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ABSTRACT 

 Aortic aneurysm is a complex disease manifesting in a localized dilation of 

the aorta developing over years and carries with it a significant chance of rupture 

resulting in death. As only surgical methods are currently available for treatment, 

there is a need to understand the underlying mechanisms of the disease and 

how they develop and lead to expansion and rupture. Thus, the study of the 

formation and progression of aneurysm has also focused on quantifying any 

changes observed in fiber realignment and altered mechanical properties leading 

to vascular disease. Animal models of aneurismal disease can be useful for 

studying alterations during disease development (e.g., in the tissue’s mechanical 

response). Recent efforts have been aimed at determining both the 

biomechanical alterations that occur with aneurysm formation and their potential 

for rupture. However, previous animal model work is lacking quantitative 

descriptions of how biomechanical response and vessel remodeling change with 

time and lead to the diseased state. Thus, there is a need for determining an 

appropriate animal model for aneurysm and developing an adequate method for 

quantifying and determining disease progression through alterations in 

biomechanical response.  
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1.1 INTRODUCTION 

 It is generally accepted that the formation of an aneurysm in the aorta is a 

complex and multi-factorial disease. Some factors which have been identified as 

playing a role in the disease process include genetic predisposition [1, 2], 

autoimmunity [3], and environmental influences such as smoking [4]. Over the 

past 15 years there has been an explosion of information regarding how both 

fluid and solid mechanics might also play a role in aneurysm development, 

assessment, and rupture prediction [5, 6]. Current research has aimed at 

improving treatment options for aneurysm (e.g., endovascular repair) and 

predicting rupture, and although it is known that aneurismal tissue is remodeled 

in the disease process in humans [5] and that such reorganization leads to 

alterations in mechanical properties [7], there is a need to understand the 

underlying mechanisms and how they develop. Animal models of aneurismal 

disease can be useful for studying alterations during disease development (e.g., 

in the tissues mechanical response) and also for studying novel and new 

endovascular treatments. 

 Development of animal models of aortic aneurysms can be broken down 

into two basic categories based on their purpose. The purpose of some animal 

models is to assist in the development of novel endovascular prostheses and 

their deployment techniques for the treatment of aneurysms in humans. These 

models are focused on the clinical application of the device and therefore require 

large animals and induce aneurysm through either mechanical or chemical 
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means. Beginning in 1986, Balko et al. [8] inserted a prosthesis into the 

abdominal aorta of adult sheep creating an abdominal aortic aneurysm (AAA) 

which was then endoluminally excluded using a stent graft. Since then several 

large animal models including dogs [9-12], pigs [13, 14], and sheep [8, 15, 16] 

have been used for the study and development of endovascular grafts with dogs 

being the most common animal model. The use of small animals (e.g., mice) as a 

means to study endovascular repair has not largely been used likely due to size 

challenges and significant differences between human and murine aortic 

hemodynamics. The choice of animal for such models is very important and is 

often a tradeoff between availability, aortic geometry, physiological differences 

with humans, and suitable characteristics of the animal.  

 The second purpose of an aortic aneurysm animal model is to study the 

mechanisms behind aneurysm formation enabling us to better understand 

aneurysm pathophysiology and propose novel drug therapies. These models for 

the most part rely on small animals for their low cost and ease of handling 

relative to large animals. Small animals with shorter life spans are also desirable 

for such studies, since these models may depend on spontaneous aneurysm 

formation and thus require an accelerated time course for disease. In small 

animal models aneurysm development is induced chemically, genetically 

predisposed, or imposed using a combination of both. The number of aneurysm 

models has increased significantly in the past few years. This is due to 

sequencing and annotation of the mouse genome and efforts such as the 
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Knockout Mouse Project (KOMP) which are focused on creating  genetically 

modified mouse knockout strains for every gene in order to study disease [17].  

 The purpose of this chapter is to review both the methods used in creating 

experimental aneurysms in animals and the several different animal models 

currently available, highlighting their typical means of use and also detailing how 

such models may be used to better understand the role of mechanics in 

aneurysm development. 

1.2 MECHANISMS FOR INDUCING AORTIC ANEURYSMS IN ANIMALS 

 Much like the choice of animal, the choice of mechanism used for inducing 

aneurysm is based on the model’s purpose and is typically induced using either 

mechanical or chemical means or using a genetically predisposed animal.  

1.2.1 Mechanically Induced Models 

 Open repair of AAAs has in recent years become less preferable to the 

alternative and less invasive procedure of endovascular repair. Since the first 

studies to use stents grafts to treat AAAs in the mid-1980s, large animal models 

of aortic aneurysm have been used to test the delivery, biocompatibility, and 

efficacy of endovascular grafts. Most of these models have used mechanical, 

otherwise known as surgical, techniques to induce aneurysm. Some techniques 

developed for inducing aneurysm such as weakening the aortic wall through 

injury [18] or the Blanton technique for creating dissecting aneurysms [19] may 

not be in common use. However, more common methods for mechanically 
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induced aneurysm have been established and include the arterial wall patch 

model, the graft model, and transluminal models. 

1.2.1.a Arterial Wall Patch Model 

 The arterial wall patch model for inducing AAA has been one of the most 

widely used methods for studying endovascular grafts. The function of the patch 

model is to introduce an aneurismal pouch by repairing an incision in the aortic 

wall using a structurally weaker graft, also referred to as a patch. This patch is 

able to dilate postoperatively and remain patent until an endovascular graft can 

be deployed to bypass the experimental aneurysm. During the procedure the 

animal is heparinized, the aorta is isolated and crossclamped between the renal 

arteries and above the iliac bifurcation, and the collateral arteries are secured 

using temporary hemoclips or vessel loops. The incision, known as an aortotomy, 

is created along the longitudinal axis of the aorta and an elliptical patch is then 

sutured into the opening. An intervening period of between 3 to 12 weeks is then 

required for animal recovery and tissue healing before the endovascular repair 

can then be attempted [20, 21]. This procedure has been used to create saccular 

aneurysms in dogs, pigs, and sheep. 

 The patch model is sometimes referred to as the vein-patch method, as 

venous tissue from either portions of the inferior vena cava, jugular, or iliac vein 

[11, 22-24] is often used. Various other materials have been used including 

jejunum [9], peritoneal [14], and fascia [25, 26] tissues, as well as synthetic 

materials such as Dacron [8, 10, 27] and ePTFE [15, 28]. Use of analogous 
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tissue has been reported to be favorable as they are able to progressively 

expand and the tendency to rupture can be controlled based on the tissue type. 

Such studies have found that vein patches will enlarge but not rupture due to 

scar tissue formation [29] and that manipulating jejunum or peritoneum tissue 

can result in varying tendencies to rupture [9, 26]. Some work using synthetic 

patches has also shown the ability for the material to enlarge [28], however this is 

not a critical feature for as long as the aneurysm remains patent the function of 

the patch is preserved. In the patch model, limited thrombus formation has been 

found with a few materials such as jejunum [9, 30], and the collateral arteries 

associated with the patch have remained patent.  However, once the prosthesis 

is inserted into the experimental aneurysm it is often flush against the lumen and 

the collateral arteries bridged by the endovascular graft have been found to 

completely thrombose. Therefore, a modified technique is required for any study 

focused on the perfusion of the aneurysm sac by retrograde flow [31, 32]. 

 Although widely used and often found to exhibit similarities to the human 

disease [33], the value of the arterial wall patch model for studying the 

mechanisms involved in aneurysm and determination of aneurysm mechanical 

properties is not seen as appropriate, since the processes behind their formation 

is artificial. However, this model is able to create large aneurysms with 

morphological similarities to human aneurysms, and thus it offers a valuable 

model for developing novel endovascular devices and techniques. The patch 

model has also shown its versatility by being modified to allow for studies into 
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kinking of endovascular devices and into the different types of endoleak.  

Furthermore, the patch model provides valuable opportunities to gain surgical 

experience and will likely continue to be used in this capacity [34]. 

1.2.1.b Graft Model 

 Almost as common as the patch model, the graft model for inducing AAA 

has also been used in dogs, pigs, and sheep. Similar materials have also been 

used, such as Dacron [10, 16, 35] and ePTFE [36] along with treated jugular vein 

[37]. Again the animal is heparinized, and the aorta is isolated and crossclamped 

below the renal arteries and above the iliac bifurcation. However, the collateral 

arteries are ligated and divided as they are removed along with the section of the 

isolated aorta. Once the aorta has been excised, the graft representing the 

artificial aneurysm is anastomosed with each end of the aorta replacing the 

removed portion and forming a conduit [38]. Once the procedure is complete, the 

aneurysm is fully formed and there have been no reports of the graft losing 

patency prior to the placement of an endovascular graft. 

 The graft model has an advantage over the arterial patch model as it can 

more easily manipulate its size and configuration to more closely resemble that 

of aneurysms found in humans. The graft model has also been used to form 

fusiform AAAs through the replacement of a portion of infrarenal aorta with large 

crimped artificial grafts [39]. This model has been used for the evaluation of 

endovascular graft deployment techniques and delivery systems, as well as to 

determine the effectiveness of novel devices. However, this model is not 
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appropriate for studying the biological effects of the aortic wall on the healing 

process, studying any degradation that occurs to the endovascular graft, or 

studying certain failure processes like reentrant endoleak, because the large 

animal model uses either synthetic material or treated tissue and the collateral 

arteries are ligated. 

 The graft model has also been used in rats by one research group to 

generate aneurysms based on the immune rejection of the implanted tissue 

which originally came from guinea pigs [40, 41]. Aneurysms were created 

through rejection of the foreign tissue within 4 weeks of transplant and included 

components of the human disease, such as loss of medial cells and extracellular 

matrix and an influx of macrophages, T cells, and B cells. Although the model 

may not seem suitable as a model to study aneurysm causation, seeding the 

transplanted tissue with syngenic rat vascular smooth muscle cells has shown 

significant reductions in elastin degradation, inflammatory infiltration, and 

aneurysm formation and may lead to new therapeutic treatments for AAA [41]. It 

is in this capacity that the graft model for aortic aneurysm may be used to study 

the mechanical response of experimental aneurysm tissue, something that has 

yet to be reported in the literature. 

1.2.1.c Transluminal Angioplasty Model 

 A more recent model for creating aneurysms in large animals is the 

transluminal angioplasty model. In this catheter based technique, a standard 

angioplasty balloon and a balloon-expandable intravascular metallic stent were 
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used to dilate the infrarenal abdominal aorta to twice its diameter and were able 

to form a fusiform shaped AAA. Hallisey was able to demonstrate this model in 

dogs without the need for retroperitoneal dissection or major surgery and found 

that after 30 days the AAAs remained unchanged and the collateral arteries 

remained patent [42]. This method has also been adapted to work in sheep as 

well [43]. Although the model is easily created, it lacks physiological elastin 

breakdown and inflammatory cell infiltration, which are found in human AAAs. 

However, due to its ease of implementation and lack of using artificial material, 

this method has been able to be incorporated into use with an 

elastase/collagenase model (See section 2.2.3) to better mimic the human 

disease and allow for biomechanical analysis of the aneurismal tissue. 

1.2.2 Chemically Induced Models 

 Chemically induced aneurysm models are easily the most transferable 

between animals as they have been used in both small and large animals. The 

two common methods include the elastase and calcium chloride induced models. 

These models came about from attempts to mimic the early stages of human 

AAA disease which found that disruption of the elastic media and medial 

inflammation occurred [44, 45].  

1.2.2.a Elastase Model 

 The intraluminal perfusion of the abdominal aorta with elastase was the 

first anreusym model developed in small animals and was performed on rats in 
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1990 [46] and later transplanted into mice [47]. The procedure consisted of 

isolating a 1 cm segment of abdominal aorta by means of inserting a catheter 

through the femoral artery up to the level of the infrarenal aorta which was then 

clamped above and ligated below. Collateral arteries were also ligated and the 

segment was then perfused with the elastase solution for up to 2 hours. The 

elastase degraded elastin within the aortic wall, where inflammation and 

aneurismal development was then accompanied by increased macrophage 

perfusion and matrix metalloproteinase (MMP) production. The timecourse for full 

aneurismal development had a delayed reaction time of 7-14 days after elastase 

infusion and revealed a number of similarities to aneurysm development in 

humans [48]. The elastase-induced AAA model has therefore been useful in 

examining the role of chronic inflammation and specific MMPs in aortic 

deterioration and to determine the effects of pharmacological agents or genetic 

alterations on aneurysm formation [49]. 

 As for large animals, the elastase induced model for aneurysm has been 

around since the 1960s when elastase perfusion was first attempted on dogs 

[50]. However, Martin et al. demonstrated difficulty obtaining reproducible results 

in this large animal model which had a timeline of two months [51], and the 

method went largely unused except in small animal models where the model had 

much better reproducibility. In 1993, Boudghène et al. reported the use of 

elastase to create an AAA model in dogs for evaluation of endovascular grafting 

and found that the dose of elastase was critical to the formation of aneurysm 
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[52]. Since then the use of elastase perfusion in large animals to induce 

experimental AAAs has grown as the model is able to mimic the pathology of the 

human disease better than other large animal models such as the arterial wall 

patch and graft models. The elastase model also offers the opportunity to study 

how MMP and inflammation accompany biomechanical changes in aneurismal 

tissue as the disease progresses. 

1.2.2.b Calcium Chloride Model 

 Another method for creating a chemically induced aortic aneurysm in 

animals is through the use of periarterial application of calcium chloride which 

was first performed in rabbits [53]. This model has also been successfully 

transferred to mice [54]. Unlike the elastase model, exposure to the calcium 

chloride was done by anesthetizing the animal, exposing the abdominal aorta 

between the renal arteries and the iliac bifurcation, and placing calcium chloride 

soaked gauze directly on the aortic section for 10 minutes. Marked dilation was 

reported after the second week with full aneurismal development occurring by 3 

weeks. In accordance with aneurysm in humans, varying degrees of intimal 

fibromuscular hyperplasia and medial disorganization, along with disruption of 

the elastic network of the intima and the media were observed. The inflammatory 

cell infiltration includes neutrophils, lymphocytes, monocytes, and multinucleated 

giant cells. Like the elastase perfusion model, the time course of biomechanical 

changes during disease development can be studied using this model. 
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1.2.2.c Elastase/Collagenase Model with Angioplasty 

 In an effort to better model native AAAs in large animals an elastase and 

collagenase perfusion method was developed to permit the evaluation of 

endovascular devices. The elastase/collagenase model with angioplasty 

combines both mechanical and chemical approaches to induce experimental 

AAAs [13]. The experimental aneurysms were created by surgically exposing the 

abdominal aorta of pigs, dilating the aorta with an angioplasty balloon, and 

perfusing the aorta with a solution of elastase and collagenase (Figure 1). Serial 

MRI was used to determine the postoperative diameter, and the animals were 

sacrificed at different time points up to 6 weeks for histological evaluation. The 

MRI showed that there was a gradual increase postoperatively in aortic diameter, 

and histology showed partial endothelial loss, mural neutrophil infiltrate, and 

elastin disruption within the first 7 days. There was reendothelialization and 

smooth muscle repopulation between 3-6 weeks, however the elastin 

degradation remained. The study was able to show that the creation of an AAA is 

possible using a combined mechanical and chemical approach. While further 

evaluation is necessary to characterize the nature of the aneurysm, this model 

shows potential for studying the biochemical and biomechanical alterations that 

occur during aneurysm development. 
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Figure 1.1: Development of infrarenal AAA in swine using the elastase/collagenase model 

with angioplasty. In tile A, the abdominal aorta is  exposed between the caudal aortic 

trifurcation (T) and the renal arteries (not shown) . In tile B, an introducer sheath (S) is 

inserted into the abdominal aorta and angioplasty b alloon is slowly inflated to dilate the 

aorta. In tile C, the aorta is cross-clamped (X) wh ile the abdominal aorta is perfused with a 

solution of elastase and collagenase.–  Figure take n from Hynecek et al. 2007 [13]. 
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1.2.3 Genetic Models 

 Rather than relying on mechanical and/or chemical induction, various 

animal models have recently been introduced that stem from aneurysm 

development in genetically compromised animals.  

1.2.3.a Genetic Mouse Models of Thoracic Aneurysm  

 There are several genetic animal models of aneurysm that preferentially 

form in the thoracic region of the aorta. One of these models includes the 

‘blotchy’ mouse that has a chromosomal mutation affecting copper metabolism 

causing abnormal cross-linking of collagen and elastin and weakening of 

connective tissue [55]. Aneurysms that formed did so generally in the thoracic 

aorta. However, this genetic defect results in large metabolic alterations that 

most closely resemble Menkes’ kinky hair syndrome, otherwise known as copper 

transport disease, which also presents with degeneration of the nervous system 

and impaired growth [56] and does not truly mimic the general process of 

thoracic aneurismal formation in humans. 

 In addition to the ‘blotchy’ mouse, Lysyl oxidase (LOX)-deficient mice also 

form aneurysms in the thoracic aorta. This mouse model relies on a mutation that 

does not allow lysyl oxidase to initiate the crosslinking of collagen and elastin 

[57]. These crosslinks are essential to the mechanical properties of vascular 

tissue. Upon removing the Lox in mice, LOX-deficient neonate mice revealed 

large aortic aneurysms. Microscopy showed hazy and unruffled elastic lamellae 

and highly fragmented elastic fibers with discontinuity of the smooth muscle 



25 
 

layers. The aortic wall of these animals was also found to be significantly thicker 

and their diameter significantly smaller. However, in the Lox-/- model, mice 

typically die at the end of gestation so such a model would not easily allow for the 

study of progression of the disease or allow for biomechanical investigations. 

Hence, mice with conditional null alleles (target gene is eliminated from specific 

tissue of interest at desired time in the body rather than the whole body as gene 

knockout technology would entail) of Lox will be useful for circumventing the 

embryonic lethality.  

 Another transgenic mouse model that is predisposed to aneurysm 

development in the thoracic region is the Tsukuba hypertensive mouse (THM), 

which over produces angiotensin II (AngII) [58]. The THM is defined by increased 

blood pressure but no other clear vascular pathology. However, when placed on 

a 1% sodium diet the incidence of aortic rupture increased dramatically [59], 

primarily occurring in the thoracic region. However, much like the blotchy mouse, 

this model does not accurately mimic the human disease or allow for the study of 

aneurysm progression as the aorta is prone to rupture following the second day 

on a high sodium diet [60]. 

 Another transgenic model able to produce aortic aneurysm is the mouse 

that is heterozygous for Fibrillin-1 (Fbn1+/C1039G) mutation [61]. In these mice 

excess Transforming Growth Factor beta (TGFβ) signaling drives the formation 

and progression of aortic aneurysm in the aortic root. Fbn1+/C1039 mice 

recapitulate many aspects of aortic pathology of human Marfan syndrome (MFS). 
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Unlike the other animal models for thoracic aneurysm, the Fbn1 model does 

allow for biomechanical investigations of thoracic aorta during disease 

progression (Figure 2). 

Figure 1.2: Biomechanical and microstructural analy sis of thoracic aorta of adult wild-type 

and Fbn1+/C1039G mice. Tile A demonstrates the presence of signific ant aortic root dilation 

(arrow) in an aged adult Fbn1+/C1039G mouse. Tile B is a multiphoton image showing both 

second harmonic generation (red, collagen) and auto fluorescence (green, elastin) in the 

inflated thoracic aorta of Fbn1+/C1039 mouse. Note that the cystic medial degeneration of  the 
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elastic lamina in Fbn1+/C1039G aortic tissue has a striking resemblance to diseas ed aortic 

tissue of patients of MFS. Tile C shows a represent ative 3-dimensional stress verses strain 

response for aged Fbn1+/C1039Gfrom a biaxial mechanical test (blue – data, red – polynomial 

fit). Tile D shows the gross fiber angle response u pon inflation (0mmHg – red, 100mmHg – 

blue) for an aged Fbn1+/C1039G  mouse based off of analysis of the multiphoton ima ges; -45° 

corresponds to fibers aligned with the longitudinal  axis while 45° corresponds to 

circumferentially aligned fibers. – Unpublished wor k. 

 

1.2.3.b Hyperlipidemic Mice 

 Some of the mouse models now used for aneurysm models were first 

created for atherosclerosis research. These models include mice that are 

deficient in either apolipoprotein E (ApoE) or low density lipoprotein (LDL) 

receptors [62, 63]. Both Ldlr-/- and ApoE-/- mice have delayed clearance of 

vascular LDL and hyperlipidemia and atherosclerosis on normal diets [64]. Along 

with hypercholesterolemia and atherosclerosis, small dilations in the aorta have 

also been reported [65], though the vessel dilations observed in ApoE-/- mice are 

quite small. Upon prolonged feeding with high fat diets, large AAAs formed under 

the atherosclerotic lesions (Figure 3). Some studies have been able to show that 

such large aneurysms also occur without the need for dietary stimulus [62]. 

However, both methods require aged mice that do not always exhibit aneurysm, 

and as such these models without further biochemical modification have not 

been widely embraced as AAA models. 
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Figure 1.3: Development of AAA in ApoE-/- mice. Tile A demonstrates the presence of an 

AAA in the suprarenal region of the aorta of an age d ApoE-/- mouse. Tile B shows a cross-

section stained with Gomori trichrome strain for mu scle tissue demonstrating the dilation 

of the aorta and the thrombus formation in ApoE-/- mice that mimics human disease – 

Figure taken from Daugherty and Cassis, 2004 [62]. 

1.2.3.c Aneurysm Models with Genetic Combinations  

 In an effort to take advantage of the AAA formed in the hyperlipidemic 

mouse model which is more representative of human AAAs than other mouse 

models, several combined knockout strains of mice have been created. Van 

Herck et al. studied one such model using ApoE-/- combined with Fbn1+/C1039G  

mice fed with a high fat, Western-type diet for 20 weeks [66]. This study looked 

into both the pathophysiologic alterations (atherosclerotic development) along 

with the biomechanical response (arterial stiffness) and found them both to 

change simultaneously (Figure 4). The ApoE-/- Fbn1+/C1039G mice showed that 

arterial stiffening allowed for the more rapid development of atherosclerotic 

plaques, while the presence of atherosclerotic plaques encouraged increased 
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aortic stiffness. These mice demonstrated many of the pathologies of the human 

disease such as apoptosis of smooth muscle cells and an increase in 

macrophages. Although these changes occurred throughout the length of the 

aorta and did not present as aortic aneurysms, the model does allow for more 

straightforward biomechanical investigations of disease processes that co-exist 

with human aneurysm development. 
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Figure 1.4: Histological and biomechanical analysis  of ApoE-/-Fbn1+/C1039G mice. Tile A 

shows the disruption that occurs in ApoE-/-Fbn1+/C1039G (labeled as ApoE -/-C1039G+/-) 

compared to standard ApoE-/- mice while on normal and Western-style diets. Hist ological 
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analysis was done using Orcein staining for elastic  fibers of the ascending aorta. The 

scale bar is 100 µm. Tile B shows the resulting stress verses strain response at 10 and 20 

weeks for both normal and Western-style diets. The ApoE-/-Fbn1+/C1039G mouse aorta 

demonstrated significantly greater stiffness after 20 weeks on a normal diet (***) and 

demonstrated significantly greater stiffness after both 10 and 20 weeks on Western-style 

diet (###). – Figure taken from Van Herck et al. 20 09 [66]. 

 

 Deguchi et al. also looked into another combined genetic model that 

paired ApoE-/- mice with one expressing a form of collagen resistant to 

collagenase in order to look into the effect of excess collagen deposition towards 

aneurysm formation [67]. The resulting ColR/RApoE-/- mouse was subsequently 

infused with AngII (see section 2.3.4) for two weeks to induce AAA, and 

histological analysis and mechanical testing of the aortas were conducted. 

Picrosirius red and Masson trichrome staining showed ColR/RApoE-/- mouse 

aortas contained more interstitial collagen than control mice.  Uniaxial tensile 

tests demonstrated that the ColR/RApoE-/- mouse aortas had greater stiffness and 

were more susceptible to mechanical failure than control mouse aortas (Figure 

5). This study detailed how the biomechanical properties of the aorta are 

regulated by the amount of interstitial collagen and concluded that aneurysm 

formation can be influenced by the collagen content. The ColR/RApoE-/- model 

has thus exhibited the ability to investigate the biomechanical alterations that 

occur with aneurysm formation in an animal model. 
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Figure 1.5: Biomechanical testing of ColR/RApoE-/- aortas. Tile A is an image of the strain-

device composed of a load cell, positioning system,  and clamps used to biomechanically 

assess the mouse aortas through cyclical strain and  strain to failure tests. Tiles B, C, and 

D show the results from mechanical tests conducted on ColR/RApoE-/- (n=4) and control 

ApoE-/- mice (n=3). In tile B the aortic stiffness of ColR/RApoE-/- mice was found to be 

A

B

C D
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greater than the aortic stiffness in ApoE-/- control mice. In tile C the aortic stiffness of 

ColR/RApoE-/- mice was found to decrease relative to ApoE-/- control mice after 10 cycles. 

While in tile D, the failure of ColR/RApoE-/- mouse aortas was found to occur at less than 

half that of ApoE-/- control mouse aortas. – Figure taken from Deguchi et al. [67]. 

1.2.3.d Chemical Infusion of Genetic models  

 Much like combined genetic aneurysm models, chemically infused genetic 

models have also been created in order to more quickly induce aneurysm 

formation and better mimic the human disease. Most of these models again use 

hyperlipidemic mice and often use vasopressors such as AngII.  

 In one such model, infusing ApoE-/- mice with AngII using subcutaneously 

implanted Alzet pumps was found to not only affect atherosclerotic development, 

but there was striking aneurismal development in the region of the abdominal 

aorta. The same was true for Ldl-/- mice also subjected to AngII. Described by 

Daugherty et al., the model employs AngII infusion of ApoE-/- mice on a 

C57BL/6J genetic background [68]. ApoE-/- mice were allowed to feed ad libitum 

on normal laboratory diet until 6 months of age, at which point Alzet ozmotic 

minipumps were implanted into the subcutaneous space through a small incision 

in the back of the neck which was then closed with surgical staples. The pumps 

contained either saline or 500 or 1000 ng/min/kg AngII solutions and delivered 

each solution for 28 days. Analysis of the abdominal region of the aorta revealed 

luminal dilation, medial degeneration, and thrombotic material and are features 

that have been proposed as requirements for an appropriate animal model that 
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mimics human disease [59]. For this reason, the AngII infused ApoE-/- model has 

been used to study the effects of different pharmacological treatments of AAA 

[69-71]. 

 In the AngII infused ApoE-/- model changes in aortic physiology were 

observed nearly immediately. Within 1 to 4 days after initiation of AngII infusion, 

medial accumulation of macrophages occurred in areas where aneurysms are 

known to develop [72]. Disruption of elastin fibers was also frequently observed 

at sites of macrophage accumulation, however it is unknown whether elastin 

degradation is the event that leads to macrophage accumulation or whether 

macrophage accumulation leads to degradation of elastin [73]. 

 The 4-10 days following AngII infusion found vascular hematomas in the 

majority of ApoE-/- mice and aortic dissections contained from rupture by the 

adventitia; during this time period 10% of mice died [72, 73]. Deaths during this 

period were found to be caused by AAA rupture with subsequent 

exsanguinations into the abdominal cavity. For those mice that survived the 

disruption of elastic lamina and medial dissection, formation of thrombus 

occurred and was thought to be a strong stimulus for inflammation [73]. After 

thrombus development, macrophages were found accumulated in areas near the 

thrombus in both intact and disrupted media and were even found within the 

thrombus. During this time period, remodeling of the aortic tissue began in the 

aneurismal arterial segments. This is one of the few animal models that describe 
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macrophage infiltration into the thrombotic clot which is characteristic of human 

AAA [74]. 

 Beyond 14 days of AngII infusion, aneurismal tissue was found to mature 

with increased deposition of extracellular matrix and inclusion of T and B 

lymphocytes, however, disruption of medial elastin fibers was still present even 

after 14 days of AngII infusion. By 28 days of AngII infusion, the aorta had 

completely re-endothelialized over the areas of medial disruption, and 

neovascularization occurred throughout the aneurismal tissue. Remodeling in 

this manner could then lead to a permanently enlarged aorta with all three arterial 

layers [73]. Only after 28 days of AngII infusion were atherosclerotic lesions 

observed in regions of aneurismal development [72]. Finally, Daugherty et al. [75] 

have also reported thoracic aortic aneurysms in AngII-infused ApoE-/- mice. This 

has broadened the utility of chemically-induced genetic mouse models to 

investigate the pathogenic mechanisms of both AAA and thoracic aortic 

aneurysms. 

1.2.4 Drug Treatment and Prevention of Aneurysm in Genetic Animal Models 

 With the discovery of new disease pathways that lead to aneurysm 

several studies have looked into possible drug therapies for aneurysm treatment. 

From these investigations two possible drug treatment therapies have come to 

the forefront: losartan and doxycycline. 
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1.2.4.a Losartan 

 The Fbn1+/C1039G genetic mouse model for Marfan syndrome which 

manifests thoracic aneurysm was found to have noticeable dysregulation of 

TGFβ activation and signaling [76]. For this reason Habashi et al. studied the 

effects of TGFβ neutralizing antibody (which blocks all three TGFβ ligands) or the 

AngII receptor blocker, losartan [61]. They determined that thoracic aneurysm in 

the mouse model was coupled with increased TGFβ signaling and that using 

TGFβ antagonists like losartan can prevent aneurysm formation. They also noted 

that losartan is already used clinically to treat hypertension and could very well 

have the potential to prevent aortic aneurysms from forming in Marfan patients. 

So far investigations into the effect that losartan has on the biomechanical 

response of the aorta has yet to be conducted. 

1.2.4.b Doxycycline 

 The discovery that aneurysm development was associated with increased 

local matrix metalloproteinase (MMP) production in aneurismal tissue [77-81], 

and that MMPs were potentially the cause of extracellular matrix degradation has 

initiated research into compounds able to suppress MMP activity. Specifically 

MMP-2, -9, and -12 have been found associated with human AAA disease [82, 

83]. The family of antibiotics known as tetracyclines became known as inhibitors 

of MMPs when used at levels higher than antimicrobial doses [84-87]. One 

tetracycline in particular, doxycycline, has been found to be a non-selective 
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inhibitor of MMPs through either a transcriptional or direct method [59], and is 

readily available. 

 The first animal models of AAA to incorporate doxycycline in order to 

suppress aneurysm formation used elastase-induced aortic injury in the rat [88, 

89]. Petrinec et al. found that doxycycline did have an aneurysm-suppressing 

effect in vivo with a dosage of 25 mg/day administered via drinking water [88]. 

Curci et al. also found doxycycline inhibited aortic dilation was most likely dose 

dependent with effects starting at 6 mg/kg/day and maximal effects at 30 

mg/kg/day again administered via drinking water [89]. Mouse models of AAA that 

also utilize doxcycline in aneurismal suppression include Manning et al., Pyo et 

al., and Vihn et al. [47, 71, 90]. While Manning et al. again used elastase 

infusion, both Pyo et al. and Vihn et al. used AngII infused ApoE-/- mice. All used 

a dosage of 30 mg/kg/day administer via drinking water, and all found 

doxycycline to greatly reduce the incidence of AAA formation as well as severity 

of the aneurysm. 

Success in mice and rat studies has spurred human trials of doxycycline 

for the suppression of AAA [91-93]. Manning and Baxter conducted one of the 

first clinical trials that treated patients undergoing elective AAA repair for 7 days 

prior with 100 mg by mouth twice daily docycycline [93]. Examination of the 

tissue obtained from surgery found a great reduction in MMP-2, and -9 activities 

in treated patients compared to those who were not. A phase two study 

conducted by Baxter et al. observed 36 patients with AAA to evaluate treatment 
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with 100 mg twice daily for 6 months [91]. Results from this study found no 

significant change in AAA diameter and substantially decreased MMP activity 

after 6 months, and that such doses were well tolerated. A placebo-controlled 

pilot study conducted by Mosorin et al. found that over 18 months, treatment with 

150 mg/day doxycycline significantly reduced AAA expansion compared to the 

placebo group [92]. 

In order to address the questions of whether the doxycycline serum levels 

needed for AAA inhibition achieved in animal models can be safely achieved in 

humans with standard dosages, Prall et al. conducted a controlled study  [94]. 

Wild type mice with elastase perfusion were dosed with 0, 10, 50, and 100 mg/kg 

doxycycline, while human patients were given 100 mg twice daily. AAA reduction 

was observed in mice at 10 mg/kg and reduction increased with increased 

dosage, and the study was able to show that circulating doxycycline values in 

mice were found to be similar to plasma levels of doxycycline in human patients. 

 Another study conducted by Bartoli et al. compared wild type elastase 

perfused mice dosed with 100 mg/kg/day oral doxycycline with localized 

continuous injection of 0.75 to 1.0 mg/kg/day via osmotic minipumps [95]. This 

study found that localized infusion suppressed AAA formation equivalent to or 

even greater than that of oral administration, while plasma levels of doxycycline 

in the mice receiving infusion were undetectable. 
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1.3 SUMMARY AND CONCLUSION 

 Over the past sixty years there has been significant effort devoted to 

creating an experimental animal model of aneurysm disease.  The means of 

induction as well as the choice of approach is governed primarily by the 

questions being investigated by the researcher. Simple mechanical/surgical 

models have become the mainstay for studies in large animals and have been 

the most popular for studying endovascular stent-graft design and performance. 

Chemical and/or genetic models of aneurismal disease have arisen more 

recently. As our understanding of the mechanisms and pathways involved in 

aneurysm formation has improved, these new genetic models have become 

available to investigate potential causes for aneurysm and possible therapeutic 

targets. The chemically and/or genetically induced animal models are attractive 

from a biomechanical point of view, since these can be used to investigate how 

the mechanical properties of aneurysms alter during disease development. In 

addition, longitudinal studies based on the biomechanical analysis of mouse 

models that are susceptible to aneurysm formation will inform about the process 

of aneurysm formation. Such future research will provide a meaningful link 

between the matrix degradation and inflammatory response known to be present 

in human AAA and how such changes eventually lead to the mechanical failure 

of ruptured AAA. In summary, there are potential applications of prognostic utility 

of assessment of aortic wall biomechanics in prevention and medical treatment of 

aortic aneurysms and sudden aortic rupture. 
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2.1 INTRODUCTION 

 Abdominal aortic aneurysm (AAA) is a complex disease manifesting in a 

localized dilation of the infrarenal aorta that carries with it a significant chance of 

rupture resulting in morbidity and mortality. It is known that aneurismal tissue is 

remodeled in the disease process in humans [5] and that such reorganization 

leads to alterations in mechanical properties [7]. Since AAA disease is complex, 

multifactorial, and not fully understood, there is a need to understand the 

underlying mechanisms of disease initiation and how they develop and lead to 

expansion and rupture. Animal models of aneurismal disease can be useful for 

studying alterations during disease development (e.g., in the tissues mechanical 

response) and also for studying novel and new endovascular treatments. 

 The study of the formation and progression of vascular disease has also 

focused on quantifying any changes observed in fiber realignment and altered 

mechanical properties. Of the many methods developed in order to conduct such 

studies, the infusion of angiotensin II (AngII) has become prevalent as it is known 

to induce many physiological responses, including vasoconstriction, aldosterone 

release, water and sodium retension, and elevated sympathetic activity [96]. In 

addition to this, AngII has been found to directly contribute to vascular smooth 

muscle cell growth and vessel remodeling [96-98]. Thus it is of importance to 

determine how vessel remodeling is initiated and develops into vascular disease 

using animal models. 
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 In one such model, infusing ApoE-/- mice with AngII using subcutaneously 

implanted Alzet pumps was found to not only affect atherosclerotic development, 

but there was striking aneurismal development in the region of the abdominal 

aorta. Described by Daugherty et al., the model employs AngII infusion of ApoE-/- 

mice on a C57BL/6 genetic background [68]. Analysis of the abdominal region of 

the aorta revealed luminal dilation, medial degeneration, and thrombotic material 

and are features that have been proposed as requirements for an appropriate 

animal model that mimics human disease [59]. For this reason, the AngII infused 

ApoE-/- model has been used to study the effects of different pharmacological 

treatments of AAA [69-71]. However, much of the work surrounding the study of 

this mouse model has been based on a categorical approach and although this 

does help classify the degree of disease progression, it does not quantitatively 

describe disease progression over time [99]. 

 One metric of quantifying disease progression has been determining the 

mechanical stresses associated within the vessel, since studying the stress 

associated with arterial behavior has often been connected with growth and 

remodeling being either an indicator or initiator of disease [100-102]. Thus 

constitutive modeling of arterial tissue is an important tool for biomechanical 

studies trying to determine how any differences in stress might correlate with 

aortic remodeling, and how any changes in the mechanical response may predict 

a diseased state. 



44 
 

 The purpose of this study is to demonstrate a new means of assessing the 

coupled microstructural and biomechanical response of AngII infused mouse 

aorta and how this leads to altered matrix organization and potential aneurysm 

formation. To provoke aortic remodeling, C57BL/6 mice were given systemic 

infusion of AngII through an osmotic pump. Simultaneous macroscopic testing 

combined with nonlinear optical microscopy demonstrated differences in the 

biomechanical response and microstructural organization of AngII infused mice 

that likely plays a role continued aneurismal development.  

2.2 METHODS 

2.2.1 Vessel Isolation 

 Mice on a C57BL/6 background at 6 months of age were given either 1000 

ng/kg/min AngII (A9525, Sigma-Aldrich, St. Louis, MO USA) or sterile phosphate 

buffered saline (pH-7.4) for control, through an Azlet® mini-osmotic pump (model 

2002, Durect Co., Cupertino, CA USA) implanted subcutaneously into the 

dorsum. All animal use and experimental procedures for mouse testing were 

performed according to the approved protocols of the University of Arizona 

Institutional Animal Care and Use Committee (IACUC). After 14 days the 

specimens were sacrificed and the aorta was surgically removed. Briefly, an 

incision was made into the abdominal cavity and up through the thoracic cavity 

and the sternum removed. The viscera was carefully detached from the aorta 

and removed leaving the aorta exposed along the back of the ventral cavity. The 
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physiologic strain was determined using measurements of the in vivo aortic 

length prior to being detached from the spine and the ex vivo aortic length. Once 

excised from the ascending aorta to the iliac bifurcation, the aorta was cleaned of 

excess perivascular tissue taking care not to damage or tear the specimen. For 

this study the supra renal region of the aorta was then cannulated on custom-

pulled micropipette capillary tubes and secured using cyanoacrylate adhesive 

and any large aortic branches ligated using braided sutures. A small annulus was 

cut adjacent to the section being tested and imaged to determine wall thickness 

photogrammetrically from three averaged measurements. 

 Markers for the strain vision system were placed on the aorta, which was 

then mounted in the tubular-biaxial assembly of our Microbiaxial Opto-

Mechanical Device (MOMD) (Citation). The tubular-biaxial assembly attached the 

specimen to a closed-loop flow system with a syringe pump and pressure 

transducer able to control lumen pressure. The attached specimen was then set 

in line to a single stepper motor with load cell coupled to the specimen held 

within the bath through a bellows with pushrods and pulley system able to control 

axial displacement and acquire axial loads. The specimen bath contained PBS, 

pH-7.4, warmed to 37±0.7°C and was placed over the str ain vision system able 

to acquire both vessel diameter and regional axial stretch. Data collection was 

done using a custom written LabVIEW program (8.5, National Instruments, 

Austin, TX USA), and further detail on the MOMD, capabilities, and resolutions 

can be found in Keyes et al. [103]. 



46 
 

 

2.2.2 Biaxial Testing 

 After the specimen was attached to the tubular-biaxial assembly and 

placed in the bath, the undisplaced position of the specimen is interactively 

determined by pulling on the specimen until the point where it no longer bends 

and creases are not visible in the vessel at zero pressure. The total axial 

displacement is then determined using the free unloaded length of the 

cannulated aortic section stretched to the point it reaches the previously 

determined physiologic strain. The vessel was then preconditioned by cycling 

through axial displacements up to the physiologic strain with concurrent 

pressurization of the vessel up to physiologic ranges 10 times. 

 The tubular macroscopic biaxial test consisted of combining two 

uncoupled mechanical tests stepping between either fixed axial displacements or 

constant pressures. First, the specimen was pressurized from 0±5mmHg to 

100±5 mmHg at each of six different axial displacements corresponding to 0.0, 

0.2, 0.4, 0.6, 0.8 and 1.0 of the physiologic strain, εp. Next the specimen was 

displaced up to the physiologic strain, εp, at each of five fixed pressures (P = 0±5, 

25±5, 50±5, 75±5, 100±5 mmHg). Outputs of the mecha nical tests were the 

vessel radius and axial stretch, obtained from the vision system, along with 

lumen pressure and axial load. 

 



47 
 

2.2.3 Multiphoton Imaging 

 Once the mechanical testing was complete the assembly was then placed 

underneath the Advanced Intravital Microscope (AIV) for multiphoton imaging. 

The MOMD has been specifically designed for integration with the AIV at the 

University of Arizona’s BIO5 Institute, and multiphoton microscopy offers 

advantages of superior image quality, deeper optical sectioning, and reduced 

photo damage for hydrated ex vivo tissues when attempting to visualize 

extracellular matrix microstructure [104]. The AIV uses a pulsed Titanium-

Sapphire laser (680-1060nm) for simultaneous two-photon excitation and second 

harmonic imaging. For this study an Olympus XLUMPLFL 20x water immersion 

objective with a numerical aperture of 0.9 was used with a laser power on the 

sample of 25mW and excitation wavelength of λ=780nm. Collagen visualization 

came from second harmonic generation (SHG) collected through a bandpass 

filter (377/50). Autofluorescence emission from elastin is collected through 

another bandpass filter (460/80). More detail on the AIV specifics and the 

integration with the MOMD can be found at Keyes et al. [105] 

 As obtaining a single image stack of an aorta took approximately 10 

minutes, each vessel was slowly displaced axially to the physiologic strain used 

in the mechanical test and held for a time to eliminate any viscoelastic effects. 

Three image stacks were taken for each specimen, all at the physiologic strain 

with pressurizations of 0±5, 50±5, 100±5mmHg, each held for a time after being 

inflated again to eliminate any viscoelastic effects. Image stacks were taken of 
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the specimen using a 500×500µm field of view at 4µm steps imaging from the 

adventitia into the lumen to a depth of 100µm. 

 

2.2.4 Image Analysis 

 Image stacks of each specimen contained both SHG and 

autofluorescence channels. The individual SHG channel was used to determine 

collagen fiber orientations using a custom written fiber-orientation analysis script 

for Matlab (R2008a, MathWorks, Natick, MA USA) [106]. The software overlays 

vectors in the direction of fibers, from which histograms were generated of the 

collagen fiber orientations for each 0±5, 50±5, and 100±5mmHg stacks from 

each specimen. Vector orientations are added up from every image in an image 

stack giving a view of the cumulative fiber orientation through the thickness. To 

prevent processing images with fibers oriented normal to the imaging plane (as 

would occur primarily after optical sectioning past the thickness of the wall) 

image post-processing stops after reaching the intimal/luminal interface with 

scanning starting at the adventitia. The mean mode and full width at half max 

(FWHM) were determined as indicators of the preferential alignment of the fibers 

and the spread of fiber orientation, respectively. From this any changes in fiber 

alignment or fiber dispersion that occurs with pressurization can be quantified. 

Determination of the percent composition elastin and percent composition 

collagen was done using ImageJ. Masks were made for each channel of the 
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unpressurized stacks using the Otsu method for thresholding the images. These 

were then turned into binary images and used to determine the total volume solid 

from which the individual percent contributions of collagen and elastin were able 

to be determined through the depth of each specimen. 

 

2.2.5 Data Analysis 

 Data collected from the circumferential and axial mechanical tests were 

post-processed using a custom written Matlab script. Determining the mean 

Cauchy wall stresses (σ θθ, σzz) was estimated by using the thin-walled 

assumption for a tubular sample in the circumferential direction and by the load 

over the cross sectional area while neglecting the Poisson effect and given in Eq. 

1 and 2 [101, 107-109]. 

��� � ����  

           (1) 

��� � ��	  

           (2) 

Where P is the transluminal pressure, ri is the deformed inner radius, t is the 

deformed thickness, Pz is the axial load, and A is the deformed cross-sectional 

area. The deformed cross-sectional area, deformed inner radius, and deformed 
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thickness were all determined based upon the measured original thickness of the 

annulus in section 2.1 and the assuming the tissue to be an incompressible 

material. Shear components were assumed to be negligible giving the Green 

strains (Eθθ, Ezz) to for both the circumferential and axial directions as Eq. 3 and 4 

[110, 111]. 


�� � 12 �� � ������ � 

(3)  


�� � 12 ���� � 1� 

(4)  

Where r is the deformed center radius, ro is the original center radius, and λz is 

the axial stretch. For constitutive modeling, the Cauchy stresses were converted 

to 2nd Piola Kirchoff stresses (Sθθ, Szz) determined from the deformation gradient 

tensor F and given that S= J F-T · σ · F-1, where J is the determinant of F and 

equal to 1 for an incompressible material, giving Eq. 5 and 6 [112]. 

��� � �����1 � 2
��� 

(5)  

��� � ��	�1 � 2
��� 
(6)  
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2.2.6 Constitutive Modeling 

 The mechanical response of the mouse aortic tissue can be defined by a 

strain-energy density (W), the form of which is the basis for the constitutive 

model. In this case the tissue was assumed to be an incompressible, 

homogenous, anisotropic, hyperelastic material so a standard Fung form strain-

energy density formula was used and is given in Eq. 7 [111, 113]. 

� � ��2 ��� � 1� 

(7)  

With 

� � ��
��� � ��
��� � 2���
��
�� 

(8)  

In this model a1 is a model parameter associated with the influence of the 

direction circumferential (θθ), a2 is a model parameter associated with the 

influence of the axial (zz) direction, a12 is a model parameter associated with the 

interaction between the axial and circumferential directions, and C0 is a model 

parameter associated with initial slope of the response and has units of stress. 

The 2nd Piola Kirchoff stresses are then determined by taking the partial 

derivative of W with respect to E resulting in the response functions shown in Eq. 

9 and 10. 
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(10)  

Even though the axial and circumferential tests were not measured 

simultaneously, the response functions were able to simultaneously fit the 

combined stress-strain data using a nonlinear regression script in SigmaStat (v. 

3.1, SPSS, Chicago, IL). Each individual specimen data set was fit separately to 

the constitutive relationship and evaluated to obtain the output metrics of peak 

strain and stiffness, defined as ∂S/∂E, at the peak strain. The total stress-strain 

data for each group was also fit to give global Fung model parameters for each 

group. 

 

2.2.7 Statistical Analysis 

 Student’s t-tests were conducted to compare between the AngII and saline 

control groups for each output metric. A one way ANOVA was used to compare 

across macroscopic and microscopic tests to determine any correlations in 

changes in mechanical behavior with changes in fiber directionality, dispersion, 
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and content. All statistical analysis was done using SigmaStat (v. 3.1, SPSS, 

Chicago, IL). 

 

2.3 RESULTS 

2.3.1 Summary of Demographics 

 Basic information about the animals used for testing is given in Table 2.1. 

Both the heart weight and aortic thickness tended to be enlarged for the AngII 

group; however the increase was not found to be significantly different from the 

saline controls. Although statistical differences were not found, aneurysm 

formation, as defined by a percent increase in maximum diameter of 30%, was 

found in 2 of the 4 AngII mice presenting in the ascending and suprarenal aorta 

of one and in the thoracic aorta of the other. 

 

Table 2.1. Basic information taken from the two mou se groups used in this study prior to 

macroscopic and microscopic testing. 

 Group size (n) Weight (g) Heart weight (g) Aortic thickness(µm) 

Saline 4 25.6±5.4 0.136±0.047 138.9±14 

AngII 4 26.8±4.4 0.169±0.041 147.5±24 

Values are mean ± standard deviation. 
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2.3.2 Image Analysis 

 Differences in the saline control and AngII infused mouse aortic images 

were most evident between the controls and those infused with AngII exhibiting 

aortic aneurysm (Figure 2.1). Histograms of the SHG channel representing 

collagen fiber orientation (Figure 2.1 Bottom) that also demonstrated a response 

in fiber orientation and dispersion occurred with pressurization based on changes 

in fiber orientation mean mode and FWHM (Figure 2.2). Both saline controls and 

AngII infused mouse aortas had preferential axial alignment that shifted 

circumferentially and became more dispersed with pressurization; however the 

change towards greater circumferential alignment was greater for the saline 

controls and AngII infused mice. 

 Differences in collagen versus elastin percentages through the depth of 

the vessel wall were not found to be different between the AngII infused mice and 

the saline controls (Figure 2.3). The expected change from a more collagen 

packed adventitial layer to a more elastin packed medial layer is evident in both 

groups. 
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Figure 2.1: Representative multiphoton images of a saline control mouse aorta (Left) and 

an AngII infused mouse aorta presenting with aneurysm (Right) pulled to the in vivo axial 

strain at both 0 mmHg (Top) and 100 mmHg (Middle). SHG channel (Red) represents the 

collagen content of the aorta, while NADH channel ( Green) represents primarily the elastin 

content. Images are at a depth corresponding to the  adventitial layer of the aorta. Blue and 

yellow arrows correspond to axial and circumferenti al directions respectively. In the saline 

mouse aorta the expected waviness of the collagen f iber bundles is evident in both 

unpressurised and pressurized states, while the Ang II infused mouse aorta is already 

exhibiting the deposition of extra collagen without  the typical crimping. Histograms 

(Bottom) show the summed collagen fiber orientation s throughout the adventitial layer of 

the aorta in both 0 mmHg (Red), 50 mmHg (Blue), and  100 mmHg (Green) pressurized 

states with blue and yellow bars again representing  axial and circumferential directions 

respectively. 

 

 

Figure 2.2: The fiber orientation mean mode (Left) in reference to -45° being the axial 

alignment and 45° being circumferential alignment. Both saline controls and AngII mice 

were preferential towards axial alignment that shif ted with pressurization; however this 

trend was reduced with AngII infusion. The FWHM (Ri ght) represents the degree of fiber 

dispersion, with 0° corresponding to no fiber dispe rsion. Both saline controls and AngII 
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mice exhibited increased fiber dispersion with pres surization, the variance of which was 

significantly different between 0 and 100 mmHg for AngII infused vessels. 

 

 

Figure 2.3: The collagen versus elastin percentages  for both Saline control (Left) and AngII 

infused (Right) mice plotted through the depth of t he aorta from adventitia into the media. 

Step sizes are 4 µm. The expected change from a mor e collagen filled adventitial layer to a 

more elastin filled medial layer is evident in both . 

 

2.3.3 Constitutive Modeling and Biomechanical Response 

 Results from the individual fits of the saline control and AngII infused mice 

showed that there was no noticeable change in peak strain in the axial direction, 

though the peak strain in the circumferential direction tended to be decreased for 

the AngII infused mice compared to saline controls (Figure 2.4A).  Stiffness 

values taken from the same fits at the peak strains revealed that stiffness in both 

axial and circumferential directions tended to be increased for the AngII infused 

mice compared to the saline controls (Figure 2.4B). It was also found that axial 
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corresponding strains, p<0.00. The differences in circumferential peak strain 

corresponded into differences in circumferential stiffness as expected. 

 

Figure 2.4: A) Peak strains of the suprarenal aorta  taken in the axial (left) and 

circumferential (right) directions for both AngII a nd saline controls. Although there was 

almost no noticeable change in circumferential peak  strain, the axial peak strain was 

noticeably reduced. B) Stiffness of the suprarenal aorta taken at the point of peak strain in 

the axial (left) and circumferential (right) direct ions for both AngII and saline controls. 

Both axial and circumferential stiffnesses tended t o increased with AngII infusion but not 

significantly. Note the order of magnitude differen ce between axial and circumferential 

stiffness for both saline control and AngII infused  mice. 
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and circumferential directions with experimental data points. Though the 

individual fits were able to give R2 values with an average of 0.971±0.028, the fits 

for the combined saline controls and AngII infused groups had R2 values of 0.733 

and 0.674 respectively. Values for the Fung constants for the combined saline 

control and AngII infused data are given in Table 2. Even so, the values for each 

model parameter were still representative of each group and demonstrated the 

differences seen such as larger values for a1 than a2 for both groups denoting a 

greater axial influence, small values of a12 denoting little interaction between the 

axial and circumferential directions, and larger C0 values denoting increased 

stiffness. 

 

Table 2.2: Fung constants from the combined stress- strain data for each group, where a 1 

is a model parameter associated with the influence of the circumferential ( θθ) direction, a 2 

is a model parameter associated with the influence of the axial ( zz) direction, a 12 is a model 

parameter associated with the interaction between t he axial and circumferential directions, 

and C 0 is a model parameter associated with the initial s lope of the response and has units 

of stress. 

 C0 (Pa) a2 a1 a12 R2 

Saline      

Global 4105250.553 0.213 0.00835 0.0136 0.733 

a 2540987.833 0.331 0.0534 2.14E-11 0.984 

b 1065786.945 1.262 0.036 1.30E-10 0.978 

c 1832154.001 0.44 0.0393 2.25E-10 0.972 
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d 1402430.661 0.401 0.0535 7.17E-11 0.904 

AngII      

Global 8268967.232 0.0817 0.00763 0.00507 0.674 

a 13295830.640 0.0377 0.0068 0.00113 0.972 

b 224929.620 2.121 0.282 1.85E-10 0.984 

c 811129.723 2.071 0.189 0.00260 0.983 

d 773218.933 0.995 0.131 2.45E-10 0.988 

 

 

Figure 2.5: Individual surface fits over the region  of tested with experimental data points 

for a Saline control (A) and an AngII infused (B) m ouse test. Note the order of magnitude 
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difference between the axial (Left) and circumferen tial (Right) surfaces for both saline 

control and AngII infused specimens. 
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2.4 DISCUSSION 

2.4.1 Summary of Results 

 A summary of the results show that, while the strain in the axial direction 

was not noticeably different between groups, there was a nearly significant 

(p=0.067) decrease in circumferential strain for the AngII infused group 

compared to the saline controls. Also, the stiffness in both the axial and 

circumferential directions tended to increase with 14 days of AngII infusion 

compared to the saline controls. One stark finding was that the axial stiffness 

was an order of magnitude greater than the circumferential stiffness at equivalent 

strains for both groups. The large axial stresses were a result of imposing the 

physiological axial strain onto the small cross-sectional area of the vessels. 

 Individual fits gave high R2 values and model parameters where as 

expected. The axial material parameter carried greater weight than the 

circumferential material parameter (a1 > a2) and the coupling parameter (a12) was 

extremely small. However, fitting the global sets of both AngII infused and saline 

control responses resulted in much lower R2 values. Also, many of the material 

parameters were not comparable between the global and individual fits, 

demonstrating an inherent weakness in constitutive modeling and the Fung form 

in particular. 

 Multiphoton images of the vessels showed alterations in fiber appearance 

with AngII infused specimens, especially in those that presented with aneurysm. 

However, analysis of the changes in mean mode and FWHM in response to 
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circumferential loads did not find significant differences between the groups. 

Even so, the collagen fiber mean mode of the AngII infused vessels did tend to 

respond less than the saline group to circumferential loading, as evidenced by 

more axially aligned fiber mean modes at higher pressurizations. This suggests 

that AngII was having an effect on microstructure after 14 days. Analysis of the 

collagen and elastin percent content through the adventitia into the media also 

did not find any differences between groups. The significant difference in the 

variability of the FWHM between unloaded and loaded states of the AngII 

vessels, which was not found in the saline unloaded and loaded states, could be 

caused by the axially aligned collagen fibers deposited in response to AngII 

infusion leading to less variance within the group. This however, did not have any 

effect on differences in biomechanical response between the two groups. 
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2.4.2 Relation to Previous Works 

 Previous works have found AngII does promote aortic stiffness often 

through the activation of the AngII type 1 receptor [114-117]. Also, there have 

been several groups that have utilized nonlinear optical microscopy to study the 

microstructural organization of vascular structures [118-122], and some have 

even looked at induced remodeling [118]. There have, however, been only a few 

studies that utilize simultaneous nonlinear microscopy imaging during 

mechanical stimulation [103, 123-125]. 

 As a first step, we chose here to model our biaxial data with the Fung 

constitutive relationship [111, 113]. Future work will include taking the same data, 

and fitting it to microstructurally based relationships [101, 126], so that 

comparisons can be made between fitted fiber angles (from the microstructural 

relationships) and those measured from our imaging techniques. 

2.4.3 Study Limitations 

 One limitation of the study was that circumferential and axial tests were 

not able to be coupled and data sets had to be conducted separately. Even so, 

the axial and circumferential data sets were able to be combined to produce 

biaxial data sets, but this could have affected the response and been the reason 

the coupled material parameter (a12) produced from the constitutive modeling 

was particularly small for each fit. Another limitation of the study included the 

uncertainty or image stacks being able to adequately image through the 

thickness of the aorta. Even though multiphoton imaging offers advantages for 
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deep tissue imaging, there was still significant signal loss the deeper into the 

tissue, so that image stacks were kept to only 100 µm from the adventitia into the 

media and analysis of elastin and collagen relative percentages were only made 

for 60 µm into the vessel wall. Even so, images taken from deep within the media 

were still of value and future work should look into quantifying the amount of 

disrupted lamina present in diseased vessels. 

 

2.4.4 Conclusions 

 AngII induced remodeling did present within 14 days of infusion with 

changes in mechanical response nearing significance.  Interestingly, it was found 

that the axial stiffness of mouse aorta was an order of magnitude larger than that 

for the circumferential direction. AngII infused mouse aorta also demonstrated a 

loss of collagen crimp in the adventitia. The collagen in AngII mouse aorta also 

was unable to realign into the direction of increased circumferential load as 

compared to saline control animals. With longer administration of AngII, we 

expect to see the reported trends in response reach statistical significance. 
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3.1 INTRODUCTION 

Marfan Syndrome (MFS) is a connective tissue disorder caused by 

mutations in the gene encoding for fibrillin-1 [127]. This autosomal dominant 

disorder is manifested in the cardiovascular, ocular, and skeletal systems and 

carries the life-threatening complication of aortic aneurysm leading to aortic 

dissection and rupture. As aortic root aneurysm often presents long before any 

other pathologies in vasculature, the ascending aorta has long been the focus of 

studies into patients with MFS [128, 129] and studies using the Fbn1+/C1039G 

mouse model for MFS [61]. In some cases aortic aneurysm and dissection have 

been observed in descending and thoracic regions both with and without aortic 

root enlargement [130, 131]. Additionally, recent improvements in the 

management of aortic root aneurysm prolonging the survival of patients with MFS 

are expected to increase the frequency of complications arising in more distal 

regions of the aorta [132]. Thus, investigating the formation and progression of 

vascular pathologies associated with aging in MFS is warented. The purpose of 

this preliminary study is to look into areas of the Fbn1+/C1039G mouse model for 

MFS aorta distal to the common areas of focal enlargement in and aged 

population and determine any biomechanical and microstructural alterations that 

may occur through the use of a coupled biaxial mechanical and imaging device. 
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3.2 METHODS 

 All experimental procedures for mouse testing were performed according 

to the approved protocols of the University of Arizona Institutional Animal Care 

and Use Committee as described previously [133]. Fbn1+/C1039G mice and Fbn1+/+ 

mice, age approximately 18 months on a C57BL/6 background, were sacrificed 

and the aorta was surgically removed and the axial physiologic strain recorded. 

The ends of the aorta were attached to specially designed micropipette capillary 

tubes via surgical glue, and strain vision markers were placed onto the aorta. The 

aorta was then mounted in the pressure-diameter assembly of our Microbiaxial 

Opto-Mechanical Device (MOMD). The bath was then filled with PBS and 

warmed to 37±0.7°C and placed over a strain vision syste m. 

 Tubular biaxial testing was conducted on the thoracic section of the 

mouse aorta. The sample was preconditioned and the tubular macroscopic 

pressure-diameter mechanical test preformed. Mechanical testing involved 5 

axial displacement steps up to the previously determined physiologic axial strain 

and pressurization at each step was performed using the inflow pump from 

0±1mmHg to 100±1mmHg. Pressure-diameter data collection was done using a 

custom written LabVIEW program (8.5, National Instruments, Austin, TX USA). 

Determination of the circumferential or hoop stress, σθθ, was done using the thin-

walled assumption for a tubular sample [134], while the axial stress, σZZ, was 

determined using the load over the cross sectional area. Both the instantaneous 

thickness and the cross-sectional area were determined based upon the original 
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total wall thickness acquired photogrammetrically at three positions and 

averaged from a ringed portion of aorta adjacent to the tested sample and 

assuming the tissue to be an incompressible material. Axial and circumferential 

strains were determined using the Green Strain [135]. Analysis of the mechanical 

tests was done using a custom written Matlab program (R2008a, MathWorks, 

Natick, MA USA) able to output peak strains and the tangential moduli at peak 

strain for evaluating stiffness. 

 Once the mechanical test was complete the assembly was then placed 

underneath an intravital microscope for multi-photon imaging (La Vision BioTex, 

Germany). The vessel was again preconditioned and longitudinally displaced to 

the physiologic strain used in the mechanical test. Image stacks of the aorta were 

then taken at both 0±1mmHg and 100±1mmHg using steps of 4 microns through 

the thickness of the aorta. All imaging was done at a laser wavelength of 780nm 

and power level of 25mW. Images representing second harmonic generation 

(SHG) of collagen and fluorescence emission of elastin were analyzed for both 

0mmHg and 100mmHg. Post-processing for the SHG data was done using a 

custom written fiber-orientation analysis script for Matlab (R2008a, MathWorks, 

Natick, MA USA) [106]. 

3.3 RESULTS 

 Comparison between the Fbn1+/C1039G (n=4) and Fbn1+/+ (n=5) mice 

showed that the Fbn1+/C1039G mice had enlarged hearts and some Fbn1+/C1039G 
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mice did present with hypertrophy of the heart and aortic root aneurysm with 

average values found in Table 3.1. The aortas of the Fbn1+/C1039G mice were 

measured photogrammetrically and found to be significantly thicker than the 

Fbn1+/+ mice (figure 3.1A). Results from the mechanical tests were fitted to a 

third order polynomial function from which the stress strain behavior, peak strain, 

and stiffness (tangential modulus) were determined. Evaluating the fits for both 

the Fbn1+/C1039G mice and Fbn1+/+ mice over a region obtained for all specimens 

showed the stress vs. strain relationship of the Fbn1+/C1039G mice diverged from 

that of the Fbn1+/+ mice at circumferential strains above 0.40 (figure 3.1B). 

Although the peak strains achieved in the circumferential direction at 100 mmHg 

were not found to be significantly different (figure 3.1C), the stiffness in the 

circumferential direction at 100 mmHg of the Fbn1+/C1039G mice was less than that 

of the Fbn1+/+ mice (figure 3.1D). 

 

Table 3.1: Weight and heart weight for each genotyp e with weight and heart weight. 

Genotype Group size (n) Weight (g) 

Heart Weight 

(g) 

+/+ 5 33.7±3.52 0.16±0.019 

+/C1039G 4 33.7±6.51 0.23±0.086 
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Figure 3.1: A) The overall thicknesses of the thora cic aorta in Fbn+/C1039G mice was greater 

than that of Fbn+/+ mice (P<0.001). B) Polynomial fits derived from ea ch mechanical test 

were evaluated over a range of physiologically achi eved circumferential strains to provide 

an average circumferential stress versus circumfere ntial strain relationship for the 

Fbn+/C1039G and Fbn+/+ mice. At greater circumferential strains ( ≥0.40) the Fbn+/C1039G mice 

were found to have decreased circumferential stress  relative to the Fbn+/+ mice (P=0.038). 

C) The peak circumferential strain at 100 mmHg of t he Fbn+/C1039G mice was not found to be 

significantly different from the Fbn+/+ mice. D) The circumferential stiffness (tangential  

modulus) at the peak circumferential strain was fou nd to be significantly greater in the 

Fbn+/+ than the Fbn+/C1039G mice (P=0.004). 
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 Multiphoton imaging of adventitial layer of the aorta showed the typical 

waviness of collagen fiber bundles is present in the Fbn1+/+ mice but absent in 

the Fbn1+/C1039G mice in both pressurized and unpressurized states (Figure 3.2). 

Quantitative analysis of the collagen fiber bundles showed the orientations of 

both Fbn1+/C1039G mice and Fbn1+/+ mice were highly aligned in the axial direction 

when unpressurized, and upon pressurization both Fbn1+/+ and Fbn1+/C1039G mice 

did respond with changes in fiber orientation as demonstrated by the 

representative histograms in figure 2. However, the differences in the mean 

modes of collagen fiber orientation for the Fbn1+/+ mice and Fbn1+/C1039G mice at 

0 mmHg (13.7±13° and 18.7±8° respectively from the a xial direction) and 100 

mmHg (29.1±6° and 36.7±4° respectively from the axia l direction) were not 

significantly different. The variation in orientation as measured by the full width at 

half max (FWHM) was also found to increase for both groups with pressurization, 

however the change was not found to be significantly different between the two 

groups. 
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Figure 3.2: Representative multiphoton images of a Fbn+/+ mouse aorta (Left) and a  

Fbn+/C1039G mouse aorta (Right) pulled to the in vivo axial st rain at both 0 mmHg (Top) and 

100 mmHg (Middle). SHG channel (Red) represents the  collagen content of the aorta, while 

NADH channel (Green) represents primarily the elast in content. Images were taken at a 

depth corresponding to the adventitial layer of the  aorta. Blue and yellow arrows 

correspond to axial and circumferential directions respectively. In the Fbn+/+ mouse aorta 
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the expected waviness of the collagen fiber bundles  is evident in both unpressurised and 

pressurized states, while the Fbn+/C1039G mouse aorta does not exhibit this type of 

organization. Histograms (Bottom) show the summed c ollagen fiber orientations 

throughout the adventitial layer of the aorta in bo th 0 mmHg (Red) and 100 mmHg (Blue) 

pressurized states with blue and yellow bars again representing axial and circumferential 

directions respectfully. 

 

 Although quantitative analysis of the elastic lamina represented by the 

autofluorescence images was not performed, qualitative analysis of the images 

showed that disruptions in the elastic lamina, that were not distinguishable when 

aortas were not inflated, presented themselves upon inflation (Figure 3.3). 
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Figure 3.3: Representative multiphoton images of a Fbn+/+ mouse aorta (Left) and a  

Fbn+/C1039G mouse aorta (Right) stretched to the physiologic a xial strain at both 0 mmHg 

(Top) and 100 mmHg (Bottom). Red (SHG channel) repr esents the collagen content of the 

aorta, while green (NADH channel) represents primar ily elastin. Images were taken at a 

depth corresponding to the medial layer of the aort a. Both the  Fbn+/+ and Fbn+/C1039G mice 

showed the expected folding of elastic bands when u ninflated, however, upon inflation the 
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Fbn+/C1039G mouse presented with several disruptions (seen as holes – Bottom Right) in the 

elastic lamina that were not present in the Fbn+/+ mouse (Bottom Left). 

3.4 DISCUSSION 

3.4.1 Summary of Conclusions 

 Results from the study found Fbn1+/C1039G mice had thicker aortas and that 

for circumferential strains over 0.4 Fbn1+/C1039G vessels demonstrated behavior 

that departed from the wild type becoming increasingly less stiff. Microscopy 

results from the SHG channel showed both Fbn1+/+ and Fbn1+/C1039G aortas did 

respond to circumferential loading through increases in fiber dispersion; however, 

Fbn1+/C1039G specimens did not respond to the extent of the wild type aortas. 

Images from the fluorescence channel depicting elastin content did not appear 

inherently different when unpressurized, upon inflation images were able to 

reveal the medial degradation expected with fibrilin-1 mutation. 

 

3.4.2 Relation to Previous Work 

 Previous Fbn1+/C1039G studies have shown stiffening of the aorta in the 

axial direction (citations needed), however these studies did not determine 

whether circumferential stiffening also occurred in conjunction with axial stiffening 

in Fbn1+/C1039G mice. Our present study showed that this was not the case; there 

was in fact greater circumferential compliance in the Fbn1+/C1039G mice. A 

previous study into the role of fibillin-1 as a matrix protein showed such fibrils act 

as reinforcing agents [136] preventing over extension of elastin which could then 
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result in fatigue and disruption of the lamina [137]. Thus the decrease in 

circumferential stiffness found in the Fbn1+/C1039G mice would be the expected 

result of the disrupted elastic lamina directly observed in the multi-photon 

imaging and previously postulated by our research group [138]. 

 

3.4.3 Study Limitations 

 One limitation of the study was that only circumferential stress/strain data 

was able to be evaluated here as tests conducted were based around collected 

circumferential data sets. The MOMD is able to collect axial data so that future 

work will have to incorporate testing methods able to produce biaxial data sets. 

Another limitation of the study included the uncertainty or image stacks being 

able to adequately image through the thickness of the aorta. Even though 

multiphoton imaging offers advantages for deep tissue imaging, there was still 

significant signal loss the deeper into the tissue, so that image stacks were kept 

to only 100 µm from the adventitia into the media. Even so, images taken from 

deep within the media were still of value and future work should look into 

quantifying the amount of disrupted lamina present in diseased vessels. 

 

 3.4.4 Conclusion 

 In conclusion we were able to demonstrate that the thoracic aortas of 

aged Fbn1+/C1039G mice exhibited an altered mechanical response. In addition, we 

were able to confirm such changes in mechanical response were associated with 
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altered microstructure, with the possibility that the decrease in circumferential 

stiffness could be caused by disruptions in elastic lamina. Also, the apparent lack 

of characteristic crimping of collagen and the disruptions in the elastic lamina 

observed are likely due to inability of the mutant fibrilin-1 to act as a reinforcing 

agent. One important feature of this study was our ability to reveal the presence 

of altered microstructure through the use of our device before they would 

become observable through other means. In other words, standard histology may 

not be able show the differences seen when comparing the bottom row images 

shown in Figure 3.3. 
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ABSTRACT 

Objective: While it is known that the aorta stiffens with location and age, little is 

known about the underlying mechanisms which govern these alterations. The 

purpose of this study was to investigate the relationship between the anisotropic 

biomechanical behavior and extracellular matrix microstructure of the human 

aorta and quantify how each changes with location and age. Methods and 

Results: 207 total specimens were harvested from 5 locations (ascending n=33, 

arch n=38, descending n=54, suprarenal n=52, and abdominal n=30) of 31 

autopsy donor aortas (aged 3 days to 93 years). Each specimen underwent 

planar biaxial testing in order to derive quantitative biomechanical endpoints of 

anisotropic stiffness and compliance. Quantitative measures of fiber alignment 

and degree of fiber alignment were also generated on the same samples using a 

small-angle light scattering (SALS) technique. Circumferential and axial stiffening 

occurred with age and increased from the proximal to distal aorta, and the 

abdominal region was found to be stiffer than all others (p≤0.006). Specimens 

from donors aged 61-above were far stiffer than younger specimens (p<0.001) 

and demonstrated greater circumferential compliance and axial stiffening 

(p<0.001). Fiber direction for all ages and locations was predominantly 

circumferential (p<0.001) and the degree of fiber alignment was found to 

increase with age (p<0.001). Conclusions: Our results demonstrate that the aorta 

becomes more biomechanically and structurally anisotropic after age 60; with 

significant changes occurring preferentially in the abdominal aorta. These 
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changes may play an important role in the predisposition of disease formation 

(e.g., aneurysm) in this region with age. 

Key Words 

Aorta, biaxial, SALS, location, age, extracellular matrix 

Non-standard Abbreviations and Acronyms 

SALS – Small angle light scattering 

ECM – Extracellular matrix 

PBS – Phosphate buffered saline 

TM – Tangential Modulus  

MPM – Multiphoton microscopy 

SHG – Second harmonic generation 

2PEF – Two-photon emitted fluorescence 

ANOVA – Analysis of variance 
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A.1 INTRODUCTION 

The aorta can be subject to mechanically induced dissections in vehicular 

accidents, rupture due to congenital connective tissue disorders (e.g., Marfan’s 

syndrome), and the formation of rupture-prone atherosclerotic aneurysms [135]. 

There is, therefore, tremendous motivation to quantify the biomechanical 

response and the microstructure of the largest artery in the body. In the past, 

localization and development of atherosclerosis and aneurysms have been 

attributed, in part, to hemodynamic causes [139]. However, this view does not 

take into account age-related or location dependent changes taking place within 

the aortic wall itself. It is within the wall that stresses and strains form a complex 

biomechanical environment and are recognized as important factors in the 

homeostasis of aortic tissue. An imbalance of biomechanical signals within these 

tissues may lead to the onset of remodeling and ensuing cardiovascular disease. 

Among the changes that are already known to occur, stiffening of the aorta with 

age has been well documented in humans [115, 140-142] and previous work has 

suggested stiffening of the human abdominal aorta occurs earlier in life, followed 

by progressive stiffening reaching more proximal locations within the aorta [112]. 

However, precise mechanisms for these changes and progression along the 

axial length of the aorta are not fully understood. 

Collagen, elastin, and smooth muscle cells are primarily responsible for 

the load bearing functionality of the human aorta, and it is generally accepted 

that imbalances in the organization of these components occur with age and in 
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disease [143]. While a detailed account of the structural organization of the 

human aorta has been reported by a few investigators [139, 143-146], none have 

quantified simultaneously the organization of the collagen and elastin and how 

they change with age and location along the aortic tree. Additionally, none of 

these studies accurately assess how these changes result in corresponding 

alterations in the biomechanical function of the aorta. 

For characterization of the biomechanical properties of the aorta, such as 

isotropy or anisotropy, biaxial tensile testing methods have been used [7, 112, 

147, 148], and a more comprehensive discussion of tensile testing methods is 

available in the literature [149]. Small angle light scattering (SALS) has been 

used to determine the microstructural architecture of fibrous tissues [150-152]. 

SALS is able to give rapid quantitative measures of gross fiber orientation, such 

as collagen and elastin, for planar tissues. SALS is also better equipped than 

techniques like scanning electron microscopy (SEM) or X-ray scattering for large 

scale mapping of numerous sample specimens as both of these methods require 

costly and labor intensive tissue preparation techniques. Combining 

simultaneous measures of the biomechanical response and microstructure of 

aortic tissue allows one to investigate more thoroughly the underlying 

mechanisms involved in the stiffening of the aging aorta. 

We hypothesize that structural reorganization of the extracellular matrix 

(ECM) plays an important role in the age-related stiffening of the aorta and in 

governing subsequent complex aortic fluid-solid interactions. Therefore, ECM 
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remodeling may be intimately involved in the onset and progression of aortic 

pathology, and would be a mechanism of aortic stiffening in addition to the 

conventional belief that such changes are solely due to atherosclerotic plaque 

deposition. To our knowledge the precise relationship between alterations in 

microstructural architecture of the human aorta and arterial stiffening with age 

has not been described previously. Thus, it is of critical importance to quantify 

both mechanical and microstructural changes that occur along the aortic tree as 

well as with age to allow for more appropriate structural modeling of the aorta 

and a better understanding of disease progression. The aim of this study was to 

assess the relationship between the anisotropic mechanical behavior and 

microstructure of the human aorta, paying specific attention to identifying 

differences as a function for age and location.  

A.2 METHODS 

A.2.1 Procurement and Sample Preparation 

 A total of 207 specimens were collected from 31 donor autopsy subjects, 

ranging from 3 days to 93 years, from the autopsy suite at the University Medical 

Center, University of Arizona. Excess connective and fatty tissues were removed 

and samples lacking advanced signs of atherosclerotic disease were then cut 

from up to five separate locations along the length of the aortic tree: ascending 

thoracic, aortic arch, descending thoracic, suprarenal, and abdominal (Figure 1). 

In order to keep locations consistent for aortas of varied ages (and thus sizes), 
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samples were taken at normalized values of distance corresponding to each 

region of interest along the length of the aorta. From each location one or more 

specimens approximately 1.5cm x 1.5cm square sections were cut from the 

same circumferential band. Each sample was then placed in phosphate buffered 

saline (PBS) solution kept at 4°C and tested within 36 hours of retrieval. 

 

Figure A.1: Diagram depicting the aortic regions wh ere multiple samples were taken from 

circumferential bands. 

A.2.2 Biaxial Mechanical Testing 

 Samples were then subjected to tension-driven biaxial tensile testing as 

previously described [7, 112, 153, 154]. Briefly, each specimen was mounted into 

a custom designed biaxial tensile testing device using barbless hooks with four to 

Suprarenal

Abdominal

Descending

Arch

Ascending
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a side hooked to carriages that allow for self-equilibrated loads on each line and 

submerged into a PBS bath heated to 37° C. The sampl e was mounted so that 

the circumferential and axial directions were in line with the biaxial loading. Five 

separate biaxial protocols were performed on each sample, varying the tension in 

the circumferential and axial directions as 0.5:1, 0.75:1, 1:1, 1:0.75, and 1:0.5, 

with the peak value of tension being 120 N/m. The samples were cyclically 

loaded 10 times to ensure preconditioning of the tissue. Data from the tenth cycle 

was then recorded and used for subsequent analysis. The deformation of each 

sample was determined by tracking four graphite markers (initially in a ~6 mm 

square) on the sample using a CCD camera. From the two values of tension 

(N/m), the original undeformed thickness, the current values of stretch in each 

direction, and assuming incompressibility, values of the 2nd Piola-Kirchhoff stress 

were determined using standard continuum mechanics relations [135, 140, 149]. 

Mechanical parameters from the biaxial dataset were calculated at a level of 

stress corresponding to that derived from the Law of Laplace using the mean 

aortic diameter and thickness for a given age and location at a pressure of 100 

mmHg [135]. This resulted in a specific physiological stress for each age and 

location and was used to compare across groups. At this level of physiological 

stress, peak strain values in the circumferential and axial directions from the 

equitension protocol were obtained and used as a measure of directional 

compliance. Inversely related to compliance, the stiffness of the sample was 

assessed based on the tangential modulus (TM), the slope of the equibiaxial 
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stress-strain curves for each direction determined at the level of physiological 

stress [155] (Figure 2). 

 

Figure A.2: Representative equitension Second-Piola  Kirchhoff stress versus Green strain 

plot from a biaxial tension protocol.  Indicated on  the vertical axis is the calculated 

physiological stress at which the biomechanical out comes for the peak strain and TM  of 

the sample were acquired. Peak strain is denoted by  the points on the horizontal axis and 

corresponds to the strain at which physiological st ress is reached. The TM  is denoted by 

the arrows depicting the slope of the line tangent to the non-linear regression at the 

intersection of physiological stress and peak strai n. 

A.2.3 Validation of SALS Device through Multiphoton Microscopy 

 Prior to SALS preparation and quantification, the collagen and elastin 

organization of a representative unfrozen aortic sample was assessed using 

multiphoton microscopy (MPM). Comparisons of MPM and SALS fiber angle 
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were performed in order to confirm that SALS preparation (see next section) was 

not altering the fiber microstructure. MPM image collection and processing was 

based off of methods developed and described by Kirkpatrick et al. 2007 [156]. 

Briefly, samples were imaged with a 150fs pulsed titanium-sapphire laser (Mira 

900, Coherent, Santa Clara, CA) coupled to a laser-scanning confocal 

microscope (LSM 510, Carl Zeiss, Jena, Germany). Incident light was focused 

and emitted signals collected with a 40X 1.3 NA oil immersion objective (Carl 

Zeiss). The laser was centered at 780nm and the second harmonic generation 

(SHG) signal was collected onto a second non-descan PMT detector through a 

custom SHG filter (380–400nm, Chroma). Similarly, the two-photon excited 

fluorescence (2PEF) signals were collected in the epifluorescence configuration 

through a custom multiphoton filter (480–580nm, Chroma, Rockingham, VT) and 

onto a non-descanned PMT detector (based on R6357, Hamamatsu, 

Hamamatsu City, Japan). The MPM images generated were then analyzed using 

a custom-designed Matlab program. The fibril direction contained in both 2PEF 

and SHG was analyzed and the mean fiber angle for the image was then 

compared to the corresponding SALS derived fiber angle. 

A.2.4 Sample Sectioning and Fixation 

Once the biaxial testing was completed, the square region containing the 

four markers was cut out, placed in Tissue Freezing Medium (Triangle 

Biomedical), and flash-frozen in liquid nitrogen. The sample was then 
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cryosectioned at 50µm thick sections taken 5 times through the thickness starting 

at the lumen and placed on microscope slides. Each section was then 

dehydrated in graded glycerol/water solutions (50%, 75%, 87.5% half hour each) 

and left in 100% glycerol overnight. Use of the graded glycerol solution protocol 

has been found to not measurably distort the tissue [157]. The glycerol was then 

removed using 100% absolute alcohol solution. Tissue Mounting Medium 

(Richard-Allen Scientific) and a cover slip were placed over the sample. 

A.2.5 Small Angle Light Scattering (SALS) 

Construction of the SALS device within the Soft Tissue Biomechanics 

Laboratory (STBL) is based on the device developed and previously described 

by Sacks et al. 1997 [150]. The device assembly consists of an unpolarized 5 

mW HeNe laser (λ=632.8nm; JDS Uniphase) with 4x beam expander (Edmond 

Optics), 2-D motion-controlled automated specimen holder, projection screen, 

and CCD camera (model XCD-VSO, Sony), all mounted on a rigid optical 

platform (Figure 3, left). The specimen holder consists of two linear screw-driven 

tables (404XR series, Parker) with two stepper motors (IH23008, MCG) set in 

plane and perpendicular to the laser and connected to a 2-axis motor drive (MID-

7602, National Instruments).  Briefly, the laser is shown through the tissue 

sample and the beam is preferentially splayed 90° to th e internal planar fiber 

microstructure. From the centroid of the splayed image, the major axis will have 
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an angle, θ, from the horizontal equator. The resulting angle plus 90° is the fiber 

angle, ψ, and determines fiber direction (Figure 3, middle) as ψ = θ + 90°. 

  

 

(a)

θ
Ψ

(b) (c)
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Figure A.3: a) SALS device within the STBL. b) An e llipse is generated to have the same 

second moment as the scattered light intensity. θ is the angle between the equatorial axis 

and the major axis of the intensity. ψ is the angle of fiber alignment. c) Pie chart 

representing circumferential (blue) and axial (red)  bins. Samples were taken such that θθθθ=0°°°° 

corresponded to the local circumferential direction of the aorta. 

 

The degree of fiber alignment is then determined based upon the 

eccentricity, E(0,1), of the resulting ellipse with the same second moment as the 

splayed image (Figure 3, middle). For an ellipse the normalized second moments 

from the central region can be used to find the lengths of both major and minor 

axes[158]: 

Major Axis Length � 2√20µ11 � µ22 � 34µ11 � µ225� � 4µ21�   (A.1) 

and 

Minor Axis Length � 2√20µ11 � µ22 � 34µ11 � µ225� � 4µ21�   (A.2) 

where µyy, µxy, and µxx are the normalized second moments. Eccentricity is the 

ratio of the distance between the foci of the ellipse and its major axis length, 

where 0 corresponds to a perfect circle and 1 corresponds to a line: 

E � 2 3489:;< =>?@ ABCDEFG 5GH48?C;< =>?@ ABCDEFG 5G
IJKLM N2OP QRSTU   (A.3) 
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Increasing values of E, therefore, correspond to an increasing degree of fiber 

alignment. 

Images such as those in (Figure 3, middle) are generated at each location 

over the entire planar sample in a 250µm spaced grid as the specimen slide is 

translated using custom-written LabView driven motion control system. Image 

analysis was done using a Matlab software program specifically designed for this 

purpose. In order to generate a single metric of fiber direction over each entire 

sample, the percentage of fiber angles existing in bins of ψ between 0-45° and 

135-180° (circumferential) and 45-135° (axial, Figure  3, right) were quantified by 

averaging over each planar slice and through the thickness.  

A.2.6 Constitutive Modeling 

In order to generate constitutive model parameters for future 

computational simulations, each of the biaxial specimens tested was fitted to a 

recently developed microstructural anisotropic constitutive model [126]. For this 

model, the strain-energy density is: 

� � ����V W� � 3� �  �Y 4ZGH�� � [\]5 �  ^_�^G  ∑ aexpcd�e
fgh�i � 1jkgl�  (A.4) 

where  ] � �detn�_G, 
fg � o�V W� � 3� � �1 � 3o��V Wp�gg� � 1�, Ī1 is the first deviatoric 

strain invariant, and Ī4(αα) are pseudo-invariants of nf and the directions of the 

fibers Aα. Here C10 is a stress-like material parameter, D is inverse to the bulk 

modulus (K), so that 1/D = K, k1 is a stress-like parameter, k2 is a dimensionless 
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parameter, and κ describes the level of fiber dispersion. Table 1 provides a 

description of these parameters and their physical interpretations (Note that the 

fiber orientation angle (θ) is part of Ī4(αα)). The second Piola-Kirchhoff stress is: 

S � 2C�� ∂IW�∂C �  1D �detC��� v�detC��� � �detC�H��w CH�

�  2k� yaexpck�eEzαh�iEzαcκ∂IW�∂C  � �1 � 3κ� ∂IWp�αα�∂C  ij{
αl�

 

(A.5)  

where 

|}W_|~ � �detC�H_��� �� CH�trC � I�  (A.6) 

|}W��αα�|~ � �detC�H_��� �� CH�λ� � a����a����  (A.7) 

The data from the five biaxial protocols (i.e., Ttt:Tll = 0.5:1, 0.75:1, 1:1, 

1:0.75, and 1:0.5) for each specimen were simultaneously fit to the 

circumferential and axial Second Piola-Kirchhoff stresses derived from Equation 

5 using a nonlinear least-squares regression algorithm in Matlab. An iterative 

procedure was used in which a large parameter space was initially investigated 

and subsequently locally refined based on maximum R2 values resulting from 

each iteration. The final R2 values for all specimens were greater than 0.9. It 

should be noted that in our fitting procedure the parameter theta is unique since it 

alone controls the degree of anisotropy corresponding to a given set of 

experimental data. 
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Holzapfel Model Parameters Physical Interpretation 

C10 (C10  > 0) Stress-like material parameter (Pa) 

k1 (k 1  > 0) Stress-like parameter (Pa) 

k 2 (k 2  > 0) Dimensionless parameter 

κ (0 ≤ κ ≤  ⅓) Level of ispersion parameter 

θ (0 ≤ θ ≤ 90°) Fiber orientation angle (°) 

K (K > 0) Bulk modulus (Pa) 
 

Table A.1. Defined parameters of the Holzapfel mode l. 

 

A.2.7 Statistical Analysis 

Statistical analysis was performed using SPSS software version 17. A 

repeated measures analysis of variance (ANOVA) was performed for the 

between-subjects variables of age and location and the within-subjects variables 

of TM, peak strain, and fiber direction. Each within-subjects variable included the 

added complexity of circumferential and axial directionality and was the reason 

for using a repeated measures design ANOVA. Standard one-way ANOVAs were 

used to evaluate circumferential fiber direction with depth as well as eccentricity, 

which did not include directionality. Multiple comparisons using Bonferroni’s 

adjustment were performed post hoc to identify which groups were different, with 

p<0.05 deemed statistically significant. Subject’s effects were determined based 

off of the partial η2 value, and relationships between variables were determined 
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using a Pearson Correlation. A paired t-test was used to compare the fiber angle 

θ determined from Holzapfel’s model fit to the mean fiber direction determined 

using SALS. 

A.3 RESULTS 

A.3.1 Summary of Demographics 

 Donor aortas were divided into 3 groups: Group 1 (7 donors ages 0-30 

years old), Group 2 (10 donors ages 31-60 years old), and Group 3 (14 donors 

ages 61 years and above). Because not every specimen acquired contained the 

full length of the aorta, the number of samples collected from each donor and 

region varied and is reported in Table 2. Although the size of the aorta varied 

greatly overall, variation within each individual group was not as severe. The 

average variation in thickness within groups was only 0.19 mm, and the average 

variation in radius within groups was only 1.55 mm. 

 

Age 

Group 

Donors Ascending Arch Descending Suprarenal Abdominal Total 

1) 0-30  6 9 10 9 9 43 

2) 31-60 0 9 13 19 21 11 73 

3) 61-

above 

14 18 16 25 22 10 91 

Total 31 33 38 54 52 30 207 
 

Table A.2. Number of aortic samples given by age gr oup and region. 
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A.3.2 Biomechanical Response 

Results from the equitension protocol showed overall compliance 

decreases with age (p<0.001) and from the proximal to the distal aorta (p<0.001) 

(Figure 4). While the mean peak strains of Groups 1 and 2 were not found to be 

significantly different from each other, both were significantly more compliant 

than Group 3. The mean peak strain of the ascending location was found to be 

significantly greater than all other locations (p≤0.003), and the peak strain of the 

abdominal location was found to significantly less than all other locations 

(p<0.001). Taken as a whole, the mean circumferential peak strain was greater 

than mean axial peak strain (p<0.001) due principally to the directional response 

of Group 3 which favored greater circumferential compliance over axial 

(p<0.001). There was no statistical difference in directional compliance for either 

Groups 1 or 2. Note from Figure 4 that this statistical result is true despite there 

being a larger axial compliance within the Group 1 ascending aorta. The 

descending and suprarenal locations were the only locations that demonstrated a 

statistical difference in directional compliance (p=0.004 and p=0.001, 

respectively) with circumferential peak strain being greater than axial (the 

directional compliance for the abdominal and arch locations were found to be 

nearly significant while the ascending location was not). 
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Figure A.4: Circumferential (a) and longitudinal (b ) peak strain values plotted against age 

and location for the equibiaxial (1:1) tension prot ocol. Group 3 (61-above) exhibited less 

axial and circumferential compliance a higher degre e of anisotropy as compared to the 

younger groups. Note also the gradual decrease in c ompliance along the length of the 

aorta. 

 

The TM also showed differences in direction, age, and location (Figure 5). 

The TM of Group 2 was found to be significantly larger than the TM of Group 1 

(p=0.003), and the TM of both Groups 1 and 2 were much smaller than Group 3 

(p<0001); thus stiffness progressively increased with age. TM increased from the 

proximal to distal aorta with regions becoming significantly stiffer along the length 

and with the abdominal region being significantly more stiff (p≤0.006) than all 

other regions. Overall, TM in the axial direction was much greater than in the 

circumferential direction (p<0.001). Group 1 did not show any preference in 

directionally, while Groups 2 and 3 were significantly stiffer in the axial direction 

(p=0.034 and p<0.001, respectively). 
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Figure A.5: Circumferential (a) and longitudinal (b ) TM  values plotted against age and 

location for the equibiaxial (1:1) tension protocol . Again, Group 3 (61-above) exhibited 

greater stiffness and more anisotropy than Group 2 which exhibited greater stiffness and 

more anisotropy than Group 1. 

A.3.3 Validation of SALS Device through Multiphoton Microscopy 

 Images from MPM showed that samples still retained an intact fiber 

microstructure after SALS preparation. Mean fiber angles from the MPM images 

when compared to the mean fiber angles obtained from matching regions of the 

SALS contours were found to correspond well to each other (Figure 6). The 

average percent difference in fiber angles between the MPM and SALS over all 

locations within the specimen was 4.5%. 
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Figure A.6: MP image (SHG in red, 2PEF in green), 5 00µm by 500µm, with corresponding 

SALS contour plot. MP average fiber angle: 60.87°, SALS average fiber angle: 58.41°. 

A3.4 SALS Derived Microstructure  

SALS imaging showed that for all ages and locations the majority of fiber 

angles were preferentially oriented in the circumferential direction (p<0.001), 

which was the direction of greater compliance. The circumferential alignment was 

quite pronounced as on average over 66% of fiber angles could be found within 

15° of the local circumferential direction. 

 Circumferential fiber direction was significantly less at the lumen of the 

aorta, 0µm, than at other depths (p=0.002) (Figure 7). The trend toward 

circumferential alignment increased then decreased through the thickness of the 

aorta so that the depth of 500µm had statistically greater circumferential fiber 

direction than both 0µm and 1000µm (p<0.001 and p=0.005 respectfully). Even 

so, all depths through the aorta were found to have highly preferential 

circumferential fiber direction, thus the mean fiber direction through the thickness 
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of each sample was used when comparing age and location. The percent of 

fibers in the circumferential direction increased with age and was significantly 

different between Groups 1, 2, and 3 (p≤0.001) driven primarily by differences 

within the abdominal region (Figure 8a). As for location, the directionality cannot 

be said to either clearly increase or decrease from the proximal to distal aorta, 

however the abdominal region was found to contain significantly less 

circumferential directionality (p=0.017) than all other regions. This result was 

primarily driven by Groups 1 and 2. The average angle for each age and location 

can be found in Table 3. 
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Figure A.7: Percent of fiber angles found in circum ferential direction plotted through the 

thickness of the aorta for all locations. 0 µm corresponds to the luminal side while 1000 µm 

corresponds to the adventitial side of aorta. 

 

Age Group Location Average Angle (°) Standard 

Deviation 

1) 0-30 

Ascending (n=6) 14.11 2.87 

Arch (n=9) 19.05 2.98 

Descending 

(n=10) 

14.63 1.74 

Suprarenal (n=9) 13.67 2.20 

Abdominal (n=9) 16.41 3.65 

    

2) 31-60 

Ascending (n=6) 16.26 3.44 

Arch (n=10) 13.72 2.43 

Descending 

(n=15) 

13.80 3.09 

Suprarenal (n=16) 14.11 2.65 

Abdominal (n=11) 17.36 4.82 

    

3) 61-above 
Ascending (n=17) 14.11 1.38 

Arch (n=13) 16.32 2.20 
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Descending 

(n=22) 

14.93 1.75 

Suprarenal (n=19) 14.98 1.26 

Abdominal (n=8) 12.40 1.57 
 

Table A.3. Average fiber angle through the thicknes s of the aorta for age and location with 

standard deviations. 

 

Analysis of the eccentricity showed it was significantly higher with age and 

significantly lower with distance from the proximal aorta (Figure 8b). Eccentricity 

in Group 3 was greater than that of Groups 1 and 2 (p<0.001), which were not 

statistically different. Eccentricity from the proximal to the distal aorta decreased 

with the two most distal regions, suprarenal and abdominal, having eccentricity 

significantly less than the more proximal regions of the ascending aorta, aortic 

arch, and descending thoracic aorta (p=0.037). In addition, eccentricity had a 

significant positive correlation with preferred circumferential fiber direction 

(p<0.001), and both had significant negative correlations with peak strain 

(p<0.001 and p=0.004, respectfully). 
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Figure A.8: (a) Percent of fiber angles found to be  in the circumferential direction plotted 

for age and location. (b) Degree of fiber alignment  based on eccentricity plotted for age 

and location. Note the gradual increase in the ecce ntricity of the abdominal aorta with age. 

A.3.5 Constitutive Modeling 

Table 4 reports the model fit parameters for age and location. Of these 

parameters, k2 was found to change the most and increased progressively with 

age. The resulting fiber angle parameter, θ, gave an average of 46.32°. The 

SALS fiber angles for each Group 3 suprarenal specimen were found to be 

significantly smaller than those derived using a constitutive model fit (5.1° vs. 

48.7° respectively, p<0.001). 

 

Holzapfel model 

Location 

C10 

(MPa) 

k1 

(GPa) k2 κ θ(°) 
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Ascending 2 (31-60) 16.6 0.79 3.13 0.13 44.1 24.9 

Ascending 3 (61-above) 44.6 2.07 93.33 0.18 45.5 36.4 

       

Arch 1 (0-30) 30.8 0.93 4.64 0.14 46.1 37.0 

Arch 2 (31-60) 22.0 1.02 5.89 0.7 44.7 37.7 

Arch 3 (61-above) 65.5 2.53 134.59 0.17 48.2 38.7 

       

Descending 1 (0-30) 29.7 1.34 1.79 0.10 44.5 29.5 

Descending 2 (31-60) 35.1 1.93 39.64 0.20 44.3 32.9 

Descending 3 (61-above) 63.3 3.22 145.35 0.20 51.4 55.2 

       

Suprarenal 1 (0-30) 28.8 0.86 2.83 0.10 45.3 30.4 

Suprarenal 2 (31-60) 32.3 1.35 22.45 0.17 45.9 41.3 

Suprarenal 3 (61-above) 55.4 2.77 187.34 0.15 48.7 60.6 

       

Abdominal 1 (0-30) 50.9 2.37 107.13 0.16 46.7 48.1 

Abdominal 2 (31-60) 37.7 1.78 114.69 0.18 46.6 29.0 

Abdominal 3 (61-above) 100.9 4.07 165.55 0.16 48.4 75.5 
 

Table A.4. Material parameter means determined from  the Holzafel model given for each 

location and age group. Note that C 10 is given in MPa while k1 and K are given in GPa. 
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A.4 DISCUSSION 

A.4.1 Summary of Conclusions 

This work reports, for the first time, simultaneous measures of aortic 

biomechanical response and microstructure and how these are affected by age 

and location within the aorta. Fiber directionality through the thickness of the 

aorta was found to be primarily in the circumferential direction, which was also 

the direction of highest compliance. We found that the aorta changed from a 

more isotropic to a more anisotropic tissue and became progressively less 

compliant and stiffer with age, and these changes rapidly progressed after the 

age of 60. Unlike Groups 1 & 2, Group 3 demonstrated significant anisotropy and 

was much more compliant in the circumferential direction. The degree of fiber 

alignment was also found to increase with increasing age, however this measure 

was found to decrease along the length of the aorta. Still, since age was found to 

be more significant than location, increased fiber alignment consequently 

corresponded to an overall decrease in compliance. Perhaps most interesting, 

we found that the abdominal aorta is statistically different from all other aortic 

regions both in terms of its microstructure and biomechanical response. These 

differences may account for the prevalence of disease formation (e.g., aneurysm) 

in this region later in life.  
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A.4.2 Relation to Previous Work 

Our data is consistent with the work of Shultze-Jena [159] and 

Staubesand [160] who have shown a strong circumferential aortic fiber alignment 

in humans. More recently O’Connell et al. also showed in rats that all three 

primary medial constituents (elastic lamina, collagen bundles, and smooth 

muscle cells) have predominately circumferential orientation [161]. Our biaxial 

results demonstrated an increased aortic stiffness with age, which is in 

agreement with previous works in both rats [162] and humans [115, 140, 141]. 

Additionally, our results demonstrate that this age-related increased aortic 

stiffness is associated with an increased fiber alignment as measured using 

SALS. This result supports the hypothesis that ECM remodeling may play a role 

in the age-related stiffening of the human aorta.  

Our results suggest that while the overall stiffness of the entire aorta is 

associated with an increased fiber alignment, the increased stiffness observed in 

the abdominal aorta is associated with a decreased fiber alignment. This 

apparent contradiction might stem from the compositional differences known to 

be present in the different locations of the aorta. Studies by Halloran et al. [139] 

and Cheuk et al. [143, 146] have found both biochemical changes and 

compositional changes along the length of the aorta. Interestingly,  Halloran et al. 

showed that ratio of elastin to collagen decreases from the proximal to distal 

aorta with the largest change found between the suprarenal and infrarenal 

(abdominal) aortas [139]. These compositional and biochemical alterations, along 
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with the decreased circumferential directionality and degree of alignment 

compared to other regions of the aorta and the altered mechanical response 

demonstrated here, may predispose the abdominal aorta to certain pathologies 

known to localize in this region (e.g., aneurysm). 

Previous research has shown that the biaxial biomechanical response of 

the human abdominal aorta is age-dependent [112], with large differences in the 

shape of the stress-strain occurring after age 60. While that study did not report 

any statistical differences in peak equibiaxial stretch across direction or age, they 

did provide evidence of increased aortic stiffness in the circumferential direction. 

Similar results were also reported by Okamoto et al. [147] when studying aged 

and dilated human ascending aortas, however they did not find evidence of 

anisotropic stiffening. Similar to these previous studies, our results showed that 

the anisotropic response of the human aorta varies with both location and age.  

Our results also imply that the aorta begins to act more anisotropic with 

age and that distal regions begin to act more aged, and thus more anisotropic, 

before proximal regions. Based on this observation and previous studies into 

aortic stiffening one might argue that alterations in the response of the aorta 

begin in the abdominal region and progress towards the proximal aorta. 

However, our current work has also shown that the abdominal region is 

significantly different from all other regions, and therefore changes in its 

response and microstructure may not translate to the rest of the aortic tree with 

time. Just as Group 1 of Vande Geest et al. [112], we found Group 1 to be more 
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isotropic in its response, and we found the ascending aorta was the least 

anisotropic for all ages which corresponded to the findings of Okamoto et al. 

[147]. We were also able to show that the anisotropic response of the aorta 

varied along the length and changed with age. This occurred most notably in 

Group 3 where the response was markedly different from those of Groups 1 and 

2 and was significantly stiffer axially and more compliant circumferentially. 

Another important feature shown by our results was that anisotropy 

increases with age. Stiffening with age increased much more axially than it did 

circumferentially along the entire length of the aorta; a result which corresponded 

with greater circumferential fiber alignment occurring with age. One pathology 

that could contribute to this age-related increased anisotropy is the loss of elastin 

density which may lead to an overall increase in the collagen/elastin ratio as 

reported by Gaballa et al. [162]. Zou and Zang found the elastin network of the 

aorta to be significantly anisotropic and stiffer in the circumferential direction in 

bovine thoracic aorta [163]. Since our results show that aortic tissue becomes 

stiffer with age and assuming the case that the elastin matrix is stiffer primarily in 

the circumferential direction, any loss of elastin might easily lead to decreased 

circumferential stiffening relative to axial stiffening thus accentuate any stiffening 

that occurs towards the axial direction. 

It is important to note that our findings indicate that the aorta is stiffer in 

the direction orthogonal to the preferred fiber orientation, which itself is a counter 

intuitive result. While the authors cannot provide any definitive reasons for such a 
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result, it may be that the greater relative stiffness in the axial direction could be 

due to an increased cross-linking of the collagen fibers. Cross-linking of collagen 

has been found to reduce the normal elasticity of tissues [164-168]. Because the 

primary orientation of collagen fibers was found to be in the circumferential 

direction, cross-linking would presumably occur between circumferentially 

aligned bands, thereby contributing to the greater stiffening in this direction. 

Ongoing research with our laboratory is aimed at further investigating this result. 

A.4.3 Structural Constitutive Modeling  

Moving from a basic phenomenological to a more microstructurally-based 

approach in constitutive modeling has been a focus in recent years in order to 

provide model parameters with a more natural physical interpretation. Using the 

model herein, we were able to model both young and old tissue and did not incur 

the problem encountered previously by Vande Geest et al. [112] where the Fung 

model was unable to fit the more isotropic behavior of young tissue. Because we 

found fiber direction remained consistently circumferential through the thickness 

we did not apply different models to the separate layers of the aorta. We found 

that when our biaxial data was fit to the Holzapfel stain energy function, the 

resulting θ term did not match the fiber angle determined experimentally using 

SALS. When we tried to fit our data using a fixed (and SALS-determined) value 

of θ, the Holzapfel model was unable to provide a reasonable fit. Because the 

SALS derived fiber angle can be considered to be a true measure of ECM 
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architecture, the angle θ as derived by a regression fit loses its physical meaning 

as it was unable to predict the true angle of preferred fiber alignment. Future 

work in our laboratory is aimed at identifying constitutive models in which such 

issues do not occur. Doing so may lead to a more physically meaningful 

interpretation of the parameters within microstructurally-based constitutive 

models. 

A.4.4 Study Limitations 

Limitations associated with planar biaxial tensile protocols have been 

described in detail elsewhere [154]. One important limitation of SALS which 

should be reiterated is its inability to differentiate between collagen and elastin 

(as well as other structurally important components – proteoglycans, smooth 

muscle cells). Future work will be required in order to delineate these 

contributions, especially given the counterintuitive results of ECM alignment and 

stiffness reported here. An additional limitation of our study was the difficulty in 

obtaining specimens from all sample locations from a single donor aorta. 

Because we received aortas from autopsy, we were limited to only sections of 

the aorta that were available for release. We also did not distinguish between 

anterior, posterior, or lateral samples within the same circumferential band, which 

may affect compliance and the degree of anisotropy [169]. 

 Another potential limitation of our analysis was that the percent of fiber 

angles in a given direction were averaged through the entire aortic thickness. We 
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deemed this appropriate since, although differences in fiber direction at 0µm, 

500µm, and 1000µm were found to be statistically significant, the difference 

varied by less than ~5 degrees throughout, and fiber direction at any depth was 

still overwhelmingly circumferential. While identifying differences between layers 

(intima, media, and adventitia) is not the focus of this work, this may warrant 

future investigation as other studies have indicated fiber directions being less 

uniform in the endothelium and the adventitia [170, 171].  

A.4.5 Summary 

In summary, we were able to use SALS in conjunction with biaxial tensile 

testing to provide information on the biomechanical behavior and ECM 

microstructure along the length of the human aorta and for different age groups. 

To our knowledge this study is the first of its kind in providing the mechanical 

response and fiber structure of the human aorta comprehensively for age and 

location. Our results support the hypothesis that ECM remodeling occurs with 

age and effects mechanical behavior. This information will be helpful in 

identifying the structural alterations and accompanying changes in biomechanical 

behavior that occur in the development of atherosclerosis, dissection, and 

aneurysm.  
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APPENDIX B: ANIMAL SUBJECTS APPROVAL 

 All animal use and experimental procedures for mouse testing were 

performed according to the approved protocols of the University of Arizona 

Institutional Animal Care and Use Committee ((UA protocols #06-045 & 06-064 to 

the Mohamad Azhar and his collaborators). 
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