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ABSTRACT 

Little information is available on the structure or meehanieal properties of the 

human ascending aorta (AA). Most studies to date have assumed homogeneous tissue 

mechanical properties. The objective of this study was to investigate the local variation 

in AA tissue structure and mechanics. Healthy and pathologie tissue samples of human 

AA were ohtained at autopsy and surgical pathology. Each aortic ring was sectioned into 

quadrants; anterior, posterior, medial (inner curvature) and lateral (outer curvature). 

Samples from each quadrant were processed for histological analysis and hiaxial tensile 

testing. The results from this study indicate that regional differences are present in both 

healthy and diseased human AA tissue. Overall, the medial quadrant contained 

significantly more elastin and mechanically, it was the thickest, least stiff and most likely 

to fail in comparison to the other quadrants. The assumption of homogeneity in AA 

tissue properties may not he a valid one. 



RÉSUMÉ 

Peu d'infonnations sont disponibles sur la structure et les propriétés mécaniques 

de l'aorte ascendante (AA) humaine. La plupart des études sur les propriétés mécaniques 

ont considéré le tissu comme étant homogène. L'objectif de cette étude était d'étudier la 

variation locale de la structure du tissu avec les propriétés mécaniques. Des tissus sains 

et pathologiques de l' AA humaine ont été obtenus lors d'autopsie et de chirurgie. Chaque 

anneau aortique a été divisé en quatres parties: antérieure, postérieure, médiane (petite 

courbure) et latérale (grande courbure). Le tissu a été traité pour l'analyse histologique et 

a subit des tests de tension biaxiales. Les résultats indiquent que les différences 

régionales sont présentes dans les tissus sains et pathologiques de l' AA humaine. La 

partie médiane a plus d'élastine, est plus épais, plus élastique et plus susceptible de se 

déchirer que les autres quarts. Le tissu de l'AA ne doit pas être considéré comme étant 

homogène. 
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1. LITERA TURE REVIEW 

1.1. THE ASCENDING AORTA 

The ascending aorta (AA) is the pnmary artery of the circulatory system; 

responsible for distributing blood to the body. The AA begins at the valve sinus, where 

the coronary arteries that supply blood to the myocardium of the heart are located (Figure 

1.1). This blood vessel serves as the conduit for blood exiting through the left ventricle 

outflow tract (LVOT). As a result, the biomechanics within the AA characterize the 

pressure and flow for the entire vascular system. It is uniquely constructed to withstand 

the large fluid and tissue stresses occurring in the L VOT. In an average lifetime, the AA 

must absorb the stresses associated with billions of heartbeats and simultaneously 

transport hundreds of millions of litres of blood to the body 1. During the cardiac cycle, it 

has, on average, a 10% variation in diameter 2 and can experience a 5-10% stretch along 

the length of the vessel due to the movement of the heart 3. It is the structure of the AA, a 

highly elastic artery with a diameter of 2-3 cm, that allows it to absorb the majority of 

cardiac load and redistribute this energy to ensure adequate diastolic pressure and blood 

flow to the coronary arteries 4. 

Figure 1.1: The ascending aorta (AA) begins as the aortic sinus (AS) where the coronary 

arteries are located. 
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Arteries are blood vessels whose structure consists of three layers. The thickest 

layer, the tunica media defines the mechanical properties of the tissue. It is mainly 

composed of circumferentially arranged vascular smooth muscle cells (SMCs) and 

collagen within concentric wavy elastin layers (Figure 1.2) 5. The inner monolayer of 

endothelial cells, the majority of the tunica intima in healthy vessels, serves to contact the 

blood running through the artery. The tunica adventitia is the outer layer that IS 

composed of fibrous networks of collagen; it dictates the strength of the aortic wall. 

Figure 1.2: Histology image (20x and 40x magnification respectively) of a healthy AA 

mediallayer with elastin (wavy black lamellae), smooth muscle cells (SMCs, red) and 

collagen bundles (yellow). 

The major structural components of aortic tissue are elastin, collagen, SMCs and 

mucopolysaccharides (Table 1.1) 6. The structural components of the aortic wall possess 

the biomechanical properties required to satisfy the physiological requirements of the 

blood vessel. The flow of blood from the heart is pulsatile. The AA must be flexible to 

accommodate the varying pressures exerted by the blood that is being pumped 

rhythmically from the heart. Elastin contributes to the resiliency of the aorta due to a 

high degree of cross-linking between its monomers. However, it is also a molecule with 

limited tensile strength and thus additional strength is required to prevent the wall from 

bursting. It is the collagen fibres (predominantly type IV) of the adventitia that reinforce 

the tissue to prevent over-expansion. Collagen derives strength from its structure: a 
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stable triple helix. SMCs are the components that contribute to the active response; 

SMC contraction and relaxation is usually a continuous sustained state that is triggered 

by neurohormonal stimuli 7. Furthermore, the SMCs are believed to be the major 

secretors of the extracellular matrix (ECM) 8. The mucopolysaccharides are fibrous, long 

chain polymers of amino acid sugars. They possess ionic groups that have an important 

effect on the interstitial pressure of the vessel 9 and serve as lubrication between 

components. 

Table 1.1: Composition (mean value ± SD) of the major components ofhealthy human 

ascending aorta tissue 6. 

Component % Composition 

Elastin 24.3 ± 7.7 

Collagen 36.8 ± 10.2 

SMCs 33.5 ± 10.4 

Mucopolysaccharides 5.6± 6.7 

1.2. MAJOR PATHOLOGIES AND THEIR SIGNIFICANCE 

In normal individuals, the AA is a compliant artery that helps to redistribute the 

energy of the cardiac cycle to augment blood flow in the body. Histologically, the AA is 

dominated by its elastic media. The healthy media is comprised of highly organized 

lamellae of elastin, smooth muscle cells with very little collagen or mucopolysaccharides 

(Figure I.3A). 
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Figure 1.3: Examples of A) healthy AA with an orderly structure of smooth muscle cells 

and elastic lamellae, B) a connective tissue disorder patient with focal disruption of the 

elastic lamellae (asterix) and mucopolysaccharide pools (arrow). AA- ascending aorta, 

AS- aortic sinuses. 

1.2.1 Description of Major Pathologies 

Changes in the AA dynamics that arise with age and/or disease can lead to 

cardiovascular complications and death. The importance of proper functioning of the AA 

is underscored by the high morbidity and mortality rates associated with diseases of the 

AA. The major aortic pathologies include dissections, aneurysms and atherosclerosis. 

All of the se vascular diseases involve the deterioration of the structural components of 

the blood vessel wall, referred to as medial degeneration. 
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Aneurysmal dilatations occur when a blood vessel wall becomes weakened or 

damaged, and can result in often fatal ruptures or dissection (channeling of blood through 

the tissue) as the tissue is no longer able to sustain the stresses incurred. Atherosclerosis 

is a known precursor to dilatation. It can also lead to vessel occlusion and/or dissection. 

Atherosclerosis is principally a disease of the intima JO. The disease begins as 

fibromusclar intimal thickening that can progress to the formation of fibrofatty plaques 

on the inner layer of the tissue. The affected region of the artery can become narrowed 

by lesions and can lead to the development of stress concentrations. 

Genetic pathologies of the AA also exist. The most prevalent are known as 

Marfan's syndrome and Ehlers-Danlos syndrome. Both involve mutations of genes that 

affect connective tissues and result in a change of the mechanical properties of the tissue. 

The associated medial degeneration is usually patchy, involving focal SMCs loss and 

elastic fragmentation (Figure l.3B). 

Associated with disease are comorbidities; they can result in consequence of 

disease and/or can be attributed to the artificial intervention that may be required in 

treatment. Comorbidities of the AA arise with bicuspid valve disease, annuloaortic 

ectasia (AAE), bypass surgery and valve surgery (aortic valve replacement and/or Bental 

procedure). There is a high prevalence of AA dilatation in patients with a bicuspid aortic 

valve Il. The combination of AA dilation, dilation of the aortic sinus and annulus is 

termed AAE, causing aortic valve incompetence and leads to other cardiovascular 

complications and/or death. Furthermore, cross-clamping that is used in bypass surgery 

can cause injury to the AA. 

1.2.2. Significance of Dilatation 

Dilatation of the AA increases the risk of rupture, dissection and concomitant 

sudden death. It is the most frequent aortopathy requiring surgical treatment 12. Dilation, 

caused by the degeneration of the AA medial layer, can lead to aneurysm formation, 
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dissection or rupture of the AA and Is a common cause of aortic valve insufficiency. 

This occurs in three distinct groups of patient populations: patients with connective tissue 

disorders, bicuspid valve patients and tricuspid valve patients. The pathogenesis of aortic 

dilatation is still poorly understood. As a result, the most common treatment remains to 

replace the AA with a non-compliant Dacron graft which is incapable of restoring 

"healthy" physiology. 

Patients with connective tissues disorders such as Marfan's syndrome or Ehlers­

Danlos syndrome are at high risk of AA dilation and rupture. These syndromes are 

believed to be due to genetic variations that defects the synthesis offibrillin (a component 

of elastic tissue) and collagen respectively 13. 

Patients with congenitally abnormal (commonly bicuspid) aortic valves (BAVs) 

are at increased risk of AA dilatation and show evidence of cystic medial change: the 

focal fragmentation or loss of elastic fibres, loss of smooth muscle cells and accumulation 

of mucopolysaccarides. The cause of dilated AA with bicuspid patients is still highly 

controversial. A genetic dysfunction has been hypothesized, however, others believe 

dilation is due to hemodynamic effects of the bicuspid valve 14-16. 

In tricuspid aortic valve (TA V) patients, a number of factors can cause AA 

dilation. Autopsy studies have shown that asymptomatic aneurysmal dilation (>50% 

increase in diameter) of the AA occurs in up to 0.6% of the total population over the age 

of 65 with a tricuspid aortic valve 17. Dilation of the AA often occurs in combination 

with the weakening and stretching of the sinuses of Valsalva (aortic sinuses) and aortic 

annulus, resulting in AAE. The most common causes of AAE are degenerative tissue 

changes by cystic medial degeneration or atherosclerosis. Both cystic medial 

degeneration and atherosclerosis are believed to be caused, in part, by hemodynamic 

forces. 

In the past, many surgical procedures have been suggested to correct or prevent 

the progression of these pathologies 18-22. Historically, the most popular treatment has 
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been the replacement of the native aortic valve with a mechanical heart valve and the AA 

with a synthetic graft. This treatment requires a lifetime of anticoagulation and 

significantly alters the dynamics of the systemic and coronary circulation. During the last 

two decades, surgical repair has been proposed in an effort to preserve the physiology of 

the native aortic valve and improve the hemodynamics of the AA 23;24. Unfortunately, 

repair is not always an option and aIl current treatments for aortic dilatation, including 

repair, still produce blood flow disturbances and adverse mechanical stresses on the valve 

leaflets, annulus and aorta. To optimize new surgical treatments and design better 

prostheses, an understanding of the healthy AA structure and structural consequences of 

AA dilation must first be realized. 

1.3. STRUCTURE AND BIOMECHANICS 

The hemodynamics of the AA are determined by the fluid and structural 

interaction of the LVOT. The aorta is a viscoelastic vessel, and as such its diameter 

varies with pulse pressure and propagates pressure and flow waves 25. The structured 

media of elastic plates and interspersed coIlagen and smooth muscle ceIls is responsible 

for the mechanical properties of the AA. The aorta is a major determiner of vascular 

compliance, contributing to 60-70% of total systemic compliance 26. Changes to the 

medial structure due to age or disease cause corresponding losses of mechanical 

. d al . . . h 1 1 27'28 propertles an teratlOns ln penp era vascu ar pressure ' . 

In vivo measures of the elastic modulus and distensibility of the AA from medical 

imaging devices (CT, MRI and echoeardiograms) are now eommon clinical measures. 

However, these estimates ean only prediet the global isotropic mechanical properties 

within the measured physiologie range 29;30. In vitro, tensile tests have predominantly 

been used to determine the local mechanical properties of human vaseular tissue. 
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1.3.1. Theoretical Framework of Tensile Tests 

Tensile tests are used to quantify the mechanical properties of a material by 

measuring the deformation characteristics of the material. The force per unit cross­

sectional area that produces the deformation is called the stress (equation 1.1) and the 

deformation (with respect to the original shape) is called the strain (equation 1.2) 

a=F/A (1.1) 

L-L 
& = 0 

Lo 
(1.2) 

where F is the force (N), A is the cross-sectional area (mm2
), L is the deformed tissue 

length (mm) and Lo (mm) is the initiallength. A material undergoes elastic deformation 

if it regains its original shape when the force is removed. If the material retains sorne or 

all of the deformation, plastic deformation is experienced. Material characterization from 

an engineering perspective is usually accompli shed by plotting stress versus strain 

(Figure 1.4). Each material has a unique curve from which mechanical properties can be 

obtained. Important mechanical properties consist of the modulus of elasticity 

(flexibility), tensile strength (maximum stress attained) and the yield (load corresponding 

to the onset of plastic deformation). The yield stress is defined as the stress where the 

slope of the curve begins to decrease with increasing strain 31. The tensile strength 

corresponds to the highest stress value on the curve 31. Young's modulus of elasticity, 

corresponds to the slope of the curve prior to the yield point 31. Young's modulus is used 

to de scribe the linear portion of the stress-strain curve and therefore is an elastic property 

of a given material. 
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Figure 1.4: Engineering stress-strain curve. 

Fracture 
Stress 

The force required to defonn a material of a given yield stress is dependent not 

only on the amount of defonnation required but also on specimen geometry 32. In the 

aortic wall, the stress along three directions must be considered: circumferential, axial 

and radial. Constitutive equations for the AA, used to relate stress to the corresponding 

state of strain for an elastic material, can thus be quite elaborate; having to relate nine 

components of stress with nine components of strain. The nine components are 

illustrated in Figure 1.5; ofthese 0"11, 0"22 and 0"33 are the nonnal stresses that occur along 

the orthogonal directions of the material and O"ij (i =j:. j) are the shearing stresses. 

1 

2 

3 

Figure 1.5: The nine components of stress involved in the 3-D mechanical response; 

nine components of strain are associated with each of these stresses. 
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The passive biomechanical response of vascular tissue is complex; it depends on 

the amount of the structural proteins such as collagen and elastin, their interaction and 

morphological arrangement in the arterial wall 33;34. The orientation of components in the 

microstructure of the tissue results in an anisotropic (directionally dependent) response. 

Uniaxial tensile testing of vascular tissue demonstrates that the mechanical response is 

non-linear for large strains, which is attributed to the interaction of the structural proteins 

elastin (compliant) and collagen (stiff). The elastic response is said to be due to elastin 

for low stress (linear region 1) and the combination of collagen and elastin for high stress 

(linear region 2), demonstrated in Figure 1.6. Thus the individual contribution of each of 

the proteins on the elastic response can be noted 31. 

/ 

1 

e 

Tensile 
Strength 

Figure 1.6: Uniaxial vascular stress-strain response for loading of the tissue only. The 

response is characterized by a low stress and high stress linear regions (1 and 2 

respectively). 

1.3.2. Viscoelastic Materials 

Constitutive models can serve as tools to predict the behaviour of materials in 

response to applied loads. The familiar constitutive parameter is Young's modulus of 

elasticity. Young's modulus linearly relates the stress and strain for an elastic material 
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undergoing small deformations 35. However, the passive biomechanical response of 

vascular walls is complex and cannot be described with elastic formulations. Blood 

vessels are viscoelastic materials; thus behaving with both solid and fluid characteristics. 

A viscoelastic material displays hysteresis under cyclic loading (loading and unloading 

stress-strain curves do not coincide), stress relaxation (decrease in stress) under constant 

strain, creep (slow extension) under constant loads (Figure 1.7). Relaxation and creep 

cause for the biomechanical response to exhibit time dependence. The stress-strain 

behaviour is also history dependent and varies with the strain rate or frequency applied 36. 

Input: 

Response: 0' 

t t 
Hysteresis 

Stress Relaxation Creep 

Figure 1.7: Properties ofviscoelastic materials (adapted from Callister 37) 

1.3.3. Hyperelasticity 

The biomechanical response of soft tissues is non-linear for large deformations 

and thus elastic properties cannot adequately define the behaviour. In the past, 

investigators have used an incremental analysis, which involves the computation of the 

mechanical properties along small regions of the stress-strain curve 38. For small 

deformations, linear (elastic) deformation can be assumed and thus the entire curve can 

be characterized with many linear segments with slopes corresponding to incremental 

Young's moduli. It has been noted that the incremental moduli depend highly on their 
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reference state and thus, it has been argued that a true incremental analysis is only val id 

through incremental tests 6. This method is widely regarded as an acceptable 

approximation. 

The quantification of elastic properties does not capture the non-linear behaviour 

of the arterial wall. The biomechanics of arteries can instead be described by assuming 

hyperelastic (inviscid and non-plastic) behaviour; originally used to determine the 

homogeneous and isothermal behaviour of elastomers. A hyperelastic material stores 

energy as it deforms. This energy is described as a strain energy function (SEF) 

annotated as W. These functions are defined in terms of deformation invariants, such as 

W(Ie, Ile, Ille) as an example. The invariants are composed of the extension ratios (Â.j ) 

that are defined as the deformed and original dimensions respectively of the tissue 

sample, enabling to reduce the function in terms of three variables instead of the nine 

variables of strain. Furthermore, these invariants are independent of the coordinate 

system chosen: 

le = Â.J
2 + Â.2

2 + Â./ 

Ile = Â.J-2 + Â.2-2 + Â.3- 2 

Ille = Â.J
2 

Â.2
2 

Â.3
2 

(1.3) 

(l.4) 

(1.5) 

Investigators have been using this method to approximate the response of biological 

tissues for large strains since tissues like elastomers can be approximated as 

incompressible and as such, the product of the three extension ratios is equal to one (Â.JÂ.2 

Â.3=1) and the SEF becomes simplified 39. For a material that is deforming isothermally, 

stress can be determined directly from a SEF (W), the unique strain energy potential 40. 

The model stresses are determined by taking the derivative of the SEF; enabling the stress 

to be obtained at any given deformation: 

aw 
[s]= a[E] (1.6) 
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Most investigators have described SEFs for the arterial wall as an exponential 

(originating from the work of Fung) or a polynomial (adapted from the SEFs used for 

elastomers) relation 3;41;42. Constitutive models have been determined for arteries and 

more specifically, for the aorta; most of which assume incompressibility of the tissue. In 

addition to the approximation of incompressibility, sorne models classify the tissue as 

isotropic so that the elastic parameters of aortic tissue do not vary with direction 43-45. 

However, as this is not the case with vascular tissue, recent SEFs tend to include 

directional properties 46. 

Investigators have developed transversely isotropic models that assume that a 

material has a preferential response in one direction and a different response in all 

perpendicular directions 47. Anisotropic models that incorporate the three dimensional 

response of the tissue have also been established 41;48;49. Most anisotropic models assume 

cylindrical orthotropy; the material behaves symmetrically with respect to three 

orthogonal directions (r, e, z). It is the Fung-type (exponential form) SEF 50 that has been 

used most successfully in quantifying the stress-strain behaviour of soft biological 

tissues. It is 

(1.7) 

where c is a material parameter and Q is a polynomial that incorporates the principal 

strains and additional material parameters. The polynomial Q, can be defined to yield an 

orthotropic, a transverse isotropic, or an isotropic SEF 

Qorth = Ct Et2t +c2E;2 +c3E;3 + 2c4 {EII E22 }+2cs{E22 +E3J+2c6 {E33 EII}+ 

c7(E~2 +E;t)+cs(E~3 +E;2)+c9 (E;t +E~3) 

Qtrans = Ct (Et2t +E~J+C2E~3 + 2c4 (EII E22 )+2cs(EII +E22 )E33 + 

C7 (E~2 + E;t)+ Cs (E;3 + E;2 + E~3 + E;t) 

QiSO = Ct (Et
2
t + E;2 + E;J+ 2c4 {EIIE22 + E22 E33 + E33 EII}+ 

c7 (E;2 + E;t + E;3 + E;2 + E;3 + E;t) 

(1.8) 

(1.9) 

(1.10) 
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The concem arising with the use of SEFs is that although they capture the non­

linear response of arteries, many assumptions, such as hyperelastic behaviour and a 

homogeneous response are often required for their formulation. Many different SEFs 

have been developed to address inhomogeneity by including both the medial and 

adventitial 51;52 layer and incorporating the structure 53 of the arterial wall. However, the 

physical meaning of the constants in the equations remains unclear. Despite these 

limitations, the use of SEF s is widely popular for describing soft tissue response 53. 

1.3.4. Pseudo-elasticity 

The viscoelastic nature of the arterial wall can be approximated through pseudo­

elastic relations. A viscoelastic material behaves differently in loading and unloading 

because energy is stored during cyclic perturbations; resulting in what is called a 

hysteresis loop. When a viscoelastic material is cycled a sufficient number of times, the 

hysteresis loop becomes repeatable and the material is said to be preconditioned (Figure 

1.8). The term pseudo-elastic has been coined by Fung referring to the fact that tissue 

can be approximated elastic because the response is repeatable. Furthermore, if one 

treats the response as one elastic material during loading and another in unloading, the 

entire hysteresis loop can be captured 41. The resulting constitutive relation describes the 

stress exhibited by the material at a given strain, provided that it is known whether the 

material is being loaded or unloaded. This approach can be combined with SEFs to yield 

hyperelastic pseudo-elastic equations that can model both the loading and unloading 

curves of the tissue. However, it has been established that aortic tissues exhibit little 

hysteresis, approximately 5% 54. Thus, for aortic tissue, the mechanical characterization 

of only the loading response is sufficient. 
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Figure 1.8: Uniaxial engineering stress-strain of human ascending aorta tissue subjected 

to ten preconditioning cycles (data obtained from preliminary tests performed for this 

study). 

1.4. EXPERIMENTAL STUDIES 

1.4.1. Tensile Tests 

There exist many methods to obtain experimental stress-strain curves for the AA. 

There are two categories of tests: in vivo and in vitro. The first examines the blood vessel 

within the body by measuring pressure and volume changes along the artery. In vivo 

experimentation has been limited because it is invasive 3. Furthermore, the data is 

difficult to apply to an entire blood vessel as there are geometric differences from 

segment to segment. Thus, there has been a recent focus on in vitro experimentation; 

more specifically, pressure-diameter and tensile testing. In these tests, excised segments 

of tissue are subjected to engineering-type material testing. The tissue is stretched along 

one or many orthogonal directions (uniaxial, biaxial or triaxial) and both the stretch and 

required load is measured. 
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In vitro experimentation provides the mechanical properties of tissue as a 

material; however it does not provide insight as to how the tissue responds within the 

body. To overcome this limitation, many researchers conduct tests by closely simulating 

physiological settings. The specimens are stored and tested in physiological saline 

solutions. AH tissue segments are initiaHy stretched to their in vivo length because it is 

known that ascending aortic tissue can contract from up to 30-50% upon excision 3. 

Static tests employing a fixed strain rate are often executed at body temperature (37 OC). 

Dynamic tests with cyclic inputs use sine functions to resemble pulse waves with a 

frequency and amplitude similar to the average human heartbeat and pressures (systolic 

and diastolic). Active rather than passive tests can also be conducted for either static or 

dynamic tests by stimulating the SMCs into either a contracted or relaxed state to capture 

the response of not only the passive response of the structural proteins (elastin and 

collagen) but the active response of the SMCs as weIl. 

In pressure-diameter testing, tubular segments of blood vessels are used. The 

tissue is inflated with pressurized saline solution. The pressure and resulting diameter 

change is recorded and the data is used to generate a pressure-diameter curve from which 

a pressure-strain elastic modulus can be obtained 55. Tensile tests consist of attaching the 

ends of a prepared specimen strip with either sutures or clamps. The material is stretched 

to its in vivo length and preconditioned. A fixed extension rate is applied to the ends of 

the specimen and the corresponding increase in load is measured. The data from all tests 

is used to generate a stress-strain curve to which constitutive equations are fit. 

1.4.2. Anisotropy and Heterogeneity 

Comparisons of the data from uniaxial tensile testing obtained through testing 

different directions of the tissue have determined that the aortic wall has anisotropic 

properties (properties that vary with direction) and thus there is a need for biaxial tensile 

testing 56. For many soft tissues, a biaxial test is sufficient to characterize the three 
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dimensional response of the tissue because it can be assumed incompressible. With this 

assumption, if the response along two directions is known then the third can be 

determined because the volume of the tissue remains constant. Mohan and Melvin 

performed biaxial inflation tests on mid-thoracic aortas and discovered that the tissue was 

most likely to tear and rupture due to stretch in the axial direction 57. Patel's data 

revealed that the tissue is cylindrically orthotropic 35. Biaxial tensile testing, where the 

response of the crosslinks between the structural components is quantified, demonstrated 

that vascular tissue behaves non-linearly and is biaxially anisotropic in the physiological 

range 54. 

Although biaxial experimentation has taken into account the anisotropic response 

of blood vessels, most experimental and theoretical analyses have been limited by 

assuming homogeneous mechanical properties. There exist a few studies that have 

investigated the local variation of tissue. 

In a study of abdominal aortic aneurysms, Thubrikar et al. have shown in a small 

number of cases (n=5) that regional variations of the mechanical properties of the tissue 

do exist 58. Owing to the geometry of the AA it is much more difficult to identify 

asymmetrical dilations from medical images and gross examination. Sorne evidence does 

exist suggesting a prevalent focal nature to AA medial degeneration. 

Recently Agozzino et al. showed that in patients undergoing surgery for tricuspid 

valve disease (stenosis, regurgitation or both) medial degeneration does not occur 

uniformly around the aortic sinuses 59. The authors looked at two locations in 22 patients 

corresponding to the non-coronary and right coronary sinus and found that medial 

degeneration was more severe on the non-coronary sinus side of the AA. It has been 

hypothesized that the asymmetry in hemodynamic forces in the AA lead to focal medial 

disruption, yet no study has identified the tissue or fluid stresses in the se vessels. 

v orp et al. have suggested that the risk of rupture in an abdominal aneurysm is 

most probably related to the wall stress that the given region experiences 60. The group 
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has conducted a study to evaluate the effect of not only the diameter (size) of the 

aneurysm, but also its shape. Asymmetry in an aneurysm will lead to variances in stress 

distribution, which could lead to a specific region being more prone to rupture than 

others. 

Ishii and Asuwa have investigated the degradation of fibres in aortic dissection 

with respect to the expression of matrix metalloproteinases (MMPs) 61. They stipulate 

that a segment of the AA made vulnerable through hemodynamic stress, causes SMCs to 

secrete MMP-2 and MMP-9. MMPs alter the ECM around the SMCs to allow functional 

changes to the cells, such as proliferation and migration. In medial degeneration, these 

proteins are over-expressed and cause elastic fibre fragmentation and fibrous thickening. 

They have shown a regional change in the SMCs and that the basement membrane of the 

SMCs was sparse or lacking. 

Matsumoto et al. have suggested that MMP activity plays a major role in the 

pathogenesis of atherosclerosis 62. They have stated that the activity of these proteins 

allows SMCs to migrate from the media to the intima and subsequently agglomerate, 

forming an intimaI lesion. The group has investigated the expression of MMPs through 

immunochemistry: staining sections of aortic tissue, mounting the specimens on glass 

slides and then observing at high magnification. Their findings suggest that the 

simultaneous expression of MMP-2, MMP-9, and MMP-12 is responsible for elastin 

degradation in atherosclerosis. 

Angouras et al. studied the importance of the vasa vasorum vessels (found in the 

adventitia) in the thoracic aorta 63. In this study, Landrace pigs were subjected to an 

interruption of vasa vasorum flow to the aorta, by excising the periaortic connective 

tissue. Histological examination and the evaluation of collagen and elastin content by 

image analysis were performed. Histology of the aortas revealed ischemic necrosis along 

with abnormal straightening of the elastin and collagen fibres of the outer medial region. 

However, the content of collagen and elastin did not significantly change. The borderline 

between the outer ischemic and inner non-ischemic media was well defined and an outset 
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of dissection was observed along this region. This study demonstrates that nutrient 

deprivation results in a regional stress being placed on the aortic wall, which may be an 

important factor in the onset of dissection. 

1.4.3. Current Standing 

Although much has been learned about the pathology of aortic disease, past 

studies have assumed homogeneous and isotropie AA tissue properties. To date almost 

nothing is known about the heterogeneity of aortic disease. From an engmeenng 

standpoint, insufficient mechanical data is available to properly analyze the biomechanics 

or model the hemodynamics of the human AA. This is due to a totallack of fundamental 

material property data on healthy and diseased AA. Moreover, to understand the 

pathogenesis and the role of hemodynamics in the development of AA aneurysms, 

dissections and AAE requires data on the local variation in tissue structure and 

biochemistry . 
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2. OBJECTIVES 

The objective of this study is to identify whether regional differences exist in the local 

properties of both healthy and pathologie human AA tissue (tricuspid, bicuspid and 

dilated tissue patients) and to compare the different tissue types. Specifically, 

1. To identify if regional mechanical properties vary using biaxial tensile tests; 

2. To define the local variation in the content of e1astin, collagen and SMCs from 

histological sections. 

The information will be used to compare the structure and composition of the tissue with 

the observed mechanical response. 

The hypothesis ofthis work is that pathologies which affect the LVOT result in focal AA 

tissue remode1ing. 
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3. MATERIALS AND METHODS 

3.1. TISSUE COLLECTION, GROSSING AND STORAGE 

AlI tissue specimens were obtained under informed consent following the 

guidelines of the Tri-Council Policy Statement (Appendix A). Pathologie AA tissue was 

acquired from patients scheduled for cardiac surgery at the Montreal Heart Institute, 

requiring replacement of the AA (due to valvular disease, annulo-aortic ecstasia, 

atherosc1erosis, aneurysms or dissections). Healthy AA tissue was obtained from autopsy 

from both the MHI and the University Health Network (UHN) Toronto General Hospital. 

AlI of the collected tissues were given an anonymous identification number. 

A total of Il surgical samples and 3 autopsy samples for mechanical testing were 

collected from the MHI and an additional autopsy sample was obtained from the UHN 

Toronto General Hospital. AlI of these samples consisted of a tubular section of the AA 

(Figure 3.1). The tissue was obtained from 9 men and 6 women with ages ranging from 

30 to 74 years old, summarized in Table 3.1. Additional tissue was taken from each of 

the samples for histological processing. 

Figure 3.1: Gross photograph of a 42 year old male healthy human AA segment. 
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Table 3.1: Clinieal samples obtained from the Montreal Heart Institute (2-15) and the 

autopsy sample (1) obtained from University Health Network Toronto General Hospital 

used for meehanieal testing. 

Sample # Age Sex Type Valve Type Diameter (mm) 

1 74 F Healthy Trieuspid 30 

2 58 M Pathologie Bieuspid 50 

3 30 F Healthy Trieuspid 26 

4 55 M Healthy Trieuspid 28 

5 46 M Pathologie Trieuspid 52 

6 68 F Pathologie Trieuspid 59 

7 52 M Pathologie Trieuspid 63 

8 71 M Pathologie Bieuspid 58 

9 53 F Pathologie Bieuspid 53 

10 64 M Pathologie Bieuspid 52 

11 60 M Pathologie Bieuspid >50 

12 51 M Pathologie Trieuspid 42 

13 71 F Healthy Trieuspid 28 

14 66 F Pathologie Trieuspid 58 

15 44 M Pathologie Bieuspid 42 

For the histology, additional microscope slides of 18 past surgieal samples and 3 autopsy 

samples were obtained from the UHN and an additional elinieal sample was obtained 

from MHI; resulting in a total of 37 specimens used in the analysis. The additional AA 

samples were obtained from 18 men and 4 women, with ages ranging from 32 to 83 years 

old (Table 3.2). 
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Table 3.2: Additional histologieal samples obtained. Samples 16-33 and 34-36 are 

respeetively the past surgieal samples and the autopsy samples obtained from the (UHN) 

of the Toronto General Hospital. Sample 37 is the additional sample obtained from the 

MHI. 

Sample# Age Sex Type 

16 58 M Pathologie 

17 75 M Pathologie 

18 36 F Pathologie 

19 56 M Pathologie 

20 67 F Pathologie 

21 50 M Pathologie 

22 60 M Pathologie 

23 32 M Pathologie 

24 80 M Pathologie 

25 77 M Pathologie 

26 74 M Pathologie 

27 64 M Pathologie 

28 83 M Pathologie 

29 65 M Pathologie 

30 66 M Pathologie 

31 70 M Pathologie 

32 76 M Pathologie 

33 48 M Pathologie 

34 51 M Healthy 

35 73 F Healthy 

36 73 M Healthy 

37 54 M Pathologie 
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The excised tissue was placed in Krebs-Ringer buffer solution and transferred to 

the biomechanics laboratory. The solution (2L) was prepared by mixing two jars of the 

powdered medium (Sigma-Aldrich) was added to 90% of the water (1.8 L) at room 

temperature. The composition of the powder, weighing 9.5 g per jar, is provided in Table 

3.3. The medium was dissolved with gentle agitation using a magnetic stirrer plate and 

bar. Sodium bicarbonate, in the weight of 2.52 g (1.26 g per L of solution) was also 

added and dissolved. The remaining water was then added to bring the solution to its 

final volume. 

Table 3.3: Composition ofajar of Krebs-Ringer powdered medium (9.5 g) from Sigma­

Aldrich. 

Components g/L 

D-Glucose 1.8 

Magnesium Chloride [Anhydrous] 0.0468 

Potassium Chloride 0.34 

Sodium Chloride 7.0 

Sodium Phosphate Dibasic [Anhydrous] 0.1 

Sodium Phosphate Monobasic [Anhydrous] 0.18 

The intact specimen was grossed by taking digital pictures of the specimen, measuring 

the proximal and distal diameter of the aortic ring and noting the presence of, if any, 

remarkable features (such as atherosc1erotic lesions). The tissue was then placed in the 

Krebs-Ringer solution in a c10sed container and refrigerated at 4°C. 

3.2. TISSUE PREPARATION 

The tissue sample was placed on a surgical table, oriented such that the proximal 

end was located be10w the distal end (Figure 3.2). In this position, the quadrants are 
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identified as the front quadrant as the anterior, the back quadrant as the posterior, the 

quadrant on right (the smallest section) as the medial and the quadrant to the left (the 

largest section) as the lateral. Using dissection scissors, representative tissue samples of 

the medial (A), anterior (B), lateral (C) and posterior (D) quadrants were then taken. The 

tissue was cut into square 1.5 cm by 1.5 cm samples with the edges were aligned with the 

circumferential and axial directions of the aorta. 

Posterior (back) Distal end 

Lateral 

~ 

Proximal end 

Anterior (front) 

Figure 3.2: Identification of the quadrants in an aortic ring. The square representing the 

1.5 x 1.5 cm tissue sample tested. 

Each piece was placed in a separate, labeled dish filled with Krebs-Ringer solution at 

room temperature. India ink (Fisher Scientific) was applied along a circumferential edge 

to mark its orientation. This procedure is illustrated in Figure 3.3 and an example of the 

sample pieces obtained is shown in Figure 3.4. When the excised sample was large 

enough, both proximal and distal pieces were taken from each quadrant. To differentiate 

between these pieces, red India ink was used to mark proximal pieces and green for 

distal. 
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Figure 3.3: Obtaining representative pieces from each quadrant in an aortic ring. 

Figure 3.4: Sample pieces taken from each quadrant of an aortic ring. 

The dimensions of the samples were taken and recorded using an electronic 

digital caliper (± 0.01 mm). Three measurements were taken of each of the 

circumferential and axiallengths and the thickness of the sample and averaged. 

As mentioned previously, an additional piece of tissue (0.5 x 1.5 cm) adjacent to each 

sample was also taken for histological analysis (Figure 3.5). This piece of tissue was 

placed in a histology cassette labeled with the patient identification number and the 

quadrant it was taken from. The cassette was then placed in a closed container filled with 

4% neutral buffered formalin solution to fix the tissue. 
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Cut 

Figure 3.5: Taking a sample of tissue for histological analysis. 

3.3. TENSILE TEST METHODS 

The AA specimens were subjected to tensile testing with a constant strain rate 

using the EnduraTEC elj® 3200 biaxial tensile tester system supplied with WinTest® 

software (Figure 3.6). 

Figure 3.6: EnduraTEC elj® 3200 biaxial tensile tester. 
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3.3.1. Biaxial Tensile Tester 

The EnduraTEC elf® 3200 system is equipped with 2 load cells and 2 

displacement transducers (one for each axis) to measure the force required to displace the 

axes to which tissue is attached. The system is also accessorized with an optical strain 

extensometer. This device uses digital video tracking to monitor the displacement of the 

tissue itself throughout the duration of the test. The specifications for the equipment are 

provided in Table 3.4. The tissue was attached to the axes with the use of suture grips 

and floated in a saline bath at room temperature. 

Table 3.4: EnduraTEC elf® 3200 system specifications. 

Load Cell 

Capacity ±225N 

Percent Error < 0.5% of Full Scale Range (0.05V in a 0-1 OV range) 

Digital Resolution 1 part in 32768 (0.000305V in a O-IOV range) 

Displacement Transducer 

Stroke ±6.50mm 

Percent Error < 0.5% of Full Scale range (0.05V in a 0-1 OV range) 

Digital Resolution 1 part in 32768 (0.000305V in a O-IOV range) 

Optical Extensometer 

Focal Width 12 to 50 mm 

Resolution 0.002 mm at 12 mm focal width 

Update Rate 5 Hz 

Operation Static tests or 1 Hz waveform frequency (max) 
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3.3.2. Tensile Testing Sample Preparation 

The speCImen was attached to the tester with sutures. Using 3-0 (0.2 mm 

diameter) silk sutures with pledgets, the suture needle was passed through the adventitial 

corner edge of the specimen until the pledget (used as reinforcement) was put in place. 

The second needle located at the other end of the suture is then passed through the tissue 

approximately 0.3 cm away. The suture needles and excess thread are cut off. The ends 

are tied into a loop that is 80 mm in length. This procedure is repeated so that there are 

two loops for every edge of the specimen (Figure 3.7). 

Figure 3.7: Suturing tissue specimen with pledgets. A) the top surface and B) the 

bottom surface with the pledgets. 

The specimen (intimal side facing up) is attached to the biaxial grips of the tester by 

passing each loop around the roller and threading the suture into the roller groove (Figure 

3.8). The specimen is oriented so that the circumferential edge is aligned with the 

primary axis of the tester. The Krebs-Ringer saline solution is poured into the stainless 

steel bath to level indicated (approximately 1.5 L) as demonstrated in Figure 3.9. 
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Figure 3.8: Tensile tester suture grips. Each grip has two posts onto which the sutures 

are wrapped around. 

Figure 3.9: Tensile tester stainless steel saline bath. Samples were floated in room 

temperature Krebs-Ringer solution. 

Using a toothpick and green India ink (for high resolution), 4 dots were painted as a 

central square mark (0.3 cm x 0.3 cm) on the intimal surface of the sample (Figure 3.10). 

These dots are tirst identitied by the software by placing boxes around them. At this 

point the position of the dots corresponds to the reference state of zero strain. The points 

are then tracked by the optical strain extensometer. 
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Figure 3.10: Central marker (0.3 cm x 0.3 cm) used for tracking by the optical strain 

extensometer. 

3.3.3. Tensile Test Description 

The biaxial tensile tests were conducted on 15 mm x 15 mm pieces of hwnan 

aortic specimens obtained from each quadrant of a ring of tissue (Section 3.2). Porcine 

aorta was used to determine the optimal strain rate, nwnber of preconditioning cycles and 

degree of extension to be used. The developed equi-biaxial test consisted of repeatedly 

loading and unloading the tissue at a rate of 0.1 mm/sec from a passive equilibriwn state 

(no load) to a 5 mm stretch for 10 preconditioning cycles. These cycles were used to 

pro duce a repeatable stress-strain relationship and were immediately followed by 3 

experimental cycles. A final stretch of 12 mm (maximwn allowed by the tester) was 

imposed on the tissue. This last stretch was used to obtain the high stress and failure 

properties of the tissue and the data obtained from the experimental runs will be used in 

future work to formulate constitutive relations. The load cell, transducer and video 

extensometer readings were monitored and recorded using WinTest 2.56 software. The 

data was then imported into Microsoft Excel where the data was analyzed. 
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Table 3.5: Equi-biaxial tensile testing proto col (starting position at -6 mm). 

Index Command 

1 Ramp at 0.1 mm/sec to -6 mm 

2 Ramp at 0.1 mm/sec to -1 mm 

3 Ramp at 0.1 mm/sec to -6 mm 

4 Repeat 13 times starting at index 2 

5 Ramp at 0.1 mm/sec to 6 mm 

Once the test was completed, the sample was removed from the grips. The sutures and 

pledgets were cut out of the tissue. 

3.4. HISTOLOGY METHODS 

A representative tissue sample from each quadrant was prepared for histological 

analysis. The media is the layer of the aortic wall that is responsible for the mechanical 

properties of the AA. The passive mechanical response of the tissue is largely dependent 

on both the amount and the arrangement of elastin, collagen and smooth muscle cells 

within this layer. Thus, the histological analysis quantified the structure and composition 

of the mediallayer only. 

3.4.1. Microscope Slide Preparation 

Histology slides were processed by the histology department at the MHI. The 

slides were prepared from the fixed tissue in formalin. The tissue was embedded in 

paraffin wax so that thin sections (approximately 3JlIll) could be cut for mounting onto 

microscope slides. The specimens were then stained with the Movat Pentachrome stain 

so that the different components of the tissue could be distinguished (Table 3.6) 64. 
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Table 3.6: Expected results using the Movat Pentachrome stain 64. 

Component Colour 

Nuclei Blue Black 

Elastic Fibres Black 

Fibrin Red 

Muscle Red 

Collagen Yellow 

Mucopolysaccharides Blue Green 

3.4.2. Regional Image Analysis 

For a given surgical sample, 4 slides were processed (one for each quadrant of 

tissue). Comparison of the se quadrants allowed for characterization of the tissue 

composition along the circumference of the tissue. In addition, each slide was divided 

into equal thirds from the area closest to the intima to the area closest to the adventitia to 

allow for radial analysis. This method is outlined in Figure 3.11. Finally, the slide was 

divided into three equal regions for replicate readings. 

CIRCUMFERENTIAL 

..-1 ---+-----+--------111 RAD~ 
1 2 3 

Figure 3.11: Regional analysis of a microscope slide. Replicate readings obtained from 

regions 1,2 and 3. I: intimal, B: middle, A: adventitial. 
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The slides were examined with a Leitz Diaplan upright microscope through a 40x 

objective. Digitized images were obtained with a Leica DC 300 digital camera affixed 

onto the microscope. The images were analyzed using a colour detection pro gram 

written in MA TLAB. The pro gram counted the number of pixels present for a given 

colour range over the total amount of pixels present; yielding a semi-quantitative estimate 

for the percent composition of a component. For each patient, areas of known content 

were used to set the colour threshold for each component. The components of interest 

were elastin (black), collagen (yellow) and SMCs (red) as depicted in Figure 3.12. 

Figure 3.12: Movat pentachrome stain was used to distinguish elastin (black), collagen 

(yellow) and smooth muscle cells (red). This picture is an example of one of nine taken 

for a given histological slide; this one is from the anterior quadrant for the region closest 

to the adventitia. 

3.5. STATISTICAL ANALYSES 

Statistical analyses were carried out using GraphPad Prism version 4.01 

(GraphPad Software, San Diego, California). AIl statistics are presented as mean values 

± standard deviation (SD). In the analyses involving one grouping variable, one way 

analysis of variance (ANOV A) was used if more than 2 groups were present and t-tests 

were used if only 2 groups were present. Analyses involving two grouping variables 

were conducted using two way ANOV A. Bonferroni's multiple comparisons post tests 
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were used to identify which groups were significantly different with P values <0.05 

considered statistically significant. The spread of the data sets was illustrated with Box 

and Whisker plots by displaying the upper-quartile, inter-quartile and lower-quartile 

range (25%, 50% and 75%, respectively). 
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4. RESULTS: BIAXIAL TENSILE TESTS 

For the tensile tests, Il surgieal samples of pathologie tissue and 4 samples from 

autopsy of healthy tissue were used (Table 3.1). These samples eonsisted of a tubular 

section of the AA removed during surgery (Figure 3.1). The pathologie samples were 

sub-grouped by aortie valve type (BA V /T A V) and also regrouped if the aorta was dilated 

(0) 50 mm, includes both BAV and TAV types). The aim was to investigate whether 

the aortie valve type or the degree of dilation influeneed the changes in the 

eireumferential meehanieal response of pathologie tissue in eomparison to healthy tissue. 

Table 4.1 summarizes these groups. 

Table 4.1: Patient eharaeteristies for biomeehanieal analysis. Pathologie tissue was 

grouped aeeording to aortie valve type (BA V /T AV) and also as dilated for eomparisons 

with healthy tissue. BA V: bieuspid aortie valve and TA V: trieuspid aortie valve. 

Tissue Type 

Healthy Pathologie 

Patient TAV BAV TAV Dilated 

Charaeteristies (n=4) (n=6) (n=5) (n=9) 

Mean Age 58 ±20 57± 10 58 ± 9 60± 8 

MalelFemale 1/3 5/1 3/2 6/3 

4.1. VARIATION lN TISSUE THICKNESS 

The stresses that are ineurred on the tissue are highly dependent on its thiekness. 

As a result, any variation in thiekness between the quadrants would result in regional 

variation in the meehanieal properties. Three types of analyses were eondueted. The first 

lumped all of the tissue together to look into the general population tissue thiekness 

eharaeteristies using one way ANOV A. The second analyzed the eharaeteristies of a 

given tissue type (healthy, pathologie trieuspid, pathologie bieuspid and dilated) using 
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one way ANOV A. Finally, thickness variations between tissue types were compared 

using two way ANOV A. AlI statistics are presented as mean values ± standard deviation 

and P values <0.05 were considered statistically significant. 

4.1.1. Ali Samples 

The mean values for the tissue thickness of each quadrant for aIl of the samples 

are summarized in Table 4.2. When all of the tissue samples were lumped together, 

significant differences (P=0.018, one way ANOVA, Bonferroni post test) were detected 

in the quadrant wall thicknesses between the medial vs. the lateral and posterior 

quadrants (Figure 4.1). The medial quadrant contains the thickest tissue. 

Table 4.2: Mean tissue thickness ± SD for each quadrant for all samples. 

Thickness 

(mm) 

Quadrant 

Medial Anterior Lateral 

2.01 ± 0.36 1.94 ± 0.35 1.87 ± 0.25 

Ali Tissue Samples Wall Thickness 

4.0 

_3.5 

~ 3.0 
';' 2.5 
/II ! 2.0 

~ 1.5 

~ 1.0 
0.5 

O.O .... _----.----.~-........... -
MED ANT LAT POST 

Quadrant 

Posterior 

1.85 ± 0.25 

Figure 4.1: AA wall thickness comparison between the quadrants for all tissue. The 

medial quadrant is significantly thicker that the lateral and posterior quadrants. MED: 

medial, ANT: anterior, LAT: lateral and POST: posterior quadrants. 
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4.1.2. Tissue Type 

In the eomparisons of wall thiekness of the tissue based on tissue type, signifieant 

differenees in the quadrant wall thieknesses were deteeted for the healthy tissue only 

(P=O.0046, one way ANOVA, Bonferroni post test), the thiekness of the medial quadrant 

is signifieantly greater than that of the lateral quadrant (Figure 4.2). Although the 

analysis of pathologie tissue types did not deteet any signifieant variation, similar trends 

were noted. 

3.25 

3.00 

I2.76 
_2.50 

Healthy Tissue Wall Thickness 

1.26'~~----~----~--~---

Ê 
g 

1 
j5 

MED ANT LAT POST 

Quadrant 

Pathologie Bicuspid Wall Thickness 

Quadrant 

Pathologie Tricuspid Wall Thickness 
3.25 

MED ANT LAT POST 

Quadrant 

Dilated Thickness 

1.25-1----,r------r----""T'""----,.....-
MED ANT LAT POST 

Quadrant 

Figure 4.2: Healthy tissue exhibits regional variation in the wall thiekness, where tissue 

from the medial quadrant is thieker than tissue from the lateral quadrant. MED: medial, 

ANT: anterior, LAT: lateral and POST: posterior quadrants. 
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4.1.3. Healthy and Pathologie Tissue Comparisons (by aortie valve type) 

The data from the previous section was also used for eomparison between healthy 

and pathologie tissue based on valve type. Signifieant differenees were deteeted for both 

the thiekness variation between quadrants and also between tissue types. Signifieant 

regional differenees (P=0.0066, two way ANOV A, Bonferroni post test) were deteeted in 

both healthy and pathologie trieuspid tissue; pathologie bieuspid tissue did not exhibit 

any local variation in thiekness. The post tests identified that healthy tissue again 

demonstrated a signifieant differenee between the medial and lateral quadrants and that 

pathologie trieuspid tissue had different tissue thieknesses between the medial and 

posterior quadrants. All tissue demonstrated similar cireumferential variation with the 

medial quadrant being the thiekest. AIso, pathologie bieuspid tissue had the thinnest 

tissue overall with a P value <0.0001 (two way ANOV A, Figure 4.2). 

4.1.4. Healthy and Dilated Tissue Comparisons 

Comparisons between healthy and dilated tissue revealed differenees in thiekness 

between the quadrants only and not between the types of tissue. Like healthy tissue, 

there was a signifieant differenee between the quadrants (P=0.0325, two way ANOV A). 

For healthy tissue the differenee was between the medial and lateral quadrants and for 

dilated tissue between the medial and posterior quadrants (Figure 4.2). 

4.2. VARIATION IN MECHANICAL PROPERTIES 

Engineering stress-strain eurves were used to investigate the cireumferential 

meehanieal properties of healthy and pathologie AA tissue. The test, eonsisting of 13 

cycles and a final stretch, lasted 20 minutes. For the duration, data was aequired at a rate 

of 4 Hz to eolleet eontinuous load eell measurements of force and transdueer 

measurements of displaeement. Engineering stress-strain eurves were generated using 

the previously diseussed equations for stress (0') and strain (e) in Section 1.3: 
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a=F/A 

L-L 
G = 0 

Lo 

(1.1) 

(1.2) 

where F is the force (N), A is the cross-sectional area (mm2
), L is the defonned tissue 

length (mm) and Lo (mm) is the initiallength. The L value used to detennine strain was 

calculated using the measured displacement (D) and the following equation: 

(4.1) 

These curves provided the engineering stress-strain because the dynamic 

specimen cross-sectional area was assumed constant. The unloaded, stress-free cross­

sectional area was used and measured (discussed in Section 3.2). The acquired data 

points were converted to stress and strain and plotted for both the axial and 

circumferential directions using Microsoft Excel (Figure 4.3). AH of the samples 

produced a repeatable stress-strain curve after preconditioning (Figure 4.4). It was seen 

that the hysteresis loop of the tissue would decrease and shift to the left after each cycle 

until it stabilized after approximately 5 cycles. 
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Figure 4.3: Example of the equi-biaxial protocol for the circumferential direction of the 

medial quadrant of a 58 year old male (sample #2 in Table 3.1). The same graph was 

also plotted for the axial direction and repeated for each quadrant. 
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Figure 4.4: The AA tissue response was reproducible after 5 preconditioning cycles and 

exhibited less hysteresis. 

Engineering stress-strain loading curves were also constructed from the data 

obtained from the final stretch of the tensile test protocol. These curves were generated 

for each quadrant of tissue and plotted on the same graph forboth the circumferential and 

axial directions (Figure 4.5). This part of the test was designed to bring the tissue to 
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failure and as a result, the effects of tissue tearing caused for discontinuity in the stress­

strain curve at high stresses. 

0.3 

0.25 

'«S' 0.2 

~ 
'" 0.15 
'" ~ 
.t:l 
tf) 0.1 

0.05 

0 

0 

Circumferential Engineering Stress-Strain for al! Quadrants 
Preconditioning: 10 cycles, displacement: -6 to -lmm (E=0.33) 

Strain Rate: 0.1 mm/sec 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Strain 

• Medial 

Lateral 

Posterior 

0.8 0.9 

Figure 4.5: Example of stress-strain curves in the cÏrcumferential direction obtained 

from the final stretch for tissue obtained from each quadrant of an aortic ring of a 58 year 

old male (sample #2 in Table 3.1). The same graph was also plotted for the axial 

direction. The effect of tissue tearing can be seen in the discontinuity of the curves. 

For the statistical analyses comparing the mechanical response of the tissue from 

each quadrant, elastic moduli were fit to the final stretch stress-strain curves in both the 

low and high stress regions. As mentioned previously, the low stress elastic moduli (Ee) 

is associated with the elastin content of the tissue and the strain hardening region elastic 

moduli (Eec) is related to both the elastin and collagen content of the tissue (Section 1.3.1 

and Figure 1.6). These two regions were selected in the loading curve of the tissue; 

similar to the technique used by Vorp in the investigation of aortic aneurysms 65. To 

expose any general trends, the stiffest tissue quadrant and the occurrence and location of 

failure was also noted for each of the clinical samples tested. 
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Three types of analyses were conducted. The first lumped all of the tissue 

together to look into the general population characteristics using one way ANOV A. The 

second analyzed the characteristics of a given tissue type (healthy, pathologic tricuspid, 

pathologic bicuspid and dilated) using one way ANOV A. Finally, the tissue types were 

compared using two way ANOV A. AH statistics are presented as mean values ± standard 

deviation and P values <0.05 were considered statistically significant. 

4.2.1. Ali Samples 

General statistics were performed to elucidate any trends from the general 

population (all groups lumped). Column statistics and one way ANOVA were performed 

to investigate the directional variation of the elastic moduli for the quadrants of the tissue. 

The mean values along with the standard deviation amongst the tissue are provided 

(Table 4.3). There were no statistical differences in either moduli between the axial or 

circumferential direction when the entire patient population was included. The moduli at 

high strain had larger variability. 

Table 4.3: General population mean elastic moduli ± SD for both the circumferential 

and axial direction. 

Axial Circumferential 

Ee(MPa) 0.10 ± 0.05 0.07 ± 0.04 

Eec (MPa) 0.61 ± 0.41 0.49± 0.30 
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4.2.2 Tissue Type 

For this analysis, the clinical samples were c1assified into 4 tissue types: healthy, 

pathologic tricuspid, pathologic bicuspid and dilated. Column statistics and one way 

ANOV A were used to identify any existing trends for individual tissue types. There were 

no statistical differences in either moduli for the axial or circumferential direction when 

the subcategories were inc1uded. The mean values and the standard deviation are 

provided (Table 4.4): 

Table 4.4: General tissue types mean elastic moduli ± SD for both the circumferential 

(circ.) and axial direction. Path Tri: pathologic tissue from tricuspid aortic valve patients 

and Path Bi: pathologic tissue from bicuspid aortic valve patients. 

Healthy Path Tri Path Bi Dilated 

Axial Ee(MPa) 0.12 ± 0.07 0.08 ± 0.04 0.10 ± 0.04 0.09 ± 0.05 

Eec(MPa) 0.58 ± 0.31 0.78 ± 0.61 0.49 ± 0.17 0.67 ± 0.48 

Circ. Ee(MPa) 0.09± 0.04 0.05 ± 0.02 0.08 ± 0.03 0.06 ± 0.03 

Eec (MPa) 0.46 ± 0.23 0.53 ± 0.36 0.48 ± 0.29 0.54 ± 0.34 

It can be seen that there exists a high degree of variation in both the low and high stress 

moduli for all tissue types. The large standard deviation values in both the axial and 

circumferential directions demonstrate substantial biological variability in the response of 

the tissue. 

4.2.3. Healthy and Pathologie Tissue Comparisons (by aortie valve type) 

As statistical differences in the circumferential variation of the mechanical 

response were not detected in any of these categories of tissue alone, comparisons 

between the types were conducted. In this analysis, the pathologic tissue was separated 
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according to patient aortic valve type to test the hypothesis that hemodynamics play a 

factor in local tissue remodeling of the AA. 

An three groups were compared using a two way ANOV A test to investigate 

differences in the response due to quadrant position and tissue type. The low stress and 

high stress moduli comparisons for the circumferential direction are provided in Figures 

4.6 and 4.7 respectively. Bonferroni's multiple comparisons post tests were used to 

identify which quadrant was different and/or which tissue type was different. 

Statistical differences in the circumferential low stress slope (Ee) were observed 

(Figure 4.6). The differences were detected for both the circumferential position and 

tissue type with respective P values of 0.0319 and 0.0047 (two way ANOV A). Although 

the Bonferroni tests could not detect where the differences occurred, it was observed that 

the pathologic tissue from tricuspid patients had, on average, the lowest slope values. In 

addition, an three groups demonstrated similar circumferential variation, with the medial 

and anterior quadrants have the smallest slope values. 

-ft! a.. 
:E -CI 
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Circumferential Low Stress Elastic Moduli 
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~LAT 
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Figure 4.6: Circumferential low stress slope (Ee) comparison in healthy, pathologic 

tissue from bicuspid and tricuspid aortic valve patient tissue. The moduli varied for 

different circumferential positions and tissue type. 
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Though not statistieally signifieant, a similar quadrant variation was noted in the 

cireumferential high stress moduli, where the medial and anterior quadrants values are 

smaller than the others (Figure 4.7). In addition, it appears that the posterior quadrant 

beeomes stiffer in pathologie trieuspid tissue, when eompared to healthy. In eontrast to 

the observations in the low stress response, the average moduli for the pathologie 

trieuspid tissue are higher than that of healthy tissue. Healthy and pathologie bieuspid 

tissue moduli are comparable in the high stress region. 

Circumferential High Stress Elastic Moduli 
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Figure 4.7: Cireumferential high stress slope (Ee) eomparison in healthy, pathologie 

tissue from bieuspid and trieuspid aortie valve patient tissue. There were no statistieal 

differenees deteeted. 

It ean be seen that in healthy tissue, there appears to be a signifieant differenee 

between the medial quadrant and both the lateral and posterior quadrants in the low stress 

moduli. The same was noted for the pathologieal bieuspid tissue in the high stress 

moduli for the medial quadrant between both the anterior and lateral quadrants. 

However, a statistieal differenee was not obtained, most likely due to the small numbers 

tested. 
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Comparisons between the groups for the moduli in the axial direction did not 

show any significant differenees (Figures 4.8). Again, this was most likely due to the 

small number of samples tested. However, the posterior quadrant in healthy tissue 

appears to be less stiff in both the low and high stress regions. On average, healthy tissue 

had the highest low stress moduli. In the high stress region, pathologie trieuspid tissue 

demonstrates large variability in the quadrant moduli. 

Axial Low Stress Elastic Moduli 

Normal 
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Axial High Stress Elastic Moduli 
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Figure 4.8: Axial low stress slope (Ee) and high stress slope (Eec) eomparisons. Low 

stress axial slope values are higher in healthy tissue than in pathologie tissue. Pathologie 

trieuspid tissue demonstrates variability in the high stress axial slopes. 

47 



4.2.4. Healthy and Dilated Tissue Comparisons 

Statistical differences in the circumferential variation were not detected in either 

healthy or dilated tissue alone; therefore comparisons between the two types were 

conducted. The groups were compared using two way ANOV A test to investigate 

differences in the moduli in the circumferential and axial directions between the quadrant 

and also between the different tissue type. Bonferroni's multiple comparisons post tests 

were used to identify where this difference occurred. 

A statistical difference was detected in the circumferential low stress slope (Ee) 

for both in the comparisons of quadrants and between the tissue types with respective P 

values of 0.0266 and 0.0248 (two way ANOV A, Figure 4.9). Although the post tests 

could not identify the location of the differences, it was observed that the medial and 

anterior quadrants had lower moduli values for both types of tissue. Furthermore, for all 

quadrants except for the medial, healthy tissue had higher slope values compared to 

dilated tissue in the low stress region. However, in the high stress region, the slopes for 

the dilated tissue are higher on average, with the posterior quadrant being the most stiff 

(Figure 4.10). 
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Figure 4.9: Circumferential low stress slope (Ee) comparison of healthy and dilated 

tissue. Healthy tissue moduli are higher than those of dilated tissue and the medial and 

anterior quadrants are less stiff than the lateral and posterior quadrants. 
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Figure 4.10: Circumferential high stress slope (Eec) comparison of healthy and dilated 

tissue. No significant differences were detected. 
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In the axial direction, the quadrant variation in the dilated tissue and healthy tissue 

slopes values were not evident (Figure 4.11). The axial moduli variation for the healthy 

tissue has been described in the previous section. For the dilated tissue, there does not appear 

to be any variation present amongst the quadrants. This may be due to the fact that in this 

analysis aH of the dilated tissue was grouped together, regardless of the valve type present. 

In the previous analysis, differences between tissues with different aortic valve types were 

noticed. Therefore, the differences may have been obscured. 
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Figure 4.11: Axial low stress (Ee) and high stress (Eec) slope comparisons between 

healthy and dilated tissue. The moduli between both types of tissue are comparable. No 

significant differences were detected. 
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4.3. GENERAL TRENDS 

The stiffest tissue quadrant in the high stress region (highest Eec) was noted for 

both the axial and circumferential directions and failure (axial) of any of the samples 

during the test were noted to expose any general trends in the tissue. The analysis was 

first carried out for all tissue and then also for the different types of tissue. 

4.3.1. Trends in ail Tissue 

The results of the stiffest quadrant and occurrence of failure are summarized in 

Tables 4.5 and 4.6. Circumferentially, the medial quadrant was the stiffest in only one 

sample (healthy). Furthermore, it was this quadrant that most often failed during the 

tests. These findings indicate that tissue from the medial quadrant is likely to be the most 

elastic and least strong as well (Table 4.6). 

Table 4.5: The circumferentially stiffest tissue observations for quadrants of all tissue. 

Quadrant 

Ant Lat Post 

4 4 6 

Table 4.6: The axially stiffest tissue and occurrence of failure observations for quadrants 

of all tissue. 

Quadrant 

Med Ant Lat Post 

Stiffest 3 5 5 3 

Failure Occurence 9 4 4 
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4.3.2. Trends for Tissue Type 

The stiffest tissue quadrant was plotted for the identification of trends in both the 

circumferential and axial directions per tissue type (Figure 4.12 and 4.13). Statistics were 

not conducted as this data is non-parametric. In the circumferential direction, it was 

observed that in pathological tissue, the medial quadrant was never the stiffest, whereas 

in healthy tissue, the stiffest tissue quadrants were evenly spread out. In pathologic 

bicuspid and dilated tissue, the posterior quadrants were most likely to be the stiffest. In 

the axial direction comparisons, the stiffest tissue quadrant was the medial for healthy 

tissue, posterior for healthy dilated tissue and lateral for pathologic bicuspid tissue. 

Circumferentially Stiffest Tissue Quadrant 
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Figure 4.12: Circumferentially stiffest tissue quadrants in healthy, pathologic tricuspid 

and bicuspid aortic valve patients and dilated tissue. 
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Axially Stiffest Tissue Quadrant 

Quadrant 
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Figure 4.13: Axially stiffest tissue quadrants in healthy, pathologic tricuspid and 

bicuspid aortic valve patients and dilated tissue. 

The occurrence of failure of the tissue during the final stretch of the tissue in the 

tensile test protocol is swnmarized in Figure 4.14. Again statistics were not conducted. 

It was observed that in healthy tissue, the anterior quadrant failed every time. In addition, 

it was observed that regardless of the tissue type, failure generally occurred most often in 

the medial quadrant. 

Failure Location 

Quadrant 
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I!!I Path Tri 
~PathBi 

IIIIIIII Dilated 

Figure 4.14: Axial failure occurrence in healthy, pathologic tricuspid and bicuspid aortic 

valve patients and dilated tissue. 
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4.4. BIAXIAL PROPERTIES AND ASSUMPTIONS USED 

For the investigation of the anisotropic biaxial properties of the AA tissue, the 

non-homogeneous deformation of the tissue had to be taken into account. The data for 

the displacement transducer was obtained from an equi-biaxial protocol, thus assuming 

an equal deformation in both the circumferential and axial directions. Therefore, for 

these analyses a video extensometer was used. The device monitors the actual 

displacement of the specimen by tracking 4 dots painted as a central square marker of 3 

mm x 3 mm on the tissue. As the specimen was stretched, the extensometer outputs the 

deformation as EH, E22 and El2 which correspond to the circumferential, axial and shear 

Green's strains respectively. With the assumption that the shear strain is negligible, the 

two dimensional Green's strain (Eij) for the circumferential (i=l, j=l) and axial (i=2, j=2) 

direction is respectively defined as follows: 

(4.2) 

(4.3) 

where Âll and Â22 are the extension ratios defined as the ratio of the deformed and original 

dimensions of the tissue sample along the appropriate axis. 

Conventionally, Cauchy stresses are plotted with Green's strain (Figure 4.15). 

Cauchy stresses (crii) differ from engineering stresses because they incorporate the 

dynamic cross-section of the tissue. 

_ Fi} 
a-

l} TL 
l} 

(4.4) 
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where Fij is the force along the axes, T is the dynamic thickness, Lij is the dynamic length 

of the specimen perpendicular to the force applied. With the assumption that the tissue is 

incompressible, the dynamic thickness was defined in terms of the extension ratios: 

(4.5) 

By substituting equation 4.5 into equation 4.4, the Cauchy stresses were calculated: 

(4.6) 

(4.7) 

where Âij is the extension ratio, Fij is the measured force, To is the undeformed thickness 

of the tissue and Lijo is the undeformed length measured prior to testing as described in 

Section 3.2 
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Figure 4.15: Example of Cauchy stress vs. Green' s strain curve for the biaxial response 

from loading after preconditioning of AA tissue from the medial quadrant of a 58 year 

old male (sample #2 from Table 3.1). 
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4.4.1. Biaxial Behaviour 

To characterize the biaxial behaviour of the AA tissue, the biaxial plots (for each 

quadrant) of Cauchy stress vs. Green's strain were used. In addition, the direction of 

failure (if it occurred) was noted. However, the optical extensorneter data used in the 

formulation of these graphs was noisy. Furthermore, in sorne instances, the tissue would 

extend past the camera view leading incornplete data sets frorn the final loading stretch. 

As a result, only the low stress rnoduli and the onset of a non-linear (strain hardening) 

response in the stress-strain curve was used to characterize the anisotropic behaviour of 

the AA. FinaIly, the India ink used as a central rnarker had bled during sorne of the tests 

performed; the data frorn these tests were not included in the analysis. Due to the loss of 

data frorn sorne of the clinical samples, the pathologic tissue data was grouped together 

(n=8, samples #2,5,6,8, Il, 12, 14 and 15 in Table 3.1), regardless of the type of aortic 

disease present and the healthy tissue (n=3, samples #1,3 and 4 frorn Table 3.1) was not 

statisticallyanalyzed. The biaxial response and circumferential variation were cornpared 

using two way ANOV A. As there were no differences found between the quadrants, the 

rnean values obtained frorn column statistics along with the standard deviation are 

provided (Table 4.7). 

Table 4.7: General pathologic population rnean Cauchy stress and Green's strain low 

stress elastic rnoduli ± SD for both the circumferential and axial direction for aIl tissue. 

Axial Circumferential 

1 Ee{MPa) 0.15 ± 0.12 0.20 ± 0.17 

The biaxial response (Ee axial and circumferential) was not significantly correlated with 

the circumferential location. However, the biaxial low stress rnoduli (Ee), were 

significantly different between the axial and circumferential directions with a P value of 

0.0322 (two way ANOVA) and therefore, the tissue had an anisotropic response. The 

circumferential rnoduli were higher than those in the axial direction for all quadrants 
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(Figure 4.16). This finding is interesting when compared to the values obtained in the 

engineering stress-strain data, summarized in Table 4.2. In the engineering data, where 

the inhomogeneous deformation was not taken into account, the axial direction was 

stiffer in the low stress region. This suggests that care must be taken when interpreting 

engineering stress-strain data. 
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Figure 4.16: Cauchy stress and Green's strain in the biaxial low stress moduli. The 

moduli in the circumferential direction are significantly higher than in the axial direction 

for all quadrants. 

Past this region, it was noted that if the onset of non-linearity was not isotropic, it 

was the axial direction that reached this point before the circumferential (this was not true 

for only 1 case out of 10, anterior quadrant of sample #8 in Table 3.1). This point is 

further reinforced in the biaxial failure properties. It was noted that the initial tear and 

eventual failure of the tissue occurred in the axial direction but for a few exceptions 

(Figure 4.17). 
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Figure 4.17: Failure of the tissue in the circumferential direction during the final stretch 

of the tensile test protocol in the axial direction. 
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5. RESUL TS: HISTOLOGICAL ANAL YSIS 

A total of 37 clinical samples, 7 healthy and 30 pathologic, were used in the 

histological analysis (Section 3.1). For each sample, 4 Movat pentachrome stained 

histology slides (one from each quadrant) were obtained. The staining allowed for the 

different components in the tissue to be distinguished; the components of interest were 

elastin (black), collagen (yellow) and SMCs (red). Digital microscopy was used to take 9 

representative pictures of each slide (3 regions in the radial direction and 3 regions along 

the circumference). The dimensions of each image (40x magnification) were 0.13 mm x 

0.17 mm, with an approximately area of 0.02 mm2 (Figure 5.1). Nine regions were taken 

to obtain a adequate representation of the entire slide. 

Figure 5.1: Calibration slide used in image analysis. The images are under 10x and 40x 

magnification respectively. The area of an image magnified 40x is approximately 0.02 

mm2
• 

A semi-quantization of the tissue composition was obtained using a program 

written in MA TLAB that counted the pixels by colour and divided this number by the 

total pixels present in the digital image. A total of 27 measurements were made per 

quadrant (a reading for elastin, collagen and SMCs per image taken from the 9 images 

per slide). The grouping of clinical samples was the same as the biomechanical analysis. 

The patient characteristics are provided along with the standard deviation (Table 5.1). 
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Table 5.1: Patient characteristics for histological analysis. Pathologie tissue was 

grouped according to aortic valve type (BA V /T A V) and also as dilated for comparisons 

with healthy tissue. BA V: bicuspid aortic valve and TA V: tricuspid aortic valve. 

Tissue Type 

Healthy Pathologie 

Patient TAV BAV TAV Dilated 

Characteristies (n=7) (n=15) (n=15) (n=16) 

Age 61 ± 17 62± 16 59± 8 63 ± 9 

MlF 3/4 14/1 11/4 12/4 

5.1. VARIATION IN COMPOSITION 

For statistical analyses, the program percentage outputs (pixels for a given colour 

/ total pixels) for elastin, collagen and SMCs were used. As mentioned previously, these 

are the components that are involved in the passive mechanical response of AA tissue. 

Unlike the biomechanics section that investigated differences in the axial and 

circumferential direction, in the histological analysis, it is the variation in tissue 

composition in the radial and circumferential directions that was investigated. 

Three types of analyses were conducted. The first lumped aIl of the tissue 

together to look into the general population tissue content characteristics using one way 

ANOV A. The second analyzed the characteristics of a given tissue type using one way 

ANOV A. Finally, the tissue types were compared using two way ANOV A. AIl statistics 

are presented as mean values ± standard deviation. P values <0.05 were considered 

statistically significant. 
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5.1.1. Ali Samples 

General statistics were performed to elucidate any trends from the general 

population (all groups lumped). Column statistics and one way ANOV A were performed 

to investigate the directional variation in tissue content. The mean values amongst aIl 

tissue for the content of elastin, coIlagen and SMCs, along with the standard deviation are 

provided. There were no significant differences in the tissue content detected between 

the quadrants. Radially, however, a significantly higher SMCs content was detected in 

the region closest to the adventitia with a P value of 0.011 (one way ANOVA, Bonferroni 

post tests). The post tests identified that the SMCs in the outer region of the media was 

significantly different from that of both the middle region and the inner region closest to 

the intima for aIl types of tissue (Figure 5.1). 

Table 5.2: Mean component composition ± SD of the major structural components (all 

tissue). 

Component 

Elastin Collagen Smooth Muscle Cells 

1 
0/0 Composition 25.5 ± 6.6 11.2 ± 4.2 13.1 ± 4.2 
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Figure 5.2: Medial SMCs (red) distribution for all tissue types. As can be seen in both 

the graph and histology pictures, the region closest to the adventitia contains on average 

more SMCs. In this case, thickening of the elastic plates was also observed in this 

region. 

5.1.2. Tissue Type 

For this analysis, the clinical samples were classified into 4 tissue types: healthy, 

pathologic tricuspid, pathologic bicuspid and dilated. The mean values for the percent 

composition of the structural components for the different tissue types are provided in 

Table 5.3. 
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Table 5.3: General tissue types mean component composition ± SD. Path Tri: 

pathologic tissue from tricuspid aortic valve patients and Path Bi: pathologic tissue from 

bicuspid aortic valve patients. For the components, E: elastin, C: collagen and SMCs: 

smooth muscle cells. 

Healthy Path Tri Path Bi Dilated 

% E 22.9 ± 6.5 27.3 ± 7.2 25.0 ± 5.6 25.9 ± 7.2 

Composition C 9.4 ± 3.1 11.1±5.0 12.1 ± 3.6 10.5 ± 4.1 

SMCs 11.9 ± 3.3 13.0± 5.0 13.8± 3.7 12.4 ± 3.8 

Other 55.8 ± 6.5 48.7 ± 10.8 49.1 ± 9.0 51.2 ± 10.3 

It can be seen that the tissue composition of all of the specimens are comparable. In 

healthy tissue, however, there is less of every component. This finding suggests that 

there is a compaction in the medial layer in the diseased sampi es. Comparisons of tissue 

thickness in the previous section had established that the bicuspid aortic tissue was 

thinner than the other types. A compaction of the mediallayer is likely related to the loss 

of mucopolysaccharides. Therefore, a category of the remainder of the components 

present in the mediallayer has been included in the analysis. This category quantifies the 

amount of mucopolysaccharides, interstitial fluids and fat (void spaces) present in the 

tissue. 

Column statistics and one way ANOV A were used to identify if there was any 

significant variation in tissue content amongst the quadrants and throughout the medial 

layer in the radial direction. Again, there were no significant variations of the 

components between the quadrants. The SMCs content exhibited variation in the media 

for healthy tissue; more SMCs were detected in the region closest to the adventitia 

(P=0.0147, one way ANOVA, Bonferroni's post test, Figure 5.3). 
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Figure 5.3: Significant radial variation in SMCs content was detected in healthy tissue 

only. There were more SMCs in the outer region of the media. 

AH tissue demonstrated variations of the other components content within the 

media (Figure 5.4). In healthy tissue, there was significantly less of the other 

components in the region closest to the adventitia than in the middle region (P=0.0177, 

one way ANOVA, Bonferroni's post test). The pathologic tissue demonstrated an 

opposite trend; the region closest to the adventitia had a higher content of the other 

components; each group had a P value <0.001. This finding suggests that medial 

compaction occurring with disease is concentrated in the region closest to the intima. 
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Figure 5.4: AlI tissue types had significant differences in the medial content of the other 

components in the radial direction. Healthy tissue demonstrated an opposite variation 

than pathologic tissue, where the latter had significantly more of the other components in 

the region closest to the adventitia. 

5.1.3. Healthy and Pathologie Tissue Comparisons (by aortie valve type) 

Statistical analyses were also conducted to detect differences in tissue 

composition between healthy and pathologic tissue categorized by valve type. The three 

groups were compared using a two way ANOV A test to investigate both the local 

variation and difference between tissue types. Whenever a statistical difference was 

found between the groups, Bonferroni' s multiple comparisons post tests were used to 

identify where this difference occurred. 
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There were no significant differences in the content of the tissue between the 

quadrants. Once again, within the media, there were more SMCs detected in the region 

of the media c10sest to the adventitia (P=O.0082, two way ANOV A) and also, a 

difference in collagen was detected between tissue types (P=O.00255, two way ANOVA, 

Figure 5.5). Healthy tissue contains a significantly lower percentage of collagen than the 

pathologie tissue types. 
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Figure 5.5: Differences were detected for SMCs content within the media and healthy 

tissue contains significantly less collagen than the pathologie types. 

Significant differences were found between tissue types in the elastin content of 

the tissue as well, in both the radial and circumferential directions (P=O.0334 and 

P=O.0208 respectively, two way ANOV A, Figure 5.6). Although the post tests could not 

identify which of the three groups were significantly different, it was noted that the 

greatest difference was observed between healthy and pathologie tricuspid tissue, with 

the latter containing a higher percentage of elastin overall. Although it was not 

significant, it can also be seen that healthy and pathologie tricuspid tissue exhibit regional 

variation, unlike pathologie bicuspid tissue. The medial quadrant in both healthy and 

pathologie tricuspid tissue appears to have a higher percentage in elastin content. 
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Figure 5.6: Radial and circumferential elastin distribution for all tissue types. A 

significant difference was detected in the comparison of tissue types. 

Significant differences were also detected for the tissue content of the other 

components (Figure 5.7). In the radial analysis, the differences were found for both the 

tissue type and medial position (P<O.OOI both cases, two way ANOVA). In the 

circumferential analysis, differences were found between the tissue types only 

(P=O.0043 , two way ANOV A). Overall, healthy tissue contains more of the other 

components than the pathologie tissue. The post tests identified that all of the tissue 

exhibited radial differences between the middle and near adventitial regions; the healthy 

tissue demonstrates an opposite variation than that of the pathologie tissue. 

Radiai Other Components Dlstrlbullon 

o 
Hulthy Path Tri Path BI 

Tlaue Type 

_Intimai 
IZ!iIMi<ille 
elAd.<entitial 

Circumferential Other Components Distribullon 

1: o .. 
iii 
o 
Cl. 
E o 
() 

~ o 

BI 

lInue Type 

",MED 
IIIIIIIANT 
e;;:JLAT 
IIJlIIIIPOST 

Figure 5.7: Radial and circumferential distribution of other components for the tissue 

types. Healthy tissue contains more of the other components than healthy tissue. 

Pathologie bicuspid and tricuspid radial tissue distributions are similar. 
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5.1.4. Healthy and Dilated Tissue Comparisons 

Statistical analyses were also conducted to detect differences in tissue 

composition between healthy and dilated tissue. The groups were compared using a two 

way ANOV A test to investigate differences in the response due to location and tissue 

type. Whenever a statistical difference was found between the groups, Bonferroni' s 

multiple comparisons post tests were used to identify where this difference occurred. 

There were no significant differences detected between the quadrants. However, 

radial differences were significant; the results are summarized in Figure 5.8. As in the 

preceding analyses, a radial difference with more SMCs present in the region closest to 

the adventitia was noted (P=O.Ol16, two way ANOVA). Healthy tissue contained 

significantly more of the other component content than dilated (P=O.0184, two way 

ANOV A). Although not significant, it appears that both types of tissue demonstrate 

radial variation (opposite) in other component content. 
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Figure 5.8: Comparisons of components between healthy and dilated tissue. No 

significant differences were detected. 
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5.2. GENERAL TRENDS (aIl tissue) 

The occurrence of significant differences in tissue content between the quadrants 

and throughout the media was also noted for each case. A summary of the results are 

given for both the radial and circumferential direction (Table 5.4 and Table 5.5) 

respectively. It was observed that for local variation in the radial direction, the SMCs 

content was most often significantly different between the regions closest to the intima 

and the adventitia. In fact, it appears that the region with the highest SMCs content is 

that closest to the adventitia. For all components, it was found that for almost every case 

(29 out of 31), the near adventitial region was different. The most significant local 

variation in components in the circumferential direction was noted most frequently for 

elastin in the anterior quadrant. 

Table 5.4: Local significance in the differences between components in the radial 

direction. For the components, E: elastin, C: collagen and SMCs: smooth muscle cells. 

For the regions, Int: intimaI, Mid: middle, Adv: adventitial. Most of the significance was 

detected for SMCs between the region closest to the intima and that closest to the 

adventitia. 

Region 

Component Significant Cases Int-Mid Int-Adv Mid-Adv 

E 9 1 2 6 

C 8 2 3 3 

SMCs 7 
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Table 5.5: Local differences between component composition in the cÎrcumferential 

direction. For the components, E: elastin, C: collagen and SMCs: smooth muscle cells. 

For the quadrants, Med: medial, Ant: anterior, Lat: lateral and Post: posterior. Most of 

the significance was found for elastin in the anterior quadrant. 

Component 

E 

C 

SMCs 

12 6 

13 6 

Quadrant 

Lat Post 

14 15 

9 5 10 

10 6 4 
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6. DISCUSSION 

The key finding in this study was that regional differences do exist in human AA 

tissue, supporting the hypothesis of this study. In tissue thickness comparisons, it was 

seen that the medial quadrant was the thickest. MechanicaIly, the medial quadrant was 

generally the least stiff circumferentially and the most likely to fail. Although 

histologically, differences in tissue content between the quadrants were not detected, 

local variation throughout the media was seen. Interestingly, local differences occurred 

in both healthy and pathologic AA tissue, with the quadrant variation least evident in 

pathologic bieuspid tissue. This finding suggests that circumferential variation in tissue 

properties are aortic valve dependent, that tissue remodeling is related to the 

hemodynamies in the AA. Since BA Vs can have any leaflet orientation; it seems likely 

that classifying all pathologie bicuspid tissue together would not demonstrate significant 

local variation in tissue properties. 

This thesis investigated the retrospective tissue histology and in vitro passive 

tissue mechanics. The histological analysis was semi-quantitative and only accounted for 

the three major structural components. A consistent protocol was used for aIl 

biomechanical testing. However due to the viscoelastic nature of vascular tissue, it was 

difficult to relate our findings to other studies; the results are dependent on the 

preconditioning protocols and strain rates used. 

Past studies have linked the biomechanical response of vascular tissue to its 

structural components. The low stress response of the tissue is related to the stretching of 

elastic fibres within the tissue and is thus related to the elastin content. At high stresses 

exceeding the physiological range, the response of the tissue is attributed to collagen 

fibres uncoiling. The SMCs contribute to the active response of the tissue; however, it 

has been observed that they do not contribute significantly to the passive mechanical 

response of large blood vessels such as the aorta 13. 
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Many risk factors are likely to increase the prevalence of vascular diseases, such 

as family history, hypertension, obesity, smoking and dietary fat content. However, none 

of these factors account for the focal nature of the diseases. It is widely accepted that 

hemodynamic forces cause local tissue remodeling leading to focal disease formation. 

No study to date has evaluated the focal nature of human AA tissue remodeling. This 

phenomenon has been investigated in this work. The results from this study have been 

divided into two categories: 1) healthy vs. pathologic tissue based on aortic valve type 

and 2) healthy vs. dilated tissue. 

The first analysis was conducted to investigate whether local tissue variations 

occur. If hemodynamics are involved in the development and progression of disease, 

local tissue remodeling should be evident. The flow in the AA is highly dependent on the 

aortic valve leaflets and thus the presence of a BA V would result in altered blood flow 

patterns in the aorta than that with an aorta with a TA V. 

The second analysis stems from the fact that all pathologies lead to weakening of 

the media that eventually results in dilatation of the blood vessel. It has been shown that 

an increase in lumen diameter of a blood vessel increases the stresses it incurs. As a 

result, the higher circumferential stresses associated with dilatation may be a significant 

factor in the development of pathologies. 

6.1. MAJOR FINDINGS IN STUDIES OF ALL TISSUE 

The results from the measurements of tissue thickness amongst the quadrants 

revealed that tissue from the medial quadrant was significantly thicker (Figure 4.1). In 

the mechanical tests, it was the medial quadrant that was most likely to fail and also the 

least likely to be the stiffest (Tables 4.5 and 4.6). Also, a discrepancy between the local 

moduli obtained from engineering and Cauchy stress-Green's strain stress-strain curves 

was observed. The engineering curves indicated that the axial direction was stiffer than 

the circumferential, whereas in the Cauchy stress-Green's strain curves, the opposite was 
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true. This discrepancy may be attributed to the fact that in the latter case, the dynamic 

cross-sectional area was taken into account. 

The histological analysis had identified that in aIl tissue, regardless of whether it 

is healthy or diseased, regional variation in tissue content within the media exists (Figure 

5.2). SMCs had a significantly higher percent composition in the region closest to the 

adventitia. Local variations were observed between the quadrants only when the analyses 

were patient specific (no lumping of tissue samples). This suggests a large variation in 

tissue content between different samples. In the histological analysis of individual tissue 

samples, it was observed that the anterior quadrant tends to be significantly different in 

its elastin content (Table 5.5). 

Interestingly, the overall trends from the analyses have indicated that although the 

medial quadrant was less stiff and thicker, this tissue was also most likely to fail (Table 

4.14). This finding suggests that the medial quadrant has a tissue composition that leads 

to it being a weaker material than that of the other quadrants. Although not significant, in 

healthy and pathologic tricuspid tissue, the medial quadrant appeared to have a higher 

percentage of elastin content than the others. The structure and organization of the 

components in the medial quadrant may also be attributed to this finding. During the 

histological analysis, focal alterations were noted in the elastic plates, such as the 

breaking of the elastic lameIlae. In sorne instances, the plates appeared to be thicker, 

most likely due to the fusion of adjacent plates occurring with the loss of SMCs. 

The average composition of tissue was compared for the different tissue types: 

healthy, pathologic tricuspid, pathologic bicuspid and dilated. Although no significant 

differences were found, it appeared that healthy tissue contained significantly smaller 

percent composition of elastin, collagen and SMCs than pathologie tissue (Table 5.3). 

This contradicts past work that has cited that the pathologic media contains less of these 

components. This finding suggests the compaction of the medial layer (involved with 

medial degeneration) in pathologic tissue. 
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6.2. MAJOR FINDINGS IN STUDIES BASED ON VALVE TYPE 

The findings from the biomeehanieal and histologieal analyses for eomparisons of 

samples with pathologieal tissue c1assified aeeording to aortie valve type were 

summarized. The findings were further diseussed to identify any associations present 

between the meehanieal response and composition of the tissue. 

6.2.1. Tissue Type Variation 

The results from the biomeehanieal analyses in the present study have found that 

AA tissue from BA V patients is signifieantly stiffer than tissue from TA V patients in the 

low stress region (Figure 4.6). This trend ean be attributed to the faet that the average 

wall thiekness of pathologie bieuspid tissue was thinner than the other types of tissue 

(Figure 4.2). Comparlsons between the groups of tissue in the high stress moduli 

(associated with eollagen content) in both directions revealed that the slopes were 

generally comparable as no signifieant differenees were deteeted. 

The histology results from eomparisons of healthy and pathologie tissue based on 

valve type deteeted a signifieant differenee in the elastin content. Although the post tests 

did not identify where the differenee oeeurred; it was noted that pathologie bieuspid 

tissue eontained less elastin than pathologie trieuspid tissue (Figure 5.6). AIso, the 

pathologie bieuspid tissue had a higher pereentage of eollagen content than pathologie 

trieuspid tissue (Figure 5.5). This finding suggests that different forms of medial 

degeneration between pathologie trieuspid and pathologie bieuspid tissue may be present. 

Work done by Beehtel et al. has indieated that pathologie AAs with a BA V have 

less severe aortie wall abnormalities than those with TA V despite a similar degree of 

aortie dilatation Il. This inc1udes less elastie plate fragmentation, medial neerosis, 

atherosc1erosis and fibrosis (grading aeeording to histologieal standard criteria 66). Their 

results suggest that the pathology assoeiated with BA V thus eannot be deteeted by light 
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mieroseopy criteria and that there may be different meehanisms involved in AA dilatation 

with BAV. Their work, however, was qualitative; they did not quantify the amount of 

structural eomponents present. In this study, however, a semi-quantitative approaeh was 

used and has been sueeessful in identifying the differenees between the types of tissue. 

Parai et al. have found signifieant differenees in elastin content between AAs in 

patients with BA V and TA V using morphometry 67. They have eoncluded that 

pathologie bieuspid tissue eontains less elastin than pathologie trieuspid tissue, consistent 

with the results from this work. Past work by Nistri et al. had found that the aorta in 

BA V patients is stiffer and less distensible in the high stress region than in TA V patients, 

whieh agrees with the results that pathologie bieuspid tissue eontains more eollagen 68. 

Interestingly, in our study, pathologie bieuspid tissue stiffness did not differ signifieantly 

from pathologie trieuspid tissue in the axial direction. 

6.2.2. Regional Variation 

The analyses have also identified signifieant regional variation. The results from 

this study have shown that the medial and anterior quadrants are thieker than the lateral 

and posterior quadrants (Figure 4.2). Signifieant differenees between the thieknesses of 

the quadrants were deteeted for healthy tissue between the medial and lateral quadrants 

and for pathologie trieuspid tissue between the medial and posterior quadrants. No 

signifieant variation was found for the pathologie bieuspid tissue. Meehanieally, the 

medial quadrant is generally less stiff eireumferentially regardless of the tissue type in 

both the low and high stress regions (Figures 4.6 and 4.7). Overall, the meehanieal 

variation between quadrants was most apparent in healthy tissue and least obvious in 

pathologie bieuspid tissue. This cireumferential variation refleets the eireumferential 

thiekness variation in the tissue as thiekness inversely dietates the amount of stress a 

material experienees. Nieosia et al. eompared tissue from the anterior and posterior 

quadrants of porcine aortie root tissue using biaxial tensile tests 69. Overall, they found 

tissue from the anterior region to be biaxially more extensible than that from the posterior 
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reglOn. However, it is important to note that the porcine aortic valve morphology is 

different from human, with the valve consisting of two large cusps and one small cusp. 

This difference would most likely contribute to a different hemodynamic profile than that 

inhumans. 

Histologically, there were no differences in tissue content detected between 

quadrants. However radially, there were was a higher percentage of SMCs content in the 

medial region closest to the adventitia for all types oftissue (Figure 5.5). 

6.3. MAJOR FINDINGS IN STUDIES BASED ON AA DILATATION 

The findings from the histological and biomechanical analyses for comparisons of 

samples with pathological tissue classified according to aortic diameter (0 < 50 mm for 

dilated tissue). The findings were further discussed to identify any associations present 

between the composition and mechanical response of the tissue. 

6.3.1. Tissue Type Variation 

There were less significant differences found in this analysis than in the preceding 

section, most likely due to lumping samples from different aortic valve types together. 

The analyses from the mechanics identified that the circumferential low stress moduli 

were significantly lower in dilated tissue than in healthy (Figure 4.2). Okamoto et al. 70 

have also found similar results; when they compared their data on the ultimate strength of 

dilated tissue to that of normal tissue by Mohan and Melvin, the strength of dilated tissue 

was lower 71. Similarly, Vorp et al. have found that aneurysmal AAs have lower local 

slope values (similar to the ones used in this study) than healthy tissue, although they did 

not detect any significant differences 65. Their values are in the same order of magnitude 

as those obtained in this study (Table 6.1). The difference in the values is most likely due 

to the different preconditioning protocols and strain rates used. 
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Table 6.1: Comparison of low stress moduli of healthy and dilated tissue compared to 

values found in literature 65. 

Healthy Dilated 

Axial Ee(MPa) 0.12 ± 0.07 0.09 ± 0.05 

Vorp: Ee (MPa) 0.45 ± 0.16 0.42 ± 0.05 

6.3.2. Regional Variation 

In the thickness analyses, the medial quadrant was found to be significantly 

thicker than the lateral quadrant in healthy tissue and thicker than the posterior quadrant 

in dilated tissue (Figure 4.2). Furthermore, circumferential variation was also detected 

from the mechanics, the medial and anterior quadrants were less stiff than the lateral and 

posterior quadrants for both types of tissue (Figures 4.9 and 4.10). 

The histological analysis did not detect any significant differences in tissue 

content between the quadrants. However, once again a local variation in the radial 

direction was identified; there were more SMCs in the region of the media closest to the 

adventitia. No other significant trend was detected in the regional composition of the 

major structural components. 

6.4. MAJOR FINDINGS IN STUDIES IN AA BIAXIAL RESPONSE 

Cauchy stress was plotted against Green' s strain for the investigation of the 

biaxial tissue response. These stresses and strains were used because they incorporate the 

inhomogeneous, real time deformation of the tissue during the tensile test. Many 

difficulties were experienced in using the optical strain extensometer and as a result, 

sorne of the data was lost or excluded from the analysis. Due to the limited data, only the 

low stress moduli were compared and all of the pathological specimens were grouped 

together. 
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As was previously described, the data obtained usmg the optical strain 

extensometer and that from the load cells and displacement transducers (used in the 

formulation of the engineering stress-strain curves) yielded different results. In the 

engineering stress-strain curves, the axial low stress moduli were found to be higher than 

the circumferential, whereas in the Cauchy stress vs. Green's strain moduli, the opposite 

was true. This finding suggests that care must be taken in the interpretation of 

engineering stress-strain curves. They may not reflect the true mechanical properties of 

an anisotropic material. This was not a problem in this study; the data from the 

engineering stress-strain curves was used comparatively. 

Sorne studies have investigated the equi-biaxial response of human aortic tissue 

using real time measurements of tissue deformation. Vande Geest et al. studied the 

biomechanical behaviour of human infrarenal aortic tissue under equi-biaxial tension 

control 72. They noted that the peak stretch was not significantly different when the axial 

and circumferential directions were compared. Mohan and Melvin also did not find any 

significant differences in the ultimate stress values between the two directions in 

descending mid-thoracic human aorta 57. They did, however, note that in equi-biaxial 

stretch tests, the tissue always failed due to stretching in the axial direction, a 

phenomenon that has also been noted in this study. Okamoto et al. have found that in 

dilated human AA tissue, the equi-biaxial stress-stretch results indicated that the tissue 

was somewhat anisotropic, but did not find a consistent direction of anisotropy 70. In the 

present study, comparison of the mean moduli values for all tissue demonstrated that the 

circumferential direction was stiffer than the axial overall. However, the results from the 

individual cases also did not find a consistent direction of anisotropy. 

6.5. LIMITATIONS 

The limitations of this study require sorne attention as there are many difficulties 

that arise with the testing of biological materials. The aorta is a viscoelastic, anisotropie 
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and heterogeneous material. These properties had to be accounted for during testing and 

in the analysis ofthis study. 

The foremost limitation was the specimen size. Healthy AA has a diameter of 

approximately 2-3 cm. This study required tissue from each quadrant of an aortic ring 

and as such, the maximum specimen size that could be used was 1.5 x 1.5 cm. Larger 

specimen sizes would have been preferable so that the effect of the sutures on the central 

region (monitored by the optical strain extensometer) could be kept to a minimum. 

As described previously, a viscoelastic material demonstrates hysteresis, creep 

and stress relaxation. To account for these properties, the AA tissue was preconditioned 

until the hysteresis loop stabilized (to account for relaxation and creep) and was 

significantly smaller than at the start. However, the loading and unloading curves still 

were not coincident and thus only the loading curve was used in the study and the 

unloading curve ignored. Viscoelastic materials also exhibit a strain history dependence 

and therefore, a given tissue sample could not be tested more than once. 

The anisotropic mechanical properties of the tissue resulted in inhomogeneous 

deformation and distortion at the suture points. The deformation was monitored optically 

to counter this. However, the use of the optical strain extensometer resulted in further 

difficulties. Often the ink used as markers would bleed and result in the loss of data. 

Furthermore, the method was extremely sensitive to light. The intimal surface of the 

tissue was shiny and therefore the presence of light would make it difficult for the optical 

extensometer to track the markers with high resolution. 

The heterogeneous nature of the tissue caused for difficulty in identifying the 

material axes. Furthermore, in the mechanical analysis, it was assumed that the tissue 

was radially homogeneous. As such, the contribution of the adventitial layer was 

ignored. Also there was large specimen to specimen variability both within a clinical 

sample and between different samples. This was most evident in the histological 

analysis. Although many replicates were taken for a given microscope slide, there was 
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still a high standard deviation in the results. If a larger number of clinical samples were 

used, more significant differences in the analyses would likely have been detected. 

Furthermore, the staining of the slides wasnot consistent; the images had varying colour 

intensities. Although, the MA TLAB pro gram could compensate for the variance; it was 

often difficult to quantify the colIagen pixels (which varied from light yelIow to dark 

orange in colour). 

Finally, the tensile tests were carried out in vitro. Care was taken to reproduce 

physiological conditions, such as the use of biaxial tests and floating the tissue in 

physiological saline to prevent it from drying out. However, the tests were carried out at 

room temperature. At room temperature, the SMCs contribution to the biomechanical 

response is diminished. Aiso the reference state used was one of zero load and zero 

strain. Physiologically, arterial tissue is in a loaded state due to blood pressure and once 

they are removed from the body, the tissue retracts axially. Furthermore, once the tissue 

is excised from the body, it starts to degrade; limiting the testing time available. AlI 

tissue was stored in saline solution at 4 oC and tested within 48 hours; however although 

not significant, sorne biological degradation would have taken place. 
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7. CONCLUSIONS 

In summary, this work has reported the mechanical and structural properties of 

human AA tissue obtained from autopsy and excised surgical tissue. This is the first 

study to show that local differences in tissue properties exist in both healthy and 

pathologic human AA. 

Circumferential variability was observed in the tissue mechanics. Overall, the 

medial quadrant was the thickest, least stiff and most likely to fail. Histologically it was 

observed that this quadrant appeared to contain more elastin. Statistical differences were 

most evident when the pathological tissue samples were c1assified according to the aortic 

valve type (BA V/TA V). Comparisons between the patient groups revealed that healthy 

and pathologic tricuspid tissue exhibit similar variations in tissue content, thickness and 

mechanical response between the quadrants, whereas in pathologic bicuspid tissue, the 

differences were less pronounced or non existent. This suggests that the valve type 

influences the tissue remodeling in the AA, most likely due to hemodynamic differences. 

Although variations in tissue content were not evident in the four quadrants, 

significant radial variations were detected in the histological analysis. It was seen that all 

tissue types contained a higher percentage of SMCs in the region of the media c10sest to 

the adventitia. It was also noted that all tissue demonstrated regional variability in the 

mucopolysacharrides, interstitial fluid and fat category. Healthy tissue had a higher 

SMCs content in the region closest to the adventitia; a trend opposite to that in pathologic 

tissue. This finding suggests that that the medial compaction associated with disease 

occurs locally in the region closest to the intima. 

The results from this study indicate that regional differences are present in both 

healthy and diseased human AA tissue, indicating that the assumption of homogeneity in 

tissue properties may not be a valid one. Furthermore, it appears that biomechanical 

properties vary in accordance with the structural components in the media; predominantly 

with elastin and mucopolysaccharides. The information obtained is invaluable for 
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computational modeling of the left ventric1e outflow tract to predict wall stresses in the 

AA, the design of prosthetic devices and provides fundamental insights to the 

pathobiology of aortic diseases. 
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8. RECOMMENDATIONS 

Sorne recommendations are provided for those wishing to pursue future studies on 

the mechanical and structural properties of the AA. The foremost subject is that this 

study investigated in vitro passive tissue mechanics. Although the tissue was tested 

within 48 hours of excision from the body or harvesting from autopsy, sorne degradation 

is likely to have occurred. To better simulate the physiological response of the tissue, 

active tests that chemically stimulate SMCs conducted at body temperature (37 OC) with 

sinusoidal loading (similar to systolic and diastolic pressure involved with the heart 

beating) is recommended. Furthermore, the histological analysis was semi-quantitative. 

A biochemical quantization of the structural components may prove to have less variation 

and be able to detect more significant local variations in tissue content. Such a method 

was developed in this study using high pressure liquid chromatography (HPLC) to 

quantify the amount of hydroxyproline (a secondary amino acid common to both elastin 

and collagen) present in the tissue. Finally, more AA samples should be tested to 

overcome the large biological variability that is present between tissues from different 

patients. 
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semi-quantitative de la dégénérescence médiale. 

Jean-Claude Tardif, MD, FRCPC, FACC 
Président 
Comité scientifique de la recherche 
JCT:gb 

Adressez vos réponses au Comité interne de la recherche, Secrétariat du Comité d'éthique. 
'Le projet sera acheminé au Comité d'éthique pour évaluation de la déontologie. 

c.e.: Mme Lise Courchesne 

5000. rue Belanger, Montréal (Québec) HlT ICS • Tél. : (514) 376·3330 
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