressures and shear stresses. Blood vessels generally adapt to their
environment by remodeling the ECM to lessen the mechanical burden on the cells. The
saphenous vein is under lower loading asdignificantly thinner than # coronary

artery; thus, when exposed to similar loading to that of the coronary arteries, saphenous
veins experience significantly higher circumferential stresses across the wall. While the
radial artery experiences less dramatic changes in mechaniadihgo#ollowing
implantation, the flow rates are still much higher and there are still complications due to
compliance mismatch and differences in the mechanical envirorj@e8]. Therefore,
long-term patency of autologous grafts still appears to be suboptimal due to unsuitable
mechanical propertig8-5]. The deelopment of a suitable tissue engineered graft serves

as a promising alternative for autologous grafts during coronary bypass J@42if.



1.5 Tissue Engineerd Arteries

There have been many advanceshia development a small diameter TEBWce the

first report by Weinberg and Bell in 1986@vhich containedan adventitia layer of
fibroblasts, a media with SMCs, and a lumen seeded with a monolayer oinELCs
collagenbased TEBV[28]. Even though these vessels were not able to withstand
physiological conditions, the feasibility of developing a vascular replateimeitro was

demonstrated. Since then, there have been numerous advances in the field.

Several tissue engineering strategies show great promise for vascular applications,
including TEBVsthat aregelderived[28], cell selfassembly derivefR9], biodegradable
scaffoldderived[30], and decellularized native tiss[&l]. Each of these approaches has
inherent advantages and disadvantafes.example, Wweras gelderived constructs can

be molded into complex geometries and require relatively shorter culturecomgsred

to other approaches, these constructs often have a lower strength compared to the

synthetic biodegradable scaffolds®l-assembly deried constructs.

1.5.1 Gel-derived Scaffolds

The gelderived method involves the combination of reconstituted matrix with vascular
cells. This solution of cells and ECM proteins is poured into a vascular mold and allowed
to solidify. The gel is then cultured iell culture media where the cells compact and
reorient the existing matrix and synthesize new matrix, making the vessel stronger over

time. Several attemptat increasing the strength of gidrived TEBVs such as the use of



crosslinking agents, biochemicatimulation, and mechanical stimulatidrave been
made[32-35]. While each of these methods lead to an increase in the overall mechanical

properties, nonera suitable for coronary replacemeloie to lack of strength

1.5.2 Cell SeltAssembly

The cell sefassembly method involves the use of vascular cells, either fibroblasts or
SMCs, grown to confluence and then cultured for several weeks. During this time, the
cells synthesize ECM and start to form sheets. These sheets can then be peeled off and
rolled up around an inner mandrel forming a tube. This tube is then cultured for
approximately 8 weeks. During this time, the cells align circumferentially and synthesize
more ECM, which leads to a fusion of the individual layers that forms a Vigjel

These vessels have been demonstrated to have burst pressures and compliances
comparable to those of native ves4&6]. However, additional mechanicasting[37],
unfavorable initial clinical trialresults [38, 39], and long culture times prior to
implantationsuggest that vessels made using the celassiémbly method may not be a

feasible replacement alternative to autologous grafts.

1.5.3 Synthetic Biodegradable Scaffolds

The scaffoldderived approach involves seeding vascular cells onto a synthetic
biodegradhle scaffold. As the scaffold degrades, the cells synthesize ECM, resulting in a
final vessel consisting of mostly cells and cellular EC80]. The scaffolederived

approach is particularly attractive because of their tunable mechanical properties and the



potential for off the shelavailability. However, there have been some issues arising from

degradation byproducts and an immune response to the material.

Pdyglycolic acid (PGA) is the most commonly used biodegradable scaffold, due to its
high porosity and ease of ug40]. However, due to its rapid resorption rates, PGA is
difficult to use because it can degrade before the cells have an opportunity to stabilize the
vessel. In addition, the mechanical properties of PGA scaffold have been shown to be
significantly lower than those of native tissugkl]. Various attempts have been made to
comline other polymer with PGA to decrease its rate of resorp86m2-44]. There has

been some success usiR§A with e-caprolactone or dlactide in clinical trials in
pediatric patients with congenital heart defelets, 46]. However, these grafts were
implanted in the low pressure system because they lack the mechanical properties to

serve as a coronary replacement.

1.5.4 Decellularized Tissue Scaffolds

The use of decellularized tissues is one of the most commoent@approaches to tissue
engineering. Removal of the cells reduces the potential of an immune response following
implantation, while maintaining the native ECM structure of the tissue. Following
decellularization, the tissue can then be reseeded witHogats cells for better
immunocompatibility[47]. This method has been used on human saphenous veins to
demonstrate feasibility and has been shown to have short term patency [i48)ivthe

use of decellularized tissue is a particularly promising approach because it does not

require long waiting times while the vessel develops and the cells synthesize their own



matrix. This reduces the waiting time from months to days, making these m@ks

likely candidates for CABG. However, it has also been shown that removal of the cells
from the native vessels leads to an increase in the stiffness of the[48&5§], changes

in the crimping and packing of collagen, amdecrease in proteoglycan deng&$]. In
addition, an immune response could possibly be elicited from the use of decellularized
xenografts and the harsh chemicals used in the decellularization process can affect the

mechanical properties of the vesdsl].

1.6 Effects of Stresses on Remodeling

In vivo, arteries are exposed to constant ratal mechanical loading. The vascular
wall is exposed to cyclic circumferential stress and luminal shear stress due to pulsatile
blood pressure and flow and an axial load due to tethering of the arterial wall to
surrounding perivascular tissud-igure 1-3). The values of these stresses can be

estimated by assuming the vessel is a straight cylindrical sefa8nthe equations for

the mean wall shear stresk, §, mean circumferential stress () and mean axial stress

(s,), homeostatic values in humans are

250 kPe

t,=2® o 5pg, s, =02 50 kP, and  s,=— 1
pa h ph(2a+ h)

where Q is the luminal blood flow rateP is thetransmural pressuref is the axial
force, a is the luminal radiush is the thickness of the vessel wall, afids the viscosity

of blood
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Adventitia f
G, Media C,=————
Intima wh(2a-+h)

Figure1-3. Forces on théhe vascular wallhe blood vessat exposed to three stresses:
circumferential, axial, and shear. Taken fr[58].

In healthy blood vessels, cells respond and remwdeésponsdo mechanical forces
including pulsatile pressure, flow, and axial lodthese esponses appear to be aimed
towards maintaining a state of target local stress vdfhbds Native arteries adjust to
changes in their mechanical environmeni¢ch as changes in floj85-59] and pressure
[60, 61] by adjusting their inner diameter initially and intimal thickeniagg term,and

axial stress bjongitudinallengthenind 53, 62-65].

These responses can also be maladaptive in response to pathologic conditions. The
remodeling that occurs in response to hypertension can lead to other secondary
conditions, such saatherosclerosis or aneurysm formatjé6]. It has also been shown

that the compliance of native arteries significantly decreases with increasing heart rate

11



[67, 68], suggesting a critical role of cyclic strain frequency in the vascular adaptation

response to mechanical loadiig$).

While the mean stresses can be calculated using equations (1), constitutive equations are
necessary to describe the stress distribution throughout the vessel wall. It appears that
remodelingtends to be aimed towards maintaining homeostatic local stresses throughout
the native blood vessel wdlfQ]. Cells sense changes in their mechanical environment
through adhesive surface receptprd] and respond to any perturbations in from the
homeostatic environment through morphologic and functional chapgés For
example, cellular responses to changes in mechanical stimuli include increased or
decreased expression of ECM proteins, ECM degrading enzymes, and vasoactive
moleculeswhich are all aimed at cellular adaptation to changes in the local stresses from
the homeostatic values. We the mean stresses can be calculated using equations (1), it
is ultimately necessary to include mathematical models to determine the local distribution

of stresses across the vascular wall.

TEBVSs appear to also respond to altered mechanical loadsrabstudies have shown

an increase in collagen production of TEBVs in response to cyclic strain as compared to
unstrained or static straif84, 73-75. An increase in MMR2 activity in response to
cyclic strain was also seen. Even though MRIRctivity is associated with ECM
degradation, blocking MMP resulted in a block of compaction as Va3l 76],
suggesting that MMP activity is necessary for remodeling and strengthening of the

vessel. It has also beenndenstrated thaanincremental strain increase leads to a higher

12



UTS, modulus, and higher rates of collagen production as compared to cyclic strain of

constant amplitudg35].

1.7  Theoretical Modeling

1.7.1 Modeling of Native Blood Vessels

It is well known that cells respond to changes in their local mechanical environment.
Given that the local growth and remodeling response correlates well with the local
stresses, whicltannot be directly measured, models are necessary to describe the
material behavior throughout the arterial wall and calculate these stresses. There are two
general approaches to modeling the mechanical behavior of blood vdssels
phenomenological and cstitutive models. Phenomenological models take into account
the bulk mechanical behavior of the tisq&], while constitutive models take into
account the microstructure of the artery and elate physical attributes to the
mechanical behavior of the artefy8]. While microstructural models arpreferable to
phenomenological models, it is difficult to design experiments to directly relate

microstructural components with the mechanical properties of the [iggue

1.7.2 Mechanical Properties of Collagerbased TEBVs

While the mechanical properties of TEBVs are not yet suitable for implantation, it is

important to characterize these properties to motivate strategies to improve the

mechanical properties during TEBV developmefite two mosicommon methods for

mechanical testing of vascular tissue are uniaxial ring tests and burst pressure testing.
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1.7.2.1Uniaxial Ring Tests

Uniaxial ring tests are more typically used to test the mechanical properties of TEBVS,
since they are easier to run, requessl tissue per experiment, and the results are easier to
interpret. Typically, the vessel is cut into equal sized rings and the rings are mounted onto
a testing device. The ring is then monotonically stretched until failure, while the force
and extensionra recorded34, 74]. Since collagen gels undergo large deformations, it is
necessary to track markewa the tissue to obtain accurate strain measurement. A typical
nominal stresstrain curve for a collagelbased TEBV is shown iRigure1-4, values for
modulus, yield stress, and ultimate stress can be obtained from thes&hestsodulus

is defined as the slope of the linear str&tsain region, the yield stress is the point where
the linear region changes by more than 10%, and the ultimate stress is the maximum
stress. The test demonstrates a nonlinear loading profile tdttmate stress, followed

by a decrease in loading until failure.

30
Ultimate Stress
~a
51 Yield Stress
20 4
15 4 Modulus

Stress (KPa)

10 +

ﬂ = T T T T T
0 04 0.2 03 0.4 0.5 0.6

Eulerian Strain

Figure 1-4. Typical nominal stresEulerian strain curve for uniaxial (ring) tesigure
taken from Seliktaet d [74].
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1.7.2.2Burst Pressure Tests

Burst pressure tesiy of native blood vessels or vascular grafts is frequently performed to
characterize the material properties of the vessel. While burst pressure can be a good
indicator of the vesselsd mechanical prop

pressuriation rate have a significant impact on the obtained burst pr8€iire

1.7.2.3Biaxial Tests

Since uniaxial tests do not provide information on the mechanical properties in the axial
direction and burst pressure tests typically only record the pressure at failure, biaxial tests
are necessary to perfo accurate stress analysis. Due to the cylindrical geometry of
vessel, pressudiameter and foreciength data are typically obtained during biaxial tests
[81, 82]. In native vessels, preconditioning is uugperformed prior to testing.
Preconditioning involves cycles of loading and unloading until the sttesi® response
becomes repeatabl®3]. This stresstrain response occurs due to internal structural
changes that occur initially until eventually until steady state is reached when no further
structural changes occur and the cycles become repef8dhleCollagen gels do not
exhibit this same behavior; the stra$sain response does not become repeatable after

cyclic loading, even under modestatls[85-87].

1.7.2.4Changes in the Mechanical Properties of Colldogased TEBVs over Time in

Culture
Over the time course of development of sgeded collagebhased TEBVs the cells
contract and orient the existing collagen matrix while synthesizing new matrix material,
leading to a denser and stronger veg88&. Mechanical stimulation of the vessels

induces cell and matrix alignment in the direction of applied the [@8491].
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Geometrically inducing circumferential cellular alignment by imposing boundary
conditions increases the circumferential tensile strength and decreases the circumferential

extensibility of the vess¢l4, 82, 92].

1.7.3 Necessity for Modeling of TEBVs

Though it has been shown that mechanical conditioning, such as cyclic stretching,
stimulates remodeling of collagen derived TEBVs and consequently imgrokeir
mechanical properties, mechanical loading ofdgrived TEBVs can also induce plastic
deformations In addition, interpretation of data in the literature is difficult due to the
large number of factors that can be varied during collagen gel culture. For example,
Isenberg and Tranquillf34] demonstrated that the amplitudé strain, and parameters
related to the pulse frequency and shape of the pulse waveform are important variables
regulating celimediated changes in TEBV mechanical properties. These results suggest
that modeling is ultimately necessary for understandimey combined and individual
effects of all of these factors. Use of this model may be exploited to design loading
strategies to allow for direct multixial stimulation of collagen gdélased TEBVs and
reduce requisite culture time®vhile a microstructuramodel that could quantify the
changes in the microstructural content and organization during damage and plastic
deformation is ultimately necessary, obtaining the mechanical properties and
microstructural properties simultaneously is very difficult. Hogrexa phenomenological
model that characterizes the mechanisms of damage and plasticity can help motivate new

experimentsto elucidate the effects of individual tissue components on the overall
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mechanical properties of the tissuiéhe theoretical frameworkroposed in this work

combines the concepts of volumetric growth and continuum damage mechanics.

1.7.3.1Volumetric Growth

The volumetric growth approach, developed by Rodriguez ¢93j. describes growth
(referring to any change in volume, i.e. compactiom) thie evolution of the streéee

state. The original stredsee reference state is cut into discontinuous (and fictitious)
elements and each element grows independently over time. When these elements are
reassembled, they are not always compatible, wimniduces residual stresses. The elastic

deformation gradient tensor is then referenced to theste¥ss configuration.

1.7.3.2Damage Mechanics

Damage is the process of microstructural change of materials that leads to a loss in
mechanical strength due to loagi Generally, materials can damage under monotonic
loading, creep (when the load exceeds a critical value), or cyclic loading (fd84lien

this work, the theoretical framework of Kachan{®5s, 96] and Rabotnov[97] is
employedand anisotropic damage consideredAn effective stress is introduced, which
accounts for the fact that damaged material cannot bear any loads. A damage variable is
used to represent the loss in effective area damisotropicdamage. It is assumed that

the only effects oflamage are on the effective stress, which can replace the undamaged
stress in the constitutive laW88]. Plasticity is the change in the strés= geometric
properties, which occurs as a result of permanent slips of molecules. Yield stress is
defined asthe stress beyond which plasticity ensy@4]. Since collagen gels are

characterized by compaction (volume change), damage, and plasticity, a combination of
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the concepts from volumetric growth and continuum damage mechanics are used in this

study.

1.8 Summay

The design of a TEBV that can be successfully used as a bypass graft requires that the
vessel have suitable mechanical properties;thoombogenic luminal surface, and low
immunoreactivity or graft rejection. a compliance similar to that of nativeelgego

prevent compliance mismatch, not exhibit significant plastic deformation under loading,
and be able to withstand the imposed mechanical loads without failure. To date, there is
no tissue engineered vascular graft that meets these requirementprigier
experimental and mathematical models are necessary to better understand and predict

these mechanical properties and ultimate graft failure.
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CHAPTER 2
SPECIFIC AIMS

2.1 Project Significance

There is a pressing clinical need to develggue engineered blood vessels (TEBVS) to
treat multiocclusive coronary and peripheral artery diseases. While there have been
significant advances in the field of tissue engineering, autologous vessels are still
primarily utilized as grafts during bypassgrgeries. TEBVs lack lonterm efficacy due

to a variety of types of failures including aneurysmal dilations, thrombosis, and rupture,
but the mechanisms of these failures are not well understood. In vitro mechanical testing
may help to better understariese failure mechanisms. However, the typical mechanical
tests lack standardized methodologies, thus results vary widely. For instance, burst
pressure, a standard metric for assessing ultimate failure is highly dependent on the
pressurization or strain et for the same vessel. However, the strain rate is frequently
not reported and results cannot be compared between studies. In addition, effects due to
creep are frequently overlooked. Moreover, mechanical tests have demonstrated-that cell
seeded TEBVs exhit plastic deformation and damage even under modest loads. These
effects are decreased over time in culture due tenvedliated remodeling of the ECM.
Improving the testing and characterization of TEBVs is critically important in decreasing
the time neessary to validate the mechanical and functional responses of TEBVs, thus

quickly moving TEBVs from the benchtop tioe patient.
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2.2  Project Objective

The overall goal of this study is to develop novel methods and mathematical models to
study the mechanitaproperties and failure mechanisms of TEBVs. Appropriate
mathematical models will help to better understand and predict temporal, biolegically
mediated changes in the mechanical (functional) responses of the TEBVs. Furthermore,
understanding the undgihg mechanisms of TEBV failurewill lead to a better
understanding of what is ultimately necessary to develop a more practical TEBV design.
The collagen gebasedTEBVs was usedas a platform for this study, as they are widely

used for fabricating TEBVSs.

Mathematical models are powerful tools for understanding the full complexities of the
combined effects of mechanicaityediated growth, remodeling, damage, and plasticity
of gelderived TEBVs. One of the main goals of this work is to develop a
phenomenologal mathematical model that can capture the salient features of the
geometry and material properties, as well as the complexity of mechamchllyed

changes during culture of collageased TEBVSs.
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2.3  Specific Aims and Hypothess

2.3.1 Specific Aim 1
Devebp a phenomenological model to predict mechanicallymediated growth,

remodeling, damage, and plasticityof gelderived tissue engineered blood vessels.

Hypothesisa model combining the effects of growth, remodeling, plasticity, and damage
will capture tle salient features of the geometry and material properties of coliaged

TEBVs as the material evolves and changes over time.

2.3.2 Specific Aim 2
Developan experimental platform to quantify damage and plasticityin gelderived

tissue engineered blood veskse

Hypothesis:multi-axial monotonic loading, creep, and fatigtestingare necessary to
fully characterizedamage and plasticifyropertiesand can be successfully performad

collagenbased TEBVSs.

2.3.3 Specific Aim 3
Study the role of tissue transglutamirase crosdinking in reducing damage and

plasticity of collagen gels.

Hypothesis: the addition of tissue transglutaminase to collagerbgsedTEBVs will

reduce damage and plasticity, improvihg overall strength and quality of tHeEBVS,

while mairtaining the necessary biological support of the cells on the TEBVSs.
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Successful realization of these aims will provide a theoretixpérimental approach for

the development of TEBVS. Since development often requires weeks or even months of
culture time ® generate one set of TEBVs under one set of experimental conditions, a
theoretical approach will help cut down on the number of experiments that need to be
performed. The proposed model (1) can be used to integrate seemingly diverse sets of
datg (2) canbe used for parametric studies to compare the consequences of competing
hypotheses through timeand costfficient simulations and (3) can guide the
identification, performance, and interpretation of revealing experiments. Thus,
mathematical models carelp identify the most insightful experiments and quantities to

be measured; ultimately reducing the overall number of experimental iterations.
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CHAPTER 3
A PHENOMENOLOG ICAL MODEL FOR MECHA NICALLY -
MEDIATED GROWTH, REM ODELING, DAMAGE, AND
PLASTICITY OF GEL -DERIVED TISSUE ENGIN EERED BLOOD
VESSELS

3.1 Introduction

There is a greatnmet clinical need to develop small diameter tissue engineered blood
vessels (TEBVs) with low thrombogenicity and immune response, suitable mechanical
properties, and a capacity to adapt to their environiiie8}. Since the pioneering work

by Weinberg and Bel[4], there have been tremendous advances towards this pursuit.
Nevertheless, the need for a TEBV suitable as a coronapagy graft remains unmet.
Biomechanical stimuli, such as cyclic strain, have been shown to stimulate hemade
collagen gelderived TEBVs to greatly improve their mechanical behapspr It is now
becoming clear that tissue engineered constructs adapt synergisticallyedtics
combinations of multidirectional loading6]. A critical gap remains, however, in

understanding the role of multidirectional loading on TEBV remodeling.

* Modified from: J Raykin Al Rachey RL Gleason JrA phenomenological model for
mechanically mediated growth, remodeling, damage, and plasticity -oflegeed tissue
engineered blood vessels.
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Several tissue engineering strategies show great profois@ascular applications,
including gelderived [4], biodegradable scaifid-derived [7], and cell seHassembly
derived[8] TEBVs. This studyfocuseson the gelderived approach. Weinberg and Bell

[4] pioneered the gealerived approach by combining collagen gels with a Dacron mesh
and showed that the burst pressure increased with increadlagen concentrations
from 2 to 5 mg/ml and burst pressure was the maximum at 30 days in culture.dfanda
al. [9] observed that both isometric loading and cyclic dynamical loading of collagen gel
rings showed cellular and extracellular matrix alignment in the direction of loading.
Seliktaret al [5] showed that circumferential distension increased modulus, yield stress,
ultimate tensile stress, and rates of compaction compared to static cultures; Seéktar

[10] report that these responses can beck@d by inhibiting expression of matrix
metalloproteinases, thus this is an active-geitiated adaptive response. Isenberg and
Tranquillo [11] demonstrated that the amplitude of strain and parameters related to the
pulse frequency and shape of the pulse waveform are important parameters regulating

these celimediated changes in TEBV meciaal properties.

Isenberg and Tranquill§ll] said well that,ia]s promising as [gelerived TEBV]

results may be, their interpretation is difficult due to a number of confounding factors
they cite confounding factors such as degree of compaction prior to mechanical
stimulation and plastic deformation due to loadirigterpretation of dta from
experiments that contain such confounding factors requires a predictive mathematical
model. Towards this end, the purpose of this paper is to describe a theoretical framework

suitable for quantifying mechanicaltpediated growth and remodeling gélderived
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TEBVs, while considering that (even under modest loading) the TEBVS experience
plastic deformations and damage. Although a microstructunadtyvated model is
ultimately required to understand the full complexities for growth, remodeling,ggama
and plasticity of getlerived TEBVs at multiple length scales, a purely phenomenological
model will provide important guidance for designing experiments, interpreting

experimental data, and motivating more detailed models.

In this work,a theoreticaframework that combines the concepts of volumetric growth,
plasticity, and continuum damage mechanissdescribedand several illustrative
examplesthat mimic typical experiments presented in the literatare compared to
model prediction lllustrative smulationsare usedo demonstrate the capability of the
proposed modeling framework to capture the salient features of growth, remodeling,
damage, and plasticity by comparing simulation results to data from the litetthigre;
work focusesn the result®f Seliktar et al[5], which provides the most comprehensive
set of mechanical data currently available. One of the main utilities of theoretical models
is to motivateexperiments; thus, these illustrative simulatians usedo highlight data

that are currently lacking in the literature and to motivate a new experimental approach to
mechanical conditioning of gelerived TEBVs that may be employed to improve

mechanicaproperties and reduce requisite culture times for the development of TEBVS.

3.2 Theoretical Framework

The major hypothesis of this study is that changes in the geometrical dimensions and

mechanical properties of the gdtrived TEBV depend on the magnitudietioe local
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stress experienced by the tissue and the amplitude of the periodic circumferential
stretching during dynamic conditioning. To test this hypothesis some theoretical
predictions of a proposed phenomenological model are compared to the available
experimental data in the literature. To build the model the kinematics of the HEBV

first definedand subsequently describe the constitutive formulation of the mechanical
response of the TEBVs described The derived equations are used in an illusteativ
example for examining the behavior of a TEBV on a rigid mandrel and on an elastic

sleeve of periodically varying diameter.

3.2.1 Plasticity and Growth (Kinematics)

Consider a stredsee body b,(0) at timet =0 thatis loaded to the configuratiof, (t) ;
the deformation gradient for the mapping of points frépf0) to b6,(t) is denotedF
(Figure3.1). The transformation frond,(0) to b,(t) results predominately from three

processes that can occur simultaneous)yar{ elastic deformationiif a deformation due
to plasticity; andi{i) a change in the configuration of an infinitesimal eletreaused by

processes termed generally as growth.
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Figure 3-1. General schema for the kinematics of combined plasticity and volumetric
growth.

If the applied loads induce stresses beyond the vyield stpéssticity will ensue.
Plasticity is definedas a mechanically, but not biologically, mediated change in the
stressfree (i.e., natural) configuration. Also, over time, these applied loads can induce a
mechanicallynediatedgrowth Growth is definedas tte mechandiologically-mediated
change of the stregeee configuration, including changes in volume (df2]). Growth

can occur via cell proliferation or hypertrophy and -cefidiated extracellular matrix
production. More specifically the term growth refers to the case when the mass of the
element inceases, while the case of diminishing mass is considered as resorption. A
special case of resorption can also occur via-roelfiated compaction; i.e., the
rearrangement of cells and collagen or fibrin and extrusion of water from the construct
that resultin a diminishing of the volume. Thus, growth (or compaction) and plastic

deformation may occur in parallel and result in an evolution of the natural configuration.
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As plastic deformation and growth proceed in parallel, the traftes (unloaded)

configuration at timet denoted g, (t) is, in general, not stredeee; it contains residual
stresses.However, b,(t) can be definedas the configuration wherein the local

neighborhood about evepoint in the body is stredsee; this configuration consists of

discontinuous (and fictitious) elements ($&&]). The mapping of points frond,(t) to

b, (t), thereby assembling the discontinuous elements into the trdit®elements and
producing residuaktresses, has the deformation gradi€nt The mapping from the
stressfree configuration 4,(t) to the loaded configurationd,(t) has deformation
gradientF,.

The maping of points fromb,(0) to b,(t), which defines the plastic deformation and

the growth,can be decomposewto two deformations: the first accounting for the plastic
deformation and the second accounting forghmwth. Let the plastic deformation map

points from the stresisee configuration 5,(0) to an intermediate, stref®e

configuration b, (t) (which consists of discontinuous (fictitious) elements) have
deformationgradientF,. Let the growth deformation map points frofm(t) to b,(t)
and have deformation gradieRf . Finally, F,, =F F is defined which accountsor the

combined effect of growth and plastic deformations; thereforeF F F, =FF .

3.2.2 Damage and Remodeling (Constitutive Equations)

In addition to growth (or compaction) and plastic deformations, mechaninaliyated

mechanisms can result the change in the local material response described by the
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constitutive equation of the TEBV. It is well documented that mechanical stimuli can
increase the effective elastic modulus of collagendgelved TEBVs|[5, 11] through
biological mechanisms; thusemodelingis definedas mechandiologically-mediated
changes in material properties. In this phenomenological approach, such changes in
material properties could be due to altered cellular contraction, altered mechanical
properties of cells, extrusion of water leading to increased fraction of load bearing
materid, synthesis, degradation, or altered crlisking of extracellular matrix, amongst

many other mechanisms. In addition, if the applied loads produce stresses above some
critical stress, locatlamagemay occur.Damageis definedas the no+biologically, bu

mechanicallynediated, change in material properties.

3.2.2.1 Anisotropic Damage and Remodeling

With regard to changes in material behavior due to damage, the theoretical framework of
Kachonov [13, 14] and Rabotnov[15] is employed here arisotropic damageis
considered The Clausiufbuhem equation for isothermal mechanical processes requires
that

le
pt2

HC,

=g Pe-p2p, 1)

wheret is time, W is the strain energy density function (per unit volurm®)is the
second PiolKirchhoff stress tensorC_ = FF, is the right CauchyGreen strain tensor
of the elatc deformation, andF is the local entropy productiohet W =W(C_,D),

whereD is a second order damage tensor; thus,

é w 180““C HW D _

0 Ol 1
Q U'Ce 2 9 Ut UD Ut ()
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which is satisfied when

s=2MW g WD, @)

For pw/uD 2 0, equation(2) requires thauD/t be nornegative; thuD is constant or

an increasing function.

With regard to changes in material behavior due to remodeling, a similar appsoach

used. let W =W(C_,M), whereM is a second order remodeling tensor; thus,

aM+1so;;“C W\ |JJV| 3)
¢ HC, 2 M pM ot

where, since remaling is a biologically mediated process, the tissue is modeled as an

open thermodynamical system; thus, the local entropy production need not be greater

than or equal to zerbet S= 2uW/uCe with no constraint on the sign @M/t .

In general, damage and remodeling may occur simultaneously; thus, let
W=W(C,,D,M)=W(C_,G), (4)
where G is a tensor that accounts for the net effect of damage and remodeling. In this

case equatiokrror! Reference source not found.becomes

& yw 10 pC, YW D PW M _
&~ T59% 0 ' )
Puc, 2% w Mo

which is satisfied with equation®), with no constraint on the sign qiM/pt. An
illustrative functional form and material parameters"ot=W(C_,G) and GM,D) are

prescribedelow.
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3.3  lllustrative Example

Here culture of long, straight, thiekalled, incompressible, cylindrical gderived
TEBVs under two different loading scenarin® considerechamely, static culture on a

rigid mandrel and culture on a distensible tube. &hsrsignificant experimental data
available in the literature, to which simulation results are compared. At any moment the
TEBV is considered to be in an axisymmetric state of stress and strain which produce
axisymmetric, but radially variable, plastiaogth, damage and remodeling responses.
The general description of the geometrical and material alterations described above for

the case when the introduced configuratiadn$0) and b, (t) are referred to appropriate

cylindrical coordinate systems (Figu3e).

B,(0) B, (1)

B, (1)

Figure 3-2. Kinematics of growth and plasticity of a thigkalled axisymmetric
tubeNote thatthe configurationss,(t) and 4,(t) consist of infinitesimally thin rings

(each with thicknessIR (t) ) that pass through radial locatid®(0) in 5,(0); since each
ring is infinitesimally thin and cannot support aidesi stress.

3.3.1 Kinematics
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The TEBV is modeledas a thickwalled tube with initial axial lengti.(0) and initial

radius R(0)I [A(0), B(0)], where A(0) and B(0) are the inner and outeadii. The

plastic deformation gradient has compondfmd =diagg/ , ./ ,./ . Where

:—I.J.Rp(t) / :Lm / = Lp(t)
" RO ¥ RO Lo

(6)

L, () is the length andR (t) is the radius inb, of the infinitesimally thin ring (with
thicknessdR (t) ) that passes through radial locati&(0) in 5,(0); since each ring is
infinitesimally thin, they cannot support a residual stress. Notelth@ and R (t) are
functions of R(0). In addition, the plastic deformation is considered isochoric; thus,
det[F,] =1. The growth deformation gradient has compon¢R{$=diagg/ ./ ,./ ;.8

where

= “R(t) / :& / :ﬂ
RO Y RO T LO

(7)

where L(t) isthe length andR(t) is the radius of the cylindrical shell that passes through
radial locationR (t) in b, (t) and R(0) in 5,(0); L(t) and R(t) are functions ofR (t)
and thus functions ofR(0). The growth deformation fromb,(0) to b, (t) is not

isochoric; thus,det[F ], 1. By combining equationés) and(7), the components of the

deformation grant combining plasticity and growtfiF ] :diagg/pgr,/ ! o § are

pgg’

given as

RO, RO, _LO

pgr ’ pgg ’ pgz ~ . (8)
UR(0) R(0) L(0)

The elastic deformation gradient has componffis=diag[/,,/,,./ ], where
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:w_(t) / :@ / :@

er ' eq ' €z ' (9)
HR(t) R(t) L(t)

where /(t) is the loaded length andt) is the loaded radius iw,(t) of the cylindrical
shell that passes through radial locatiB(0) in b,(0). Finally, the constraint that the

elastic deformation is assumed to be isochdetF,) =1, i.e. /,/ /., =1, is enforced.
Thus, the overall deformation, froi, (0) to b, (t), is [F] =diag[/,./,./,], where

/I'
[=9 = e, and [, =1l (10)

P J pg" 9’ &g gl ez?
[ ool ol ol

which leads to an ordinary differential equation f¢r) having solution

R(0)
r2= /3 A/ 0/ oo o RO)AR(O) + 717R (0)%. (13)
z R(0)

where R (0) is the initial stresdree inner radius anarft) =r,(t)/ R (0) is the ratio of the

inner radii in the current loaded and the original stfess configurations, respectively.

Given(11), the circumferential efdic stretch is

2 RO mR(0)?
2= 2 00O__ 2 %) ) RORO+ D (12
/pga R /Z/ pqu R(0) /pqu(o)

Finally, whereasb,(t) is truly stresdree and this an appropriate configuration for stress

analysis, it is not experimentally tractable. Thus, a nearly siresonfiguration that is

experimentally tractablies considered hereamely, b;(t) which represents an unloaded

ring with a single radial cut that relieves much of the residual stress present in the

tractionfree configuration. Typically, this configuration is characterized by its axial
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length L,(t), the radius of the arcR,(t)i [A(t), Bs(t)], whee A (t) and By(t) are the
inner and outer radii of the open arch, and an opening angle. Let the opening angle be

denoted ad- | (Figure3.2).

3.3.2 Constitutive Equation and Equilibrium

Forthesesimulations, at any time, let the strain energy density function be
W(C,,G) = g(G: E2) (13)
wherec is a material parameter arfitl= (C, - 1)/ 2 is the Green strain; thus,

W=2(G,E,*+GyE, +C.E,) (14

q 99

which is similar to the approach proposed by Fehal [16]. Let the net effect of
damage and remodeling be given as the difference between remodeling and damage:
2G (M D). (19
At time t =0, let M =l and D =0; thus, 2Gt =0) =1 . The components dhe Cauchy
stress are
T=-p F whee F=2c0(, )4 B/2, (16)

wherei =r,qg,or z, p is a Lagrange multiplier that follows from incompressibility, and

Fare the components of the Odextrad stress
implied in equatior{16). Thus, let

c =2cG; ; (17)
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¢ may be considered as a material parameter that evolves with remodeling and damage.
In general,G, i [0,G,,,], whereG, =0 corresponds to completely damaged materidl a

G, Is an upper limit ofG, associated with the maximum possible increase in material

max

parameters.

Given axisymmetry,he linear momentum balance under gisdatic conditions in the

absence of body forserequires thal, =T, =0 (neglecting frictional loads between the
mandrel or distensible tube and the vessel wall) and giigypr +(T, - T, )/r =0.
Noting that T (r)=-P and T (r,) =0, where P is the luminal pressure, equilibrium
requires that
o - E - r = - -
P=fye—— W and p=E ﬁ—o%q LA (19)

f r

where'l'% depends orG, according to equatio(iL6). Axial equilibrium requires that the
magnitude of e axial force, f , maintaining the in vivo axial extension on a glass

mandrel or silicone sleeve in the bioreactor be

To

f =20f,rdr, (19

whereT,= -p f:u; p(r) is given by equatior(l8), and 'IEZ is given by equatioifl6).

Note that f is the axial force borne by the vessel wall; since frictional foreesden the

rigid mandrel or distensible tube and the vesselneglectedthe axial force due to the
internal pressure acting on the closed ends of the tube is borne entirely by the silicone

sleeve.
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3.3.3 Evolution Equations for Plasticity, Growth, Damage, andRemodeling

As for any objective constitutive law, an evolution equation for the time course of
parameters that describe plasticity, growth, damage, or remodeling has to be formulated
from the results of simple experiments or on the basis of compariseedre model
predictions using a priori postulated equations and available imgeal data. In this
study, the second approachias used The analytical form of the postulated equations
must satisfy certain conditions that follow from some mechanical lerdhbdynamical

considerations.

In general, the rate of change of the plastic deformation may be a function of many

factors, including current growth and plastic deformatigpsand F, the Cauchy stress

T above the yield stress, the rate of change of Cauchy sifgsk, the amplitude of the
pulsatile strain DE (or pulsatile stress), amongst many others; thus, in general,
W, /ut=f(F,F,T,uT/ut,...). It is assumed that theris no axial force applied to the
vessel; thus,f = 0 from equatior(19). For the case of the silicone sleevas ttequires

that all of the axial force associated with mounting the silicone sleeve and internal end
cap pressure are borne by the silicone sleeve. This assumption may differ from the

experimental case in which the vessel becomes adhered to the marsilieboe tube;

here the existence of possible axial tracth@s neglected

Because the inner diameter of the vessel is prescribed by the diameter of the rigid

mandrel or silicone tube, as a result of compaction, a compressive radial stress (i.e., a
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conmpactiorinduced pressure) develops at the inner wall. Note that the radial stress at the
outer wall is zeroConsequentlythe vessel experiences circumferential tensile stresses
which appear to be the maximum principal stress in the arterialAviiear dependence
between the rate of change bf andT,, is assumed:

.. Y
é0 foﬂ'q S T 4

=a /_ f, where B =iT -T' 20
g % {‘7‘7 79 forT, 2 T, (20

where a, is a kinetic parameter an‘fj;] is the yield stress at which plastic deformation

. Y
occurs; |quq <T.,

then no plastic defmation exists. Given that, [ T, andT,[ T,
for this loading, plastic deformatias considereds in the case of uniaxial loading in the

circumferential direction. Thus, incompressibility requires thgt , =1// . For the

case of a material that plastically deforms isotropically,=/ , :]/‘ //pq . Therefore, in

this isotropic caset is postulate

l“/pr -

1 1 Wy
[,

= 2/, 2

1 W,
e M
In general, however, given that material anisotropies may develop and the applied

loading is not truly uniaxial, assuming that the plastic deformatigotsopic may not be

justified. Rather, motivated by equati{#0) and(21), the followirng are prescribed

W o bl

T

#pr( ap? apq E[) (22)

and
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Wy b B4 ,
= a, E,( a;a, B) (23
IJt p: /pq p p: p: 4]
where a, and a, are kinetic parameters and, = a, = 0.5 corresponds to an

isotropic plastic deformation. Note that incompressibility, (,,/,, =1) requires that
W/ o/ o o)/t =0 which requires thata, +a,=1 for incompressible plastic

deformations given kinetic equatiof®)), (22), and(23).

In general, the rate of change of the growth deformation may be a function of many

factors including current growth and plastic deformatiégsand F_, the Cauchy stress

T, the rate of change of Cauchy stref¥dt, the amplitude of the pulsatile straiDE
(or pulsatile stress), amongst many  others; thus, in general,

Wy /ut=f(F,F,,T,uT/it,DE,..). Based on the notion that healthy arteries grow in

response to stresand cyclic strairmediated enhanced mitosis and synthetic activity of
the vascular smooth muscle cells which are oriented predominantly in the circumferential
direction it is assume that the compaction is also circumferential stremsd strain

mediated and postulate the following evolution equation.

W < . ar, -T'
mgq:agq/gq@’ where & ==, { B), (24)
¢ ‘aqg

where a,, and b, are kinetic parameters aﬁq; are Otargetd stresses

which the tisue is in biological equilibrium (homeostasis)) at which no net growth

occurs.
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The factor/ , in equation(24) accounts for the fact that as comipae progresses the
smooth muscle cells tend to align in the circumferential direction and the contribution of
T,, as a driving stimulus increases. Similarly, circumferential stress and cyclic strain can

mediate changes in vessel iathickness. Thus, let

W _
" —a / &, 2
UI agr ar @ ( 5)

where a, is a kinetic parameter an§f = g T, ...) is a function of the circumferential

stress amongst other factors; the functional form&o'rs definedbelow.

It is less clear fronexperimental data what factors contiaé taxial growth. If there is a

target axial stres$, and if the vessel remains axially unloaded throughout culture, then

one would expect the vessel to continually shorten axially; experimentally, the vessel
does shorten axially,dth under static and cyclic loading; however, this shortening in the
axial directions asymptotically approaches a stestdie value. Indeed, it is argued that
much of this axial shortening is due to the plastic deformation associated with

circumferentialoading.

Growth in the circumferential and radial directions necessarily affects growth in the axial
direction; e.g., fiber realignment and loss of water due to circumferential-stesiated

remodeling. Thus, for the illustrations herein, let

“:;Z =a,/ & (26)
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where a, is a kinetic parameter dnd; = ngEq---) is a function of the circumferential

stress amongst other factors; the functional form dgris definedlater in the text

(equatior34)).

Combining equationg20) and (24), the combined plastic and growtteformations,

[Fl= diag{/ lDgr,/pgq,/p(_],z} yield the evolution equations

Wopg _ U — A £ =
—pr By = E 2
=) =g G & @
Pgg l-l _ =
el 28
R TN N @
“‘pgz l-l _
el @ ) 29
Lt u pz gz) ;!gz@g z 5 ( )

Considering the matter of convergence and the steady state conditions of growth and
plasticity (without damage and remodeling), the kinetic constantfumational forms

for & and B should be chosen such that, bs o, the evolution equations for
(W o /M), (W /M), and (W, /Ht) approach zero. By setting equati¢@8), with
equationg20), and(24), to zero. It follows that, at steady state,

Y ~
q qq| T

agq?i‘ﬂm 7 +Db,,DE, 8+a @78_ (30

where qu|SS is the steadstate value forT,,. One way to enforce tha/ , /ut) and

(W .. /Ht) approach zero a§y ,,, /ut) appraches zero is to require that
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u/p@Jr =a, / por l'l/pgq and -
Mt / pag M Mt / pag M

(31)

That is, it is asumed that the rate of change/gf, and/ , are proportional to the rate

of change of/ , . The consequence of this assumption, employing equat@@snd

(23), is that
/ili/gr :apgr/iwgq_'_(apgr_*_apr)/iwm (32
or Mt 99 M pg Mt
i u/gz = apgz i U'/gq + (apgz + apz)i% (33)
/gz ML /gq M /pq M
or that,

a,&=a,3,0F€3, 8)3, and
8,8 = 2,3, 0F€a,, a)a,p (39
Thus, a consequence of prescribing equai@i) is that the growth rates in thieandz

directions are not only functions of the difference betwd@gn and T, but also

functions ofthe difference betweeﬁqq and quy.

The rate of change of the damage may also be a function of many factors, including

current value ofemodelingand damageM and D, the Cauchy stres$ , the rate of

change of Cauchy stressdT/dt, amongst many others; thus, in general,
uD, /pt = f(M,D,T,uT/ut,...). For these illustrative simulations, a linear dependence

betweenD, andW is considered

dD. aw-w. 6
L= apce 0 (39
dt ¢ W =
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where anda,,, is a kinetic parameter and/, is the critical strain energy above which

damage occurs; W <W,

r

then no damage occurs and &}, =0. Note thatequation

(35) models isotropic damage.

Similarly, in general, M, /pt = f(M,D,T,uT/pt,DE,F_...). For these illustrative

simulations, let

dvi_ W
= (B B, D) (36

where a., is a kinetic parameter. That i$,is assumd that the rate of modeling is

linearly related to the rate of compaction of the tiséuso, let

M M M M
T = —%  and Z = — 3
o R g at R g 37

where a,, and a;, are kinetic parameters. Therefore, it is assurtiet the material

remodels in an orthotropic manner.

Finally, for these illustrative simulationigt

urY a_ auM_ ub_0& UG
9 =_Y9 99 _ __ 9. = __q9
2 € w9 M 49

where a,, is a kinetic parameter; thus, theange in yield stress is proportional to the

change in the O6st i f(17n €he sationakk éof thisrassimpbon ise q u a t
that the same structural changes thad to stiffening of the material most likely elevate

the stress level at which the tissue manifests plasticity.
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3.3.4 Simulation Results

The gelderived approach to vascular tissue engineering consists of vascular cells
embedded in a reconstituted gel mattypically of collagen or fibrin. These TEBVs are
formed by pouring the solutions of vascular cells, collagen and/or fibrin, and
supplemented cell culture media into a cylindrical mold. The suspension is allowed to
polymerize (usually for ~1 hour), thehe mandrel with the gel are removed and placed

in tissue culture dishes containing supplemented cell culture media.

Two culture scenarioare considered(i) culture of the vessel on the rigid mandrel,
providing a circumferential constraint and radaeding andi{) culture of the vessel on a
distensible membrane that allows for displacement control of the inner radius. The goal
of this paper is to illustrate that this modeling framework is sufficient to capture many of
the salient features of growttemodeling, damage, and plasticity of-gerived TEBVs

and to highlight data that is currently lacking in the literature.

The governing equations are the kinematic equat{8)g9), and(11), the constitutive
equation(16),, equilibrium equation§18),, (18),, and(19), and the kinetic equations are

(28), (31), and (35)-(38). The initial valueswere defined asr,(0) =R (0)=1.775 mm,
r,(0)=R(0) = 5.25 mm,/(0) = 38 mm, T (0) = 5 kPa,G,;(0) = 1. The fllowing
parametersvere prescribeda = 1.0,c = 0.5 kPa,a,, = 0.12/day,b,, = 0.01/day,a,, =
0.60/day,T, =150 kPaa,, =1.4,a, =0.5,a,, =100 kPah,, = 200 kPaa,, = 0.5,

T par
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a, = 1.5 andW, = 10 kJ/ni. This system of equationsas solvednumerically by

discretizing the radius and using an implicit tistep, usindATLAB 7.1.

Given the initial valuesthe Cauchy stressvas calculated employng the evolution
equations for growth and plasticity to determine the sfiregs configurations for the

subsequenttime step, and the evolution equations for remodeling and damage to
determine values foG, at the subsequent time step. For all tisteps, the inner radius
was explicitly prescribedn the loaded configuration and the axial forée= O; thus,
equation(19) was solved to determine the loaded lengft) and equatior{12); yielded

the loaded radius for the current tisiep.

Given the loaded configurationdg(t),r(t),/(t)) and the stresBee configuration
(dR(t),R(t),L(t)), the elastic stretches antie Cauchy stress was calculated and
evolution equations evaluated for the subsequent time step. This iterative procedure was
continued for a defined time interval. For the set of selected model functions and
parameters the asymptotic solution was uniqu stable. In additiorresults from these
numerical simulations showed that small variations of a single input parameter or
combinations of parameters cause small changes in the output parameters, proving the

necessary requirement for robustness of theéaho

Note, for these illustrative parameters and loading scenahps= 10 kJ/ni was not

exceeded in any simulations below and therefore mechanical conditioning did not cause

tissue damage ithesesimulations. Nevertheless, dagewas includedin the general
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theoretical framework, since damage mechanisms with other parameter sets or under
other loading and testing scenarios (e.g., ring tests or burst pressure tests) are critical for

interpreting such experimental results.

3.3.4.1 Stdic Culture on a Rigid Mandrel

The most widely reported experimental data foradgived TEBVSs involves lorgerm

culture (days to weeks) on a rigid mandrel. Selilgaal, [5] report the evolution of
compaction and material properties at 2 days, 6 days, and 10 days of static culture.
Collagen gels were molded around a glass mandrel covered with a silicone sleeve with
outer radius 1.775 mm and length 38 mm; the inndiusaof the test tube was 5.75 mm;

it was assumd, however, that the outer radius of the vessel following the initial gelling
process, which occurred in ~1 hour, was 5.25 mm. Thus, the initial volume of the cells,
collagen, and culture media was approxiehat3,500 mmi; the vessel volume

immediately after gelling was approximately 2,900 inm

Seliktar et al, performed two different static cultures: one in which the vessel was
allowed to adhere to the silicone sleeve, impairing compaction in the axieiahrand

one in which the silicone sleeve was coated with Vas@ateleum jelly allowing the

vessel to freely compact in the axial directidimese experimentsre referred t@s the
oconstrained static0o aimtdistéxuSincedhe sractioraforecee d st
applied to the vessel on the luminal surface in the axial direction by the adherence to the
silicone sleeve in the constrained static culture cannot be measured, below the

unconstrained static culture where this traction foreeegigibleis simulated
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In Seliktaret al[5], the total volume of the TEBVs decreased to approximately 620 and
510 mnT after 6 and 10 days, respectively. The lerdghreased to 23 and 25 mm after 6

and 10 day, respectively; thus, the outer radius decreased to 3.4 and 3.1 after 6 and 10
days, respectively. The inner radius was constrained to remain at 1.775 mm throughout
culture. Although they did not report the yiedttess or modulus for the unconstrained
static culture, they reported yield stresses of ~ 4 kPa and 8 kPa and material moduli of
~40 and 63 kPa at 6 and 10 days for the constrained static case. They also reported that
the ultimate tensile stress was 1&4d 1.55 times higher for the unconstrained versus
constrained static culture at 6 and 10 days, respectively; thus, it may be reasonable to
assume that the yield stress and (perhaps) the modulus for the unconstrained static culture

are above that of the wstrained static case.

Motivated by these experimental results, tfeesesimulations, letr (t) =1.775 andDE(t)

= 0 for all time. As the local stre$see configurations and material parameters evolved,
the vesskeouter radius, thickness, and axial length becaptg = 4.7, 3.7, 3.0, and 2.8

mm and /(t) = 34, 28, 24, and 23 mm at 2, 6, 10, and 20 days, respectively; these are
comparable to those reported by Selildad. (Figure3.3a and3.3b). The unloaded radii,
thickness, and length in the tractibme configuration, decreased monotonically to
R'(t- @)= 11mmR(t- o) = 24 mmH"(t- =) =13 mm, andl’(t- =) =

22 mm. The opening angle in the reference configuratigrinitially decreased te22

degrees, then began to increase at time 5.3 days towards a steadytst&alue of 96
degrees (Figure&.3c). Note that experimental values of the unloaded radii and axial
length and the stredgesee radii, length and opening angle are not reported in Seéktar
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al., nor are these values typically reported in the literatur@ EBVs; thetime course of
these values, however, are necessary to quantify thedimessional evolutiolof strain

and to predict the evolution of stress throughout culture.
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Figure3-3. Model predicted evolution afhanges in the geometric properti@sanges in

the lbaded and unloaded radii (a), axial length (b), and opening angle (c) for static culture

on a mandrel.Data from Seliktagt al [5] from constrained (open circles) and

unconstrained (solid triangles) static culture are included for comparison to modeling
results.

Fixed length pressurdiameter testing resultwere simulatedor the model artery at
different timepoints and mean nominal stremsgineering strain curvesere generated

(Figure 34a). These curves were generated by fixing the length, atincreasing the
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pressure at increments of 0.5 mmHg, angisg for the inner radius via regression. The
pressure was increased until the yield stress was reached. The mean nominavigtress
respect to the undeformed areay engineering strain were calculated as

s =% and "ma . (39)

"~ h S = R
wherer,, and (R,),;4 are thdoaded and unloaded radii at the middle of the veai$ the
inner radius, and h is the thicknessn6ef f ecti ved modul us as 't h
stressengineering strain curve over the final diwdata pointswas calculated The
modulus wasl5 kPa,49 kPa, 69 kPa, and 72 kPa on Day 2, 6, 10, and 20, respectively

(Figure3.4b).

Note that the definition of modulus calculated from these pressaneeter tests (i.e.,

slope of the stresstrain curve from a fixed length pressuliameter test) is
quanttatively different from that defined from uniaxial ring testing data by Selital

(i.e., slope of the stresdrain curve from a uniaxial ring test). One difference is that in
the uniaxial ring test the vessel is free to retract axialhereas irthe pressurgliameter

test the length is held fixed. Nevertheless, these different approaches to measuring

modulus may be qualitatively compared.

The trends of the effective modulus fraimesesimulations compare well to those of
Seliktar et al The meanyield stress was initially 0.2 kPa and evolved according to
equation(38) to 3, 8, 12, and 13 kPa at= 2, 6, 10, and 20 days, respectively; ttends

of the mean yield stress frothesesimulations compare well to those of Selikédral

(Figure3.4c).
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Figure 3-4. Model predictedchangs in mean mechanical propertigdominal stress
engineeringstrain curves that would result from fixed length presslimeneter testing

(a), evolution of modulus (b), and yield stress (c) for static culture on a mandrel. Data
from Seliktaret al [5] from constrained static cultur@pen circles)are included for
comparison to modeling results.

In addition to predicting measurable quantities such as changes in geometry, residual
stress, material response curves, and yield stress, an important utility of modeling is to
predict quanties that are not experimentally measurable, such akwdhestresses and
strains andocal material properties. Circumferential stress and cyclic circumferential
strain are the driving stimuli for the evolution equations; however, db€e0 in this
simulation, cyclic strain does not contribute to the evolution equations.
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The circumferential stress, initially zero at all locations across the wall, began to increase
at different rates at each radial location (Fig8rea and3.5b). The evolution of the

circumferential stress is governed by the evolution of the material parametess, (
G,, (Figure3.5c), andG, ) and the evolution of theircumferential stretch/(,, Figure

3.5d); the evolution of the circumferential stretch is governed by the evolution of the
stressfree and loaded configuration, as governed by the pigstiwth stretches /(;,

Figure 35e and 3.5f). The plastiegrowth stretches on the inner wall decreased

monotonically untilt = 4.6 days. Befor¢ = 4.6 days the circumferential stregg was

below theyield stresqu; for all radii (Figure3.4c). When the stress on the inner wall
reached the yield stress, plastic deformation ensued near the inner wall and the rate of
change of/ ; decreased according to etjoas (27), with (20) and(24),, and equations

(31). Thus, aftert = 4.6 days, the valueg/ ,,; /it at the inner wall decreased ane th

values for/ o

at the inner wall asymptotically approached the vallgs= 0.61,/ =
0.70, and/ ., = 0.73. Notice that the yield stress varied across the thellyield stresses

at inner locations were lower than those at outer locations of the wall (Bdgie As a
result, the steady state circumferential stress varied across the wall (Bigarand

3.5b); the steady state value df, may be found directly via equatiof80) and is

Y T Y T ; ; ; ;
betweeanq and qu when qu < qu. The circumferential elastic stretdqq, which was

initially 1.0 across the wall, increased roniformly, but monotonically, across the wall
as stressnediated compaction was initiated via equaf@r), with (20) and(24),; aftert

= 4.6 days, however, the elastic stretch variedmonotonically across the wall, as inner
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Figure3-5. Evolution ofmechanical properties over time in cultieolution ofthelocal
circumferential stress (a,b), circumferential damage and remodeling para@etey,
distribution of the elastic stretch (d), plasgiowth stretches in the radial,
circumferential, and axial directions (e), and distributad the circumferential plastic
growth stretch versus radius at different tipwnts (f) for static culture on a mandrel.
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radial locations experienced plastic deformation, but outer radial locations remained in
the elastic regime (below the yield sgesEventually, as compaction proceeded at outer
wall locations, the yield stress was reached at all radial locations and the distribution of
elastic stretches became monotonic. Notice, however, that whereas the circumferential
stress was highest at thet@uwall, the circumferential elastic stretch was highest at the
inner wall. The stress was higher at the outer wall because the material properties were

highest on the outer wall (FiguBesc).

3.3.4.2 Culture on a Distensible Tube

Seliktaret al, demonstited that the elastic modulus and rate of compaction increase in
response to cyclic strain. In their experimental approach, they cultured collagen gel
derived TEBVs on a distensible elastic membrane that allowed for the cyclic control of
the inner radiusCollagen gels were again molded around a glass mandrel covered with a
silicone sleeve with outer radius 1.775 mm and length 38 mm; the inner radius of the test
tube was 5.75 mmt wasassumd, that the outer radius was ~5.25 mm after gelling for 1
hour. Thus, the initial volume immediately after gelling was ~2,900°mviessels were
statically culturd on a rigid mandrel for 2 days, and then exposed to 10% cyclic strain

for an additional 4 daysr 8 days.

Seliktaret al, attempted to culture vessels enayclic loading both with and without
Vaseline to account for the role of adhesion of the gel to the silicone tube. The tests with
Vaseline, however, resulted in constructs that were visibly detached from the sleeve
throughout the experiment; thus, thesessels did not receive the specified cyclic

loading. Thus, the results from the experiments without Vaseime considered
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In their experiment, the total volume of the TEBVs decreased to approximately 295 and
190 mn? after 6 and 10 days (i.e., 2 daysder static culture and 4 and 8 days under
cyclic strain), respectively. The length decreased to 23 mm and 10 mm after 6 and 10
day, respectively; thus, the outer radius decreased to 2.7 mm and 3.0 mm after 6 and 10
days, respectively. The inner radiussvconstrained to cycle between 1.775 and 1.953
mm throughout culture. The yield stresses were ~8 kPa and 27 kPa and material moduli

were ~40 and 135 kPa at 6 and 10 days, respectively.

Motivated by these experiments, tbhesesimulations, let

Ié1.775 mm ti  [0,2] days
(1) =1 Ry 40
" iR’zDesin(Zo - /pz)w t {[2,10] day (40

where R" = 1.775 mm is the outer diameter of the silicone sleeve, priofl&tion, De

= 0.10 is the fractional change in inner radius, @and the angular frequency. Note that
most experiments were performed at a frequency of 1 Hz, which corresponds to 1.7 x 10

cycles over 2@ays.

As the local stresfee configurations and material parameters evolve, the vessel outer
radius, thickness, and axial length (wherr 1.775) evolve tar (t) = 4.7, 3.1, 2.5, and
2.5 mm and/(t) = 31, 25, 24, and 24 mm at 2, 6, 10, and 20 days, respectively. Whereas

the radi were comparable to those reported by Seliktaral (Figure 3.6a), the axial
length predicted irthesesimulations was significantly higher than their expemntal

value.
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The unloaded radii and length in the tractfeee configuration b, decrease
monotonically toR* = 1.6, 1.2, 1.0, and 1.0 mm,’ = 4.6, 2.8, 2.1, and 2.1 mri{"

= 3.0, 1.6, and 1.1 mm, and' = 34, 24, 21, and 21 mm on 2, 6, 10, and 20 days,

respectively (not shown).

The opening angle in the reference configuratigninitially decreased from @ 2 days

to -7.5 degrees as in the static case. After Day 2, cyclic stretching begins and the opening
angle decreases at a faster rate8® degrees at=4.7 days, after which the opening
angle increases towards a steady statieevof 104 degrees; steady state is reach at
t=10.5 days (Figur&.6b). Again, experimental values of the unloaded radii and axial
length and the stredsee radii, length, and opening angle are not available in the

literature.

The O6effectived modulus increased monotoni
242 kPa at 2, 6, 10, and 20 days, respectively (not shown). These trends of the effective
modulus fromthesesimulations are qualitatively comparable to those of Seliktal.

The mean yield stress was initially 0.2 kPa and evolved according to eq{&8jda 3,

16, 20, and 20 kPa at= 2, 6, 10, and 20 days, respively; the trends of the mean yield

stress fronthesesimulations compare well to those of Seliktaal (Figure3.7a).
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Figure 3-6. Model predicted changes in loaded and unloaded geoideitel predited
evolution of loaded and unloaded radii (a) and opening angle (b) for culture on a
distensible tube with 10% cyclic strain. Data from Selilga@l [5] from constrained
(open circles) and unconstrained (solid triangletatic culture are included for
comparison to modeling results.

The circumferential stress evolved at different rates across the thickness of the vessel
(Figure 3.7b). At 6 days, there was a highly naniform distribution of circumferential
stress awss the wall, including both tensile stresses at inner wall locations and
compressive stresses at outer wall locations. By 20 days, however, the transmural

circumferential stress was nearly uniform.

Since the evolution of material properties (e@,,) is negatively proportional to the

evolution of compaction and directly proportional to the local cyclic stibinh the
distribution of material parameters versus radius was nearly uniform, with

G,, | [350,410] kPa at steady state (Figugerc); c.f., Figure3.5c, for the static case

G, | [160,350] kPa at steady state.
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The circumferential elastic stretohaq evolved from a uniform distribution o;feq =1.0

across the wall to a highly namiform distribution (Figure3.7d). At 6 days, for

example, the inner wall experienced tensile elastic strejch 1.47, whereas the outer

wall experienced compressive elastic strefch= 0.94. The elastic stretch eventually

evolved to a nomniform distribution, with/ I [1.351.50].

The circumferential plastigrowth stretch/ - remains uniform across the wall untiE=
2 days (Figure3.7e), when cyclic stretching began and the circumferential sffgss

reached the yield stresg; at the inner wall at the highest radius of the cyclic loading

(Figure 3.7d). The yield stress is a function of radial location when cyclic strain is

initiated (t > 2 days).
The cyclic strain is both a function of radius and time (Figuv€). Notice that, even

though the displacement is the same fortialle at the inner radius, the cyclic strain

evolves with time, since the strefsse reference configuration evolves with time.
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Figure 3-7. Evolution of material propertigsvolution of theyield stress(a), thelocal
circumferential stressj, the circumferential damage and remodeling paranfgjefc),
thedistribution of the elastic stretcl)( distribution of the circumferential plastgrowth
stretch versus radius)( and tke amplitude of cyclic Green straif) (
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