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Abstract 

The diagnosis of an Abdominal Aortic Aneurysm (AAA) is currently made based on maximum 

diameter, which fails to accurately predict risks of rupture.  The purpose of this study was to 

advance our understanding of AAA evolution using a rabbit model. AAAs were developed in 

rabbits using a periaortic incubation of CaCl2 and elastase. Rabbits were imaged using 3D 

angiography at 0 (healthy), 2, 4, and 6 weeks. Material properties and histological analyses were 

obtained for each stage. Results showed an increase in maximum diameter and wall thickness 

with aneurysmal tissue. The healthy aorta was stronger than all aneurysmal tissue. Tissue at 6 

weeks had the stiffest and strongest properties compared to aneurysmal tissue. Elastin 

degradation and separation between wall layers was observed in all aneurysmal tissue with the 

highest collagen remodeling at 6 weeks.  Because human aneurysms are diagnosed at an 

unknown time after initial formation, control animal experiments are necessary to understand the 

evolution of the mechanical and histological properties of the aortic tissue.   
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CHAPTER 1 BACKGROUND 

 

In this chapter we will discuss the cardiovascular system specifically aortic anatomy, physiology, 

and histology. Also, we will introduce abdominal aortic aneurysms, a disease that alters the 

physiology and histology of the aorta, and poses serious health risks for the patient. We will 

provide current medical practices to minimize the risk of aortic aneurysm rupture and explain the 

limitation of these practices.  

 

Cardiovascular System  

The cardiovascular system consists of heart, vessels and approximately five liters of blood. 

Blood transports oxygen, hormones, nutrients, and cellular waste throughout the body. The organ 

that powers the cardiovascular system is the heart, a hollow muscular organ that pumps blood 

throughout the vascular system. The human heart has four chambers: two receiving chambers 

(atria) and two discharging chambers (ventricles). The cardiac cycle refers to a complete 

heartbeat and is composed of systolic and diastolic phases, which allow the contraction and 

relaxation of the heart and its pumping function. The contraction of the heart forces blood into 

the ventricles (atrial systole) and then out of the heart (ventricular systole) through the aorta and 

pulmonary artery. During diastole (both atrial and ventricular) the heart is relaxed and the blood 

can fill the chambers. The cycle of average human heart occurs (beats) at 70 / 75 beats per 

minute (Boron and Boulpaep, 2016, Iaizzo, 2009).  

 

In the cardiovascular system there are two main circulatory loops: the pulmonary circulation 

loop and the systemic circulation loop. The right side of the heart supports the pulmonary 
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circulation that transports deoxygenated blood to the lungs, where the blood picks up oxygen and 

returns it to the left side of the heart. From the left side of the heart starts the systemic circulation 

that carries highly oxygenated blood to all of the organs and tissues of the body (except for the 

lungs and the heart), removes the cells’ waste and returns deoxygenated blood to the right side of 

the heart completing the loop (Boron and Boulpaep, 2016, Iaizzo, 2009). 

 

The blood vessels are the part of the system that transports blood throughout the body. There are 

three types of vessels: the arteries, which carry the high pressured blood away from the heart, the 

capillaries, which allow exchange of substances between blood and tissues, and finally the veins, 

which carry the blood from the capillaries back to the heart (Boron and Boulpaep, 2016). 

 

The Aorta  

The aorta is the largest artery in the human body (figure 1). Originating from the left ventricle of 

the heart and extending down to the abdomen, the aorta allows the distribution of the oxygenated 

blood to all the organs of the body through the systemic circulation.  The aortic valve lets the 

one-way flow of blood from the heart into the systemic circulation at each beat. The aorta is 

commonly divided into four sections: the ascending thoracic aorta, the aortic arch, the 

descending thoracic aorta and the abdominal aorta. The aorta sections are generally similar but 

vary in function and histology (Boron and Boulpaep, 2016, Iaizzo, 2009).  

 

The ascending aorta starts at the upper base of the left ventricle and is about 5 cm in length and 3 

cm in diameter; the coronary arteries branch off the ascending aorta to supply the heart with 

blood. The aortic arch is the part of the aorta that curves over the heart giving rise to branches 
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that carry blood to the head, neck and arms: the common carotid artery, the innominate artery 

and the left subclavian artery. The upper curvature presents a region of higher pressure that 

forces the blood to the upper regions of the body. The aortic arch contains baroreceptors and 

chemoreceptors that relay information concerning blood pressure, blood pH and carbon dioxide 

levels. The descending aorta is the part of the aorta starting from the end of the aortic arch to the 

diaphragm. The thoracic aorta travels down through the chest and presents a smaller diameter 

(1.5 - 2 cm) and several branches that supply blood to the chest organs and structures; in 

descending order: bronchial arteries, mediastinal arteries, esophageal arteries, pericardial 

arteries, superior phrenic artery. Most of the major organs of the body receive blood from the last 

part of the aorta, the abdominal aorta that begins from the diaphragm and presents branches, 

including: celiac artery, superior and inferior mesenteric arteries, renal artery and common iliac 

arteries (Boron and Boulpaep, 2016, Iaizzo, 2009). 
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Figure 1: Aorta wall anatomy and histology (Northwell, 2016). The three main sections of 

the aorta are explained on left side (Ascending, arch, descending, and abdominal). On the 

right side, we demonstrate the three layers of aortic wall (intima, media, and adventitia).  

 

Connective tissue has two main components: extracellular matrix and cells. The main cells seen 

in connective tissue are: fibroblast, mesenchymal cells, adipocytes, mast cells, macrophages, and 

white blood cells (neutrophils, eosinophils) (figure 2). The most common type of cell found in 

the connective tissue is the fibroblast. Fibroblasts produce the two major classes of extracellular 

material found in connective tissue: fibers and ground substance. Ground substance is a complex 

viscous material that makes up the matrix in which the fibers and cells are embedded. Fibers are 
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long bundles of proteinaceous macromolecules that make connective tissues strong, resilient, and 

elastic. The main types of fibers in the connective tissue are collagen fibers and elastic fibers. 

Elastic fibers are made of elastin proteinaceous and confer high distensibility to the tissue and 

elastic properties (the ability to resume its normal shape after deformation). Collagen fibers are 

the strongest component and limit excessive deformation of the vessel by being very stiff at high 

deformations. The aorta is one example of connective tissue and its properties; it must stretch at 

each cardiac beat to withstand large hydrostatic forces and then instantly recover its original 

shape when those forces are removed (Barbara Young, 2000). 

 

Mesenchymal cells are embryonic cells capable of developing into any type of connective tissue 

cell required. They can differentiate into fibroblasts, cartilage cells, bone cells, and, on occasion, 

smooth muscle cells. In addition to mesenchymal cells, adipocytes (fat cells) are responsible for 

the storage and metabolism of fat. Also, macrophages, mast cells, and white blood cells are 

widely distributed throughout connective tissue. Macrophages are large cells filled with enzyme-

packed lysosomes that can digest unwanted foreign particles and cellular debris. On the other 

hand, mast cells are filled with large granules containing heparin and histamine. Mast cells can 

slow blood clotting, and increase capillary permeability in response to injury. Mast cells 

participate in the inflammatory response by promoting blood flow out of the bloodstream and 

into tissue spaces where white blood cells and antibodies can fight infection (Barbara Young, 

2000).  
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Figure 2: Schematic representation of connective tissue (Collin, 2016). This schematic 

shows different parts of connective tissue including fibers and cells. 

 

The structure of arteries and veins consists of three main layers, tunica intima, tunica media and 

tunica adventitia (figure 1). These layers have unique roles in the mechanical response of the 

vessels. The tunica intima is the most internal layer. It consists mainly of a layer of endothelial 

cells that forms an interface between the blood in the lumen and the rest of the vessel wall. The 

tunica intima is supported by the internal elastic lamina, which is composed by a regular layer of 

elastin protein (figure 3) (Barbara Young, 2000). 
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Figure 3: Aorta wall layers showing both internal and external elastic lamina (Hill, 2016). 

 

The tunica media, which is the middle layer, is made of circumferentially arranged elastic fibers 

and smooth muscle that control the vasodilatation or vasoconstriction of the vessel. The external 

elastic lamina separates the tunica media from the last layer. The tunica adventitia is the 

outermost layer and consists of connective tissue containing fibroblasts and elastic/collagen 

fibers. It also contains nerves and capillaries (vasa vasorum) in the larger vessels (Barbara 

Young, 2000, Boron and Boulpaep, 2016).  
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The aorta's ability to handle large volume of blood at each systolic pulse resides in the great 

strength and resilience of its tunica media. The strength of the tunica media comes from large 

sheets of elastic fibers that appear black wavy lines when viewed in cross section using a 

Verhoeff–Van Gieson stain (VVG), under a microscope (figure 4) (Barbara Young, 2000). Any 

change or loss of these fibers alters the function of the aorta and has catastrophic consequences.  

 

 

Figure 4: Elastin fibers in the aortic wall looking wavy black lines at 400X magnification 

(VVG stain) (John Varellas, 2016). 
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Abdominal Aortic Aneurysm 

The abdominal aortic aneurysm (AAA) is a local dilation in the aorta of at least 50% of its 

original diameter size (figure 5).  The normal size of the abdominal aorta can range from 1 cm to 

2.4 cm depending on sex, age, and health conditions (Smolock and Lyden, 2014).  

 

 

Figure 5: Abdominal aortic aneurysm specifically in infrarenal location  (Medlineplus, 

2016).  

 

The aneurysmal aorta expands and eventually ruptures with a mortality rate of 75-90% (LeFevre, 

2014). AAA rupture is the 13th leading cause of death in United States (Smolock and Lyden, 

2014). Many risk factors contribute to the development of AAA such as ageing, male gender, 

smoking, family history, associated atherosclerotic disease, and genetic disease, like Marfan’s 

syndrome. AAA is usually asymptomatic and consequently its detection prior to rupture is very 
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challenging. In general, AAA is diagnosed accidentally when a patient is scanned for a different 

purpose (Smolock and Lyden, 2014, Shimazaki and Ueda, 2014). When detected, the clinical 

approach to avoid AAA rupture is endovascular or open surgery repair (Shimazaki and Ueda, 

2014). The cost of AAA treatment is a great burden to the healthcare system with an 

approximate cost of USD 37,000 and USD 42,000 for endovascular and open repair respectively 

(Epstein et al., 2014).  The clinical decision to recommend surgery is based on assessing the risk 

of rupture of the aneurysm versus the risks introduced by the surgery itself. It is important to 

mention that due to health conditions not all patients are suitable candidate for surgery (Epstein 

et al., 2014). Specific conditions of the aorta, in particular the absence of a long enough “neck” 

above the aneurysm itself, poses limitations regarding the use of endovascular approaches. Due 

to the high risks of the pathology and of the associated surgical repairs, it is important to 

understand which patients are truly at risk for aortic rupture so that risks can be weighed against 

benefits. Further research is essential to better understand AAA and reduce its mortality rate and 

health cost. 

 

AAA is more common in the male population with an overall incidence of 498/100,000 

(Jahangir et al., 2015, Choke et al., 2005, Norman and Powell, 2007).  The reason behind it is 

still not understood but estrogen appears to protect against cardiovascular disease in 

premenopausal women (Norman and Powell, 2007, Jahangir et al., 2015).  Therefore, estrogens 

could be playing a role in reducing or delaying the prevalence of AAA in women even after 

menopausal. In an animal model of AAA, the incidence of AAA was 100% in male but only 

29% in female mice (Lysgaard Poulsen et al., 2016).  Estrogens have been shown to lower the 

aortic collagen elastin ratio, whereas testosterone increases the proportion of collagen (Norman 
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and Powell, 2007).  No research has been conducted in humans to understand the effect of 

gender, and all available data are based on animal models.  Smoking is the most important 

modifiable risk factor for AAA, both the duration of smoking and daily cigarette number 

(Norman and Powell, 2007, Jahangir et al., 2015, LeFevre and on behalf of the, 2014).  Studies 

evaluating smoking and aortic aneurysm demonstrated a significant prevalence of 75% of 4 cm 

AAA dilatations  (Jahangir et al., 2015).  Jahangir et al, (Jahangir et al., 2015) showed that 

former smokers have a lower risk of AAA compared to current smokers but that the risk is 

higher than in people who never smoked.  

 

Abdominal Aortic Aneurysm Pathology 

Aneurysmal disease is a focal lesion in the vessel wall that typically affects the tunica media and 

the adventitia layer of the aortic wall. The development of an aneurysm has not been completely 

understood but researchers have evaluated the onset and progression of an AAA and divided it 

into two related processes: extracellular matrix (EM) degeneration and inflammation (figure 6). 

The extracellular degradation can be due to genetic factors such as Marfan syndrome (Choke et 

al., 2005). Marfan syndrome is a disorder of the connective tissue that could lead to aortic 

dilatation and dissection due to different genetic mutations, specifically fibrillin-1 (Robinson and 

Booms, 2001). Lindeman et al,  (Lindeman et al., 2010) suggested that aneurysms associated 

with Marfan syndrome are associated more with distinct defects in the collagen orientation than 

with a collagen defect at the biochemical level. They demonstrated that the collagen structures in 

the adventitia of a healthy abdominal aorta are a loosely knitted network of interwoven collagen 

ribbons encasing the medial layer. Conversely, in aneurysms associated with Marfan syndrome 
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the collagen fibrils are almost parallel, thereby limiting their ability to stretch which can 

contribute to failure of the aortic wall (Lindeman et al., 2010). 
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Figure 6: Chain of biological events that lead to abdominal aortic aneurysm rupture. 
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The degradation of extracellular matrix is often accompanied by apoptosis of vascular smooth 

muscle cells (VSMCs) (Choke et al., 2005). VSMCs are essential for maintaining blood pressure 

through contraction and relaxation, which alter the luminal diameter. However, they also 

perform a repair-remodeling function by synthesizing extracellular matrix components and 

increase proliferation and migration (Thompson et al., 1997, Rensen et al., 2007, Lopez-

Candales et al., 1997, Henderson et al., 1999, Rowe et al., 2000). This function is very important 

during vessel remodeling in physiological or injury conditions (Rensen et al., 2007).  Apoptosis 

is a naturally occurring mechanism of cell death in the healthy wall vessel but alteration in this 

mechanism could lead to excessive cell death. VSMCs death is associated with biochemical, 

morphological, and molecular changes (Thompson et al., 1997).  Thompson et al, (Thompson et 

al., 1997) suggested that elevated cellular production of p53, which is an apoptosis initiator in 

cancer cells, and p21 could participate in VSMCs death (Rowe et al., 2000).  Lopez-Candales et 

al, (Lopez-Candales et al., 1997) found higher levels of p53 protein within aneurysmal aortic 

tissue when compared with normal human aortas.  Fukui et al, (Fukui et al., 2003) suggested that 

over expression of transforming growth factor β1 is associated with VSMCs apoptosis and 

reduction in proliferation. Contrary to the generally held opinion that apoptosis is non-

inflammatory, Henderson et al,  (Henderson et al., 1999) suggested that cytokines, perforin, and 

Fas/FasL protein produced by macrophages and T lymphocytes infiltration promote VSMCs 

death. The apoptosis of VSMCs is still unclear due to the lack of human AAA specimens 

collected at initial stages. However, there is clear correlation between VSMCs death and elastin 

degradation that lead to AAA formation.  
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Numerous extracellular proteinases contribute to the degeneration process which leads to AAA 

formation. The protease enzymes, mostly represented by matrix metalloproteinases (MMPs), are 

secreted by inflammatory cells including macrophages, neutrophils, lymphocytes, mast cells, and 

resident VSMCs (Di Martino et al., 1998, Choke et al., 2005).  MMPs are a family of 

endopeptidases with proteolytic activity that affect elastin-collagen contents in the aortic wall.  

There are two main types of MMPs: elastase based, namely MMP-2, MMP-9, MMP-7, and 

MMP-12, and collagenase based, namely MMP-1, MMP-8 and -MMP13 (Choke et al., 2005).  

The MMPs are locally activated either by other MMPs, mast cell-derived chymase, or plasmin 

generated by plasminogen activators (Di Martino et al., 1998).  The exact mechanisms of 

proteinase activation is still unknown, but it is commonly believed that increased activity in 

MMPs contributes to vessel expansion by degrading elastin (S Raut et al., 2013, Choke et al., 

2005, Wilson et al., 2006, Kadoglou and Liapis, 2004).  MMP-2, 9 and 12 have been assumed to 

have a significant role in aneurysm formation (Wilson et al., 2006, Kadoglou and Liapis, 2004, S 

Raut et al., 2013, Ailawadi et al., 2003). Freestone et al, (Freestone et al., 1995) reported high 

activation of MMP-9 in AAAs with diameter larger than 5.5 cm in contrast to AAAs of smaller 

diameter. Sakalihasan et al, (Sakalihasan et al., 1996) revealed that activated MMP-9 was present 

in AAAs with a mean diameter of 7.5 cm but was absent in AAAs with mean diameter of 5.8 cm. 

Similarly, McMillan et al, (McMillan et al., 1997) demonstrated higher transcription levels of 

MMP-9 in medium sized aneurysms (5 - 6.9 cm) compared with both smaller and larger 

aneurysms. Wilson et al, (Wilson et al., 2003) reported significantly higher concentrations of 

MMP-8 and MMP-9 at the site of rupture compared to those on the anterior side. Many 

investigators have also examined the role of MMP-2 in the development of aneurysms. Freestone 

et al, (Freestone et al., 1995) reported similar activation level of MMP-2 with small and large 
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aneurysm. However, high concentrations of MMP-2 are found in small aneurysmal aortas 

(Ailawadi et al., 2003, McMillan and Pearce, 1999).  On the other hand, other studies 

demonstrated that MMP-12 is highly expressed along the superior and inferior edge of AAAs in 

humans, which suggests that MMP-12 is important in aneurysm initiation. Moreover, 

Higashikata et al, (Higashikata et al., 2004)  showed elevated levels of MMP-1 and MMP-8, that 

are associated with the degradation of collagen, in aneurysmal tissue when compared to normal 

aortic tissue. In general, it is believed that MMP-2 plays a role during early aneurysm formation 

whereas MMP-9 is related to continuous expansion of aneurysms. However, the lower levels of 

MMP-9 expression in aneurysms with diameter of 7 cm implied that the high rupture rates in 

larger aneurysms were related to other factors (S Raut et al., 2013, Ailawadi et al., 2003, Wilson 

et al., 2006). This relationship between MMPs and AAA is derived from patients with 

established AAAs, but not from individuals who are prone to develop AAA. A clear understating 

of MMPs role in AAA formation will only be demonstrated by using studies in patients at early 

stages of AAA or in healthy individuals with great tendency to AAA development (Kadoglou 

and Liapis, 2004). 

 

Atherosclerosis is a chronic condition described by the formation of lipid-rich plaques within the 

large arteries walls, which is believed to contribute to elastin degradation that leads to AAA 

(Palazzuoli et al., 2008, Golledge and Norman, 2010). It is commonly believed that 

atherosclerosis leads to increase in the intima thickness by formation of a smooth muscle cell 

layer between the endothelium and internal elastic lamina. The thickening of intima layer with 

lipid-rich plaques degrades the internal elastic lamina (Jones, 2011, Ailawadi et al., 2003, 

Golledge and Norman, 2010). This reduces the arterial compliance leading to increased pulse 
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pressure and pressure wave velocities in aging individuals with advanced atherosclerosis. On the 

other hand, the neovascularization process disrupts the structure of the media layer by 

introducing inflammatory cells which leads to medial atrophy (Choke et al., 2005, Jones, 2011, 

Choke et al., 2006, Holmes et al., 1995). The media of the human infrarenal aorta is vastly 

avascular and its supply of nutrients is mainly through luminal diffusion.  If the diffusion is 

insufficient due to intima thickening, the vasa vasorum becomes an important alternative nutrient 

supply. The adventitial vasa vasorum network begins to penetrate the media which allow direct 

recruitment of inflammatory cells, such as macrophages, plasma cells and T-lymphocytes. These 

cells secrete cytotoxic mediators, such as perforin, which induce smooth muscle apoptosis 

resulting in continues matrix degradation (Holmes et al., 1995, Choke et al., 2006, Jones, 2011) 

 

It is generally accepted that elastic fibers are responsible for load-bearing at physiologic 

pressures whereas adventitial collagen acquires load-bearing function at higher pressure.  

Aneurysm walls have a significant reduction in the elastin-collagen ratio compared to healthy 

aortic wall (Smolock and Lyden, 2014, Vorp and Geest, 2005, Martufi and Gasser, 2013, J. 

Thubrikar, 2001, Schlatmann and Becker, 1977). 75–80 % reductions of adventitial elastin 

content are seen in small as well as large aneurysms suggesting that adventitial elastin 

destruction is an initial step in aneurysm formation and promotes the enlargement of the vessel 

(White and Mazzacco, 1996). In addition to degradation of elastic lamellae in the wall, urinary 

elastin-derived peptides are significantly higher in patients with AAA. The urinary elastin 

peptides are the product of elastin degradation. Since elastin is synthesized in early life and has 

an extremely long half-life, about 50 years, loss of elastin in aneurysm wall as a result of 

elastolysis and cannot be promptly reversed (Shimazaki and Ueda, 2014). The dilatation of the 
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aorta wall changes the geometry of the aorta and generates increasing wall tension over a period 

of years and haemodynamic stress (J. Thubrikar, 2001, Canchi et al., 2015). Therefore, it 

transfers the load bearing in the aortic wall to collagen fibers (Martufi and Gasser, 2013, Vorp 

and Geest, 2005). The body repairs the aneurysm by increasing collagen synthesis during the 

early stages of aneurysm formation. This network contains predominantly type I and III collagen 

with collagen type III responsible for most of its tensile characteristics (Choke et al., 2005, 

Tsamis et al., 2013). Rodella et al, (Rodella et al., 2016) demonstrated that fibroblasts and 

VSMCs in aneurysmal tissue increase local production of type I collagen which is more resistant 

and less elastic compared to type III collagen. Bode et al, (Bode et al., 2000) demonstrated that 

Collagen type III was highly present in the media layer of AAA tissue.  Menashi et al, (Menashi 

et al., 1987) suggested that only limited collagen turnover occurs in the media of abdominal 

aortic aneurysms before rupture. Other studies have suggested that the rupture occurs when 

collagen degradation exceeds its synthesis (Wadgaonkar et al., 2015, Martufi and Gasser, 2013).  

 

The shape of an abdominal aortic aneurysm results in alteration of the haemodynamic milieu, 

disordered flow, blood recirculation, and stagnation that contribute to the formation and 

progression of an intraluminal thrombus (Martufi et al., 2015, Golledge et al., 2014, Martinez-

Pinna et al., 2013, Jones, 2011, Ailawadi et al., 2003, Di Martino et al., 1998). Intraluminal 

thrombus is found in about 75% of all AAAs and it is a mutli-layered structure of fresh red blood 

clot (platelets ), fibrin clot (fibrin is non-globular protein involved in the clotting of blood by 

changing normally-fluid blood into a jelly-like solid) (Michel et al., 2010) , and an actively 

fibrinolysed ablumenal layer (Choke et al., 2005, Jones, 2011, O’Leary et al., 2014).  The 

thrombus has variable integration location with the aortic intima including regions of intramural 
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haemorrhage. The thrombus affects the aneurysm by introducing further hypoxia by blocking the 

path of oxygen and nutrients to reach the aortic wall (Vorp et al., 2001, Choke et al., 2005, Jones, 

2011). This may lead to increase neovascularization in the aortic wall which eventually introduce 

inflammation (Vorp et al., 2001).  Also, thrombus is a rich source of proteases and their 

activators, and the increase in their activity may introduce additional inflammatory response that 

promotes further wall weakening (Choke et al., 2005, Jones, 2011).  From a mechanical point of 

view, some studies reported that thrombus significantly lowers aneurysm wall stress whereas 

others suggested that thrombus fails to reduce transmission of pressure to the aneurysm wall 

(Choke et al., 2005, O’Leary et al., 2014). Studies have suggested that rupture is associated with 

growth of thrombus in the aneurysm but the association between thrombus and risk of AAA 

rupture remains controversial (Martinez-Pinna et al., 2013, Golledge et al., 2014).  Further 

research is required to better understand AAA formation and progression. However, the 

development of this type of research is very challenging because when an AAA is found in a 

patient there is no information on its “age” or its likely progression.   

 

There are three types of aneurysm according to its morphology: fusiform, saccular, and 

pseudoaneurysm (figure 7) (Khan et al., 2015). Fusiform abdominal aneurysms are the most 

common accounting for 80% of cases (Shang et al., 2013). Fusiform refers to a spindle-shaped 

aneurysm that enlarges symmetrically and equally on all sides of the aorta for the given length of 

the aneurysm. However, there are non-symmetric fusiform aneurysms where the enlargement of 

the wall is not equal on all side (Khan et al., 2015). It is commonly believed that fusiform 

aneurysms of the abdominal aorta often arise in the setting of wall degeneration which is caused 

by atherosclerotic disease. Fusiform aneurysms may be at higher risk of rupture starting at a 
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threshold of 5.5 cm (Shang et al., 2013). On the other hand, saccular aneurysms are spherical 

with a narrow neck where the aneurysm sac has expanded. This dilation shape is called eccentric 

aortic dilatation (Khan et al., 2015, Shang et al., 2013, Wadgaonkar et al., 2015). Saccular 

aneurysms develop from aortic infection, degeneration of a penetrating atherosclerotic ulcer, 

trauma, or previous aortic surgery. Saccular aneurysms are less common and are normally 

perceived by vascular surgeons as having higher risk of rupture. As a result, saccular aneurysms 

are surgically repaired regardless of their diameters (Shang et al., 2013, Wadgaonkar et al., 

2015).  

 

Figure 7: Aneurysm types depending on its morphology (Stanford, 2016). 
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Pseudoaneurysm or false aneurysm is not an enlargement of the aortic wall but a leakage to the 

outer layer of the blood vessel wall. The leakage is due to a tear inside the vessel wall that 

develops an enlargement due to blood filling. The main causes of false aneurysms are prior 

surgery or trauma (Hopkins, 2016).   

 

Current Risk Assessment Practices 

Current risk assessment practice for AAA uses the maximum diameter and the rate of growth of 

the aorta as surrogate for risk of aortic rupture. 

 

Maximum aortic diameter. 

The current medical practice suggests repairing AAA when the maximum diameter reaches 

5.5cm to 6 cm. Many reports have challenged this practice (Smolock and Lyden, 2014, Volokh 

and Vorp, 2008). There are reported cases of patients that experienced rupture with a smaller 

diameter, while others with larger diameter never rupture. The Laplace law represents the 

theoretical basis to define the maximum diameter as the gold-standard criterion for rupture risk 

assessment (Choke et al., 2005). According to this law the circumferential wall stress σ is 

defined as: 

𝜎 =
𝑝 × 𝐷

2 × 𝑡
 

Where p is the intraluminal pressure, D is the maximum diameter, and t is the vessel wall 

thickness. The Laplace law estimates the average wall stress in a thin wall cylinder and is not 

appropriate for structures with complex shape, such as aneurysms. In addition this simple 

mechanical approach to explain AAA rupture does not take into account the complex 
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multifactorial biological processes that are at the basis of aneurysm formation and rupture 

(Choke et al., 2005). 

 

Rate of expansion. 

Failure to accurately predict AAA rupture by using only diameter size led researchers to seek 

alternative indicators. There is evidence in the literature suggesting that the rate of aneurysm 

expansion can be an influential factor in rupture. The faster the expansion rate, the higher is the 

chance of rupture even for diameters smaller than 5 cm (Choke et al., 2005). Fast expansion 

could explain rupture in AAA with small diameters. However, computing the growth rate 

requires frequent monitoring every three-six months and would require assessment of growth at 

all locations not only the maximum diameter location. The use of AAA expansion rate as an 

independent rupture risk predictor is not widely accepted because there are correlations between 

the rate of aneurysm expansion and the initial diameter. It is difficult to separate the influence of 

expansion rate on rupture risk from the effect of expansion rate on absolute diameter, which 

suggests that expansion rate is dependent on diameter. Nevitt et al, (Nevitt et al., 1989) 

demonstrated that the absolute diameter size was associated with increased rupture rate, while 

the expansion rate was not. In order to determine whether expansion rate is an independent 

predictor of rupture, a large series of patients with similar sized aneurysms but different 

expansion rates may need to be followed and monitored at least every three months. Such a study 

would be time consuming, expensive, and potentially dangerous when done using CT due to the 

high dose of radiation (Choke et al., 2005). 
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Abdominal aortic aneurysm wall weakening. 

The inaccuracy of current methods to predict AAA rupture led researchers to investigate 

aneurysms in terms of tissue mechanical behavior. From a mechanical point of view, AAA 

rupture occurs locally when the stress exceeds the tensile strength of the aortic wall. Histology 

and mechanical tests were both conducted on healthy and aneurysmal aorta (Choke et al., 2005). 

It has been shown that AAA samples presented with degradation of elastin, increased collagen 

synthesis, apoptosis of vascular smooth muscle cells, and marked inflammation (Monteiro et al., 

2014, J. Thubrikar, 2001). Changes in elastin and collagen content alter the structural integrity of 

the tissue leading to local wall weakening, a key factor involved in AAA rupture. It is widely 

accepted that elastin in the aortic tissue is responsible for load bearing at physiologic pressures 

whereas collagen is engaged in load-bearing function at higher pressures (Choke et al., 2005, Di 

Martino et al., 2006). During the formation of an AAA, the elastin concentration decreases with 

consequent decrease of elasticity of the aorta. The tissue reacts to this change by increasing 

collagen concentration, which makes the tissue stiffer in order to carry higher stresses. It is 

speculated that the degradation of elastin in aneurysmal tissue is responsible for arterial 

dilatation, whereas collagen degradation is responsible for AAA rupture (Choke et al., 2005). 

However, no indicator or parameter that measures wall weakening has been developed or 

implemented in medical practice.  

 

Abdominal aortic aneurysm wall thickness and stiffness. 

Biomechanical properties of AAA wall tissue encouraged further research about AAA rupture. 

Di Martino et al, (Di Martino et al., 2006) suggested that for large aneurysms, wall thickness or 

stiffness might be a better indicator of rupture rather than diameter. The study compared the 
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biomechanical properties of AAA tissue harvested from patients who experienced rupture with 

that of patients who received elective repair. Results showed that ruptured AAA tissue had lower 

tensile strength and a thicker wall when compared to repaired AAA tissue (Di Martino et al., 

2006). It is theoretically known that stretching a cylindrical sample will cause the wall to get 

thinner, which is not the case here. This suggests that the body may react to aortic enlargement 

by synthesizing collagen and other tissue constituents as previously described. However, the 

study illustrated that wall tissue from ruptured AAA had lower stiffness than tissue harvested 

from elective repaired patients, indicating that the increase in wall thickness is not due to 

collagen synthesis. Di Martino et al, (Di Martino et al., 2006) suggested that the increase in size 

is due to inflammation. Martufi et al, (Martufi et al., 2015) recently supported this idea by 

suggesting that a thicker AAA wall presents severe inflammation and accumulation of non-

loadbearing tissue components that may locally reduce the wall strength predisposing the wall to 

higher risk of rupture. Choke et al, (Choke et al., 2005) suggested that there is an accelerated 

apoptosis of smooth muscle cell in large aneurysm. To date, the relationship between wall 

thickness and AAA rupture has not been completely clarified. 

 

Finite element models. 

The progression and rupture of an AAA are not simple biomechanical problems that can be 

predicted from simple geometric parameter, such as maximum diameter, rate of expansion, or 

wall thickness. FEA is a numerical technique that finds an approximate solution by dividing a 

large complex structure into a finite number of smaller elements with their own geometric shape 

and material properties (Choke et al., 2005, Martufi and Gasser, 2011). Engineering analysis 

techniques are then used to determine the behavior and calculate the stress for each element. The 
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development of imaging techniques, such as computed tomography (CT), represent a tool that 

provides clinicians with meaningful information, such as maximum aortic diameter and 

aneurysm shape (Reeps et al., 2010). At the same time, medical imaging enables researchers to 

construct a 3D model of AAA for each patient that can be used to compute patient-specific stress 

distributions (figure 8).  The region with the highest stress is believed to be the alarming area 

where rupture is more likely to occur.  

 

Figure 8: 3D reconstruction of abdominal aorta using imaging techniques. FEA can be 

used on patient specific geometry (Emedicine, 2016). 

 

However, FEA requires critical assumptions that can alter the final results. The quality of FEA 

results depend on the patient-specific AAA geometry, the mechanical model used to describe the 
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material properties of AAA wall, the applied blood pressure, and the boundary conditions. Also, 

the computed strains and stresses are highly affected by the quality and complexity of the 3D 

reconstruction (the meshing, the number and type of finite elements) (Reeps et al., 2010). The 

arterial wall can be modeled as thick solid wall or as thin shell wall, and each assumption can 

result in a different stress distribution. Shell theory assumes the wall thickness to be small when 

compared to the diameter and many researchers have agreed to consider this theory a valid 

assumption. Zendehbudi et al, (Zendehbudi and Kazemi, 2007) reported that wall thickness is 

6% of the aneurysmal diameter providing a justification for using shell theory. It is known that 

thick-wall theory allows the calculation of stress distribution along both the aneurysm length and 

wall thickness, while the thin-shell theory calculates the stress distribution only along the 

aneurysm length. Zendehbudi et al, (Zendehbudi and Kazemi, 2007) compared the maximum 

stress in circumferential and longitudinal direction for both thick wall and thin shell theory. The 

study assumed that thick wall theory is the most accurate method because it resolves stress in 

circumferential and longitudinal direction. The error in thin shell theory was calculated 

according to results obtained from thick wall theory. Results showed that thin shell theory had an 

error of 23% in axial stress and 0.1% in circumferential stress. Since circumferential stress is the 

main focus for AAA, it justifies the assumption that thin shell theory is accurate as well as faster. 

However, Zendehbudi et al, (Zendehbudi and Kazemi, 2007) proved that the percentage error for 

circumferential stress varies as blood pressure changes, providing evidence that the errors 

depend on physical and geometrical characteristics such as aneurysm radius, wall thickness, 

blood pressure, and axial tension. 

 



 

27 

Material property assumptions in FEA also greatly affect the final stress distribution. The AAA 

wall is a highly non-linear incompressible material that undergoes large strains (20-40%) prior to 

failure (Raghavan and Vorp, 2000). Stress prediction is critically affected by the material 

properties assumptions used to model the arterial wall. Generally, the aneurysmal wall is 

assumed to be isotropic, i.e. the material properties are identical in all the directions. The 

isotropy assumption is invalid since aortic tissue shows an anisotropic behavior, i.e. material 

properties differ between longitudinal and circumferential directions, with the circumferential 

direction presenting higher stiffness than the longitudinal (Volokh and Vorp, 2008). Finally, it is 

important to consider that the wall of an aneurysm has varying local material properties that can 

have a 20-fold difference in the space of a few centimeters (unpublished data, Di Martino's lab, 

(J. Thubrikar, 2001)).   Therefore, an accurate prediction of the stress distribution can only be 

achieved accounting for the local variability in material properties and material strength.  

 

Abdominal aortic aneurysm tissue models.  

Many efforts were conducted to generate a mathematical model useful for describing the 

relationship between stress and strain in aortic tissue. Raghavan et al, (Raghavan and Vorp, 

2000) proposed a two material parameter, hyperelastic, isotropic, and incompressible material 

model to describe the material behavior of AAA tissue. This model is not patient-specific nor 

does it take in to account the stage of AAA formation. The model has been a great step in 

theoretical simulation of AAA but it has rarely been used in clinical practice because of its lack 

of patient specific qualities. Martufi et al, (Martufi and Gasser, 2011) suggested a novel 

constitutive model for the vascular wall, which integrates the collagen’s fibril and fiber levels 

with the tissue’s continuum level. The model uses a probability distribution function that defines 
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the load-carrying mechanism at the fibril level to define material properties. However, this model 

requires initial material properties, which make the model not patient-specific. An important step 

in the improvement of material constitutive models for aneurysm tissue would be understanding 

how the tissue properties change at the different stages of the pathology. 
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CHAPTER 2 MOTIVATIONS 

 

Advancement in AAA risk assessment and treatment are very limited because factors 

contributing to the development of AAA in human are still unknown.  The evolution of human 

aneurysms can be described by four phases: formation, remodeling, pre-rupture, and rupture 

(figure 9). The general accepted characteristics of human AAA in literature are continuous 

increase in diameter, degradation of elastin as formation stage, increase in collagen synthesis 

during the repair stage (collagen I, III), degradation of collagen during the pre-rupture stage, and 

finally local failure of collagen that leads to rupture (Henderson et al., 1999, Martinez-Pinna et 

al., 2013, Rensen et al., 2007, Thompson et al., 1997, Raghavan et al., 1996, Wilson et al., 2003, 

Di Martino et al., 2006, Kadoglou and Liapis, 2004, Vorp and Geest, 2005, Martufi and Gasser, 

2013). Since AAA is usually asymptomatic, collecting any data from the initial stages (formation 

and remodelling) is almost impossible because even when detected, most aneurysms are not 

surgically removed before they reach a threshold diameter of 5 - 5.5 cm (Smolock and Lyden, 

2014, Shimazaki and Ueda, 2014).  At this size an aneurysm is normally well-developed and 

cannot offer information on AAA formation and on the factors contributing to its development. 

In addition, there is no information collected at the time of surgical repair on the exact time 

frame and stage of aneurysm development.  For example, we cannot speculate whether a patient 

with an aneurysm with maximum diameter of 5.5 cm had an aneurysm for 1, 5, or 10 years.  
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Figure 9: Lifespan of AAA in human. Most collected data from human are at advanced 

stages and there is a clear lack of data evaluating the remodeling of the aortic wall in the 

initial stages. 

 

Problem Definition 

One of the main issues facing the advancement of risk assessment of AAA is the lack of 

information on the AAA progression and detailed information on the remodeling of the aortic 

wall due to the alteration of extracellular matrix microstructure. In particular, loss of elastin has 

been consistently reported to accompany the development of aneurysms in humans.  
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Aims and Tasks 

The main aim of this work was to understand the evolution of the mechanical and histological 

properties of the aortic tissue when elastin and extracellular matrix are disrupted, which have 

been proposed as one of the key aspects of aneurysm development. To achieve our aim, we  

developed a controlled model of AAA in rabbit and investigated the link between local wall 

material properties and structural damage. Finally, we observed similarities and differences 

between this model and human aneurysms. This study is a pilot study that was completed on a 

very limited number of animals to confirm the viability of the animal model and of the results 

before any further studies are conducted.  

The tasks of this study are: 

1. To create controlled AAA in rabbits.  

2. To image rabbits using 3D angiography at different time points. 

3. To characterize the local mechanical properties and strength using uniaxial and biaxial 

testing. 

4. To characterize the microstructure and its changes during aneurysm formation and 

remodeling in a rabbit model. 

5. To observe similarities and differences between this model and human AAA.  
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CHAPTER 3 ANEURYSM GENERATION AND IMAGING 

 

Animals have been a crucial player in advancing medicine throughout history. They have been 

used to improve pharmaceutical drugs, medical devices, while also enhancing general 

understanding of many diseases (Tsui, 2010, Gertz et al., 2013). For example, they have been 

used to develop many new medical devices for the treatment of AAA. Since AAA is 

asymptomatic, most histopathological and mechanical testing studies of human AAA have been 

performed on advanced aneurysms that were collected at the time of autopsy or resected during 

surgery after exceeding maximum threshold diameter (Gertz et al., 2013, Lysgaard Poulsen et al., 

2016). Therefore, animal models provide the researcher with in vivo understanding of the 

pathophysiology of AAAs and continue to play essential role in the development of 

pharmacotherapy and new technologies for aneurysm repair. Different animals are used for AAA 

models, such as rats, rabbits, dogs, sheep, and pigs, each with their own limitations and 

advantages. The method employed for the aneurysm generation has significant impact because it 

is commonly believed that animals do not naturally develop AAA. This could potentially be due 

to the possibility that it is challenging to discover them. In any case, this justifies the need to 

surgically induce AAA in animals for research purposes.  

 

In this chapter, we present the most common animal models that have been used for AAA, 

including some recent findings from the rabbit model. These models provide researchers with 

important insights related to the early stages of AAA progression and assist in the development 

of biomechanical technology to better evaluate and treat it (Tsui, 2010, Gertz et al., 2013). 
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Techniques to Develop Aneurysm in Animals 

 

Calcium chloride model.  

Chemical substances such as calcium chloride (CaCl2) have been used to generate aneurysms in 

animals since 1980s. This was first reported by Gertz et al, (Gertz et al., 1988) when he applied 

CaCl2 to the right carotid artery in male New Zealand rabbits to study myocardial infraction in 

normal coronary arteries. He applied 0.5M CaCl2 solution to the adventitial surface of the carotid 

artery and kept the entire vessel segment submerged in the solution for 15 minutes. Three weeks 

later the aneurysm was generated and endothelial cells were fragmented at the segment exposed 

to CaCl2 solution. Histological examination demonstrated elastin calcification, loss of SMCs, and 

infiltration of inflammatory cells in the site of the arterial dilation (Gertz et al., 1988).  

 

This approach to form aneurysm in New Zealand rabbits was first applied to the abdominal aorta 

by Freestone et al, (Freestone et al., 1997) using painting techniques. The isolated abdominal 

aorta was painted with CaCl2 for 15 min. However, applying 0.25M CaCl2 alone to the 

abdominal aorta resulted in no AAA formation up to 12 weeks after surgery.  On the other hand, 

applying 0.25M CaCl2 and 0.05 M thioglycollate, along with exposing the rabbits to a high 

cholesterol diet, developed AAA after three weeks (Freestone et al., 1997).  This observation was 

confirmed by Bi et al, (Bi et al., 2013b) using bathing techniques.  The isolated abdominal aorta 

is wrapped with sterile gauze and a syringe was used to wet the gauze with 0.5M CaCl2 for 20 

mins. However, there was no significant generation of AAA after one month of follow up (Bi et 

al., 2013b).  
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Many studies applied CaCl2 technique not only in rabbits but also in other animals. Chiou et al, 

(Chiou et al., 2001) generated AAA in C57BL/6 mice by applying 0.68M CaCl2 to the 

abdominal aorta for 10 min. Histological examination on AAA generated three weeks after 

surgery demonstrated SMC depletion, elastin degradation and infiltration of lymphocytes and 

macrophages. CaCl2 solution was successful in creating AAA in genetically modified mice, and 

pigs.  Gertz et al, (Gertz et al., 2013) investigated how the CaCl2 affects aorta wall using Von 

Kossa-stained with correlative transmission electron microscopy. Their group demonstrated that 

the peri-adventitially applied CaCl2 diffused into the aortic wall and bounded to the internal 

elastic lamina and the elastic lamellae in the media layer. This calcium– elastic complex altered 

the antigenicity of the elastic tissue and attracted inflammatory cells (monocytes and 

macrophages) that appeared to degrade the calcium– elastic tissue complex and disrupt the 

normal lamellar unit of the arterial media, resulting in progressive luminal dilatation (Gertz et al., 

2013). 

 

Elastase model.  

The elastase-induced model was first described by Anidjar et al, (Anidjar et al., 1990). He 

infused pancreatic elastase into an isolated segment of rat abdominal aorta, resulting in the 

degradation of the medial elastic lamellae, an increase of inflammatory cells, and aneurysmal 

dilatation (Anidjar et al., 1990). Other studies have shown similar results in mice, rats, and 

rabbits, using different techniques to deliver elastase whether intraluminally or perivascularly to 

the adventitial surface (Lysgaard Poulsen et al., 2016).  
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In the studies of Bi et al, (Bi et al., 2013a), elastase infusion into the abdominal aorta of the male 

New Zealand White rabbit was delivered with different solution concentrations. He wrapped the 

isolated segment of abdominal aorta with sterile gauze and soaked it with elastase solution at 0.1, 

5, and 10 units ml
-1

 for 30 mins. The aneurysm was generated in higher concentration, 

specifically 10 units ml
-1

, and the size maintained after 5 months follow up. Another study of Bi 

et al, (Bi et al., 2013b) reported that the combination of elastase and 0.5M CaCl2 was successful 

in developing aneurysm in New Zealand rabbits with no specification of gender. A 2 cm segment 

of abdominal aorta was wrapped with sterilized gauze and wetted with the mix solution of 

elastase ( 1 units/ µl) and 0.5M CaCl2 for 20 min. Dilatation of the aorta was observed  after 5 

days and the aneurysm enlarged significantly after a month follow up. This combination 

stimulates an elastolytic cascade and inflammatory response in the aortic wall which results in 

continued enlargement of the aneurysm.  

 

Physical model.   

Chemicals have been mainly used to generate aneurysm but physical techniques have also been 

proven to be successful in large animals. These physical techniques generate aneurysms by 

damaging the aortic wall through cryogenic probes, carbon dioxide lasers or simply surgically 

resecting the media and adventitia of the aorta. Parodi et al, (Parodi et al., 1991) replaced a 

segment of infrarenal aorta in dogs with a fusiform synthetic aneurysm made of woven Dacron 

(Graft Model); whereas Whitbread et al, (Whitbread et al., 1996) replaced large white pig 

infrarenal aorta with fusiform segment of glutaraldehyde-tanned bovine internal jugular vein 

(Patch model). Another patch model was created by Criado et al, (Criado et al., 1995) where he 

sutured full thickness jejunal patches to longitudinal anterior aortotomies in dogs creating 
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infrarenal aortic aneurysms. Since the physical models do not replicate the pathology of 

aneurysms in humans, their use is mainly limited to the assessment of new intervention 

techniques for AAA repair.  

 

Diagnostic Imaging 

Medical imaging is a rapidly evolving technology for non-invasive vascular assessment and 

diagnosis. The increased use of advanced imaging technology, including computed tomography 

(CT), magnetic resonance (MR), ultrasound, and arteriography has led to the increased incidental 

detection of asymptomatic aneurysms (Edelman, 1993). Medical images can provide the 

clinicians with unique information about aneurysm progression and growth allowing for an 

improved planning of the clinical/surgical intervention (Golestani et al., 2015). MRI was used to 

detect motion properties of the blood but there were remarkable drawbacks. The use of contrast-

enhanced MRI improved the noninvasive investigation of the vascular system and also tumor 

detection (Miraux et al., 2004). However, MRI lacks an important feature of direct three-

dimensional (3D) volumetric reconstruction of the aneurysm which is important for precise 

planning of further endovascular interventions (Sherif et al., 2009). As an alternative to MRI, 

there is 3D angiography which is a technical revolution in imaging technology.  It is mainly used 

in neurosurgery; when used in vascular applications, it allows improvement in the quality and 

safety of diagnostic and endovascular treatment procedures. 3D angiography images are obtained 

by reconstruction of a rotational angiography acquisition done on a C-arm spinning at 40 degree 

per second (Anxionnat et al., 1998). The 3D reconstruction of vessel provides a clear view of 

lesions, dissection, and adjacent structures (Abe et al., 2002).  
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Material and Methods 

 

Surgical techniques.  

Surgical techniques as described by Bi et al (Bi et al., 2013b), were used to generate aneurysms 

in three male New Zealand White rabbits (3 -3.5 kg, 13- 16 weeks,  Charles River Laboratories, 

Quebec, Canada). The three rabbits were randomly assigned as follows: two weeks AAA, four 

weeks AAA, and six weeks AAA. One control rabbit was healthy and did not undergo surgery. 

The experimental models of AAA in the three rabbits were created via a 20 min periaortic 

incubation using 0.5 mol/L CaCl2 (Zymetrix Lab, Calgary) and elastase (25.3 – 25.9 mgP/ml (0.5 

ml), and 4.83 – 5.31 units/mgP, Cedarlane, Burlington, Canada). Animal care followed the 

conjoint health research ethics board standard for care and use of laboratory animals, and the 

protocols for animal experimentation were approved by the ethics committee. All surgeries were 

performed by a professional veterinarian technician, and all efforts were made to minimize 

suffering. The rabbits were housed in individual cages at room temperature in the animal care 

facilities. Rabbits were checked daily for any sign of pain or discomfort. No specific diet was 

followed as food and water were available all time.  

 

The abdominal cavity was accessed by a midline abdominal incision where a 2 cm aortic 

segment between caudal mesenteric artery and median caudal artery was isolated (figure 10).  
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Figure 10: Pattern of abdominal aorta in rabbits.1 – celiac trunk, 2 – cranial mesenteric 

artery, 3 – dextral renal artery, 3' – sinister renal artery , 4 – dextral cranial abdominal 

artery , 4' – sinistral cranial artery, 5 and 6 – testicular/ ovarian arteries , 7 – caudal 

mesenteric artery, 8 – median caudal artery, 9 – dextral profound iliac circumflex artery , 

9' – sinistral profound iliac circumflex artery, 10 – dextral external iliac artery, 10' – 

sinistral external iliac artery, 11 – dextral internal iliac artery, 11' – sinistral internal iliac 

artery (Nowicki et al., 2010). 

 

The isolated region of the aorta was then circumferentially wrapped with a piece of sterile gauze 

and half-cradle (figure 11). The gauze was wetted with the mixture of CaCl2 and elastase 

solution using a syringe needle where the solution was distributed to the gauze in all directions. 

The veterinarian technician and the principle researcher had to agree that the solution was 

distributed homogenously by visualizing different parts of the gauze. The cradle was used to 

protect other surrounding tissues from coming in contact with the solution. 
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Figure 11: Generating aneurysm in rabbits using bathing techniques by wrapping gauze 

around the vessel. 

 

After 20 min, the gauze was removed and the arterial segment was washed with a physiological 

saline solution. The abdominal incision was sutured and the rabbits were placed in a warm cage 

to recover.  

 

Intra-arterial digital imaging. 

On week 0 (healthy), 2, 4, and 6, the rabbits underwent serial intra-arterial digital imaging. We 

used 3D rotational angiography (Siemens, USA) (figure 12). The 3D rotational angiogram 5-

second protocol resulted in a rotation angle of 200° with 1.5° increment and 133 projections 

(figure 11). Rotation speed was 40°/s and frame rate was 26.6 frame/s. Five ml of iodinated 

contrast agent (Optiray 300) was manually injected into the femoral artery through an 

angiocatheter at a rate of 1 ml/sec for a total volume of 7 mL per injection. The matrix of the 

FPD system was 1.024×1.024 (useful matrix was 960×960) and the pixel size was 0.184.  



 

40 

 

Figure 12: 3D Angiographic imaging of rabbits at six weeks AAA. A contrast agent was 

used to highlight the aorta.  

 

Tissue collection.  

After imaging, the rabbits were anesthetized with an ear vein injection of sodium pentobarbital at 

a dose of 30 mg/kg. The rabbits were anesthetized at week 0, 2, 4, and 6. All rabbit aortic tissue 

specimens were obtained according to the guidelines of the ethics board. Segments of aorta were 

obtained fresh, were placed in phosphate buffered saline (PBS) immediately, frozen at -80°C, 

and tested within 4-6 weeks after careful and slow thawing to preserve tissue quality.   

 

3D model reconstruction.  

The ScanIP software environment (Simpleware, Exeter, UK) was used for segmentation and 3D 

reconstruction of the AAA wall by thresholding, region growing algorithms, and manual 

corrections. Maximum diameter was measured from 3D reconstruction and 3D Angio Dicom 

using measuring tools in Simpleware (figure 13).  
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Statistical analysis.  

No sample size justification or statistical analysis was performed because of the pilot nature of 

the study that included only one subject per treatment. 

  

Results 

All rabbits survived the surgical procedure and the imaging procedure. All three rabbits 

developed AAA. The maximum aneurysm diameter was observed in the four weeks AAA stage 

which was 6.92 mm, an increase of two times the original size (table 1). The smallest aneurysm 

diameter was observed in the six weeks AAA stage which was 4.45 mm.  

 

Table 1: Maximum diameter of the aorta at healthy, two, four, and six weeks AAA in mm. 

The maximum diameter is measured using Simpleware tool. 

 Maximum diameter     mm 

Healthy 3.25 

2 weeks AAA 5.11 

4 weeks AAA 6.92 

6 weeks AAA 4.45 
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Figure 13: 3D reconstruction of AAA progress in rabbits. Dilation in the aorta is observed 

over time until it reduces at six weeks AAA.  

 

 

Challenges 

Acquiring 3D imaging of rabbits AAA was a big challenge for this study due to time 

management.   Originally, the scanning of the rabbits was planned to be conducted by magnetic 

resonance imaging (MRI), which delayed the surgical procedures. Since we are using imaging 

techniques that are usually used for patients, we are limited with specific time mainly after 6 PM. 

Also, the MRI technician, principle investigator, surgeons, and veterinarian need to attend this 

Healthy 2W AAA 4W AAA 6W AAA 



 

43 

scanning, which caused more delays due to time conflicts.  Finally, the MRI technician was not 

available to continue the study; therefore, we replaced MRI with 3D Angiography. 
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CHAPTER 4 MECHANICAL AND HISTOLOGY PROPERTIES 

 

Understanding the biomechanical behaviour of the arterial wall is important to study AAA 

progression. This chapter reports the methods employed to assess the local biomechanical 

response of aneurysmal tissue obtained after AAA induction in a rabbit aorta.  The study of 

mechanical properties of aneurysmal tissue at different time points is crucial to advance our 

understanding of aortic dilation, progression, and rupture of AAA. We performed uniaxial and 

biaxial mechanical testing following established protocols. Uniaxial tests are conducted by 

subjecting a sample to controlled deformation until failure, whereas in biaxial testing, the sample 

is stretched in two directions at different strain ratios (Monteiro et al., 2014, Teng et al., 2015). 

Uniaxial tests provide important parameters such as yield strength, ultimate strength, maximum 

elongation, and maximum tangential modulus while biaxial testing allows for anisotropy 

characterization of the tissue and provides complete experimental data that can be used to fit 

non-linear material models.  

 

Mechanical properties of human healthy abdominal aorta and AAA have been quantified using 

uniaxial tests. Raghavan et al, (Raghavan et al., 1996) reported that the aneurysm failure stress in 

the circumferential direction was lower than healthy aorta. This was supported by Thubrikar et 

al, (J. Thubrikar, 2001) by comparing stress-strain curves for healthy aorta and AAA. The 

evidence suggests an overall stiffening of the AAA tissue. This phenomenon of material 

stiffening was also described in other publications.  Di Martino et al, (Di Martino et al., 2006) 

performed uniaxial tests on ruptured and electively repaired AAA, and demonstrated that 

ruptured AAA had lower uniaxial strength and significantly thicker wall compared to electively 
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repaired AAA. Vorp et al, (Vorp et al., 2001) investigated the effects of thrombus on AAA, 

specifically hypoxia effects. He suggested that localized hypoxia occurs in regions of thicker 

thrombus in AAA which leads regional wall weakening. Raghavan et al, (Raghavan et al., 2006) 

demonstrated that the mechanical behavior of AAA tissue varied regionally and the failure 

tension of the specimen strip closer to the rupture site was low compared to its neighborhood in 

the same aneurysm. Vande Geest et al,  (Vande Geest et al., 2006a) demonstrated that there were 

no statistical differences in strength between specimens taken from male and female patients, 

only a trend toward a decrease in strength in females as compared to males. Xiong et al, (Xiong 

et al., 2008)  confirmed that AAA is stiffer and less distensible than healthy aorta under the same 

maximal stress. However, Raghavan et al,  (Raghavan et al., 2011) demonstrated from his 

findings that ruptured AAAs are not weaker than unruptured ones on an average. This is not 

consistent with previous studies that supported the hypothesis that ruptured aortic aneurysms are 

globally weaker than unruptured ones. Monteiro et al, (Monteiro et al., 2014) performed uniaxial 

testing on 90 AAA patients and showed that failure properties are higher with patients who have 

maximum diameter more than or equal to 5.5 cm. Teng et al, (Teng et al., 2015) tested the 

different layers of aortic wall ( Media, Adventitia)  of AAA and healthy tissue. He suggested that 

the adventitia and media from AAA were less extensible compared with those of healthy, but the 

ultimate strength remained similar. Studies using destructive uniaxial biomechanical tests with 

fragments of human AAA are few; they tested different regions of aneurysms, ruptured or 

elective repair and each reported different values of failure stress (Table 2). There are clearly 

inconsistent results and further research is needed.  
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Biaxial tensile tests were also used to study the biomechanical behavior of human AAAs.  The 

biaxial testing provides the multi-axial mechanical response of the aortic tissue, which can 

demonstrate important characteristics (Geest et al., 2004). Specifically, the nonlinearity of the 

AAA wall was more noticeable under biaxial than under uniaxial testing (Polzer et al., 2013a). 

Also, the biaxial mechanical testing allows for the investigation of the nature of mechanical 

anisotropy (Geest et al., 2004). An isotropic structure is one which exhibits the same properties 

or structure in all direction whereas an anisotropic shape exhibits different characteristic with 

different directions (figure 14) (Mitchell and Tojeira, 2013). Ideally the biaxial test produces the 

same behavior in axial or circumferential directions for isotopic materials. The orientation of 

fibers in the tissue is responsible for anisotropy where a high organized structural arrangement of 

fibers causes the arterial wall to be anisotropic (Gasser et al., 2006). Vande Geest et al, (Geest et 

al., 2006) tested  26 human AAA specimens and healthy aorta using biaxial testing. He 

demonstrated that AAA tissues are stiffer than healthy and concluded that aneurysmal tissue had 

an increase in mechanical anisotropy, with preferential stiffening in the circumferential direction 

(Geest et al., 2006). This was confirmed by O’Leary et al, (O’Leary et al., 2014) by testing AAA 

tissue form 28 patients as well as Pancheri et al, (Pancheri et al., 2016) by testing AAA tissue 

from 13 patients.  Finally, the biomechanical response of biaxial testing is essential to understand 

AAA mechanical properties and specifically anisotropy.   
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Table 2: Summary of previous studies that used uniaxial testing on human AAA used. The 

number of patients, gender, ages is listed when applicable. The failure stress was measured 

according to specific criteria for each study. 

Papers  Number of 
patients 

Gender 
  

Age years  
M ± SD 

Failure stress MPa 
M ± SD or IQR 

(Raghavan et al., 

1996) 

45 (Axial ) 

19 (Circumferential) 

7 (Cadaveric donors)  

- 69 ± 2 

76 ± 2 

47 ± 4 

Elective repair axial, 0.86 ± 0.1 

Elective repair circumferential, 1.02 ± 0.16 

healthy aorta axial, 2.01 ± 0.39 

(J. Thubrikar, 

2001) 

5  71 ± 10 Elective repair anterior circumferential with 

diameter >5 cm, 0.52 ± 0.2 

Elective repair lateral circumferential  with 

diameter > 5 cm, 0.73 ± 0.22 

Elective repair posterior circumferential with 

diameter > 5 cm, 0.45 ± 0.14 

Elective repair anterior  axial with diameter >5 

cm, 0.38 ± 0.18 

Elective repair lateral axial with diameter > 5 

cm, 0.51 ± 0.14 

Elective repair posterior axial with diameter > 5 

cm, 0.47 ± 0.3 

(Vorp et al., 2001) 7 - 67 ± 6 Anterior  wall with  thrombus, 1.38 ± 0.19 

Anterior wall without thrombus, 2.16 ± 0.34 

(Raghavan et al., 

2006) 

4 1F 

3M 

68 ± 17 Ruptured anterior, 1.26 ± NA 

Ruptured posterior, 1.47 ± NA 

(Di Martino et al., 

2006) 

16 ( Elective repair) 

9  (Ruptured AAA)  

4F,12M 

1F,8M 

73 ± 3 

72 ± 3 

Ruptured, 0.54 ± 0.09 

Elective repair, 0.82 ± 0.06 

(Vande Geest et 

al., 2006a) 

34 10F 

24M 

- Elective repair anterior female, 0.67 ± 0.08 

Elective repair anterior Male, 0.87 ± 0.07 

(Vande Geest et 

al., 2006b) 

29 11F 

18M 

73 ± 13 Elective repair, 0.80 ± NA 

(Xiong et al., 2008) 14 (Elective repair)  

6 (Cadaveric donors) 

3F,11M 

3F, 3M 

68 ± 6.22 Elective repair anterior axial, 0.93 ± 0.25 

Healthy aorta axial, 1.15 ± 0.28 

Healthy aorta circumferential, 1.03 ± 0.33 

(Raghavan et al., 

2011) 

13 4 F 

9 M 

74 ± 11 Ruptured, 0.95 ± 0.28 

Anterior elective repair, 1.02 ± 0.28 

Posterior elective repair, 1 ± 0.46 

Axial elective repair, 1.03 ± 0.21 

Circumferential elective repair, 0.65 ± 0.09 

(Reeps et al., 2013) 50 3 F 

47 M 

68 ± 8 Elective repair, 1.06 ± 0.49 

(Monteiro et al., 

2014) 

90 24 F 

66 M 

69 ± NA Elective repair asymptomatic Max Diameter < 

5.5 cm, 0.77 (0.34 – 1.02) 

Elective repair asymptomatic Max Diameter > 

5.5 cm, 0.90 (0.70 – 1.30)  

Elective repair symptomatic (Ruptured) Max 

Diameter < 5.5 cm, 0.86 (0.57 – 1.29)  

Elective repair symptomatic (Ruptured) Max 

Diameter > 5.5 cm, 1.05 (0.82 – 1.51) 

 (Teng et al., 2015, 

Monteiro et al., 

2014) 

11 3 F 

8 M 

61 ± 7 Healthy adventitia, 0.65 (5.33, 8.42) 

Healthy Media, 0.33 (2.33, 4.41) 

Elective repair adventitia, 0.45 (2.32 – 5.93) 

Elective repair media, 0.34 (1.81 – 7.18) 
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Figure 14: Left: schematic representation of fiber orientation in a tissue; Right: example of 

isotropic (top right) and anisotropic (bottom right) mechanical behaviour obtained from a 

biaxial test. A biaxial test produces ideally a similar behavior in all directions for isotropy 

material whereas anisotropy result in a different behavior depending on the direction. 

 

Histological examination of AAA demonstrates the pathophysiological processes in aortic 

aneurysm wall which is important to understand the wall weakening phenomena. The studies that 

investigated histopathology of AAA revealed degradation of elastin with increased disorganized 

collagen fibers, disruption in the wall layers, increased wall thickness, proliferation of 

fibroblasts, and media and adventitia inflammation. The elastin fibers were disrupted in the 

media of AAA compared with the media of healthy aorta (figure 15). Also, increased turnover of 

collagen was observed in AAA compared with control, which is related positively to increase 
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stiffness in the wall of AAA (Amalinei and Căruntu, 2013, Vorp et al., 2001, Tsamis et al., 2013, 

Rodella et al., 2016, Lindeman et al., 2010, Michel et al., 2010, Schlatmann and Becker, 1977).  

 

 

Figure 15: Movat staining of a large abdominal aortic aneurysm (top) and a normal infra-

renal aorta (bottom) (overview (5x, left) and detail (40x, right). The red arrow indicates the 

elastin (black) (Lindeman, 2015).  

 

In addition to mechanical testing, we performed detailed histological analysis to provide 

additional information on the microstructure of the aortic tissue and the changes after acute 

induction of AAA in a rabbit aorta. We performed Verhoeff-Van Gieson (VVG), Movat’s, and 

Picro Sirius Red (PSR) staining. VVG stain highlights elastin fibers in connective tissue whereas 

PSR stain highlights collagen fibers with fluorescence microscopy (Vogel et al., 2015). Movat 

pentachrome stain highlights different components of the connective tissue including elastin 

fibers, collagen fibers, ground substance, and muscle cells (Doello, 2014).  



 

50 

Methodology  

 

Specimen preparation.  

Samples were collected after surgery from the abdominal aorta; refer to chapter 3 for a 

description of the surgeries. Seventy-four uniaxial and seven biaxial samples were collected from 

the three rabbit aortas (table 3).  

Table 3: Number of specimens tested for uniaxial and biaxial. 

 Circumferential Specimen 

Tested 

Axial specimen 

Tested 

Biaxial Specimen 

Tested 

Healthy 25 4 2 

2 week AAA 8 10 1 

4 week AAA 8 6 3 

6 week AAA 6 5 1 

 

All the samples were gently defrosted by placing the tissue in a cold PBS bath and left at a 

temperature of 4C. The aortic tissues were first cleaned from surrounding adipose and connective 

tissue, and anatomical landmarks (the branching of common iliac arteries) were used to ensure 

consistent sample locations. Uniaxial and biaxial samples were cut into small pieces in 

longitudinal and circumferential directions. The typical uniaxial sample size was 8×1.8 mm for 

aneurysmal tissue and 4×1 mm for healthy tissue, whereas, the biaxial sample size was 5×5 mm 

for both tissues. Another eighteen samples were immediately submerged in 10% buffered 

formalin for the histologic study. Finally, the specimens were frozen at -80C until testing. Prior 

to testing, the thickness was measured using digital caliper at three locations for all tissue 

samples. 
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Uniaxial testing.  

A Bose electroforce 3200, 10 N load cell, Benchtop Tester (TA instrument, New Castle, United 

State) device with custom fabricated specimen bath and custom soft tissue grips were used to 

conduct uniaxial testing (figure 16). Each specimen strip was clamped and glued to the grips 

attached to the crossheads of the test device. The gage length (Lο) of the specimen strip between 

the clamps was recorded using caliper after preloading the specimen with a 0.01N force. All 

specimen tests were performed with the tissue submerged in a 37C PBS solution bath to maintain 

moisture. The testing protocol consists of an extension at 20% of specimen length/min until 

failure, while recording the force and extension at an acquisition rate of 5 Hz. Since the 

specimens were very small, the location of specimen failure with respect to the clamps was 

recorded to identify and discard specimens that failed too close to the clamp (within 1 mm). The 

resulting uniaxial force-displacement data were converted to first Piola–Kirchhoff and strain 

measure, by using the following equations:  

𝑃 =
𝐹

𝐴
       

Where P is the first Piola-Kirchoff stress, F is the applied force and A is the initial surface area.  

𝜀 =
𝛥𝐿

𝐿0
 

Where ε is the engineering strain, ΔL is the deformation, and Lο is the gage length.  



 

52 

 

Figure 16: Uniaxial test setup (Zymetrix lab, 2016). 

 

Biaxial testing.  

Specific details of the biaxial test methods have been recently reported (Rosin et al., 2016).  

AAA wall samples were tested using a four-motor biaxial testing system (ElectroForce Systems, 

TA Instruments, Springfield, MO), designed to allow independent control of each motor. 5×5 

mm samples were mounted to the four linear motors with four hooks per each side, attached with 

surgical sutures and small hooks (Figure 17), and submerged in PBS 37C. Five markers (dots) 

were drawn in the middle of the specimen allowing contactless tracking of tissue strain with a 

camera tracking system. These dots were made using a surgical skin marker.  Prior to testing, all 

specimens were pre-stressed in circumferential and axial directions by 0.05N to avoid any 

bending effect during biaxial testing and force values were recorded using two 22 N load cells. 
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The testing protocol was controlled displacement under cyclic sinusoidal loading. The stress and 

stretch data were recorded for the following protocols:  

 ux: uy =1 : 1, equal biaxial loading where an equal maximum stretch of 40% , 60%, and 

80% of the original sample length was reached in both deformed directions.  

 ux: uy =1 : 0.75,  one direction was pulled to the maximum and the other to 75% of the 

original sample length .  

 ux: uy =1 : 0.5, one direction was pulled to the maximum and the other to 50% of the 

original sample length. 

 ux: uy =0.5 : 1, one direction was pulled to 50% and the other is to the maximum of the 

original sample length. 

 ux: uy =0.75 : 1, one direction was pulled to 75% and the other to maximum of the 

original sample length. 

 Each sample was tested by running each testing protocol for 10 cycles at a rate of 0.3 mm/s. 

Data were then collected on the 10th cycle at a frequency rate of 200 Hz after achieving pre-

conditioning. Due to the low strain rate, the test can be regarded as quasi-static equilibrium state, 

where the strain relaxation is assumed to be negligible. Global and local stretches were tracked 

using the motor control and the digital video extensometer (with a resolution of 1,024×1,024 

pixels), respectively.  



 

54 

 

Figure 17: Biaxial testing setup (Zymetrix, 2016). 

 

For homogeneous planar biaxial deformation under low shear assumption, the deformation 

gradient F has a diagonal form: 

𝐹 = [
𝜆₁ 0 0
0 𝜆₂ 0
0 0 𝜆₃

] 

Where λ1, λ2, λ3 are the principal stretches. 

From F we obtained the right Cauchy–Green deformation tensor as: 

                                                                          C = F 
T
 F 

 And then the Green–Lagrange strain tensor according to the equation:  

                                                                         E=1/2 (C- I)  
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where I is the second order identity tensor. Due to the homogeneity assumption, the stress field 

in the specimen can be estimated in terms of the first Piola– Kirchhoff tensor P, expressed as 

force per unit of undeformed area:  

𝑃 = [
𝑓₁/𝐿₂ℎ 0 0

0 𝑓2𝐿2/𝐿1ℎ 0
0 0 0

] 

where f1 and f2 are the forces measured by the load cells, L1 and L2 are the in-plane undeformed 

tissue lengths and h is the undeformed tissue thickness.   

The second Piola–Kirchhoff stress tensor S can be computed from P: 

𝑆 = [
𝑃11𝜆2𝜆3 −𝑃11𝜅2𝜆3 0
−𝑃22𝜅1𝜆3 𝑃22𝜆1𝜆3 0

0 0 0

] 

where the in-plane shear components (off-diagonal) of the S tensor approach zero due to 

negligible shear (κ1 = κ2 =0). The stress- strain curves were plotted in both directions.  

 

In order to evaluate the difference in behavior between the two loading directions an anisotropic 

constitutive model was used to fit the data. The nonlinear behavior of the stress–strain curves 

suggests a hyperelastic behavior such as a 4-parameter Fung-elastic material model for soft 

tissues. According to the constitutive equation of the Fung model, the strain energy function has 

the form: 

                                                        W (Q) = ½ cf (e
Q
-1) 

with 

                                                         𝑄 = 𝑎1𝐸11
2 + 𝑎2𝐸22

2 + 2𝑎3𝐸11𝐸22 

where cf, a1, a2, and a3 are material parameters. For an incompressible material, the second Piola–

Kirchhoff stress tensor can be represented as 
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𝑆 = 𝑝𝐶−1 +
𝜕𝑊(𝐸)

𝜕𝐸
 

where p is the Lagrange multiplier introduced to enforce incompressibility. In our case, the only 

nonzero components of S are as follows; 

𝑆11 = 𝐶𝐹(𝑎1𝐸11 + 𝑎3𝐸22) 

𝑆22 = 𝐶𝐹(𝑎2𝐸22 + 𝑎3𝐸11) 

The stress–strain curves for each of the five protocols obtained experimentally for each specimen 

were fitted to the above relationships (Levenberg–Marquardt nonlinear regression algorithm; 

SigmaPlot, Systat Software, Inc., San Jose, CA). To provide a representative index of the tissue 

mechanical response, the parameter ɸ was computed 

𝜙 = min(
𝑎1 + 𝑎3
𝑎2 + 𝑎3

,
𝑎2 + 𝑎3
𝑎1 + 𝑎3

) 

This parameter evaluates how the mechanical properties along the two in-plane directions of 

loading contribute to the stiffness, with 1 indicating a perfectly isotropic material and smaller 

values indicating increasing anisotropic behavior. 

 

The biaxial curves were averaged for the same rabbit when applicable using Matlab (The 

MathWorks Inc, 2016). Strain values for each rabbit were averaged and the stress for each curve 

was identified at fixed strain points. The stress values were then averaged for the same fixed 

strain value to obtain average curves, for representative purposes.  

 

Histological analysis.  

The samples fixed in 10% buffered formalin solution were processed at The Core 

Histopathology of Libin Cardiovascular Institute of Alberta, University of Calgary. Aortic 
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specimens were cut in 5 μm thick slices and prepared by the same laboratory technician. The 

slices were stained with Movat’s pentachrome stain, VVG for elastin, and PSR for collagen 

under conventional light or polarized microscopy (table 4). The image of the stained sections 

obtained by microscopy was captured by a DP73 Olympus video camera (Olympus, 

Massachusetts, USA), coupled to the microscope, and transmitted to the computer with the 

software Image Analysis System from Leica (Quantimet-500; Leica Microsystems, Wetzlar, 

Germany). The magnification used for all histology images is 10X. The color code for all stains 

is provided in table 4. Neither scoring system nor blind viewing was conducted in this study.  

 

Movat pentachrome stain highlights vascular smooth muscle cells, elastin, collagen, fibrin, and 

ground substance in the tunica media that can be observed as red, black, yellow, bright red, and 

blue respectively. In order to quantify the different constituents, all slides were scanned and 

turned into digital images.  The computer software (Aperio) uses a color algorithm that measures 

hue and saturation that has been pre-assigned by a pathologist experienced in colorimetric 

analysis. The regions of interest were analysed and a percentage intensity of each of the pixels 

were identified and recorded. 

 

Because the mechanical properties of the arterial wall depend largely on orientation and density 

of collagen fiber bundles, we used the semi-automated method developed by Novak et al, 

(Novak et al., 2015) to evaluate the direction of the fibers from two-dimensional polarized light 

microscopy images of PSR stained sections. On average, four areas were analyzed per slide, two 

for media and two for adventitia. The proposed algorithm took between 15 and 35 min to analyze 

points in the aortic tissue. The result of the algorithm is a map of local orientations and 
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histograms of the distribution of the orientation of the fibers in the tissue. The parameter b  

(dispersion) of the Von Mises distribution of the fibers orientation was calculated for each 

individual slice and for the two layers (media and adventitia) when possible (Novak et al., 2015, 

Polzer et al., 2013b). We analyzed 72 areas and capture 1440 pictures. The analysis of the PSR 

slices was conducted by Kamil Novak and Stanislav Polzer from Brno University of Technology.  

 

Table 4: Color code for different histology stains. 

 Movat VVG PSR (polarized) 

Black Elastic fibres Elastic fibers  

Yellow Collagen fibers Tissue elements  

Blue Ground substance   

Red Muscle Collagen fibers  

Bright red Fibrin   

Yellow-orange   Thick collagen 

fibers 

Green   Thin reticular 

fibers 

 

Statistical analysis.  

No sample size justification or statistical analysis was performed because of the pilot nature of 

the study that included only one subject per treatment. 

 

Results 

The results from the uniaxial tests of healthy and AAAs samples were compared in term of 

sample width, wall thickness, failure stress, and failure strain (Table 5 and 6).  All results are 

reported based on observation not statistical significance due to the pilot nature of this study. 

Only samples that had failure in the middle of the gauge length were considered for analysis, 

which is at least 1 mm away from grips. The mean values of failure stress were higher in the 
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healthy aorta compared to the two, four, and six weeks AAA.  The wall thickness mean value 

was smaller in the healthy aorta compared to all the aneurysmal tissues. The mean values of 

Failure strain of the healthy and the two weeks AAA were higher than four and six weeks AAA, 

with four weeks AAA being the smallest. The curves of healthy, two, four, and six weeks AAA 

were plotted in axial and circumferential direction (figure20, figure 21). In general, all 

aneurysmal walls exhibited a trend where thicker walls were showing lower failures stress 

especially in the four weeks AAA (figure 23).  The uniaxial properties of aneurysmal walls differ 

with location in the same rabbit (figure 24, 25, 26, 30, 31, 36, 37).  

 

The stress-strain curves suggest stiffer behavior of circumferential samples compared to 

longitudinal samples for both the healthy and the six weeks aneurysmal aorta. This observation 

was the opposite for two and four weeks AAA which presented stiffer properties in the 

longitudinal direction (figure 22, 27, 32, and 38). The degree of anisotropy, which indicates the 

relative amount of parallel fibers, was calculated based on the Fung constitutive model. The 

healthy tissue had more anisotropic behavior than aneurysmal tissue. In aneurysmal tissues, more 

isotropic behavior was detected with the most isotropic behavior observed in four weeks sample 

1 (table 7, figure 18).  

 

Histological examination of the healthy segments revealed that the aortic wall was regular, and 

the tunica media as well as the elastic internal and external lamina were intact (figure 24). On the 

other hand, histological examination of aneurysmal aortic wall revealed that the aortic wall was 

disorganized and the elastin fibers had almost entirely disappeared (figure 28, 29, 33, 34, 35, 36, 

and 39).  Based on visual observation, the two week aneurysm had more elastin component when 
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compared with four and six week aneurysmal tissue. The aneurysm is not homogenous and 

shows a variation in histological analysis for the same rabbit. For example, we observed 

variation in elastin component throughout the same slice for the four weeks AAA, pointing out 

that elastin degradation is not uniform in adjacent areas (figure 35). The same histological 

variability is observed in two and six weeks aneurysms.  Based on visual observation, we noticed 

an increase in fibrin in all stages of aneurysm formation, especially in the four weeks aneurysm. 

Also, the collagen content increased as the aneurysm progressed and increases in size. The six 

week AAA presented particularly high collagen content in the media layer but also a reduction in 

fibrin content opposite to the trend observed for the other phases of the AAA formation.  

 

The maps of local fibers orientation and corresponding histograms of samples processed using 

PSR stain under polarized microscopy were analyzed (figures 40). The histogram of healthy 

aorta, in adventitia layer, clearly exhibits multiple peaks corresponding to different orientation 

angles, and points to a larger variability in fibers orientation, without a predominant direction.  

On the contrary for the two and four week aortas, the histograms show almost homogeneous 

fiber orientations with one distinct peak corresponding to the predominant direction. For the last 

aneurysm stage, the six week AAA, the histogram presents again multiple peaks showing a 

higher dispersion in fibers orientation, similar to the healthy tissue. The overall results indicate 

that the mean b-value for the media layer increases sharply from two week AAA to four week 

AAA and then decreases back for the six week AAA (table 8, figure 19), with a dispersion value 

very similar to the healthy reference tissue. On the other hand the adventitia layer exhibits an 

increase in orientation variability until the four week aneurysm and a decrease at six weeks 

induction stage, which is again similar to the healthy aorta. 
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Table 5: Uniaxial mechanical properties in the circumferential direction for all the aortas. 

 Mean width  

mm 

Mean 

Thickness mm 

Mean Failure 

Stress MPa 

Mean Failure 

Strain 

Healthy 1.29±0.18 0.1 3.11±1.96 0.35±0.15 

2 week AAA 1.15±0.24 0.56±0.24 0.68±0.79 0.35±0.32 

4 week AAA 1.30±0.34 0.65±0.30 0.59±0.41 0.15±0.07 

6 week AAA 1.25±0.23 0.55±0.20 1.84±1.54 0.25±0.09 

 

 

Table 6: Uniaxial mechanical properties in the longitudinal direction for all the aortas. 

 Mean width  

mm 

Mean 

Thickness mm 

Mean Failure 

Stress MPa 

Mean Failure 

Strain  

Healthy  1.27±0.44 0.1 3.28±2.71 0.34±0.19 

2 week AAA 1.67±0.36 0.74±0.25 0.69±0.39 0.28±0.19 

4 week AAA 1.30±0.30 0.61±0.16 0.62±0.43 0.15±0.08 

6 week AAA 1.10±0.27 0.39±0.21 1.64±1.42 0.26±0.11 

 

 

Table 7: Biaxial anisotropy properties of aorta walls. 

 Anisotropy parameter Maximum 

displacement % 

Healthy Sample 1 0.45 80 

Healthy Sample 2 0.76 60 

2 week AAA Sample 1 0.87 40 

4 week AAA Sample 1 0.97 60 

4 week AAA Sample 2 0.84 80 

4 week AAA Sample 3 0.73 60 

6 week AAA Sample 1 0.86 60 
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Figure 18: Biaxial sample location in healthy, two, four, and six weeks AAA. 
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Table 8: Dispersion parameter (b) for the media and adventitia layers in all the aortas. 

 b-parameter of Von Mises Distribution (Polzer et al., 2013b)  

 Media Layer Adventitia Layer 

 Mean Median S.D. Mean Median S.D. 

Healthy 4.47 3.49 3.24 1.48 1.23 0.80 

2 week AAA 6.40 6.60 3.10 2.60 1.69 2.04 

4 week AAA 9.45 7.30 7.58 2.01 1.43 1.80 

6 week AAA 4.48 4.41 1.50 1.20 0.64 0.82 

 

 

 

Figure 19: Von Mises dispersion parameter b obtained from the analysis of the PSR stained 

sections for the different experimental times (two weeks, four weeks, six weeks, and 

control). 
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Figure 20: Uniaxial test data in the circumferential directions for healthy, two week AAA, 

four week AAA, and six week AAA. 
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Figure 21: Uniaxial test data in the axial directions for healthy, two week AAA, four week 

AAA, and six week AAA. 
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Figure 22: Averaged biaxial data in circumferential and axial directions. 
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Figure 23: Correlation between thickness and failure stress at two weeks, four weeks, and 

six weeks. A negative correlation between thickness and failure stress is at peak with four 

weeks. 
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Figure 24: Uniaxial, biaxial, VVG (Circular shape), and Movat (Square shape) histology 

results in healthy aorta. Red arrow point to elastin (black color). 
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Figure 25: Results of the uniaxial tests for two week AAA in circumferential direction. The 

mechanical behavior is inconsistent with location.  
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Figure 26: Results of the uniaxial tests for two week AAA in axial direction. The 

mechanical behavior is inconsistent with location. 



 

71 

 

Figure 27: Biaxial data for two week AAA. 
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Figure 28: VVG histology stains for specimens from two weeks AAA. Red arrow point to 

elastin (black color). 
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Figure 29: Movat histology stains for specimens from two week AAA. Red arrow point to 

elastin (black color).  
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Figure 30: Results of uniaxial tests for four week AAA in circumferential direction. The 

mechanical behavior is inconsistent with location. 
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Figure 31: Results of uniaxial tests for four week AAA in axial direction. The mechanical 

behavior is inconsistent with location. 
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Figure 32: Biaxial data for three specimens of four week AAA. 
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Figure 33: VVG histology stains for four week AAA. Red arrow pint to elastin (black 

color).  
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Figure 34: Movat histology stains for four week AAA. Red arrow point to elastin (black 

color). 
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Figure 35: Movat histology stains for one segment of four week AAA. The four different 

regions show a wide variation of elastin content. Red arrow point to elastin (black color). 
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Figure 36: Uniaxial properties in circumferential direction and VVG histology stains for 

four week AAA. Red arrow point to elastin (black color). 
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Figure 37: Results of uniaxial tests for six week AAA in axial direction. The mechanical 

behavior is inconsistent with location. 
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Figure 38: Biaxial properties for one specimen of six week AAA. 
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Figure 39: Movat histology stains for six week AAA. Red arrow point to elastin (black 

color).  
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Figure 40: PSR histology analysis under polarized microscope. The media appears to have 

a predominant direction for the collagen fibers, while the adventitia seems to have two 

main directions for the healthy tissue, one at the two week and four week aneurysm 

progression stage, and more than two at the six week stage. 
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CHAPTER 5 DISCUSSION  

 

An AAA is a local dilation of the aorta until it ruptures with catastrophic consequences that may 

end up with the patient’s death. (LeFevre, 2014, Smolock and Lyden, 2014) It is usually 

asymptomatic and its detection prior to rupture is very challenging. In general, an AAA is often 

diagnosed accidentally when a patient undergoes imaging for a different purpose. (Smolock and 

Lyden, 2014, Shimazaki and Ueda, 2014) When detected, the clinical approach to avoid AAA 

rupture is endovascular or open repair surgery (Shimazaki and Ueda, 2014). The clinical decision 

for surgical intervention relies on weighting the risk of rupture against the risk of surgery 

(Epstein et al., 2014). The risk of rupture is assessed based on the maximum diameter and 

growth, both of which have been proven to be poor predictor of rupture for all patients. The main 

issue facing the advancement of AAA risk assessment and treatment is the lack of initial stage 

information, specifically the remodeling of the aorta wall and changes in its mechanical 

properties. Therefore, the main aim of this work was to develop a pilot study of controlled AAA 

in a rabbit model to understand AAA evolution, aortic tissue degeneration, and determine 

whether similar characteristics exist between this model and human AAAs. The success of this 

pilot study will push for a systematic larger sample of controlled AAAs in rabbits and continue 

to improve our understanding of AAA evolution in human.  

  

Factors contributing to the development of AAAs in humans have not been completely clarified, 

but according to the limited data collected, they are commonly divided to two related processes: 

extracellular matrix (EM) degeneration and inflammation (figure 6) (LeFevre, 2014, Smolock 

and Lyden, 2014). Degradation of extracellular matrix is believed to be initiated by apoptosis of 
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VSMCs or due to genetic disease, whereas inflammation is believed to be introduced by 

increased extracellular proteinase activity, neovascularisation, and atherosclerosis (figure 6) 

(Choke et al., 2005, Rensen et al., 2007, Lopez-Candales et al., 1997, Wilson et al., 2006, 

Martufi and Gasser, 2013). All these factors contribute to AAA formation, but the process is still 

unclear due to the lack of human AAA data collected at initial stages. Since AAA is usually 

asymptomatic, collecting any data from the initial stage is almost impossible, especially because 

all collected data are from advanced aneurysms that have reached a threshold diameter of 5 – 5.5 

cm (Smolock and Lyden, 2014, Shimazaki and Ueda, 2014).  

 

 The lifespan of an aneurysm can be described by four phases: formation, remodeling, pre-

rupture, and rupture (figure 9). The characteristics of human AAA in the literature can also be 

divided according to the lifespan phases with continuous increase in diameter, degradation of 

elastin at the formation stage, increases in collagen synthesis during the repair stage (collagen I, 

III), degradation of collagen during the pre-rupture stage, and finally local failure of collagen that 

leads to rupture (Henderson et al., 1999, Martinez-Pinna et al., 2013, Rensen et al., 2007, 

Thompson et al., 1997, Raghavan et al., 1996, Wilson et al., 2003, Di Martino et al., 2006, 

Kadoglou and Liapis, 2004, Vorp and Geest, 2005, Martufi and Gasser, 2013). Also, other 

characteristics of AAA include increase in wall thickness, significant reduction of tissue strength 

compared to healthy, and the presence of thrombus (Vorp et al., 2001, Di Martino et al., 1998, 

Bluestein et al., 2009, Vorp and Geest, 2005, Di Martino et al., 2006, Monteiro et al., 2014, Teng 

et al., 2015).  AAA could also be a consequence of other conditions such as atherosclerotic and 

Marfan’s syndrome (Palazzuoli et al., 2008, Golledge and Norman, 2010, Robinson and Booms, 

2001, Lindeman et al., 2010). It is generally accepted that the rupture occurs when collagen 
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degradation exceeds its synthesis (Wadgaonkar et al., 2015, Vorp, 2007, Tsamis et al., 2013, 

Vorp et al., 1998, Martufi and Gasser, 2013). Researchers have investigated the mechanical 

properties of healthy abdominal aorta and AAAs using uniaxial and biaxial testing. Most 

collected tissues are from ruptured or elective repair (more than 5 - 5.5 cm diameter) patients and 

the mechanical behaviors reported in the literature about advanced and ruptured AAAs are not 

consistent (table 2). Raghavan et al, (Raghavan et al., 2006) demonstrated that the mechanical 

behavior varied regionally and the failure tension of the specimen strip closer to the rupture site 

was low compared to its neighbor in the same aneurysm. This could explain the variation 

between these studies, in addition to the fact that no information is known at the time of surgical 

repair on the exact time frame and stage of aneurysm development.  For example, we cannot 

speculate whether a patient with a maximum diameter of 5.5 cm had an aneurysm for 1, 5, or 10 

years (figure 9). Other factors could also contribute to these inconsistent results such as age, 

gender, genetic disease, and health condition of patients. Further research is essential to better 

understand the mechanical behavior of AAA tissue.  In particular, we aimed to understand the 

effect of elastin reduction and extracellular matrix disruption (which are demonstrated in human 

aneurysms) on the remodeling of the aortic wall and the changes in the mechanical properties of 

the tissue. The only resource to understand these characteristics of aortic remodeling and AAA 

progression is using animal models.  

 

When generating aneurysms in animals, the method employed has significant impact on the 

results.  Two main methods are commonly used to induce AAAs in animals, which are chemical 

(calcium chloride and elastase) or physical (patch and graft) (Gertz et al., 1988, Gertz et al., 

2013, Chiou et al., 2001, Parodi et al., 1991, Criado et al., 1995).  Since the physical models do 
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not replicate the pathology of aneurysms in humans, we used chemical models. We chose this 

model because we have extensive expertise at the University of Calgary working with rabbit 

model, the rabbit has acceptable abdominal aorta size for mechanical testing, and rabbits are 

relatively inexpensive to house and maintain. In addition to the information provided by Bi et al, 

(Bi et al., 2013b) about this model, our study provided additional information regarding growth, 

mechanical properties, and histological analysis starting from healthy and over a period of six 

weeks of aneurysm development. We did not include sham experiments, which are rabbits 

incubated with saline solution for 20 min, because Bi et al, (Bi et al., 2013b) reported no 

significant (number of rabbits =12) changes in this group. Therefore, we assumed that the 

dilation of the aorta is due to the elastase and CaCl2 solution and not due to surgical trauma. 

Instead of comparing aneurysmal data to sham, we compared it to healthy rabbit aorta. 

 

We successfully generated AAAs in the three rabbits using a CaCl2 and elastase solution for with 

a 20 min induction time as the pilot study. Continuous growth of the aorta was observed over 30 

days but we observed that the aortic size appeared to have diminished at the six week stage. We 

compared the biomechanical properties of tissues sampled from a healthy rabbit aorta, two week 

AAA, four week AAA, and six week AAA. We found that the healthy tissue exhibited a higher 

tensile strength than aneurysmal tissue at all stages and also had thinner walls when compared to 

the AAA tissue. We observed that the six week AAA became stiffer compared to the behavior of 

both the healthy aorta and the other aneurysm stages. Also, the histological analysis 

demonstrated remarkable elastin degradation in aneurysmal walls compared to healthy tissues. A 

substantial increase in collagen content was observed as the aneurysm progressed showing a 

peak in the six week AAA. Our results align with Bi et al. experiments as they reported 



 

89 

continuous dilation of abdominal aorta over 4 weeks, continued elastin degradation, and 

continued synthesis of collagen. These results are also compatible with our mechanical testing 

where we observed weaker behavior for the aneurysmal tissue, especially at the four week AAA. 

This is due to the process of elastin degradation and separation between wall layers that was 

confirmed by our histological analysis. However, in our study we observed a reverse in the 

dilatation and the aneurysm size appeared reduced at the six week mark. While some literature 

would indicate that VSMC production and elastin regeneration could accounted for this self-

healing tendency in induced aneurysm models, our histological analysis did not support this 

conclusion. No elastin regeneration was observed in the central regions of the six week aneurysm 

(figure 39). Although specimens that were closer to the iliac bifurcation (specimens at the 

bottom) did have a high content of elastin. We cannot assume this resulted from a healing 

process because the areas in the centre of the aneurysm did not recover elastin content, which 

suggests that the specimens at the edges might not have come in contact fully with the CaCl2 and 

elastase solution. During surgery all precautions were taken to target the same position in all 

rabbits but we acknowledge that there are variations in aorta length between rabbits and human 

error is possible during the surgical procedure. Therefore, we cannot assume that the healing 

process is location specific where some areas recover while others do not. On the other hand, the 

mechanical testing of the six week AAA tissues demonstrated them to be stiffer and weaker than 

the healthy AAA which suggests that the tissue had not healed. Interestingly, the six week AAA 

tissues were stronger and stiffer than those at two and four weeks AAA suggesting that the body 

is attempting to repair the aneurysm. This process appears to be a fibrotic process of repair where 

more collagen is laid down to replace the lost elastin. The shift towards a higher collagen ratio is 

consistent with the observed changes in mechanical properties, and the observed differences 
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between healthy and six week AAA tissues. Further histological analysis comparing all areas of 

six week AAA specimens to healthy tissue, namely specific elastin content, VSMCs number, and 

collagen content, is essential to determine with more detail the remodeling process and to 

conclude whether the observed reduction in diameter in the six week aneurysm was a healing 

process or a remodeling process of the aneurysmal tissue. It is interesting to note that a similar 

shift in the ratio between collagen and elastin (with higher collagen content) was observed in 

human AAA histologies (Schlatmann and Becker, 1977, Di Martino et al., 2006, Jones, 2011, 

Rodella et al., 2016, Raaz et al., 2015).   

 

The combination of elastase and CaCl2 solution generated non-symmetric fusiform aneurysms. 

This is expected because of the surgical techniques used by wrapping sterilize gauze around the 

aorta. This suggests that the gauze had direct contact with some areas which ultimately had more 

exposure to the solution than other areas. Even though all efforts have been taken to wrap the 

gauze tightly around the aorta, it becomes slightly loose when wetted with the solution. The 3D 

model reconstruction of the aneurysms demonstrated complex (fusiform) geometry especially at 

two and four weeks AAA with maximum diameter of 5.11 mm and 6.92 mm respectively (figure 

13). One of the limitations of the present study, due to number of subjects, is that no comparison 

can be made between the size of the aneurysm at different stages (2 weeks, 4 weeks, etc) because 

the growth was measured on different rabbits and in only one rabbit per group. Multiple imaging 

on the same rabbit could help better understand the progression, however in our case this was 

difficult due to 1) resource constraints for the technical staff and equipment required for the 

procedures, and 2) the necessity of having to sacrifice/ligation the femoral artery after accessing 

it for an angiographic procedure, which limited the angiographic procedures to one per animal. 
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We acknowledge that rabbits have different abdominal aorta size and this should be controlled in 

future experiments. The uniaxial results of the mechanical tests suggested that an increase in 

maximum diameter is associated with a weakening of the aortic wall by affecting its structural 

integrity. In fact, the failure stress of the two and four week AAA was lower than both the 

healthy and the six week AAA. For the six week aneurysmal tissue, the failure stress was higher 

than any other aneurysmal tissue, and it was associated with a smaller diameter, suggesting a 

remodeling mechanism as an attempt to repair the lesion.   

 

The mechanical properties of AAA walls are not homogenous but vary with location in the same 

rabbit. Large variability is also observed in human aneurysms as well; however, due to the 

surgical techniques used to develop the aneurysm by wrapping the gauze around the aorta, we 

cannot guarantee that the regional differences are not in any way affected by the experimental 

technique. The healthy rabbit shows consistent mechanical properties throughout the whole 

abdominal aorta, similar to what is expected in healthy human aortas specimens from the same 

subject. Our findings point out that weaker tissue samples exhibit a thicker wall. This local 

variation in AAA tissue is even clearer when we examine at the histological analysis data, which 

shows additional elastin degradation in weaker aortic segments and deposition of other tissue 

components, fibrin, and mucin. For the two weeks and four week AAAs, a relationship was 

found between uniaxial strength and the amount of elastin, integrity of wall layers, and thickness 

of the wall. A thickening of the wall, less elastin content, and a delamination of the wall layers 

seem to be indicative of a weaker tissue segment. Also, we observed an increase in fibrin content 

which reached a peak in the four week AAA, which suggests increased inflammation in the 

aortic wall. Subsequently, fibrin content appears to decrease in the six week AAA, which 
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suggests decreased inflammation. The collagen content in the tunica media is often higher for the 

six week AAA. This observation could explain the uniaxial properties of the six week tissue 

which appears to be stiffer and stronger when compared to the two and four week samples.  

Also, the tissue collected form the six week AAA exhibited higher stiffness in the 

circumferential direction than longitudinal direction, which suggests that the collagen deposition 

is mostly along the circumference of the aorta, where the stresses are expected to be higher.  To 

better understand collagen orientation, we investigated the dispersion of local collagen fiber 

orientation according to their mean direction using PSR histology analysis. We observed the 

dispersion in both the media and adventitia layers for healthy and aneurysmal wall tissue. The 

mean dispersion in the media layer increased from healthy to two week AAA and reached the 

peak at four week stage. This observation supports the hypothesis that the fiber deposition is in 

the direction of the dominant stress component.  For the six week AAA, the dispersion value in 

the tunica media decreases to values approaching the healthy dispersion value. This suggests that 

the six week AAA tissue had less inflammation and perhaps more functioning, load bearing 

fibers than did the tissue collected at other stages of aneurysm induction. Therefore, collagen 

fibers were deposited assuming a structure similar to the healthy tissue but leading to different 

and non-physiological mechanical properties. We provided evidence from both the histology and 

mechanical testing that the healthy aortic tissue is stronger and more elastic than the six weeks 

aneurysmal tissue. We observed that the dispersion was higher in the media than adventitia layer 

finding which support the idea that collagen turnover is more intense in the middle layer of the 

wall.  
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Rabbit model of AAA vs. AAA formation in humans 

One of the clearest features of human AAAs is the increase in aorta size that accompanies AAA 

pathology and this is associated with the degradation of elastin and apoptosis of vascular smooth 

muscle cells (VSMCs) (Choke et al., 2005, Henderson et al., 1999, Fukui et al., 2003, Rensen et 

al., 2007, Vorp and Geest, 2005, Martufi and Gasser, 2013). Also, an increase in extracellular 

proteinases activity appears to contribute to the degeneration process, leading to AAA formation.  

The exact mechanisms of proteinases activation are still unknown, but it is commonly believed 

that increased MMPs activity contributes to vessel expansion by degrading elastin.  In general, it 

is believed that MMP-2 plays a role during early aneurysm formation, whereas MMP-9 is related 

to the continued expansion of moderate-sized aneurysms (Sakalihasan et al., 1996, McMillan et 

al., 1997, Choke et al., 2005, Wilson et al., 2006, Jones, 2011). On the other hand, the 

neovascularisation process disrupts the structure of the media layer by introducing inflammatory 

cells which leads to continues matrix degradation (Choke et al., 2006, Holmes et al., 1995, 

Ailawadi et al., 2003). The body’s response to elastin degradation is by increasing collagen 

synthesis during the early stages of aneurysm formation. Rodella et al, (Rodella et al., 2016) 

demonstrated that fibroblasts and SMCs in aneurysmal tissue increase local production of type I 

collagen, which is more resistant and less elastic compared to type III collagen. Bode et al, (Bode 

et al., 2000) demonstrated that collagen type III was highly present in the media layer of AAA 

tissue.  It is still unclear what type of collagen is synthesized during early or advanced stages of 

aneurysm formation. To better understand how the human AAA relates to this model, we need to 

observe the characteristics of AAAs in the rabbit model. Bi et al, (Bi et al., 2013b) reported 

significant decreases in elastin content and SMCs by day 5, significant increases in collagen type 

I by day 30 compared to day 5, significant decreases in collagen type III by day 30, significant 
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increases in MMP-2 and MMP-9 expression after 5 days, and significant increases in capillary 

density after 30 days. Our histological analysis confirmed the decreases in elastin and increases 

in collagen by four weeks. There are some similar characteristics, therefore, between this model 

and human AAA, such as continuous increases in diameter, decreases in elastin content, 

decreases in VSMCs, increases in MMP-9 activity, increases in collagen content, and increases 

in capillary density. To better understand the AAA developed in rabbits, we need to understand 

how CaCl2 and elastase is degrading the elastin. Gertz et al, (Gertz et al., 2013) investigated how 

the CaCl2 affects aorta wall using Von Kossa-stained tissue sections with correlative 

transmission electron microscopy. He demonstrated that the peri-adventitially applied CaCl2 

diffused into the aortic wall and bounded to the internal elastic lamina and the elastic lamellae in 

the media layer. This calcium–elastic complex altered the antigenicity of the elastic tissue and 

attracted inflammatory cells (monocytes and macrophages) that appeared to degrade the 

calcium–elastic tissue complex and disrupt the normal lamellar unit of the arterial media, 

resulting in progressive luminal dilatation. On the other hand, using elastase as to generate AAA 

degraded elastic lamellae, increased inflammatory cells, and increased MMPs activity (Anidjar et 

al., 1990). The detailed mechanism of elastin degradation using both CaCl2 and elastase is still 

not known and more research is needed. However, this rabbit model seems to be closer to 

inflammatory AAAs in humans. More histological research is needed to understand both human 

AAAs and AAAs developed in this model.  

 

Mechanical properties of rabbit AAA model vs. human AAA. 

Mechanical properties of healthy abdominal aorta and AAA in humans have been quantified 

using uniaxial testing. The value of failure stress is not consistent, but there is an overall trend of 
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weaker aneurysmal tissue compared to healthy (Raghavan et al., 1996, J. Thubrikar, 2001, Vande 

Geest et al., 2006a, Xiong et al., 2008, Teng et al., 2015).   We are observing the same with our 

rabbit model where aneurysmal tissues are weaker than healthy (Table 3,4). To be specific, we 

compared failure stress of the averaged rabbit model with Raghavan et al, (Raghavan et al., 

1996) results as he tested both healthy and AAA tissue from human. Since AAA with a diameter 

of 5- 5.5 cm is double the original aorta size in human, we estimated that four weeks is relatively 

compatible with the human condition, since at that point the maximum diameter in the rabbit 

aorta has doubled compared with a healthy rabbit aorta. Raghavan et al, (Raghavan et al., 1996) 

reported that the failure stress of healthy tissue was 2.01 MPa and aneurysmal tissue (Maximum 

diameter > 5 cm) was 0.86 MPa on average, which is more than half the stress. In our 

experiments, we saw a greater difference between healthy to four week AAA in rabbits with 3.28 

MPa to 0.62 MPa, respectively. This suggests that the rabbit tissue was highly damaged and 

weaker compared to humans. A reasonable explanation for this difference is the fact that this 

animal model is an acute model whereas the human AAA is chronic. The time taken to reach 

AAA with double the aorta size in human is still unknown but it is likely to be more than four 

weeks. Moreover the strength of aortic tissue decreases with age, so the lower healthy value 

found by Raghavan et al, (Raghavan et al., 1996) could also depend in part on the age of the 

subjects. On the other hand, biaxial testing of human AAA demonstrated that the tissues are 

stiffer than healthy and exhibit more anisotropic behavior, with preferential stiffening in the 

circumferential direction (Geest et al., 2006, O’Leary et al., 2014). In the rabbit model, we 

observed more isotropic behavior with two and four week AAA, which could suggest a 

degradation of fibers, that is not yet replaced by directional collagen deposition. In humans 

specimens are collected at an unknown time in the development of the aneurysm, so we cannot 
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make speculations regarding the stage of remodeling and of deposition of collagen. Vande Geest 

et al, (Geest et al., 2006) showed increased anisotropy in aneurysm tissue, which could be due to 

an effective directional collagen deposition in the direction of the maximum stress.   It is also 

interesting to note that the stiffer direction in four week AAA was not constant and changed from 

axial to circumferential depending on the location of the specimen, which suggests that the 

disruption of elastin and the remodeling process of collagen varied with location. In conclusion, 

it is difficult to compare directly the mechanical properties of the rabbit AAA model with human 

AAAs, but many features appear to concur and to help in explaining the remodeling process in 

the aorta following elastin disruption, and the effect that the lack of elastin and collagen 

deposition has on mechanical properties.  

 

Other characteristics of human AAAs and the rabbit model of AAAs. 

Atherosclerosis is a chronic condition that could lead to AAA formation in humans (Jones, 

2011).  We did not observe this characteristic in our animal model. Ideally, we need a specific 

atherosclerotic model of AAAs to investigate the relationship between atherosclerosis and AAA. 

On the other hand, intraluminal thrombus is found in about 75% of all AAAs, which contribute 

to lowering the wall stress (Choke et al., 2005, Jones, 2011). We did not observe any thrombus in 

the animal model; it is unclear if the reason is the lack of sufficient time or the absence of 

hemodynamic conditions. The differences in fibrinogen formation between rabbits and humans 

could also help explain such findings. Studying thrombus formation is important to understand 

the mechanical properties of AAAs in humans, and developing an animal model with evidence 

of thrombus may require further efforts.   
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Comparing rabbit models with other animal models.  

Animal models provide an in vivo understanding of AAA enlargement and rupture, and continue 

to play an essential role in advancing medical treatment of AAAs. The methodology to develop 

AAAs in animals could be divided in two approaches: chemical and physical. The physical 

method does not replicate the pathology of aneurysms in humans therefore it is not discussed in 

here. Chemically induced animal models are conducted on both small and large animals. Small 

animals such as mice, rat, and rabbit are easier to handle and a cheaper option in order to 

understand AAA formation and the remodeling process. They are frequently induced by CaCl2, 

elastase, angiotensin II, or involve genetically modified models (Gertz et al., 2013, Tsui, 2010, 

Lysgaard Poulsen et al., 2016).  The elastase models in small animals provide pathological 

findings similar to this rabbit model, including dilation of the aorta, degradation of elastin, and 

inflammation. However, these rodent models produce an inflammatory response that develops 

over a short period of time and the size of the aorta reaches a stable size or shrinks with time, 

which is similar to the rabbit model. However, Cho et al, (Cho et al., 2009) reported aneurysm 

rupture and presence of thrombus in male rats that were induced by infusion of elastase and 

treated with exogenous testosterone. The CaCl2 model has been used with different 

concentrations and with the combination of other chemical substances such as phosphate that 

resulted in enhanced calcification of the aorta (Schlatmann and Becker, 1977). The pathological 

results of the CaCl2 model are similar to the elastase model and to our rabbit model except that 

more calcification is observed depending on the concentration of CaCl2 and whether phosphate 

was also used. The angiotensin II model is used in an apolipoprotein E deficient (ApoE- /-) 

mouse.  It promotes the enlargement of the suprarenal aorta accompanied by atherosclerosis, 

medial hypertrophy, accumulation of macrophages in the external elastic lamina, and thrombosis 
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(Cho et al., 2009). This model reproduces AAA with atherosclerosis and thrombus, which is 

lacking in the rabbit model. However, the angiotension II model is mainly used in mice which 

makes mechanical testing challenging due to their small aortas. The genetically modified animals 

are mainly used to understand how the absence of some genes could increase or decrease the 

chance of forming AAA and they are also mainly used for testing drugs (Cho et al., 2009). AAA 

models in larger animals, which have a closer anatomical size to human, are mainly used to test 

surgical techniques and new devices before incorporation into the clinic. Large animals 

experiments are more complex in term of surgeries and expensive compared to small animals 

(Gertz et al., 2013, Tsui, 2010, Lysgaard Poulsen et al., 2016).  Since our goal for this work was 

to improve our understanding of remodeling aneurysmal tissue in a pilot study, the small animal 

model was more appropriate and affordable.  
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CHAPTER 6 CONCLUSION, LIMITATIONS, FUTURE WORK  

 

Conclusion  

In vivo animal models increase our understanding of the pathophysiology of AAAs.  We 

presented a pilot controlled rabbit experimental study that included AAA development using 

periaortic incubation of CaCl2 and elastase. The maximum diameter of the aorta rapidly 

increased to reach a peak at four week, and then reduced at six weeks. The healthy aorta was 

stronger than all aneurysmal tissue. The six week AAA had the stiffest and strongest properties 

compared to the other aneurysmal tissues. The histological analysis illustrated a general medial 

thickening in the aortic wall with aneurysmal dilatation as well as substantial elastin degradation 

and separation between the wall layers. Wall remodeling was observed with aneurysmal tissue, 

where the six week AAA had the highest collagen content. In general, we observed a negative 

correlation between wall thickness and tissue strength.   

 

To date, no animal model of AAAs has been developed that accurately mirrors the pathology of 

human disease but some share similar biochemical and cellular mechanisms to those involved in 

human AAAs. Our in vivo rabbit model represents an acute model of AAAs (as opposed to a 

chronic model in humans) that has similar characteristics to human AAAs including:  

1. Maximum diameter increases to double the normal diameters.  

2. Similar aneurysm shape between rabbits and humans, specifically fusiform aneurysm.  

3. Elastin degradation with aneurysmal growth.  

4. Wall structure is altered in term of wall thickness, collagen remodeling, and degree of 

inflammation.  
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5. Aneurysmal tissue is weaker than healthy tissue.   

The main difference between the rabbit model and human AAA is the acute nature of the former; 

whereas dilatation in animal models occurs within days or weeks, aneurysm formation in humans 

is believed to take years. We observed the stabilization of the aortic size in the six week AAA. 

The novelty of this study was the concurrent analysis of the histology and of the mechanical 

properties of several segments of aneurysmal tissue at each stage. To our knowledge this is the 

first study that evaluated the mechanical behaviors of AAA tissue in the rabbit. In conclusion, 

remodeling of the aortic tissue and changes in micro-constituents (collagen, elastin) appear to 

have an important role in the progression of an aneurysm.  

  

Limitations and Future Work 

There are several limitations to the present study. These include the small sample size, since the 

study was designed as a pilot investigation.  An appropriate sample size should be more than one 

rabbit per each stage; a larger systematic study of controlled AAA in rabbits could substantiate 

the results of this study and offer the opportunity to determine the statistical significance. In 

addition, future experiments should include the histological analysis of a rabbit AAA model at 

time zero (animal sacrificed immediately after the application of CaCl2 and elastase) in order to 

understand the immediate effects of CaCl2 and elastase on healthy tissue. This would provide a 

clearer understanding of how fast elastin is degrading after 20 min of CaCl2 and elastase 

incubation.   Even though the Bi et al, (Bi et al., 2013b) study demonstrated that a sham group 

did not develop any vessel dilation, it is very important to repeat this control group to ensure that 

rabbits develop aneurysms due to CaCl2 and elastase incubation, and not due to the trauma of 

surgical manipulation.  
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Another limitation is the variation in aorta size between rabbits. We do not know the initial size 

of the aorta and this can introduce inaccuracy in the data. One possible option is to scan the 

rabbit before incubating the vessel. However, this will increase the labor time and expenses. 

Also, it is important to have the same rabbits scanned initially, and at two, four, and six week 

stages to validate that the aorta size is changing with time and to observe any reduction in the 

size. As previously mentioned, this will increase the cost of the study and cannot be done with 

3D digital subtraction angiography since numerous cannulations of the same access vessel is not 

possible in rabbits. Instead, this will require a method such as CT or MRI, with intravenous 

contrast administration in order to less invasively image the rabbits.  

 

Another issue with this study is the observed reduction of the diameter at the six week stage, 

which may suggest that the degeneration of the aorta is reversed. Although we cannot reliably 

correlate this finding with the naturally occurring human condition, an attempt to create an 

alternate model may involve repeating the incubation of CaCl2 and elastase by week four or to 

develop a method to continuously infuse CaCl2 and elastase with time. Also, introducing a high 

fat diet or nicotine exposure to the rabbit after induction may alter the progression of aneurysm 

formation. Finding a technique to develop a chronic model, rather than an acute model, that 

mirrors human AAAs more closely may improve the relevance of using an animal model to 

study the human condition. Achieving such a model, however, is challenging since the exact 

mechanism of AAA formation in humans is still unknown. Most of the data collected from 

humans are at very advanced stages of aneurysm formation or rupture, which limits our 

understanding of how they form. A promising but technically challenging solution is to develop 

a noninvasive method to identify mechanical and histological changes from imaging features. 
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Another limitation of this study is the preparation and analysis of histology.  Even though the 

histology preparation stages such as fixation of the tissue, its dehydration, clearing, sectioning, 

and staining were conducted by the same technician, there is no record of time taken to finish all 

samples. Moreover, there is no report of the orientation in which the tissue sections were sliced. 

These factors could alter the observed results and introduce an error. In addition, neither a 

validated scoring system nor a blind viewing methodology was used to analyze the histological 

results. This could introduce a human error as only the principal investigator analyzed the slides. 

Also, no specific methodology was used to select the location of interest on each slide but only 

through observation. It is essential to include all of these procedures in future experiments.  

 

In addition to the information about rabbit AAA models, this study reports the mechanical 

properties of rabbit AAAs at different stages. Further analyses, however, are important to 

understand the formation and development of AAA in this model. For example, histological and 

biochemical analysis are important to quantify elastin, collagen, collagen type, VSMCs, MMPs, 

and all other cells in the AAA tissue. Understanding the contribution of hemodynamic stress is 

also important especially because we created infrarenal AAAs, which are very close to the iliac 

bifurcation and likely subject to significant hemodynamic stresses that influences their 

development. Using computational fluid dynamics on the 3D model reconstructed for the rabbits 

at each stage will provide essential information about the effects of blood flow. Finally, the 

results of this pilot study could be useful to validate biomechanical models of AAA tissue 

remodeling as an initial step.  Specifically, micro-structurally motivated growth biomechanical 
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models could be tested using the combined results from the mechanical and the histological 

analysis.  
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government request or legal process;
3.  Remove User Content which we believe does not comply with these Terms of Use;
4.  Terminate your access to the Medscape Network upon our determination that you have violated these Terms of Use;

and
5.  Edit Medscape Content.

Information that you Make Available through the Services

Certain Services enable users to submit content which may include, without limitation, text, images, photographs, figures,
charts, graphics, reports, data and sound ("User Content"). User Content does not include Registration Information. When you
submit User Content through the Services you automatically grant to us a perpetual, nonexclusive, worldwide, royaltyfree,
fully paid up, transferable, sublicensable (through multiple tiers) license to distribute, transmit, copy, host, publicly display
and perform, excerpt, index, tag, modify, adapt, sell, create derivative works from, and otherwise use and exploit such User
Content in any media, form or format now known or hereafter developed, both within and outside of the Medscape Network
for any purpose that is consistent with the Medscape Privacy Policy. You agree that you are solely responsible for all User
Content that you submit through the Services. You represent and warrant that you either are the sole and exclusive owner of
all User Content or you have all rights, licenses, consents and releases that are necessary to grant to us the rights in such
User Content as specified in these Terms.

You are solely responsible for ensuring that the User Content that you make available through the Services complies with
applicable laws including, without limitation, those relating to privacy, and also best clinical and ethical practices. Prior to
submitting any User Content to the Services, you must remove any information that identifies an individual or could
reasonably enable the identification of an individual, e.g., name, email address, social security number, insurance number or
other unique identification number, biometric identifiers, facial photographs, photographs of identifying marks such as tattoos
or scars. You shall be solely responsible for any claims arising from your failure to deidentify User Content that you submit
through the Services.
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You agree that you will not use the Services to make available User Content that:

1.  you do not have the right to make available under any contractual or fiduciary agreement or law;
2.  infringes, misappropriates or violates a third party's patent, copyright, trademark, trade secret, moral rights or other

intellectual property rights, or rights of publicity or privacy;
3.  results in the violation of any applicable law or regulation, including, but not limited to, the Health Insurance Portability

and Accountability Act (HIPAA) or any other applicable privacy laws;
4.  is unlawful, harmful, obscene, defamatory, threatening, harassing, abusive, slanderous, offensive, or embarrassing to

any other person or entity;
5.  promotes discrimination, bigotry, racism, hatred, harassment or harm against any individual or group;
6.  promotes illegal activity;
7.  is fraudulent, false, misleading or deceptive;
8.  constitutes an advertisement or solicitation of business; or
9.  contains viruses or other harmful computer code designed to interrupt, destroy or limit the use of any computer

software or hardware.

Proprietary Rights

You acknowledge and agree that the Medscape Network and any software used in connection with the Medscape Network
("Software") contain proprietary and confidential information that is protected by applicable intellectual property and other
laws. You further acknowledge and agree that the Medscape Content is protected by copyrights, trademarks, service marks,
patents or other proprietary rights and laws. Except as expressly permitted by applicable law or as authorized by us or the
applicable licensor, you agree not to modify, rent, lease, loan, sell, distribute, transmit, broadcast, publicly perform, create
derivative works from, or "scrape" for commercial or any other purpose, the Medscape Network, the Medscape Content or the
Software, in whole or in part. Any use of the Medscape Network or the Services not expressly permitted by these Terms is a
breach of these Terms and may violate our and third parties' intellectual property rights.

You may view information provided through the Services online, download individual articles to your computer or mobile
device for later reading or print a copy of an article for yourself. You may not remove any copyright notices from our materials.
You agree not to access the Services by any means other than through the interface that is provided by us for use in
accessing the Services.

Privacy Policy

The Medscape Privacy Policy, located at http://www.medscape.com/public/privacy, provides information about our collection,
use and disclosure of information about users of the Services. By accessing and using the Services, you agree to the terms of
the Privacy Policy and acknowledge and agree that the Privacy Policy forms an integral part of these Terms.

Dealing with Third Parties

Your correspondence or business dealings with, or participation in promotions of, advertisers or other third parties found on
or through the Services, including requests for and delivery of goods or services, and any other terms, conditions, warranties
or representations associated with such dealings, are solely between you and such third party. You agree that we shall not
be responsible or liable for any loss or damage of any sort incurred as the result of any such dealings or as the result of the
introduction of such third parties through the Services.

Laws that Govern this Agreement

We control those components of the Services made available through our respective websites from our offices within the state
of New York in the United States of America. By accessing the Services, you agree that the statutes and laws of the state of
New York, without regard to choice of laws principles, will apply to all matters relating to use of the Services.

Notwithstanding the foregoing, you may be subject to certain obligations and responsibilities associated with the jurisdiction
in which you practice medicine or another health profession. We make no representation as to the legal compliance of the
Services or the Medscape Content and you are solely responsible for compliance with the laws of your jurisdiction, with
respect to your use and misuse of the Services and the Medscape Content.

Termination and Modification

You agree that we may, under certain circumstances and without prior notice, discontinue, temporarily or permanently, the
Services (or any part thereof) or eliminate your account and remove any User Content that you have made available through
the Services, with or without notice, for any of the following reasons (which are not intended to be exclusive): (a) breaches or
violations of these Terms or other incorporated agreements or guidelines, (b) requests by law enforcement or other
government agencies, (c) a request by you, (d) discontinuance or material modification to the Services (or any part thereof),

http://www.medscape.com/public/privacy
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(e) technical or security issues or problems, (f) extended periods of inactivity, and/or (g) your engagement in fraudulent or
illegal activities. You agree that all terminations for cause shall be made at our sole discretion, and we shall not be liable to
you or any third party for any termination of your account or access to the Services.

Disclaimer

THE MEDSCAPE NETWORK, SERVICES, MEDSCAPE SITES, MEDSCAPE APPS AND MEDSCAPE CONTENT ARE
PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, EITHER EXPRESS OR IMPLIED. WITHOUT LIMITING THE
FOREGOING, WE EXPRESSLY DISCLAIM ANY WARRANTIES, EXPRESS IMPLIED, INCLUDING WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT OR NONINFRINGEMENT, AND ANY
WARRANTIES ARISING OUT OF COURSE OF DEALING OR USAGE OF TRADE. WE MAKE NO WARRANTY THAT THE
MEDSCAPE NETWORK, SERVICES, MEDSCAPE SITES, MEDSCAPE APPS AND MEDSCAPE CONTENT WILL MEET
YOUR REQUIREMENTS OR BE AVAILABLE ON AN UNINTERRUPTED, SECURE, OR ERRORFREE BASIS. WE MAKE NO
WARRANTY AS TO THE ACCURACY, TIMELINESS, COMPLETENESS OR RELIABILITY OF ANY CONTENT OBTAINED
THROUGH THE SERVICES. NO INFORMATION PROVIDED THROUGH THE SERVICES OR BY US IN ORAL OR WRITTEN
FORM WILL CREATE ANY WARRANTY NOT EXPRESSLY MADE HEREIN YOUR RELIANCE UPON THE CONTENT
OBTAINED OR USED BY YOU THROUGH THE SERVICES IS SOLELY AT YOUR OWN RISK. YOU ARE SOLELY
RESPONSIBLE FOR ALL OF YOUR COMMUNICATIONS AND INTERACTIONS WITH OTHER USERS OF THE MEDSCAPE
NETWORK. YOU UNDERSTAND THAT WE DO NOT ASSUME RESPONSIBILITY FOR SCREENING ANY USER OF THE
MEDSCAPE NETWORK NOR DO WE VERIFY OR TAKE RESPONSIBILITY FOR USER CONTENT. WE DO NOT PROVIDE
MEDICAL ADVICE AND WE DO NOT RECOMMEND OR ENDORSE ANY SPECIFIC PRODUCTS, PRODUCT USERS,
THERAPIES, TESTS, PHYSICIANS, HEALTHCARE PROFESSIONS OR OPINIONS.

Liability

In no event will WebMD, Medscape or any other person or entity involved in creating, developing or delivering the Medscape
Network, the Medscape Sites, the Medscape Apps, the Services or the Content be liable for any damages (including, without
limitation, incidental and consequential damages, personal injury/wrongful death, lost profits, or damages resulting from lost
data or business interruption) arising out of or in connection with these Terms or from the use of or inability to access or use
the Medscape Network, the Medscape Sites, the Medscape Apps, the Services or the Medscape Content, or from any
communications or interactions with other persons with whom you communicate or interact as a result of your use of the
Services, whether based on warranty, contract, tort, or any other legal theory, and whether or not we, our licensors, ours
suppliers, or any third parties mentioned with the Services are advised of the possibility of such damages. We, our licensors,
our suppliers, or any third parties mentioned within the Services are not liable for any personal injury, including death,
caused by your use or misuse of the Services or any information provided through the Services. Any claims arising in
connection with your use of the Services must be brought within one (1) year of the date of the event giving rise to such action
occurred. Remedies under these Terms are exclusive and are limited to those expressly provided for in these Terms. The
limitations of damages set forth above are fundamental elements of the basis of the bargain between us and you.

Indemnity

You agree to defend, indemnify, and hold each of us and our respective officers, directors, employees, agents, licensors, and
suppliers, harmless from and against any claims, actions or demands, liabilities and settlements including without limitation,
reasonable legal and accounting fees, resulting from, or alleged to result from, your access to or use of the Medscape
Network, the Medscape Sites, the Medscape Apps, the Services and the Medscape Content or your violation of these Terms.

Notice and Take Down Procedures and Copyright Agent

If you believe any materials within the Medscape Network infringe your copyright, you may request removal of those materials
(or access thereto) by contacting Medscape Customer Support at MedscapeCustomerSupport@webmd.net and providing the
following information:

1.  Identification of the copyrighted work that you believe to be infringed. Please describe the work, and where possible
include a copy or the location (e.g., URL) of an authorized version of the work.

2.  Identification of the material that you believe to be infringing and its location. Please describe the material, and
provide us with its URL or any other pertinent information that will allow us to locate the material.

3.  Your name, address, telephone number and (if available) email address.
4.  A statement that you have a good faith belief that the complained of use of the materials is not authorized by the

copyright owner, its agent, or the law.
5.  A statement that the information that you have supplied is accurate, and indicating that "under penalty of perjury," you

are the copyright owner or are authorized to act on the copyright owner's behalf.
6.  A signature or the electronic equivalent from the copyright holder or authorized representative.

We may terminate the account of any user who we determine is a repeat infringers.

mailto:MedscapeCustomerSupport@webmd.net
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Modifications

We reserve the right, at our sole discretion, to modify, discontinue or terminate any of the Services, the Medscape Content or
these Terms, at any time and without prior notice. If we modify these Terms in a material way, we will provide notice of such
modification within the Medscape Network. By continuing to access or use the Services after we have modified these Terms,
you agree to be bound by the modified Terms. If the modified Terms are not acceptable to you, you agree to immediately stop
using the Medscape Network and the Services.

Complete Agreement

Except as expressly provided in a particular "legal notice" on the website, these Terms constitute the entire agreement
between you, WebMD and Medscape with respect to your use (and prior use) of the Medscape Network and the associated
Services and Medscape Content.

These Terms constitute the entire and exclusive understanding and agreement between WebMD, Medscape and you
regarding Medscape Network and the Services and these Terms supersede and replace any and all prior oral or written
understandings or agreements between WebMD, Medscape and you regarding the Medscape Network and the Services.

Assignment

You may not assign or transfer these Terms, by operation of law or otherwise, without WebMD and Medscape's prior written
consent. Any attempt by you to assign or transfer these Terms, without such consent, will be null and of no effect. WebMD or
Medscape may assign or transfer these Terms, at its sole discretion, without restriction. Subject to the foregoing, these Terms
will bind and inure to the benefit of the parties, their successors and permitted assigns

Notices

Any notices or other communications permitted or required hereunder, including those regarding material modifications to
these Terms, will be in a written form and given: (i) by us via email (in each case to the email address included in your
Registration Information); or (ii) by posting within the Medscape Network. For notices made by email, the date of receipt will
be deemed the date on which such notice is transmitted.

No Waiver

Our failure to enforce any right or provision of these Terms will not constitute a waiver of future enforcement of that right or
provision. Except as expressly set forth in these Terms, the exercise by either party of any of its remedies under these Terms
will be without prejudice to its other remedies under these Terms or otherwise.

Survival

All provisions of these Terms shall survive termination of your Medscape Network account except for your license to access
and use the Services and the Medscape Content.

Contact Us

If you have questions about the Services or these Terms, or you wish to provide feedback, please contact us at
MedscapeCustomerSupport@webmd.net. By submitting feedback and suggestions, you grant a nonexclusive, perpetual,
irrevocable, and royaltyfree license to any intellectual property rights you may have in your feedback and suggestions to us
to use to improve the Services.

Last updated: November 10, 2015.
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