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ABSTRACT 

An abdominal aortic aneurysm (AAA) is a pathological dilation of the abdominal aorta, as 

defined by a 50% increase in diameter or a diameter greater than 3 cm. While typically 

asymptomatic, there is a risk that the AAA will rupture, causing massive hemorrhaging and high 

mortality rates. Thus, once detected, the clinician must choose between surveillance and elective 

surgical repair. The first option carries the risk of rupture; the second risks complications and graft 

failure. Currently, clinical metrics of rupture risk are dependent on diameter and growth rate. 

However, a number of studies have indicated that, although rupture risk does increase with 

increased diameter, there are also a large number of patients with aneurysms for which the diameter 

criteria is insufficient. There remains a strong need to 1) determine better estimates of rupture risk 

in order to accurately assess the need for surgery and 2) improve surgical treatment to reduce 

perioperative risk.  

Herein, we use ultrasound in mice to address these two prevalent uncertainties in aneurysm 

development and treatment. First, we further develop a murine aneurysm model that forms large 

aneurysms with distal thrombus. To increase the applicability of the model, we modulate aneurysm 

growth by altering elastase concentration and lysyl oxidase inhibition. We show that initial elastase 

concentration impacts aneurysm size, which is driven in part by a change in the degree of initial 

degradation of the aortic wall. We also demonstrate that lysyl oxidase inhibition (via BAPN) 

remains necessary for expansion even after the initial aneurysm formation and that removal of the 

lysyl oxidase inhibitor effectively stops growth in this model. As a final point, we show that female 

mice develop larger aneurysms than the males using this model. Then, with the aim of improving 

surgical treatment options, we explore the patency of various design parameters involved in tissue-

engineered vascular grafts. To do so, we assess the allowable parameter design space of murine 

textile arterial grafts, so as to lead to better selection of key design components. Overall, the 

findings in this thesis demonstrate the applicability of ultrasound in small animals to improve 

aneurysm diagnostic and treatment options. 
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 INTRODUCTION 

Abdominal aortic aneurysms are inherently a degenerative disease, predominately 

characterized by extracellular matrix (ECM) degradation, vascular smooth muscle cell (vSMC) 

apoptosis, inflammation, and, in some cases, thrombus. While current clinical metrics focus on 

diameter and growth rate to assess rupture risk, the complex pathophysiology of this disease make 

it difficult to accurately determine rupture risk using these metrics alone. Development of 

improved metrics is necessary, but success in this field is highly dependent on our enhanced 

understanding of the disease.  

While human studies have provided a wealth of information regarding AAA progression, 

they are limited as baseline data is often absent and controlled manipulation of experimental 

variables can be difficult. To this end, experimental animal models have been widely utilized, but 

their usefulness is often dependent on the degree to which they mimic the human condition. Many 

of the current animal models of AAA are limited by the fact that they naturally stabilize after 

formation, making it difficult to assess growth dynamics. In one more recently developed murine 

model, this barrier was overcome by the addition of a lysyl oxidase inhibitor to mice that 

underwent a topical elastase administration procedure. Of note, this murine model also formed 

intraluminal thrombus (ILT), which is of particular interest given the small number of murine 

aneurysm models that develop ILT, despite its prevalence in many AAA patients. While still a 

relatively new model, the combined advantages of a large growing aneurysm and intraluminal 

thrombus make it a strong contender for use in assessing the applicability of novel diagnostic 

metrics to detect AAA growth. However, much work remains to further develop the model and 

understand the influencing role of elastase and lysyl oxidase on aneurysm growth. These areas of 

research are necessary in the ultimate goal of improving diagnostic metrics. 

In addition to improving diagnostic metrics, it is also necessary to improve vascular grafts 

and surgical techniques for those patients elected to undergo AAA repair. Graft failure is one 

complication, which may be improved by better graft design. Current decisions on how to improve 

graft designs are often empirically determined, and could be improved by a more formal analysis. 

While not currently used clinically for AAA repair, tissue engineered vascular grafts are 

particularly interesting due to the insight that they provide into vascular tissue remodeling, and in 
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the future they may even improve endovascular stent grafts through the use of biodegradable 

materials. 

Thus, this thesis probes these two areas: 1) murine model development and AAA 

morphology assessment so as to improve disease diagnostic capabilities, and 2) tissue engineered 

vascular graft design so as to increase our understanding of vascular tissue remodeling and 

improve grafts for surgical repair. To address these issues, in Chapter 2, we first provide a 

background on the general structure and function of the artery, aneurysm pathology and clinical 

management, and then the preclinical methods used to further our understanding of the disease. In 

Chapter 3, we focus on further developing a murine aneurysm model that forms large aneurysms 

with distal thrombus. We then increase the applicability of the model by modulating aneurysm 

growth, and we probe the relative impacts of elastase concentration and lysyl oxidase inhibition. 

In Chapter 4, we shift focus slightly to assess vascular remodeling after implantation of a tissue 

engineered vascular graft. We consider the influencing role of graft braiding pattern on its patency. 

Overall, the findings in this thesis demonstrate the applicability of ultrasound in small animals to 

improve aneurysm diagnostic and treatment options. 
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 BACKGROUND 

The cardiovascular system is, in a word, amazing. One of this system’s primary goals is to 

transport gases and nutrients, and remove wastes, which it does from each of the ~37 trillion cells 

that make-up the human body.1 It does this through a series of vascular conduits, with diameters 

ranging across ~3-4 orders of magnitude. The largest of the arteries—the ascending aorta—is 

~3 cm in diameter and receives blood directly from the heart.2 As blood travels through the aorta, 

it branches into smaller and smaller arteries, eventually becoming arterioles. Even then, the vessels 

continue to branch until they become capillaries. Capillaries are the smallest of the vessels, with 

an average diameter of ~5 µm.3 While the diameter decreases from the arteries to the arterioles to 

the capillaries, the number of vessels increases, resulting in a net increase in surface area. In fact, 

capillaries are estimated to have a total surface area of ~6000 cm2 which enables the exchange of 

gases, nutrients, and wastes to occur primarily through diffusion.4 On the return to the heart, 

capillaries combine to form venules which combine to form veins. Two veins, the superior and 

inferior vena cava, then lead back to the heart, completing the systemic circulation. This complete 

circuit takes approximately 1 min when at rest, and even less time during exercise.5  

As expected, this intricate system is dependent on appropriate functioning of the vascular 

conduits (arteries, arterioles, capillaries, venules, and veins). While there are a number of diseases 

that can plague the cardiovascular system, herein we focus on abdominal aortic aneurysms, which 

are pathological dilations of the abdominal aorta. In this chapter, the general structure and function 

of the artery is discussed, followed by a discussion of aneurysm pathology and clinical 

management. Lastly, we discuss preclinical methods used to further our understanding of the 

disease.  

2.1 Arterial Structure and Function 

Arteries are the blood vessels that carry blood away from the heart. They are typically 

comprised of 3 layers: the tunica intima, tunica media, and tunica adventitia or externa 

(Figure 2.1). The innermost layer, the tunica intima, interfaces with the blood in the lumen and is 

usually comprised of a single layer of endothelial cells attached to a basement membrane. These 

cells form a barrier, creating a dividing line between blood and vessel wall, but they also contribute 
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to a variety of other functions, such as vascular tone, thrombosis, and inflammation.6 The 

importance of the endothelium in normal homeostasis is highlighted by the fact that its dysfunction 

has been associated with increased risk of cardiovascular disease.6 

 

 

Figure 2.1. Arterial structure showing the three layers: tunica intima, media and externa. Adapted 

from Blausen.com7 

Beneath the basement membrane is an elastic-like sheet, called the internal elastic lamina, 

which separates the tunica intima and media. The tunica media is by far the thickest of the layers, 

occupying ~80% of the wall.8 It is comprised primarily of elastin, collagen, smooth muscle cells, 

and proteoglycans.9 In elastic arteries, the elastin form in sheets, called lamina, which enable the 

artery to recoil when pressurized. In the ascending aorta of humans, where blood volume fluctuates 

considerably, there are ~80 elastic lamina10 which allows the wall to dampen the oscillation. 

Further down the aorta, where oscillations in volume are less severe, the number of elastic lamina 

are reduced, such that the infrarenal aorta only has ~30 lamina.10 In contrast to the elastin, the 

collagen is much stiffer, more akin to that of a rope rather than a rubber band, and serves to provide 
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added structural stiffness. The presence of collagen is sparse in the medial layer but, it does make 

up the majority of the adventitial layer. Within the medial layer, smooth muscle cells are integral 

to maintain vascular tone. In addition, as the primary cell type in the tunica media, it also helps to 

organize the repair of ECM through release of chemokines, and its apoptosis is one hallmark of 

aneurysms. 

The outermost layer in the aorta is the tunica adventitia. As noted, collagen is the primary 

component of this layer, though there are some elastic fibers and fibroblasts.8 At normal 

physiologic pressures, the tunica media bears much of the load. However, in diseases such as 

aneurysms, the elastin is degraded which causes a greater load on the outer collagen sheath.  

2.2 Abdominal Aortic Aneurysms 

An abdominal aortic aneurysm (AAA) is a pathological dilation of the abdominal aorta, as 

defined by a 50% increase in diameter or a diameter greater than 3 cm (Figure 2.2).11,12 Although 

only affecting ~1.4% of the US population aged 50 to 84,13 additional factors such as advanced 

age, male sex, hypertension, cigarette smoking, and a family history of AAAs all increase risk.13-

16 Despite an increased prevalence of AAAs in males than in females,17,18 females who have an 

AAA are at greater risk of rupture than males.19,20 In addition, other rupture risks include large 

initial aneurysm diameter, cigarette smoking, and hypertension.16 Given the prevalence and risk 

of AAAs, it is increasingly important to understand and thereby improve diagnosis and treatment 

of aneurysms. In the following sections, we briefly review the disease pathology and current 

clinical assessment. 
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Figure 2.2. CT image (left) and volume reconstruction (right) of an abdominal aortic aneurysm. 

Adapted from Sangha et al.12 

2.2.1 General Disease Pathology 

Abdominal aortic aneurysms are inherently a degenerative disease, predominately 

characterized by extracellular matrix (ECM) degradation, vascular smooth muscle cell (vSMC) 

apoptosis, and inflammation. The first of these—degradation of the extracellular matrix—occurs 

initially through elastin fragmentation and degeneration within the medial layer, which continues 

to degrade as aneurysm size increases.21,22 Since elastin is the primary component to provide 

elasticity and recoil, the loss of elastin results in a stiffened and weakened medial layer that is 

unable to support the engendered forces. As a result, greater load is placed on the adventitial 

collagen. Thus, it is not surprising that concomitant with the reduction in elastin is an increase in 

collagen,22 perhaps as a mechanism to maintain structural integrity in the absence of elastin. 

Collagen half-life is 60-70 days,23 while elastin has a half-life of 40 to 70 years,24 making collagen 

more prone to remodeling. Further work has suggested that while elastin degradation is key in 

aneurysmal growth, collagen failure may be the primary factor in rupture.25 Rupture eventually 

occurs when there is an imbalance of collagen proteolysis and synthesis during remodeling.  

This degradation is driven, in large part, by matrix metalloproteinases (MMPs). MMPs are 

zinc-metalloproteinases capable of degrading a variety of ECM proteins. Studies have indicated 

that MMPs are elevated in aneurysms, and that their deficit can prevent aneurysm formation in 

mice.26,27 Interestingly, although doxycycline – a broad spectrum MMP inhibitor – does prevent 
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aneurysm development, it seems to have little effect on the growth of pre-established aneurysms,28 

suggesting that there may be a time course in which MMP inhibition is most effective. These 

results are corroborated by Lu et al. who showed in a murine aneurysm model that both inactive 

and active forms of MMP9 – which displays significant elastase activity – were most elevated 

during the first two weeks post-aneurysm induction, but then returned to a much lower (though 

still elevated) level for the remainder of the study.29 Taken together, these data suggest an early 

role of MMPs (especially MMP9) on aneurysm formation, but potentially a reduced role as the 

aneurysm progresses.30 

In addition to ECM degradation, aneurysms are marked by apoptosis of vascular smooth 

muscle cells31-33 as indicated by increased levels of p53 and p21 – two molecular markers of 

apoptosis – in aneurysmal tissue.34 Moreover, light and electron microscopy have shown decreased 

density of vSMCs, with ~30% of the cells showing fragmented DNA.35 Since the vSMCs are the 

main cells within the wall of the aorta, this reduction in vSMCs destroys the very cells that can 

enable ECM repair, further exacerbating the condition.  

The last primary hallmark of the disease is inflammation, which both drives and is driven by 

the changes in the ECM and the apoptosis of vSMCs. During vSMC apoptosis, monocyte-

chemoattractant protein-1 and cytokine-induced neutrophil chemoattractant are released.31 

Similarly, the products of ECM degradation (elastin degradation products) are chemotactic for 

monocytes.36 Thus, as the ECM and vSMCs are affected, they in turn drive increased 

inflammation, as demonstrated by the increased numbers of neutrophils, mast cells, macrophages, 

and T and B lymphocytes in aneurysmal tissue.28 As these inflammatory cells increase, they further 

the degradation of the ECM and vSMC apoptosis.37 This has led some to hypothesize that 

aneurysm development is an autoimmune disorder driven by a sustained positive feedback 

mechanism involving the ECM, vSMCs, and inflammation.38  

Over time, the degeneration of the aortic wall, apoptosis of vSMCs, and increased 

inflammation results in a severely weakened wall that is unable to repair itself. Rupture occurs 

when the forces on the wall exceed the material strength of the wall, leading to a break in the tissue 

and resulting in internal hemorrhaging. An overview of disease progression is shown in 

Figure 2.3.39 
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Figure 2.3. Schematic of aneurysm development and expansion. Although the initiating event is 

unknown, disease progression is marked by degeneration of the extracellular matrix, smooth 

muscle cell apoptosis, and inflammation. This deleterious remodeling of the aortic wall eventually 

results in an ECM that is unable to support the engendered load, leading to rupture.39  

Role of Thrombus 

In addition to the three hallmarks noted above, abdominal aortic aneurysms often contain 

intraluminal thrombus, with an estimated prevalence of 70-80% in humans,40,41 though some 

studies have even shown a prevalence up to 95%.42 Despite its prevalence, its role in aneurysm 

development is unclear. As such, this section is devoted to providing background on the topic. 

Thrombus formation is hypothesized to be driven by high shear stress in the proximal neck 

portion,43 causing endothelial dysfunction and platelet activation, followed by low flow in the 

distal aneurysmal portion which allows adhesion of the platelets and formation of the 

thrombus.44,45 Indeed, this hypothesis would help explain why thrombus often forms in the distal 

portion of the aneurysm.46 Further accumulation and growth of the thrombus may be driven by 

either a continuous deposition or a more “staccato” based layering of the thrombus.47 In the more 

layered thrombus, the thrombus may have mini-breaks that cause immediate inflow of blood and 
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secondary clotting, leading to a layered look. In contrast, the continuous deposition of thrombus 

leads to a more uniform appearance.  

Independent of the type of deposition, the composition of thrombus is primarily a fibrin mesh 

with aggregated platelets and red blood cells, and is typically divided into three radial layers: 

luminal, medial, and abluminal (Figure 2.4).48 The luminal layer interfaces with the blood and is 

characterized by a thick fibrin mesh. Moving from luminal to medial to abluminal layers, the mesh 

becomes more and more degraded, ultimately resulting in near-complete degeneration of the fibers 

in the abluminal layer.48,49 At times, the abluminal-wall interface is so degraded that it is no longer 

even a solid, but instead a liquid phase that lacks all structure.50 Porosity also varies per layer, with 

the largest cavities observed in the abluminal layer. This porosity creates a large canaliculi network 

within the ILT (across all three layers) that enables free diffusion.49 

 

 

Figure 2.4. Cross-section of a human aneurysm containing intraluminal thrombus. Scanning 

electron microscopy of the A) luminal, B) medial, and C) abluminal layers show distinct 

microstructure.48  

Given the microstructural differences in layers, it is reasonable that the mechanics also varies 

relative to layer. While ILT is isotropic in the medial and abluminal layers, it is anisotropic within 

the luminal layer,51,52 and radially and regionally heterogeneous throughout.48,52,53 For example, 

Tong et al. found that the strength of an ILT decreased while moving from the luminal to abluminal 
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surface, with older thrombus contributing to wall weakness.54 Thrombus also appears to have 

regional differences, with the posterior region stronger than the anterior region.53 Additional work 

by Gasser et al. suggested that microstructural pores may be a key driver of observed differences 

in macroscopic mechanical strength.52 Also of note, ILT is highly vulnerable to fatigue loading, 

with a cyclic load level of 60% ultimate strength causing failure within an hour, suggesting that 

fatigue may be a leading cause of thrombus and potentially even aneurysm failure.54 These and 

other mechanical assessments of ILT, in conjunction with computational analyses, have led some 

researchers to conclude that ILT is beneficial in that it is able to protect the aneurysm wall.55-59 

Namely, thrombus may act to mechanically shield the wall,60-62 reducing aneurysmal wall stress 

and thus decreasing rupture risk.   

However, thrombus is also biologically active. Kazi et al. compared the wall of aneurysms 

in regions with and without thrombus, and found that the walls with thrombus had greater 

inflammation, apoptosis of vascular smooth muscle cells, and degradation of the extracellular 

matrix (e.g. fewer and more fragmented elastin).63 Interestingly, while plasminogen was only 

detected in the thrombus and its activator was only in the wall, activated plasmin was prevalent 

throughout,50,64 which may be driven by activation at the wall/thrombus interface64 followed by 

distribution through a canaliculi network.49 Despite this prevalence of plasmin throughout the 

thrombus and wall, fibrin degradation was found to occur primarily at the abluminal surface,49 

giving further credence to the idea that the thrombus-wall interface may be a key site of plasmin 

activation and thrombus-wall stability. Moreover, Fontaine et al. demonstrated that 

polymorphonuclear leukocytes are co-localized with MMP-9 storage in the luminal region of 

intraluminal thrombus in human AAAs, suggesting that these trapped leukocytes may be a source 

of proteases that exacerbate aneurysmal growth.50 Thus, thrombus is not merely an inert structure, 

but a biologically active secretor of proteases and chemokines that can heavily influence aneurysm 

development. 

Given this balance of mechanical integrity and inflammatory response, it may be that the 

shoulder region of the thrombus—where the thrombus is thin and therefore provides little 

mechanical integrity but still has increased inflammation because the lumen is close to the 

adventitia—may be particularly prone to rupture. In addition, to further confound factors, the 

aforementioned difference in formation (continuous vs. layered) may also play a large role in the 



 

26 

stability of the aneurysm (Figure 2.5). However, much remains unknown about thrombus 

deposition, the biochemomechanics of its formation and growth, and its role in aneurysm rupture. 

 

 

Figure 2.5. Schematic depicting a potential mechanism for the layering of ILT. An initial insult, 

followed by ECM remodeling causes the initial formation of the aneurysm. Then, due to the shape 

of the aneurysm, flow is disturbed, creating regions of low wall shear stress which are ideal for 

thrombus deposition. The thrombus fills that region; however, as the aneurysm continues to grow, 

there are new regions of disturbed flow, causing more thrombus deposition. This process creates 

a layered appearance within the thrombus.47 

2.2.2 Clinical Management 

Aneurysms are often asymptomatic. At times, these aneurysms are discovered as an 

incidental finding during an imaging examination,65 but many remain undetected until rupture. In 

an effort to improve detection, large-scale population-based ultrasound screenings have been 

proposed. Three large randomized clinical trials in men over the age of 65 (n=127,891) have shown 

the efficacy of screening to reduce aneurysm-related mortality.66-69 Moreover, a 10-year follow-

up found that the early benefit of screening was maintained in the later years.67 These studies led 

the Society for Vascular Surgery to recommend a one-time ultrasound screening for all men aged 

65+, or even earlier if they have a family history of AAA.16 Unfortunately, for women, the dearth 

of clinical studies have made it difficult to assess efficacy. One randomized clinical trial in women 
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(n=9,342) suggested that screening was unable to reduce aneurysm mortality.70 However, due to 

the small number of patients, the Society for Vascular Surgery still recommends ultrasound 

screening in women older than 65 who have a family history of AAA or a history of smoking.16  

Once the aneurysm is detected, the clinician must choose between surveillance—and 

potentially risk rupture—or elective repair—and risk complications and graft failure. 

Unfortunately, the cost of an incorrect choice is severe. If the clinician chooses surveillance and 

the aneurysm does rupture, it causes massive hemorrhaging and high mortality rates. Many patients 

die prior to reaching a hospital71 and even among those who make it to the hospital, perioperative 

mortality rates can be as high as 50%.19,72 In contrast, if elective surgical repair is performed before 

rupture, survival rates are better than surgery due to rupture; however, this too has risk, with 

perioperative mortality rates ranging from 0.5-5% based on the study and type of repair.73-75 

Although the continuous improvement of grafts and surgical techniques will likely improve those 

statistics, surgical risk remains a consideration, especially in older patients who also have co-

morbidities. In addition, an autopsy study revealed that approximately 75% of AAAs never 

rupture,76 and in those cases, elective surgery would have been an unnecessary risk.  

In the next section, we will discuss current surgical interventions. However, for the current 

discussion, it is apparent that there remains a strong need to determine better estimates of rupture 

risk in order to accurately assess the need for surgery. Current clinical metrics of rupture risk 

primarily focus on aortic diameter66,77 and expansion rate,20,78 as determined by yearly imaging 

check-ups. The current paradigm is that, as the aneurysm steadily increases in size, the aneurysm 

wall weakens, and rupture risk correspondingly increases. Thus, a large diameter and fast growth 

rate implies a high rupture risk whereas a small diameter and slow growth rate implies a low 

rupture risk. Current guidelines by the Society for Vascular Surgery recommend elective surgical 

repair at a diameter >5.4 cm as it is assumed that rupture risk exceeds surgical risk.16 However, in 

a seminal work by Darling et al., review of 24,000 autopsies over 23 years showed that nearly 13% 

of “small” aneurysms ruptured, while nearly 60% of the “large” aneurysms did not.76 Thus, 

although rupture risk does increase with increased diameter, there are also a large number of 

patients with aneurysms for which the diameter criteria is insufficient. 

For this reason, researchers have begun to explore other predictors of rupture. Given that 

rupture occurs when the stress on the wall exceeds its material strength, AAA wall stress has 

become a prime focus in this assessment.79-90 For example, using finite element analysis, Fillinger 
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et al. found that peak wall stress was better than diameter at differentiating the symptomatic or 

ruptured AAAs from the AAAs that underwent elective repair.79 Venkatasubramaniam et al. 

corroborated these results, even after normalizing blood pressure, suggesting that the geometry 

itself plays an integral role in rupture risk. Moreover, the location of rupture correlated with the 

location of peak stress, providing further credence to the role of FEA-measured stress on rupture.81 

Further work has attempted to improve the accuracy of the models by assessing the role of 

anisotropy,82 asymmetry,83,84 wall thickness,83 calcification,85,86 and thrombus.86-91 Despite the 

increasing number of studies on the topic, FEA has remained primarily a research tool, potentially 

due to the lack of standardization and guidelines that prevent widespread clinical utility. In 

addition, models are heavily influenced by the accuracy of material properties and constitutive 

assumptions,92 making widespread implementation difficult. Further simplification and refinement 

of the technique, as well as development of guidelines delineating rupture risk, will be necessary 

before clinics are able to reliably use this method.  

Other predictors of rupture risk have also been explored, including thrombus burden,91,93,94 

tortuosity,91,94-97 volume,98 and surface area.97 For example, Stenbaek et al. demonstrated that a 

rapid increase in thrombus area, as measured by CT at the maximum diameter location, was a 

better predictor of rupture than diameter.93 In addition, clinically, tortuosity has been associated 

with increased rupture risk95,96 and higher rates of graft-related complications after repair.94 

According to Parikh et al., surface area and tortuosity were the most important indices in predicting 

whether AAAs would be electively or emergently repaired,97 while according to Hatakeyama et 

al., diameter expansion rate, diameter per length, and diastolic blood pressure were most important 

predictors of diameter growth rate.99 However, in general, traction of these metrics within the clinic 

remain lacking, and further studies on both these and future metrics will be needed to enable 

movement of clinical assessment beyond that of diameter and growth rate alone. 

2.2.3 Surgical Intervention 

While the accurate determination of rupture risk is important, equally important is the 

improvement of clinical treatment options. Currently, treatment relies on surgical repair, which 

can be divided into two main categories: open repair and endovascular repair. 

In open repair, either a midline or transverse laparotomy is performed. Vascular control is 

often obtained by clamping, after which the diseased aneurysm is resected and replaced with a 
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vascular graft. The graft—which is typically made of either a textile polyester synthetic graft such 

as Dacron100 or a non-textile synthetic graft such as PTFE101,102—is sewn into the aorta and sealed 

with either collagen or albumin.103 Blood flow is then restored to the area, the incisions are sutured, 

and the patient allowed to recover. This procedure is considered a major surgery, and has a 

perioperative mortality rate of ~3-5%73,74 and a 5-year survival rate of ~70%.104 Thus, although it 

is considered the standard for aortic repair, the procedure is not without risk. 

More recently, endovascular aortic repair (EVAR) was designed as a minimally invasive 

surgical repair technique.105 Rather than perform a laparotomy, in this procedure, the surgeon gains 

access to the aneurysm via cannulation of the common femoral artery. The graft is then balloon-

expanded, and held in place by stents at either end. While the perioperative mortality for this 

procedure is lower than that of open repair,74,75 long-term results were worse due to graft-related 

complications (such as endoleaks) and required re-interventions.106 Further developments to 

surgical technique and graft design are will be necessary to improve these outcomes.  

2.3 Murine Models of AAAs 

Although clinical studies have provided a wealth of information regarding AAA formation, 

growth, and surgical repair, the preclinical realm affords researchers the ability to manipulate 

experimental variables in a highly controlled manner, which is often difficult to do in the clinic. 

Within the realm of preclinical research, the complexities of aneurysm development necessitates 

the use of animal models to recapitulate aspects of the human condition.107 No animal model is 

perfectly able to do so, and as such, a myriad of models have been developed, each with their own 

advantages and disadvantages.107 Herein, we discuss three common murine aneurysm models 

(Angiotensin II, Calcium Chloride, and Elastase), as well as more recent work that has combined 

elastase with a lysyl oxidase inhibitor (BAPN) to create a combination model. 

2.3.1 Angiotensin II Model 

The Angiotensin II (AngII) model, first described by Daugherty et al.,108 is created by 

subcutaneously implanting an AngII-filled mini-osmotic pump into the dorsal flank of 

apolipoprotein E-deficient (apoE-/-) mice. The apoE-/- mice are genetically predisposed to form 

atherosclerotic lesions, which when combined with AngII infusion, typically forms aneurysms in 
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within the first 14 days. However, not all mice form aneurysms. In a meta-analysis by Trachet et 

al., only 60% of mice form aneurysms. Another 20% die, typically within the first few days, and 

for the remaining 20%, there are no gross changes in morphology.109 While the lower incidence of 

aneurysm formation could be seen as a challenge to some studies due to the necessity to use more 

mice, it also provides the distinct opportunity to assess why there is a discrepancy in the animal-

to-animal response so as to elucidate mechanisms of disease.110 

For the mice that do form an aneurysm, the aneurysm typically forms in the suprarenal aorta 

due to a tear separating the medial and adventitial layers of the aorta.109,111 This tear is rapid, 

occurring on the order of minutes to hours112 and results in a variety of severities. In many of the 

mice, the aneurysmal dissection often has both a true and false lumen, with the false lumen filled 

with intramural thrombus. While there is some growth after the initial onset, it is modest relative 

to the initial expansion.111,113 In addition, given its formation and development, the model may 

better depict that of an aortic dissection111 rather than the fusiform aneurysms that are more 

commonly observed in the infrarenal abdominal aorta of humans. 

2.3.2 Calcium Chloride Model 

In contrast to the AngII model, the calcium chloride and elastase models are both surgically 

induced. For the calcium chloride model, the model is formed by topically applying calcium 

chloride to the aorta peri-adventitially, causing calcium precipitations that disrupt the elastin and 

lead to an inflammatory response.114 However, even though this is surgically induced, not all mice 

form aneurysms and among those that do, maximum diameter remains small, even after 10 

weeks.115 In addition, the chemical burn caused by the treatment may not be the best representation 

of human pathology. As such, although this is a well-known model, it has not garnered the same 

enthusiasm as the AngII and elastase models. 

2.3.3 Elastase Model 

Similar to the calcium chloride model, the elastase model is surgically induced. Initially, this 

model was developed in rats116 but later expanded to include mice.26 In this model, porcine 

pancreatic elastase is perfused into the aorta, causing an immediate increase in diameter due to the 
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inflation pressure. Post-surgery, the aortic wall remains stable for the first week, after which the 

aorta begins to dilate, typically resulting in an aneurysm by the second week (Figure 2.6).26,117  

 

 

Figure 2.6. In the elastase model, the elastase is perfused into the aorta, resulting in an aneurysm 

by the second week.26  

One of the primary problems with this surgery is its technical difficulty. As a result, 

Bhamidipati et al. adapted the elastase perfusion model by applying peri-adventitial elastase.118 

Although this model does form aneurysms, they typically stabilize by day 14,29,119 which is 

atypical in the human condition. Given that much of the research is dedicated to understanding 

why human aneurysms continue to grow, the small size and stability of this model are significant 

disadvantages. Even so, the elastase model remains a popular choice for researchers due to its 

medial elastin degradation and inflammatory cell recruitment. 

2.3.4 Addition of BAPN to the Elastase Model 

Recently, Lu et al. combined this topical elastase surgery with continuous oral 

administration of BAPN, a lysyl oxidase (LOX) inhibitor, to create a continuously expanding 

aneurysm (Figure 2.7).29 LOX is produced by vascular smooth muscle cells and is the primary 
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enzyme involved in the formation and maturation of irreducible cross-links in collagen and 

elastin.120 By inhibiting LOX and reducing the cross-linking of collagen and elastin, the elastase-

treated vessel is unable to resolve and stabilize, creating a large aneurysm. In addition, Lu and 

colleagues noted the presence of intraluminal thrombus in some animals, which is of particular 

interest given the small number of animal models that have thrombus, despite its prevalence in the 

human condition. While still a relatively new model, the combined advantages of a large growing 

aneurysm and intraluminal thrombus make it a strong contender for future studies. 

 

 

Figure 2.7. Combination of elastase with BAPN results in continuously growing aneurysms with 

distal thrombus in some of the mice.29  

2.4 Ultrasound Imaging 

Ultrasound is a non-invasive, non-ionizing way to view internal body structures in real-time. 

As such, it is an important technique to explore disease development. The term ultrasound comes 

from its use of ultrasonic waves, which are sound waves that are above the audible range of humans 

(>20,000 Hz). In essence, ultrasound imaging works by sending out short acoustical pulses and 

listening for a response. The acoustical pulses are formed by applying a short electrical current to 

a piezoelectric crystal. The crystal expands and contracts due to the current, thus creating a 

pressure wave that propagates through the tissue. Only ~0.1% of the time is spent emitting a sound 

wave; the rest is spent listening for the echo response.121 
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As the sound wave travels through tissue, it does so at a velocity (𝑐) dependent on the density 

(𝜌) and compressibility of the material (𝐾): 

𝑐 ∝
1

√𝐾𝜌
  

Although acoustic velocity varies slightly among soft tissues, these differences are modest and 

sound is assumed to travel at an average of ~1540 m/s for soft tissues.  

When the sound waves reach an interface between two tissue types, some sound is 

transmitted while some is reflected, dependent on the relative acoustic impedance of the two 

tissues: 

%𝑅 = (
𝑍2 − 𝑍1

𝑍2 + 𝑍1
)

2

× 100 

where %𝑅 is the percent that is reflected, and 𝑍 is the acoustical impedance, which is calculated 

as the product of the tissue density (𝜌) and the speed of sound (𝑐): 

𝑍 = 𝜌𝑐 

Thus, a high density tissue will have a high acoustic impedance and a low density tissue will 

have a low acoustic impedance. If the acoustic impedance between two tissues is similar, most of 

the wave will continue to propagate and very little will be reflected. In contrast, if the acoustic 

impedance is very different, most will be reflected and very little will be transmitted. That is why 

the interface between soft tissue and bone is so bright, but it is hard to see anything below the 

interface. Namely, at the interface, the acoustical impedance between soft tissue and bone is so 

different that most of the sound is reflected, causing a bright interface. However, because most of 

the sound is reflected, there is very little sound is left to transmit, making it difficult for an operator 

to see anything below the interface. 

It is these reflected sound waves that the ultrasound system uses to construct a grayscale 

image. Since the acoustic velocities of various soft tissues are similar, we can assume that the 

speed of sound is ~1540 m/s. Based on this information, the machine can calculate the depth at 

which a sound wave is reflected based on the time-delay between emitting and receiving a signal. 

In addition to reflection, there are a few other ways that sound interacts with tissue: scatter, 

absorption, and refraction.121 In scatter, sound waves encounter small objects that cause a diffuse 

reflection. This is what gives different tissue types their distinctive “look” in an ultrasound image. 

Absorption is the energy that is lost through friction as the sound travels through tissue. And lastly, 
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refraction can occur when sound does not perpendicularly approach a tissue interface. This can 

distort the location at which the ultrasound machine “thinks” the sound is coming from, resulting 

in imaging artefacts. 

2.4.1 Image Resolution 

The spatial resolution of an ultrasound image is not isotropic, and is given in the axial, lateral, 

and elevational directions.122 The axial direction has the best resolution, and is equal to half of the 

spatial pulse length (SPL): 

𝑅𝑒𝑠𝑎𝑥𝑖𝑎𝑙 =
1

2
𝑆𝑃𝐿 =

1

2
𝑛𝜆 =

1

2
𝑛 (

𝑐

𝑓
) 

In the above equation, 𝑛 is the number of cycles emitted during a pulse sequence, 𝑐 is the 

speed of sound described previously, 𝜆 is the wavelength of the sound wave, and 𝑓 is the frequency 

of the sound wave. From the above equation, frequency is inversely related to axial resolution. For 

this reason, small animal imaging systems are often called High Frequency Ultrasound systems 

because they use a much higher center frequency than is used clinically so as to improve resolution 

enough to view the small structures in mice and rats.  

The primary disadvantage to using higher frequencies is the lower depth of penetration. 

Attenuation is proportional to the frequency of ultrasound. Thus, as the frequency increases, the 

resolution increases, but so does the attenuation, resulting in lower viewable depths. 

The lateral and elevational resolutions are almost always worse than in the axial direction. 

The lateral resolution is dependent on the beam width, which is about half of the transducer width 

within its focal zone. The elevational resolution is defined by the height of the transducer and is 

the slice thickness of an image. 

In addition to spatial resolution, the temporal resolution is also important, especially in small 

animal imaging because of the fast heartrates of rodents (typically 500-600 beats/min). For an 

image with a single focus, the temporal resolution is the inverse of the frame rate (FR) and can be 

given as: 

𝑅𝑒𝑠𝑡𝑖𝑚𝑒 =
1

𝐹𝑅𝑚𝑎𝑥
=

2𝑅𝑛

𝑐
 

where 𝑐 is the speed of sound, 𝑅 is the maximum imaging depth, and 𝑛 is the number of lines per 

frame.  
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The Vevo2100 (VisualSonics, Toronto, Ontario, Canada) is a small animal imaging system 

that uses a high frequency probe to improve spatial and temporal resolutions. A summary of 

resolutions for one of their probes is shown in Table 2.1: 

Table 2.1. Ultrasound probe specifications and resolutions 

Specifications MS550D Probe 

Frequency Bandwidth 22-55 MHz 

Center Frequency 40 MHz 

Axial Resolution 40 μm 

Lateral Resolution 90 μm 

Elevational Resolution 180 μm 

Temporal Resolution 1 ms 

2.4.2 Imaging Modes  

Three of the main imaging modes are brightness (B-), motion (M-), and pulsed wave (PW) 

Doppler modes (Figure 2.8). 

 

 

Figure 2.8. Murine imaging setup for the Vevo2100 ultrasound system. Representative images of 

B-mode, M-mode, and Pulsed Wave Doppler demonstrate three of the main imaging modes.12 



 

36 

The first mode, B-mode, creates a real-time 2D image by using an array of transducers to 

scan a plane of the body.123,124 This is one of the most common imaging modalities. In contrast to 

B-mode that creates an entire 2D image, the M-mode examines how a single axial location changes 

over time.123 As noted earlier, temporal resolution is inversely related to the number of lines per 

frame. Because M-mode only images a single line, temporal resolution is much higher than that of 

B-mode, making it ideal for assessing the pulsatility of the aorta. From aortic images, the mean 

systolic and diastolic diameters can be used to calculate Green-Lagrange circumferential strain:125 

𝐸𝜃𝜃 =
1

2
[(

𝐷𝑠𝑦𝑠

𝐷𝑑𝑖𝑎
)

2

− 1] 

The last main imaging mode is PW Doppler Imaging which uses the Doppler Effect to 

determine the velocity of a very small portion of blood within a vessel.126 Due to the Doppler 

Effect, in order to obtain accurate measurements, the probe must be approximately parallel to the 

blood flow. An angle ±60° from parallel can be corrected; however, anything larger results in 

inaccurate values. 

In addition to these modes, adaption to B-mode has enabled two other acquisitions: ECG-

gated Kilohertz Visualization (EKV) images and 3D datasets. For the EKV images, VisualSonics 

developed a strategy for creating high temporal resolution images by first collecting respiratory- 

and cardiac-gated B-mode images. The B-mode images are collected and tagged at various 

locations across the cardiac cycle. These images can then be used to create a high temporal 

resolution image across a single cardiac cycle. 

Lastly, 3D datasets can be acquired a number of different ways,127 one of which involves 

collecting B-mode images and then translating the probe. In this method, the ultrasound probe is 

attached to a linear stepper motor. After collecting a single B-mode image, the probe is translated 

by a specific step size after which it collects another image. This process continues to create a 3D 

dataset. These datasets are particularly useful in assessing disease development because 

morphology can change drastically from location to location. 

2.5 Conclusion 

The previous sections, although brief, demonstrates a clear need to improve diagnostic and 

treatment options for aneurysms. Small animal research affords the opportunity to assess new 

options in a very controlled manner, using both in vivo and ex vivo techniques. As such, in the next 
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chapters we use ultrasound in mice to address two prevalent uncertainties in aneurysm 

development and treatment.  

First, although a number of studies have tried to improve risk stratification, current clinical 

metrics are primarily restricted to measures of diameter and growth rate. This may be driven, in 

part, by discrepancies in study outcomes that make clinical integration challenging. One key 

variable that may influence these discrepancies is thrombus, but information on thrombus growth 

and development is lacking. Understanding the morphology and growth of aneurysms using in 

vivo assessment can enable better construction of diagnostic metrics.  

Second, even after risk is deemed severe enough to warrant treatment, current surgical risks 

suggest a need for improvement. Graft failure is one complication, which may be improved by 

better graft design. Current decisions on how to improve graft designs are often empirically 

determined, and could be improved by a more formal analysis. In this regard, a secondary objective 

is to assess the allowable parameter design space of murine textile arterial grafts, which could lead 

to better selection of key design components. The use of tissue engineered vascular grafts are 

particularly interesting due to the insight that they provide  into the vascular tissue remodeling, 

and in the future, they may even improve endovascular stent grafts through the use of 

biodegradable materials.   In the next chapters, we consider these two main areas. 
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 ULTRASOUND IMAGING OF VASCULAR TISSUE REMODELING 

DURING ANEURYSMAL DISEASE  

The previous chapter highlights the need to improve diagnostic and treatment options for 

aneurysms, both of which are highly dependent on our understanding of disease pathology. In this 

chapter, we further develop a murine model of aneurysmal disease and probe the role of elastin 

degradation and ECM cross-linking on aneurysm stability. 

3.1 Abstract 

Abdominal aortic aneurysm (AAA) formation and expansion is highly complex and 

multifactorial, and the improvement of animal models is an important step to enhance our 

understanding of AAA pathophysiology. In this study, we explore our ability to influence 

aneurysm growth in a topical elastase plus β-Aminopropionitrile (BAPN) mouse model by varying 

elastase concentration and by altering the cross-linking capability of the tissue. To do so, we assess 

both chronic and acute effects of elastase concentration using volumetric ultrasound. Our results 

suggest that the applied elastase concentration affects initial elastin degradation, as well as long-

term vessel expansion. Additionally, we assessed the effects of BAPN by 1) removing it to restore 

the cross-linking capability of tissue after aneurysm formation and 2) adding it to animals with 

stable aneurysms to interrupt cross-linking. These results demonstrate that, even after aneurysm 

formation, lysyl oxidase inhibition remains necessary for continued expansion. Removing BAPN 

reduces the aneurysm growth rate to near zero, resulting in a stable aneurysm. In contrast, adding 

BAPN causes a stable aneurysm to expand. Altogether, these results demonstrate the ability of 

elastase concentration and BAPN to modulate aneurysm growth rate and severity. The findings 

open several new areas of investigation in a murine model that mimics many aspects of human 

AAA. 

3.2 Introduction 

An abdominal aortic aneurysm (AAA) is a pathological dilation of the abdominal aorta 

defined by a 50% increase in diameter or a diameter greater than 3 cm in humans.1 While aneurysm 

severity is often defined based on measures of diameter and growth rate, a large variance in patient-
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to-patient outcomes suggests a complex disease pathophysiology. Broadly, aneurysm progression 

includes proteolytic degradation of the extracellular matrix (ECM), smooth muscle cell apoptosis, 

and chronic inflammation of the aortic wall,2 though the relative contributions of each remains 

unclear. To further confound factors, 70-80% of patients exhibit intraluminal thrombus (ILT) 

within their aneurysms,3,4 but the role of thrombus is still controversial. Given this multifactorial 

nature of AAA progression and rupture, developing appropriate clinical metrics and new therapies 

is difficult.  

While human studies have provided a wealth of information regarding AAA progression, 

they are limited as baseline data is often absent and controlled manipulation of experimental 

variables can be difficult. To this end, experimental animal aneurysms have been used to 

recapitulate aspects of the human condition.5 One common model is the elastase perfusion model, 

which was initially developed in rats6 and later optimized for mice.7 In this model, porcine 

pancreatic elastase is pressure-perfused into the aorta, which causes an immediate increase in 

diameter due to the inflation pressure and typically results in an aneurysm by the second week. 

Bhamidipati et al. adapted the elastase perfusion model by applying peri-adventitial elastase, 

avoiding the need for cannulation of the aorta.8 Although this model does form aneurysms, they 

typically stabilize by day 14,9,10 making it difficult to assess growth dynamics.  

Recently, Lu et al. combined this topical elastase surgery with continuous oral administration 

of β-Aminopropionitrile (BAPN), a lysyl oxidase (LOX) inhibitor, to create continuously 

expanding aneurysms.10 LOX is produced by vascular smooth muscle cells and is the primary 

enzyme involved in the formation and maturation of irreducible cross-links in collagen and 

elastin.11 By inhibiting LOX and reducing collagen and elastin cross-linking, elastase-treated 

vessels were unable to stabilize, leading to progressive damage and expansion of the arterial wall, 

thus creating large aneurysms. In addition, Lu and colleagues noted the presence of ILT in some 

animals, which is of particular interest given the small number of murine aneurysm models that 

develop ILT, despite its prevalence in many AAA patients. 

Given the ability of combined BAPN and topical elastase to recapitulate continuous 

infrarenal AAA growth and development of ILT, we utilized this model to further explore the role 

of elastin degradation and cross-linking on continued aortic expansion. By utilizing high frequency 

volumetric ultrasound to acutely and longitudinally assess the development of aneurysms, we 

demonstrate that vessel expansion varies with elastase concentration. Further, by altering the 
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timeline of BAPN application, we show that, while initial elastase degradation strongly influences 

final aneurysm size and presence of ILT, LOX inhibition also remains necessary for continued 

aneurysm expansion. 

3.3 Materials and Methods 

3.3.1 General Experimental Setup 

Data in this study is available on request from the authors. All procedures were performed 

with approval from the Purdue University Institutional Animal Care and Use Committee (Protocol 

1305000869), in accordance with relevant guidelines and regulations, and in compliance with the 

ARRIVE guidelines. In addition, prior to performing any procedures, mice were acclimated to the 

facility for a minimum of 3 days. Similar to a previously published protocol,10 10-week-old 

C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were given drinking water with 0.2% 

BAPN fumarate salt (A3134; Sigma-Aldrich, St. Louis, MO), beginning two days before surgery 

and extending through the duration of the study, unless otherwise noted. The majority of these 

mice were male as was used previously;9,10 however, a subset (n=5) of mice were female to assess 

effects of sex. All mice then underwent topical elastase surgery.10 Briefly, mice were anesthetized 

with 2-3% isoflurane and a laparotomy was performed to expose the infrarenal aorta. After blunt 

dissection to expose the infrarenal aorta, 5 µL of either 2.5 mg/ml, 5 mg/ml, or 10 mg/ml porcine 

pancreatic elastase (E7885, Sigma Aldrich, St. Louis, MO) was applied directly on the aortic 

adventitia via a pipette and allowed to remain for 5 minutes before triple rinsing with saline.12 To 

ensure appropriate location of the elastase, only the section of the aorta that was to receive elastase 

was bluntly dissected. The psoas muscle and inferior vena cava (IVC) also ensured that the elastase 

remained on top of the aorta for the entire 5 minutes. After rinsing, the incision was sutured closed 

and the mice recovered. To track aneurysm progression, mice were imaged with a high-frequency 

ultrasound system (Vevo 2100 or Vevo 3100, FUJIFILM VisualSonics, Toronto, ON, Canada) 

before surgery and then regularly afterward (timeline and imaging details below; Figure 3.1). At 

end-of-study, mice were euthanized by isoflurane overdose and bilateral pneumothorax. Cardiac 

puncture was then performed on a subset of mice, and the systemic vasculature was flushed with 

saline, paraformaldehyde, and agarose. All aortas were then fixed in paraformaldehyde for 
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histological analysis (details below). Analysis was performed without blinding. A summary of the 

experiments is shown schematically in Figure 3.1.  

 

 

Figure 3.1. Experimental Overview. Schematic depicts the timelines of BAPN administration, 

elastase surgery, ultrasound imaging, fluorescence imaging, and euthanasia for each sub-

experiment. 

3.3.2 Experiment 1 – Chronic Effects of Elastase Concentration 

During surgery, mice were randomly allocated to receive one of three concentrations of 

elastase: 2.5, 5, or 10 mg/ml (n=8/group, based on prior work10). Male mice were imaged with 
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ultrasound at baseline, as well as weekly post-surgery. After 8 weeks, mice were euthanized, near 

infrared (NIR) imaging was performed on explanted aortas (details below), and aortas were 

subsequently fixed for histology. In addition to the three elastase concentrations, 5 additional mice 

received elastase that had been inactivated by heating to 100°C for 30 min (heat-inactivated 

negative controls) and were imaged at baseline and again at weeks 1, 2, 4, and 8 post-surgery.  

3.3.3 Experiment 2 – Short-term Effects of Elastase Concentration 

Similar to Experiment 1, three concentrations of elastase were used: 2.5, 5, or 10 mg/ml 

(n=5/group per timepoint), as well as heat-inactivated elastase as a negative control (n=5 per 

timepoint). To assess the surgical effects of elastase administration, mice were imaged by 

ultrasound immediately after surgery and then euthanized. To assess acute effects, mice were 

imaged and euthanized 1 week after surgery. At both timepoints, aortic tissue was fixed for 

histology.  

3.3.4 Experiment 3 – Effects of LOX Inhibition on Aneurysm Growth 

Surgery was performed on male mice with an elastase concentration of 10 mg/ml (n=6). Two 

sub-experiments were performed. In the first, BAPN was added to the animals’ drinking water two 

weeks after surgery to assess if adding BAPN after the aortic tissue had begun to stabilize would 

still result in aneurysmal growth. In the second sub-experiment, BAPN was removed from the 

animals’ drinking water two weeks after surgery to assess if LOX inhibition continued to be 

necessary even after aneurysm formation. For both sub-experiments, mice were imaged before 

surgery and weekly after surgery. Four weeks post-surgery (2 weeks after either removing or 

adding BAPN), mice were euthanized, and aortic tissue fixed for histology. Mice with 10 mg/mL 

elastase and continuous BAPN administration (n=6) were used for comparator data.  

3.3.5 Experiment 4 – Chronic Effects in Females 

To assess the chronic effects of sex on AAA progression, five female mice were treated with 

10 mg/ml of elastase concentration. As was done for the chronic male study, female animals were 

imaged with ultrasound at baseline, as well as weekly post-surgery. After 8 weeks, mice were 

euthanized and aortic tissue fixed for histology. 
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3.3.6 Ultrasound Imaging 

High frequency ultrasound imaging (Vevo 2100; FUJIFILM VisualSonics) was performed 

on anesthetized mice (1-3% isoflurane). The mice were placed in supine position on a heated stage, 

connected to electrodes to measure both cardiac and respiration rates. Depilatory cream (Nair, 

Church & Dwight, Ewing, NJ) was applied to the abdomen to remove hair prior to imaging. Using 

a MS550D/MX550D linear transducer (22-50 MHz bandwidth; 40 MHz center frequency, 

FUJIFILM VisualSonics), long- and short-axis brightness (B-) mode and ECG-gated Kilohertz 

Visualization (EKV) images of the aorta were acquired, in addition to motion (M-) mode at the 

proximal, maximum diameter, and distal portions of the infrarenal aorta. Lastly, using a linear step 

motor, sequential 2D short-axis images were collected to create a 3D ultrasound dataset.13,14  

 Effective maximum diameters of the lumen and outer wall were measured at systole using 

short-axis images. The perimeter of the vessel was hand-drawn to obtain the cross-sectional area 

(VevoLab 5.5.0, FUJIFILM VisualSonics), and the effective diameter was back calculated by 

assuming a circular cross-section. In addition, using the M-mode images at the maximum diameter 

location, we measured systolic and diastolic diameters in triplicate. Systolic and diastolic 

diameters were then used to calculate Green-Lagrange circumferential strain15: 

𝐸𝜃𝜃 =
1

2
[(

𝐷𝑠𝑦𝑠

𝐷𝑑𝑖𝑎
)

2

− 1] 

The 3D datasets were manually segmented utilizing the SimVascular platform [16] to create 

volumetric segmentations of the aneurysms.  

3.3.7 NIR Imaging for MMP Activity  

A fluorescent probe was used to measure matrix metalloprotease (MMP) activity in the 

region of the aneurysm. MMPSense 680 (150 µL; PerkinElmer, Waltham, MA) was injected via 

tail vein approximately 24 hours prior to euthanasia. After harvesting the aorta, the specimen was 

exposed to NIR light at 625 nm to obtain fluorescent images from both the dorsal and ventral sides. 

For each image, an intensity ratio was calculated as the average pixel intensity of the aneurysm 

relative to that of healthy thoracic aortic tissue.15 More specifically, the mean signal intensity was 

measured for the AAA, the thoracic aorta, and the background using ImageJ (National Institutes 

of Health, Bethesda, MD).17 The intensity ratio was calculated as:  
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𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 =
𝐼𝐴𝐴𝐴 − 𝐼𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐼𝑇ℎ𝑜𝑟𝑎𝑐𝑖𝑐 − 𝐼𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
 

The intensity ratio was calculated for dorsal and ventral images and then averaged to get a 

single intensity ratio per animal. A representative schematic showing the analysis method is 

included in Appendix A Figure 1. 

3.3.8 Histology  

Specimens were fixed in 4% paraformaldehyde for at least 24 hours. Fixed samples were 

grossly sectioned in ~4 mm increments and embedded in paraffin. Sections (4 µm thick) were 

stained with hematoxylin and eosin (H&E) and Movat’s Pentachrome (MPC). Microscopic 

examination of the H&E slides was performed by a board-certified pathologist using a semi-

quantitative scoring system (Appendix A Methods). Additionally, MPC stained slides were 

digitally scanned with a Leica Biosystems Versa scanner (Aperio Technologies, Vista, CA). For 

the terminal and acute studies, the most severely degraded histological section was annotated using 

Aperio ImageScope software (v12.4.3.50008) to assess elastin degradation in the terminal and 

acute studies. If no slice had degradation (such as in the heat-inactivated group), a single slice at 

the mid-infrarenal region was selected instead.  The number of dark pixels in the wall was divided 

by the total number of pixels as a measure of percent elastin in the wall. 

3.3.9 Statistical Analyses  

Analyses were performed in Prism 9.0 (GraphPad Software, CA) and figures compiled in 

Adobe Illustrator 2019 (Adobe Inc., CA). Data were checked for normality (Shapiro-Wilk test) 

and homogeneity of variance (Brown-Forsythe test), and violations were corrected with 

appropriate transformations. The ultrasound data were analyzed using a two-way repeated 

measures ANOVA to assess main effects of time and elastase concentration (p<0.05). For the 

female mice, a two-way repeated measures ANOVA assessed the main effects of time and sex 

(p<0.05). Within each time point, a post-hoc Tukey HSD was performed to assess differences 

between groups. In addition, within each group, a post-hoc Dunnett’s test was used to assess 

significant differences relative to baseline data. MMP activity and histology were analyzed using 

a one-way ANOVA with a post-hoc Tukey HSD (p<0.05). Correlation of thrombus and MMP 
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activity was assessed using Pearson’s correlation. Lastly, thrombus prevalence was measured 

using a Fisher’s exact test (p<0.05). All data are plotted as mean ± std dev. 

3.4 Results  

3.4.1 Elastase concentration influences aneurysm size and growth, but has minimal effect 

on strain. 

Following the topical elastase surgery, mice in the 2.5, 5, and 10 mg/ml groups showed 

reduced strain relative to both baseline values and to the heat-inactivated group, and these strain 

values continued to remain low for the remainder of the study (p<0.05; Figure 3.2A-B). In 

addition, this reduction in strain was accompanied by a significant increase in diameter, beginning 

at day 14 for the 5 and 10 mg/ml groups, and at day 21 for the 2.5 mg/ml group (p<0.05; Figure 

3.2C-D). Of particular interest, elastase concentration clearly influenced final aneurysm size, with 

the 2.5 mg/ml elastase application resulting in moderately sized aneurysms and the 5 and 10 mg/ml 

elastase application resulting in significantly larger aneurysms (Figure 3.3A-D; Appendix A 

Figure 2-11). By day 56, the diameters of the heat-inactivated, 2.5, 5, and 10 mg/ml groups were 

0.74±0.04, 3.0±1.3, 5.3±1.0, and 4.3±0.9 mm, respectively (p<0.01 for all comparisons; Figure 

3.3E). Interestingly, some of the mice in the 5 mg/ml and 10 mg/ml groups formed thrombus. In 

the 5 mg/ml group, thrombus was first observed on day 28 and had a final prevalence of 2 in 7 

mice (28.6%), while in the 10 mg/ml group, thrombus was first observed between days 28 and 42, 

and had a final prevalence of 5 of 8 mice (62.5%; p=0.31). While diameter showed a graded effect 

with elastase concentration, circumferential strain did not. The strain in all three groups was 

significantly reduced compared to the heat-inactivated group (p<0.001 for all comparisons) but 

not significantly different from each other (p=0.98 for 2.5 vs 5 mg/ml; p=0.93 for 2.5 vs 10 mg/ml; 

p>0.99 for 5 vs 10 mg/ml; Figure 3.3F).  

Further, measures of MMP activity at day 56 were increased in aneurysmal mice and 

correlated with diameter (p<0.01; Figure 3.3G-H). We were unable to obtain MMP data for two 

of the mice in the 10 mg/ml group due to difficulties with the injections. We also note that one 

mouse from the 5 mg/ml elastase group in Experiment 1 died on day 42 before the end of the 56-

day study and was excluded from all analyses. During necropsy, we observed blood in the 
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abdomen, suggesting aneurysm rupture as the cause of death, although visualization of a rupture 

site was not possible.  

 

 

Figure 3.2. Longitudinal ultrasound imaging of elastase-treated mice. A) Measurements of 

diastolic and systolic diameters from ultrasound M-mode images were used to calculate Green-

Lagrange circumferential strain. B) Post-elastase application, mice showed significantly reduced 

circumferential strain compared to both baseline measurements and to the heat-inactivated group. 

In addition, mice treated with 2.5 mg/ml (red) elastase had significantly higher strain than the 5 

(green) and 10 mg/ml (blue) groups on day 7. By day 14, measures of strain were indistinguishable 

among the elastase-treated groups, and remained low for the remainder of the study. C) Short-axis 

measures of diameter show a continuously increasing aneurysm. D) While all mice had aneurysms, 

the mice treated with 5 and 10 mg/ml elastase had significantly larger aneurysms than the mice 

treated with 2.5 mg/ml, beginning at days 21 and 28, respectively. Scale bars are 1 mm. Note that 

for clarity, the only statistical comparison shown in the graphs are relative to the baseline within 

each group (p<0.05 with the color of the ‘*’ indicating the group). 
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Figure 3.3. Chronic effects in mice treated with varied elastase concentrations. Ultrasound-based 

3D segmentations at day 56 compare well with end-of-study histology (MPC shown). A) In mice 

treated with heat-inactivated elastase, the aortas showed no degradation of the elastin and remained 

the same size throughout the study. In contrast, mice treated with B) 2.5 mg/ml, C) 5 mg/ml, and 

D) 10 mg/ml elastase-treated groups had fragmented elastin and varying-sized aneurysms. In 

addition, although not all mice in the 5 and 10 mg/ml groups had thrombus, those that did have 

thrombus tended to have a thin proximal wall and a thrombus-laden distal portion. E) Diameter 

measurements indicated a graded effect of elastase concentration, with the 2.5 mg/ml group having 

moderately-sized aneurysms, and the 5 and 10 mg/ml groups having large aneurysms. F) Despite 

differences in diameter, circumferential strain was statistically indistinguishable among elastase-

treated groups, and was only different from the heat-inactivated control. G) MMP activity was also 

increased in aneurysmal mice, which correlated linearly with diameter (H). Of interest, mice with 

thrombus tended to have higher MMP activity (not statistically assessed). *p<0.05; **p<0.01; 

***p<0.001 with lines indicating the comparison. 
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3.4.2 Elastase application causes immediate reduction in elastin.  

To assess if the chronic differences observed among the elastase-treated groups were driven 

by observable acute effects, we performed terminal (euthanize immediately after surgery) and 

acute (euthanize on day 7) experiments (Figure 3.4 and Appendix A Figures 12-15). In the 

terminal group, the 5 and 10 mg/ml elastase-treated mice had an immediate reduction in elastin as 

quantified with histology (p=0.04 and p=0.01 compared to heat-inactivated, respectively; Figure 

3.4A-D). The elastin in the 2.5 mg/ml group, although reduced, was not significantly different than 

that of the heat-inactivated group (p=0.2; Figure 3.4I). Noteworthy is that, in all three elastase-

treated groups, the destruction of elastin appears heterogeneous, with some regions showing 

healthy elastin and other regions showing near-complete degradation.  

Concomitant with the reduction in elastin content was a reduction in circumferential strain. 

Immediately post-surgery, all three elastase-treated groups had significantly lower circumferential 

strain compared to the heat-inactivated mice (p<0.001 for all) but were not significantly different 

from each other (p=0.16 for 2.5 vs 5 mg/ml; p=0.05 for 2.5 vs 10 mg/ml; p=0.93 for 5 vs 10 mg/ml; 

Fig. 4J).  In addition, diameter was greater in the elastase-treated mice, though it only reached 

significance in the 5 mg/ml group (p=0.03 vs heat-inactivated; Figure 3.4K). 

By day 7, much of the outer wall in the elastase-treated aortas lacked clear delineation. 

Instead, the wall appeared to diffuse into the surrounding tissue (Figure 3.4E-H), with 

mononuclear and polymorphonuclear leukocytes infiltrating into the wall (Appendix A Figure 

16). Per histology, the elastin content in the 5 and 10 mg/ml groups remained low, and were 

significantly lower than the heat-inactivated group (p<0.001 for both). In addition, by day 7, the 

elastin content in the 5 and 10 mg/ml groups were also significantly lower than the 2.5 mg/ml 

group (p=0.03 and p=0.04, respectively). For the 2.5 mg/ml group, although some images showed 

severe degradation, quantification of elastin suggested that it was non-significantly different than 

that of the heat-inactivated mice (p=0.13; Figure 3.4I). Between days 7 and 56, the elastin in the 

elastase treated mice continued to degrade, to such a degree that a semi-quantitative scoring by a 

board-certified pathologist (Appendix A Methods) showed that all mice in the 2.5 mg/ml, 5 

mg/ml, and 10 mg/ml groups had the highest score in terms of disorderly arrangement of fibers, 

disruption in continuity, and distorted form. 

Circumferential strain in all three elastase-treated groups remained significantly lower than 

heat-inactivated (p<0.001; Figure 3.4J). In addition, by day 7, the three elastase-treated groups 
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began to differentiate from each other, with the 5 and 10 mg/ml groups showing significantly lower 

strain than the 2.5 mg/ml group (p=0.02 for both comparisons). Also by day 7, the 2.5, 5, and 10 

mg/ml groups had significantly larger diameters than heat-inactivated (p=0.01, p<0.001, and 

p<0.01, respectively), but were not significantly different from each other (p=0.42 for 2.5 vs 5 

mg/ml; p=0.97 for 2.5 vs 10 mg/ml; p=0.67 for 5 vs 10 mg/ml; Fig. 4J). 

 

 

Figure 3.4. Short-term effects in mice treated with varied elastase concentrations. Terminal and 

acute MPC and ultrasound results of the topical elastase procedure revealed an immediate 

reduction in elastin integrity compared to the heat-inactivated group. A) Heat-inactivated elastase-

treated mice qualitatively showed no damage post-surgery compared to the B) 2.5 mg/ml, C) 5 

mg/ml, and D) 10 mg/ml groups. E) By day 7, heat-inactivated elastase-treated mice similarly 

showed no damage, but the F) 2.5 mg/ml, G) 5 mg/ml, and H) 10 mg/ml groups also showed 

diffuse damage. Quantification of intact elastin showed similar results. In addition, ultrasound was 

used to quantify J) strain and K) diameter. *p<0.05; **p<0.01; ***p<0.001 
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3.4.3 LOX inhibition drives continued aneurysm progression.  

To probe the effects of BAPN, mice were either 1) given BAPN continuously for 28 days, 

2) given regular water for 14 days followed by BAPN for 14 days, or 3) given BAPN water for 14 

days followed by regular water for 14 days (Figure 3.5A-C). Results demonstrate the necessity of 

BAPN for aneurysmal growth. Mice given regular water for the first two weeks had aortic 

diameters that increased from day 0 to 7 (due to the elastase treatment); however, after 7 days, the 

aortic growth stabilized, resulting in very little growth from day 7 to day 14 (Figure 3.5D). Then, 

after day 14, BAPN was added, and the aneurysms began to expand again.  

In a similar manner, the removal of BAPN after aneurysm formation caused stabilization of 

the aneurysm. Two weeks post-elastase surgery, all mice in the Remove BAPN group had 

aneurysms, with an average maximum diameter of 2.0±0.8 mm (Figure 3.5E). However, after 

BAPN was removed, the aneurysms stabilized and ceased to expand. Two weeks after removing 

the BAPN treatment, the average diameter growth in the Remove BAPN group was reduced to 

0.03±0.08 mm/week (Figure 3.5F). In contrast, mice that continued to be treated with BAPN had 

an average diameter growth of 0.39±0.21 mm/week at the same time point (p<0.01; Figure 3.5F).  

3.4.4 Female mice tend to have larger aneurysms.  

Five female mice were treated with 10 mg/ml elastase and BAPN (Figure 3.6A and 

Appendix A Figure 17), and compared to the eight 10 mg/ml elastase-treated male mice from the 

concentration study. Of the female mice, two died prior to end-of-study, with one dying on Day 

10 and the other dying on Day 32 (Figure 3.6B). For the Day 10 mouse, necropsy showed no 

blood in the abdomen. For the Day 32 mouse, blood was observed in the abdomen, presumably 

due to aneurysm rupture, although visualization of the location of vessel wall failure was not 

possible. These two female mice were removed from all subsequent analysis. The three female 

mice had significantly larger diameters than the male mice, beginning at Day 21 and extending 

through the rest of the study. At end-of-study, the average maximum diameter of the female mice 

was 7.3±0.3 mm, compared to average male diameter of 4.3±0.9 mm (p<0.001; Figure 3.6C). 
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Figure 3.5. Effects of altering timeline of BAPN administration. Even after aneurysm formation, 

BAPN administration was necessary for continued aneurysmal expansion. Representative 

ultrasound and volumetric segmentations demonstrate the lack of growth from Day 14 to Day 28 

observed in A) the mice treated with BAPN continuously compared to B) the Add BAPN group 

and C) the Remove BAPN group. Quantification of maximum effective diameter demonstrates 

that D) the addition of BAPN causes growth and E) the removal of BAPN inhibits growth. F) 

Growth rate shows similar results. Scale bars are 1 mm. *p<0.05 with the lines indicating 

comparison. 
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Figure 3.6. Female elastase-treated mice. Combined treatment of elastase and BAPN in female 

mice resulted in large aneurysms. A) Similar to the male mice, these aneurysms tended to have a 

thin, proximal region and a thick, thrombus-laden distal region. B) In addition, two of the five 

female mice died before end-of-study. C) Among the remaining female mice, maximum diameter 

was significantly larger than that of the males, beginning on Day 21. *p<0.05 for male and female 

comparison within each time point. 

3.5 Discussion 

The formation and expansion of an AAA is highly complex and multifactorial, and the ability 

to improve patient care is heavily dependent on increasing our understanding of aneurysm 

pathophysiology. In this study, we assessed aneurysm growth in a relatively new BAPN+Elastase 

mouse model9,10 by varying elastase concentration and BAPN timing, thus altering the cross-

linking capability of the aortic wall tissue. Our results suggest that initial elastin degradation and 

ultimate vessel expansion is dependent on the concentration of elastase. In addition, we 

demonstrate that even after aneurysm formation, LOX inhibition remains necessary for continued 

aneurysmal growth. Namely, removing BAPN, and thus enabling LOX activity, caused stability 

of the aneurysm. In contrast, adding BAPN caused growth in a previously stable aneurysm. 

Collectively, these results demonstrate the ability of elastase concentration and BAPN to modulate 

aneurysm severity.  

While the purpose of animal models is to recapitulate aspects of the human condition, no 

animal model is perfectly able to accomplish this. As such, a myriad of murine models have been 

developed, each with their own advantages and disadvantages.5,18 Some of the more established 

chemical aneurysm animal models include the angiotensin II (AngII) dissection model, the calcium 
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chloride model, and the elastase model. The AngII dissecting AAA model, first described by 

Daugherty et al.,19 is created by subcutaneously implanting an AngII-filled mini-osmotic pump 

into apolipoprotein E-deficient (apoE-/-) mice. The resulting aneurysm, which occurs in ~60% of 

the mice, is typically formed due to a tear separating the medial and adventitial layers of the 

suprarenal aorta.20,21 The aneurysmal dissection often has both a true and false lumen, with the 

false lumen filled with intramural thrombus. While there is some growth after the initial onset, it 

is modest, and aneurysm typically plateaus in size.13,21 In addition, given its formation and 

development, the model may better depict an aortic dissection21 rather than the fusiform aneurysms 

that are more commonly observed in the human infrarenal abdominal aorta.  

In contrast, both the calcium chloride and elastase models form infrarenal, fusiform 

aneurysms. The calcium chloride model is formed by topically applying calcium chloride to the 

adventitial surface of the aorta, causing calcium precipitations that disrupt the elastin and lead to 

an inflammatory response.22 However, not all mice form aneurysms and among those that do, 

maximum diameter remains small, even after 10 weeks.23 In addition, the chemical burn caused 

by the treatment is likely not the best representation of the human pathology. Similar to the calcium 

chloride model, the elastase model can be created by a peri-adventitial application,8 although initial 

studies were performed with a more technically challenging intraluminal perfusion procedure.6,7 

Also similar to the calcium chloride model, the resulting aneurysms are small and stable,9 though 

prevalence and size are often greater than that of calcium chloride-induced AAAs.7-9  

While each of these models have their advantages, one common issue is the lack of chronic 

growth that is typically observed in humans. To counter this, more recent studies have begun to 

add BAPN to these “classic” models in order to block LOX activity, thus preventing cross-linking 

of elastin and collagen, and increasing the incidence and/or severity of the disease.9,10,24-28 In the 

present work, we used the BAPN+Elastase model, mostly because it resulted in continuously 

growing aneurysms. Compared to the work of Lu et al., we similarly observed the development of 

large aneurysms. However, since we concluded our study at Day 56 and not Day 100, we did not 

observe nearly as many late-stage deaths as they did. We also did not see any early-stage deaths 

(by Day 8), which may be driven by variations in elastase application and surgical techniques. 

Building on the work that they had performed, of particular interest to us was the ability to 

modulate aneurysm severity, which would increase the versatility of this model given the large 

range of diameters observed in human AAAs.29 By varying elastase concentration, we were able 
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to modify the maximum aneurysm diameter from ~350% increase in the 2.5 mg/ml group to large 

~500-650% increase in the 5 and 10 mg/ml groups. Presumably, the elastase concentration could 

be even further reduced to create small but slowly expanding aneurysms.  

Although maximum AAA diameter is often used for clinical decisions, 3D imaging and 

segmentation may provide a more holistic understanding of progression.30 To this end, we used 

high frequency ultrasound to obtain 3D datasets from which we created volumetric segmentations 

of both luminal and adventitial boundaries (Appendix A Figure 2-3). One striking feature is the 

wide variation in shape and degree of tortuosity observed with this model. In general, the proximal 

portion tended to be larger, potentially driven by differences in mechanics and blood flow in the 

region near the renal arteries. With that in mind, in an additional experiment, we applied the 

elastase either closer to the renal arteries or closer to the trifurcation (Appendix A Figure 18). 

Although the 3D segmentations suggest an increase in aneurysm size in the mice that received a 

more proximal elastase treatment, maximum diameter results were highly variable and therefore 

non-significant (p=0.09 at day 28).  

While the proximal portion of the aneurysm tended to be larger, it was the distal portion 

where we more often observed thrombus formation. Interestingly, this thrombus was intraluminal 

as has also been noted in human AAAs,31 and not intramural as is the case in the AngII dissection 

model. This presence of ILT in a mouse model is noteworthy in that it opens avenues for further 

exploration of ILT composition, growth, and impact on AAA rupture risk. Such analyses have 

already begun, with the recent work by Weiss et al. who combined histological and biomechanical 

information in a computational model to provide insight on ILT growth and remodeling.32 

In the current study, in 10 mg/ml group, thrombus was observed in 62.5% of the mice, which 

compares well with the ~70% of human cases that develop thrombus3 and also matches well with 

previous data in this model.10 In contrast, the thrombus frequency in the 5 mg/ml group was only 

28.6%. The Fisher exact test was not significantly different between the 5 mg/ml and 10 mg/ml 

groups, and further studies would be required to explore if this slight variation is consistent; 

however, it may suggest that initial elastase concentration has some effect on eventual ILT 

formation independent of vessel diameter since both the 5 and 10 mg/ml groups had similar-sized 

aneurysms. As a simple metric, we found that diameter growth rate in the week prior to thrombus 

may be a better predictor of initial thrombus deposition than diameter itself (Appendix A Figure 

19). We also observed a highly tortuous region within the non-aneurysmal proximal aorta in some 
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mice that formed thrombus, which then caused a small inflow jet of blood (Appendix A Figure 

20). In addition, some of the thrombus was layered (e.g. M8 in Appendix A Figure 5) suggesting 

a staccato process, while other thrombus appeared more homogenous (M1 in Appendix A Figure 

5). Future work utilizing computational fluid dynamic or fluid-structure interaction simulations 

will be necessary to add mechanistic insight regarding the relationship between flow profiles and 

ILT. Even so, these preliminary observations provide further support for the idea that flow-induced 

activation of platelets in the proximal region, followed by stagnant flow in the distal region, may 

be correlated with ILT formation and warrants further investigation.33-35  

Tortuosity also varied considerably in the BAPN+Elastase model, with some mice in the 5 

and 10 mg/ml elastase groups showing highly tortuous distal sections (Appendix A Figure 3). 

Clinically, tortuosity has been associated with increased rupture risk36,37 and higher rates of graft-

related complications after repair.38 In our study, increased tortuosity occurred early in some of 

the mice as also shown previously,9 but tended to become more exacerbated as aneurysms 

continued to grow (Appendix A Figure 2). We also observed that most complex geometries with 

the highest level of tortuosity were found in the 5 and 10 mg/ml groups, suggesting the vessel was 

also lengthening as it was expanding radially. This tortuosity seemed to occur independent of 

thrombus formation, with increased tortuosity noted in both thrombus-laden and non-thrombus-

laden aneurysms. Further work will be needed to determine if these severe BAPN+Elastase AAA 

tortuosities develop in a consistent pattern, as has been previously reported in the AngII dissecting 

AAA model that commonly expands leftward directly above the right renal artery.15,39  

Given the difference in chronic aneurysm size among the 2.5, 5, and 10 mg/ml groups, we 

wanted to explore if these variations were driven by early-stage differences. Indeed, we found an 

immediate reduction in strain in all three elastase-treated groups compared to the heat-inactivated 

group. Moreover, quantification of elastin content suggested that the 5 and 10 mg/ml groups had 

significantly less elastin than the heat-inactivated group, while degradation of elastin in the 2.5 

mg/ml group seemed to be more moderate and was not significantly different from either the heat-

inactivated group or the 5 and 10 mg/ml groups. This suggests that even at these early stages, the 

various elastase concentrations cause differing amounts of elastin degradation, which over the 

course of 8 weeks, results in varying-sized aneurysms. By day 7, these results are more 

pronounced, demonstrating a graded effect of elastase concentration. 
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In addition to understanding the role of elastase concentration, we also studied the impacts 

of LOX inhibition after aneurysm formation. The importance of LOX in the cardiovascular system 

has become increasingly apparent.40 In humans, a LOX missense mutation was discovered in a 

family with autosomal dominant thoracic aortic dissection.41 Homozygous mice with the same 

mutation died of perineonatal aortic aneurysms and hemorrhaging.41 Similarly, Guo et al. found 

specific rare variants of the LOX gene in humans with enlarged aortic root and ascending aortic 

dissections.42 Further study in the smooth muscle cells of humans indicated that in those taken 

from human AAAs, LOX gene expression was higher, but the LOX functional activity was 

significantly reduced compared to healthy controls.43 These all suggest the importance of LOX 

clinically. However, understanding its role in aneurysm progression is limited. For example, 

previous work in mice has only assessed the continual presence or absence of BAPN on AAA 

formation and growth.9,10 Namely, the question remained: does the aneurysm ever become self-

sustaining, whether that be due to hemodynamic, inflammatory, or other reasons? To address this 

question, we removed BAPN from the animals’ drinking water after an aneurysm had formed by 

day 14, and noted a near complete stoppage in expansion (Figure 3.5C). These results suggest that 

the influence of hemodynamics and inflammation are secondary to the role of LOX inhibition on 

continued aneurysmal growth in this animal model.  

This influence of BAPN works both ways. Removal of BAPN stabilizes the aneurysm while 

addition of BAPN can cause growth. In a second sub-experiment, we waited two weeks post-

surgery to add BAPN to the water. We chose this time point because previous studies demonstrated 

that the elastase-only aneurysm stabilizes by day 14.9 Similar to what was shown previously, there 

was steady growth between baseline and day 7, followed by minimal expansion from day 7 to 14, 

suggesting stability. However, after BAPN was added on day 14, the aneurysm began to grow 

rapidly again. These data demonstrate that LOX inhibition can cause aneurysm growth in 

previously stabilized AAAs. We do know that this result is not driven by BAPN-induced changes 

in blood pressure, as mice were normotensive (Appendix A Figure 21). Instead, we postulate that 

these effects of BAPN are driven, at least in part, by a reduction of ECM cross-linking44 combined 

with residual inflammation from the elastase treatment.10 It is also likely that the reduction of LOX 

by BAPN alters the inflammatory response45 and impacts endothelial function,40 both of which are 

also key contributors to vascular disease. Further work will be needed to assess the specific effects 

of BAPN and how effects lead to aneurysm growth observed in this study. 



 

66 

A last component of this study was to explore the effects of sex. Clinically, although men 

have a higher incidence of aneurysm formation, the rupture rate among women is greater than that 

of men.46-49 Since these AAA formed by elastase administration which causes severe elastin 

degradation in all mice, we had hypothesized that both male and female mice would form similar 

large aneurysms. Both sexes did form large aneurysms; however, the female mice had significantly 

larger aneurysms than those of the males at the same timepoint, suggesting that there may be 

hormone-specific effects on aneurysmal growth.50 While this likely does not fully explain the size 

discrepancies noted, further investigation would be necessary to provide additional mechanistic 

insight. Such an exploration is beyond the scope of the current study; even so, our results do 

suggest that there are sex-based differences in this model. 

One clear difference of this murine model compared to human pathology is the observation 

that topical application of elastase caused rapid, severe, and heterogeneous degradation of elastin 

immediately post-surgery, as demonstrated both by the reduction of in vivo strain and by ex vivo 

histological analysis. This regional degradation is consistent with the topical (and therefore 

regional) administration of elastase. While these results were expected given the nature of the 

surgery, the abrupt change in elastin contrasts with the more gradual reduction that is likely to 

occur clinically. Clinically, reductions in strain can be indicative of decreased elastin content and 

increased collagen deposition, which occur during remodeling of the aneurysmal tissue and can 

result in a stiffer vessel.51 Unfortunately, once elastin is degraded, it can rarely be recovered, 

though advances in tissue-engineered solutions may provide avenues that lead to functional elastin 

deposition and return strain to normal levels. In the current study, while we do observe the 

concomitant reduction in strain and decreased elastin content, it occurs much more rapidly than 

would be observed clinically. After the initial abrupt degradation, the vessel remodels and the 

elastin begin to degrade throughout the vessel, resulting in a disperse degradation at later time 

points, similar to what has been reported previously.9,10 However, given this region-specific initial 

degradation, the BAPN+Elastase model may not be an optimal model for small AAAs or when 

studying short-term changes. Even so, the relative ease of the surgical procedure, presence of large 

infrarenal aneurysms, and development of ILT in this BAPN+Elastase model make this a 

particularly intriguing murine AAA model for future studies. 

In conclusion, we demonstrated that elastase concentration and BAPN are able to modulate 

aneurysm development in this relatively new murine AAA model. Lower concentrations of 
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elastase result in smaller aneurysms, while higher concentrations tend to lead to larger aneurysms. 

However, this concentration-dependent effect plateaued above 5 mg/ml, with both the 5 and 10 

mg/ml groups developing similar aneurysm sizes with ILT formation. In addition, we 

demonstrated that BAPN could be used to “start” and “stop” aneurysm growth. Thus, elastase 

concentration and BAPN can be used in tandem to create complex aneurysms that vary in size, 

growth rate, and presence of ILT. Future work will be needed to elucidate specific reasons for the 

differences observed, potentially through studies of inflammatory cells and markers,52 other cell 

types such as smooth muscle cells and endothelial cells,53,54 production and activation of proteases, 

and the remodeling of various ECM components such as collagen and glycosaminoglycans.55 

Further studies with the BAPN+Elastase model may eventually help in the development of new 

pharmacological treatments, characterization of the role played by ILT, and improvement in our 

understanding of how hemodynamics contributes to AAA expansion. 
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 ULTRASOUND IMAGING OF IN VIVO VASCULAR GRAFT 

REMODELING 

The contents of this chapter and Appendix B were published in Advanced Healthcare Materials in 

a manuscript entitled “Effects of Braiding Parameters on Tissue Engineered Vascular Graft 

Development.” It can be accessed via the following: https://doi.org/10.1002/adhm.202001093.  

 

The previous chapter utilized ultrasound imaging to assess aneurysmal disease progression 

in a novel murine model. Here, we continue our exploration of tissue remodeling in the vascular 

system, but instead of investigating disease, we shift our focus to the remodeling that occurs after 

repair. We do this by implanting small-diameter tissue-engineered vascular grafts within the 

infrarenal aorta of mice and longitudinally assessing its growth with ultrasound. Our primary goal 

was to assess how varying the braiding parameters of tissue engineered grafts altered the 

remodeling response. At the end of the study, histology and mechanics were used to further assess 

the grafts. This work was done in collaboration with Dr. Christopher Breuer’s lab (graft design, 

implantation, and histology) and Dr. Jay Humphrey’s lab (mechanics).  

4.1 Abstract 

We developed tissue engineered vascular grafts (TEVGs) using scaffolds fabricated from 

braided poly(glycolic acid) (PGA) fibers coated with poly(glycerol sebacate) (PGS). Our approach 

relies on in vivo tissue engineering by which neotissue forms solely within the body after a scaffold 

has been implanted. Herein, we investigate the impact of altering scaffold braid design and scaffold 

coating on neotissue formation. Several combinations of braiding parameters were manufactured 

and evaluated in a Beige mouse model in the infrarenal abdominal aorta (IAA). Animals were 

followed with 4D ultrasound analysis, and 12-week explanted vessels were evaluated for biaxial 

mechanical properties as well as histological composition. Results show that scaffold parameters 

(i.e., braiding angle, braiding density, and presence of a PGS coating) have interdependent effects 

on the resulting graft performance, namely, alteration of these parameters influences levels of 

inflammation, extracellular matrix production, graft dilation, neovessel distensibility and overall 

survival. Coupling carefully designed in vivo experimentation with regression analysis, we 

uncovered critical relationships between the scaffold design and the resulting neotissue that enable 
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induction of favorable cellular and extracellular composition in a controlled manner. Such an 

approach provides a potential for fabricating scaffolds with a broad range of features and the 

potential to manufacture optimized TEVGs. 

4.2 Introduction 

There is a pressing clinical need for improved vascular conduits, particularly small caliber 

arterial grafts. Coronary and peripheral bypass procedures commonly utilize autologous vascular 

grafts, which have demonstrated 10-year patencies of 60-90% depending on the procedure and the 

vessel used.1-3 However, about one-third of patients lack suitable autologous vessels due to pre-

existing conditions or previous operations.4,5 Tissue engineered vascular grafts (TEVGs) offer a 

unique solution, allowing fabrication of off-the-shelf vascular conduits that can develop into 

functional blood vessels within the body.6,7 While several TEVGs have been translated to the 

clinic, performance has been mixed and design improvements have largely been based on 

empiricism rather than rational design, thus hindering clinical development.7,8 An ideal TEVG 

needs to be readily available, easily implantable, biocompatible, resistant to thrombosis, stenosis 

and dilation, as well as capable of developing into a living functional neovessel.9,10 These factors 

depend heavily on both the scaffold materials used and the manufacturing method. 

Poly(glycerol sebacate) (PGS), also known as “biorubber,” is the first biodegradable 

polymer designed specifically for fabricating TEVGs.11 It is biocompatible, nonthrombogenic, and 

highly elastic, which is ideal for an artificial arterial conduit.11 It also demonstrates a sufficient 

degradation profile to allow adequate time for neotissue formation without remaining so long as 

to cause a longstanding foreign body reaction; it undergoes complete degradation in vivo within 

approximately 6 weeks.12 Despite the broad range of potential applications and scientific interest 

towards PGS, its difficulties in manufacturing and handling have hindered its entry to the clinic.13 

By contrast, poly(glycolic acid) (PGA) is a long-used biomaterial, particularly in TEVGs, which 

degrades within 12 weeks in vivo, though with loss of mechanical integrity occurring between 4 

and 8 weeks.14-16 Novel scaffolds can easily be envisioned that combine the advantages of each of 

these important biomaterials, but the question is, how best to design new scaffolds? 

Computational modeling has shown promise for accelerating the optimization process of 

vascular grafts by determining potential mechanisms of neotissue formation and effects of altering 

scaffold parameters.17,18 Recent models informed by experimental data have suggested that in vivo 
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neovessel formation is an inflammation-driven, mechano-mediated process.15 Therefore, altering 

the design of the scaffold provides a two-fold means for optimizing in vivo performance. More 

specifically, the chemical, mechanical, and morphometric properties of a scaffold can be changed 

to modulate the degree of induced inflammation, with particularly critical properties including 

polymer chemistry, fiber size and alignment, pore size, porosity, and degradation rate.19 The 

evolving mechanical properties are especially important as they can dictate the degree of stress 

shielding of cells within the developing neotissue, thus affecting mechanobiologically mediated 

extracellular matrix production, remodeling, and degradation.20 Importantly, factors that define the 

inflammatory status and mechanical properties of a scaffold are strongly coupled, making  

selection of individual parameters more challenging and the creation of an optimized design 

elusive. Successful neovessel formation requires neotissue development to balance scaffold 

degradation. Lack of coordination between these processes can lead to pathologic remodeling or 

graft failure.  

While computational modeling offers a potential way to predict optimal scaffold parameters, 

improvements in fabrication methods with a high degree of control and replication will similarly 

be necessary to realize optimal designs.17,21 Textile manufacturing offers a well-established 

method for producing scaffolds from a broad array of biodegradable polymers that can be 

fabricated with a wide range of mechanical properties. Textile manufacturing allows certain 

degrees of decoupling of the chemical and mechanical properties of the scaffold, enabling a wide 

range of mechanical properties using the same polymer yarn. Braiding, in particular, offers a 

tunable platform for fabricating scaffolds, allowing precise selection of complex anisotropic 

mechanical profiles.9 Increasing the braid angle relative to the axial direction increases the 

circumferential stiffness of the scaffold, while decreasing the axial stiffness. Picks per square inch 

(PPSI) and number of ends together determine the void space within the braid with increases of 

either parameter decreasing void space therefore increasing the bulk stiffness of the graft. Braiding 

also allows tissue-level mechanical properties to be decoupled from those at the cellular level by 

utilizing identical polymer fibers woven in different arrangements. In this study, we investigate 

braiding as a method for producing PGA scaffolds having different immunogenic and mechanical 

properties. These scaffolds were manufactured with and without PGS coating. Scaffolds were 

evaluated in a Beige mouse model and implanted in the infrarenal abdominal aorta (IAA). By 

selecting scaffold designs that represent current bounds of what is manufacturable/testable, we 
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demonstrate that, for the same polymer chemistry, differences in initial physical/mechanical 

properties can alter neotissue formation as well as graft performance. Such data will prove critical 

in informing the next computational models for accelerating design. 

4.3 Materials and Methods 

4.3.1 Graft Fabrication 

Scaffold Braiding 

Scaffolds were braided on a mandrel with an outer diameter of 0.66 mm by a 48-carrier 

braider (Steeger USA; Inman, SC) using 45 denier, 20 filament PGA yarn (Riverpoint Medical; 

Portland, OR). All scaffold designs were fabricated using a 1-ply design and a 0.3 mm tension 

spring setting and were scoured in 99% isopropyl alcohol at ambient temperature for 15 minutes. 

The 1x1 and 2x2 designs were heat set for 1.5 hours at 180°C and 1 hour at 130°C, respectively. 

Poly(glycerol sebacate) Coating and Curing 

PGS coating solutions were made by mixing 23 g of molten PGS (Regenerez® Secant 

Group, LLC; Telford, PA) with 77 g of ethyl acetate (Sigma 319902) in an 8 oz polypropylene jar 

(Uline; Pleasant Prairie, WI) using a stir bar and stir plate set to 500 RPM for 2 hours. The 

homogenous PGS coating solution was transferred to a 50 mL graduated cylinder and positioned 

under the arm of the Single Vessel dip coater (KSV NIMA; Gothenburg, Sweden). Approximately 

20 cm lengths of each design were cut from their mandrels and fastened to the dip coating arm. 

Two rounds of dip coating in the PGS polymer solution were performed for the coated graft 

cohorts, with a 15-minute drying period between rounds. Grafts were cured in a vacuum oven 

(JEIO TECH OV-12) at 120°C and 10 torr for 18 hours. All grafts were sterilized by gamma 

irradiation (18-29 kGy dosage). 
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4.3.2 Scanning Electron Microscopy 

Scaffold samples were prepped for scanning electron microscopy by mounting with carbon 

tape. Samples were then imaged under low vacuum using JEOL JSM 1060LA Scanning Electron 

Microscope under 10kV, a spot size of 60%, and a working distance of 10 mm 

4.3.3 Implantation 

All animal experiments were approved by the Nationwide Children’s Hospital and Purdue 

University Institutional Animal Care and Use Committee all animals received humane care in 

compliance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory 

Animals (NIH, Bethesda, MD, USA). Beige mice (C57BL/6J-Lystbg-J/J; The Jackson Laboratory, 

Bar Harbor, ME, USA) between 8-12 weeks of age, were used for surgery (n=10-15 per group). 

Scaffolds 3 mm long were implanted as IAA interposition grafts using standard microsurgical 

technique facilitated by an operating microscope with zoom magnification.22 Briefly, a midline 

laparotomy incision was made from below the xyphoid to the suprapubic region, and a self-

retaining retractor inserted. The intestines were wrapped in sterile saline-moistened gauze and 

retracted. The aorta was separated from the inferior vena cava and vascular control was obtained 

with microvascular clamps. The IAA was transected. Scaffolds were implanted, anastomosed 

proximally and distally with 10-0 polypropylene running suture. The skin was then closed in two 

layers by using a 6-0 black polyamide monofilament suture, and animals were moved to a recovery 

cage with a warming pad until becoming fully ambulatory. 

4.3.4 Ultrasound Analysis 

Mice (n=2-4 per group based on surgical survival) were imaged using high frequency 

ultrasound (Vevo3100; FUJIFILM VisualSonics Inc., Toronto, ON, Canada) before surgery, as 

well as 1, 2, 4, 6, 8, 10, and 12 weeks post-implantation. During imaging, mice were anesthetized 

with 1-3% isoflurane and placed supine on a heated stage. Hair was removed from the abdominal 

region using chemical depilatory cream (Nair, Church & Dwight, Ewing, NJ). A 22-55 MHz 

frequency linear transducer was used to acquire long- and short-axis brightness (B-) mode, motion 

(M-) mode, and ECG-gated Kilohertz Visualization images of the IAA at locations proximal, mid, 

and distal to the graft (MS550D, FUJIFILM VisualSonics). Additionally, a linear step motor was 
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used to collect sequential 2D short-axis images to create 3D datasets. The luminal and adventitial 

boundaries were segmented manually from the volumetric image data using the open source code 

SimVascular to create 3D representations of the grafts.23 The segmentations were then imported 

into MATLAB (MathWorks, Natick, MA) to calculate the effective diameter at each z-slice 

location along the graft. In addition, thickness was determined from 2D short-axis images at the 

mid-graft location (VevoLAB, FUJIFILM VisualSonics). We calculated circumferential Green-

Lagrange strain using the M-mode images by measuring systolic and diastolic diameters in 

triplicate.24 

4.3.5 Blood Pressure Measurements 

Blood pressure was measured at baseline before implantation, and again at 4, 8, and 12 

weeks post-implantation using a CODA 2 Channel Standard Blood Pressure System (Kent 

Scientific, Torrington, CT). For each mouse (n=2-4 per group), at least 10 replicate measurements 

of systolic, diastolic, and mean arterial pressure were averaged per timepoint. 

4.3.6 MMP Activity 

To measure general MMP activity, 100µL of MMPSenseTM 680 (PerkinElmer, Waltham, 

MA) was injected via tail vein approximately 24 hours prior to euthanasia. After euthanasia, the 

graft and aorta were placed under near infrared light (625 nm excitation; 700 nm emission) to 

obtain fluorescent images from both the dorsal and ventral sides (4000mm Digital Imaging Station, 

Kodak). Using a custom MATLAB script, the intensity ratio for each image was calculated as the 

ratio of signal intensity in the graft relative to that of the healthy aorta.25 Dorsal and ventral regions 

were averaged to give a single value per mouse (n=2-4 per group). 

4.3.7 Biaxial Mechanical Testing 

The entire IAA, including the graft, was explanted and stored in Hanks Balanced Salt 

Solution at 4°C until mechanical testing, performed within 72 hours of harvest. These composite 

vessels (n=2-4 per group), were cannulated and secured to paired glass pipettes using 6-0 suture.26 

The mounted vessels were placed in a custom computer-controlled biaxial testing system in Hanks 

Balanced Salt Solution and the unloaded dimensions (length and outer diameter) were recorded at 
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10 mmHg.27 The preconditioning protocol is similar to that for the native IAA and included 

equilibration at 90 mmHg with low intraluminal flow at in vivo stretch for 15 mins, followed by 

pressurization from 10-140 mmHg for 4 cycles.28 The unloaded dimensions of the vessels were 

measured again after preconditioning and the in vivo stretch of the composite vessels were 

estimated by identifying the axial stretch at which axial force was nearly constant in response to a 

change in pressure. The protocol for pressure-distension tests similarly involved cyclic 

pressurization of the vessels from 10-140 mmHg at a constant vessel-specific in vivo stretch, while 

the protocol for axial force-extension tests involved loading from 0 to 25 mN axial force at a fixed 

pressure. Distensibility calculations are based on external diameter measurements. Force and 

pressure were measured using standard transducers; axial stretch was controlled using a sub-

micron resolution stepper motor, and diameter was tracked using a video-camera and custom 

software. Native IAAs of similar length from 20-week-old Beige mice were used for the control 

group. 

4.3.8 Histology & Immunohistochemistry 

Following either MMP-Sense or mechanical testing, grafts were segmented into transverse 

sections and samples were fixed in 10% formalin and paraffin-embedded. Sections 4 µm thick 

were stained using standard techniques. Hart’s elastin stain was used to evaluate elastin density 

and thickness, Picro-Sirius Red was used to assess collagen density, and von Kossa and Alizarin 

Red were used to detect calcification, if any (n=4-13 per group, based on surgical survival). 

For immunohistochemistry, tissue sections were deparaffinized, rehydrated, and blocked for 

endogenous peroxidase activity and non-specific protein adsorption prior to staining. Primary 

antibodies and associated concentrations were calponin (Abcam 203047, 1:100) and CD68 

(Abcam 125212, 1:2000). Slides were stained with appropriate secondary antibodies at a 

concentration of 1:1500 followed by incubation in streptavidin horseradish peroxidase (Vector). 

Color development was performed with 3,3-diaminobenzidine (Vector) and tissue was 

counterstained with Gill’s hematoxylin. Photomicrographs were acquired with a Zeiss 

AxioObserver.Z1 inverted microscope with a 20x objective and captured with a Zeiss Axiocam 

105 (color) digital camera. 

Image analysis was performed using ImageJ (National Institute of Health, MD, USA).29,30 

Images from two different segments of each graft were analyzed and averaged. Quantification 
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evaluated elastin layer thickness, elastin density, collagen density, calponin positive area fraction, 

and CD68 positive area fraction. Area measurements were obtained by pixel-specific thresholding 

based on specific values of hue, saturation, and brightness as well as size. The reported densities 

or area fractions correspond to the number of positively defined pixels over the total number of 

pixels in the vessel region. 

4.3.9 Statistical Analysis 

Results are presented as mean values ± standard deviations. Ultrasound data were analyzed 

using a repeated measures two-way ANOVA (main effects of graft and time) with a post-hoc 

Dunnett’s test. For other data, statistical significance among groups was determined using 

ANOVA with post-hoc Dunnett’s or Sidak’s tests for multiple comparisons based the standard 

deviation of the data. We considered p ≤ 0.05 to be statistically significant. Statistical analyses 

were performed with GraphPad Prism 8.0 (GraphPad Software, CA, USA). 

Regressions were performed using STATA statistical software. Multiple linear regressions 

were performed for each histological analysis as well as for explanted vessel distensibility. 

Independent variables defining the scaffold designs were PPSI, Braiding Angle, and Presence of 

PGS coating (as a Boolean variable). Again, a p ≤ 0.05 was used as a level of significance for each 

regression term. Logistic regression was used for each of the 5 implanted designs to determine the 

effect of scaffold parameters on survival. Independent variables were type of braid (2x2 vs 1x1), 

PPSI, braiding angle, and presence of PGS coating. Number of ends and mass/inch were initially 

included as independent variables but were determined to be covariate and subsequently removed 

from the analysis. 

4.4 Results 

4.4.1 Scaffold Fabrication  

Parameters of each graft design are listed in Table 4.1. Braiding parameters included 

braiding angle, number of ends, and PPSI. Braiding angle is defined as the angle between the 

clockwise and counterclockwise fiber bundles, and the number of ends is the total number of fiber 

bundles used to create the braid. PPSI refers to the number of cross overs seen in a given surface 

area of the braid. 1x1 and 2x2 refer to the braiding style used, where a 1x1 braid has 1 clockwise 
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bundle crossing over a single counterclockwise bundle, and a 2x2 has 2 clockwise bundles crossing 

over 2 counterclockwise bundles. Figure 4.1 provides an overview with representative scanning 

electron microscope (SEM) images of each scaffold design, gross images of a TEVG at 

implantation and explantation, and a timeline of measurements and testing. 

Table 4.1. Manufacturing parameters for the braided TEVGs 

 

 

Figure 4.1. A) Representative SEM images of the five graft designs with the listed braiding 

parameters showing both PGS coated and uncoated cohorts. White scale bar = 200 µm. B) Images 

of the braided TEVG upon implantation in the infrarenal aorta and 12 weeks later upon 

explantation. Yellow scale bar = 2 mm. c) Experimental timeline. 

Design Braid Pattern 
Number of 

Ends 

Picks per Square 

Inch [PPSI] 

Braiding 

Angle 

Mass per Inch 

[mg] 

1 1 x 1 24 19110 83 4.1 

2 1 x 1 24 7350 38 3.2 

3 1 x 1 12 7350 107 2.6 

4 2 x 2 24 29400 107 5.1 

5 2 x 2 32 13230 38 4.3 
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4.4.2 Survival 

The mechanism of failure differed across the different scaffold designs (Table 4.2). Within 

the 1x1 braiding designs, scaffolds with low PPSI, which results in looser braids, demonstrated 

higher rates of early death from surgical bleeding and early ruptures, often within the first week. 

The Design 1 cohorts, which have a denser braid (i.e., high PPSI), had only one bleeding death in 

each group, and no early ruptures. However, the uncoated Design 1 group had two mice die from 

a later rupture, at 28- and 46-days post-implantation. Due to the different incidences of graft failure 

modes, 12-week survival ranged from 29% to 93% depending on design, with the coated dense 

braid of Design 1 performing the best. There were no deaths in any group between 7 and 26 days 

(Appendix B Figure 1). At explant, all surviving animals demonstrated patent lumens with no 

evidence of thrombosis. 

Table 4.2. Summary of the total number of implants performed and associated morbidity and 

mortality. Base scaffolds were PGA; coating was with PGS. * Implants of 2x2 designs were limited 

due to mortality events associated with the looseness of the braid. 

 

Designs 4 and 5 were manufactured using a 2x2 braiding pattern, and 10 mice per cohort 

were initially implanted. Surgical deaths from anastomotic bleeding ranged from 1-3 animals per 

group (Table 4.2). The Design 4 cohort did not experience early rupture, but four coated and three 

uncoated grafts experienced aneurysmal dilation and rupture between days 27 and 38. With the 

Design 
Coated 
[Y/N] 

Number 
Implanted 

Bleeding 
Deaths 

Early 
Ruptures 
[≤1 Week] 

Late 
Ruptures 

[>3 Weeks] 

Survival 
at 12 

Weeks 

1 
Y 14 1 0 0 93% 

N 14 1 0 2 79% 

2 
Y 14 3 3 0 57% 

N 15 3 2 0 67% 

3 
Y 14 6 4 0 29% 

N 15 5 3 0 47% 

4* 
Y 10 1 0 4 50% 

N 10 3 0 3 40% 

5* 
Y 10 1 7 0 20% 

N 0 - - - - 
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Design 5 cohort, 7 of  9 animals died due to bleeding through the graft within the first week. Due 

to the high mortality in this group, the uncoated version was not implanted. The high failure rates, 

and differential modes of failure, suggested a need for a tighter braid to prevent early bleeding and 

provide more structural support during degradation. As such, only the 1x1 braided designs were 

used for the remainder of the studies. 

4.4.3 Serial Ultrasound & Blood Pressure Monitoring 

Ultrasound analysis detected a rapid increase in diameter between weeks 4 and 8, with 

diameters remaining steady beyond 8 weeks (Figure 4.2). Design 2 grafts demonstrated earlier 

dilation than the other designs, possibly due to its looser, smaller angle braid. Representative 3D 

models for all graft designs can be seen in Appendix B Figure 2. All grafts demonstrated low 

compliance in comparison to baseline measurements of the native aorta. Compliance remained 

low over time, even following degradation of the scaffold (Figure 4.3). Proximal and distal 

anastomotic changes were minimal (Appendix B Figure 3). Blood pressure monitoring, 

performed on the ultrasound analysis cohorts, demonstrated no differences in blood pressure across 

groups or over time (Appendix B Figure 4). 

4.4.4 MMP Activity and Inflammation 

General matrix metalloproteinase (MMP) analysis, using an MMP-activatable fluorescent 

probe, demonstrated low signal in the grafts at 12 weeks (Figure 4.4A), with results similar across 

groups (Figure 4.4B). Inflammation was assessed by cluster of differentiation 68 (CD68) antibody 

staining (Figure 4.4C), a pan-macrophage marker. The effect of coating was found to be 

significant (p = 0.0098) on fractional area of CD68 staining, while direct statistical comparisons 

between groups were not significant. With the exception of the Design 3 coated and uncoated 

cohorts, all groups had significantly higher expression of CD68 compared to that the native aorta 

(Figure 4.4D). 
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Figure 4.2. Ultrasound analysis of diameter and thickness. A) Representative segmentations were 

developed from 3D ultrasound images and highlight graft remodeling over time. This particular 

progression was for a mouse with a Design 1 coated graft. B) Segmentations were then used to 

calculate effective lumen diameter at every z-slice of the graft, and C) for each time point. D) 

Maximum lumen diameter varied per group, with Design 2 showing an early increase, while 

Design 1 had an abrupt increase between weeks 4 and 6. Design 3 had the smallest diameter at the 

end of study. E) In addition, representative ultrasound images show the difference between thin-

walled (Design 2) and thick-walled (Design 1) grafts, as was quantified in (F). Dashed lines 

demarcate the luminal and abluminal boundaries of the graft and are shown for illustrative 

purposes. Actual measurements were performed in VevoLAB and SimVascular. An ‘*’ refers to 

uncoated and a ‘+’ refers to coated, with the color indicating the appropriate group (p < 0.05). All 

comparisons are relative to baseline. n = 2-4 per group. Data were compared using two-way 

ANOVA (main effects of graft and time) with a post-hoc Dunnett’s test. Scale bars = 1 mm. 
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Figure 4.3. Ultrasound analysis of strain and velocity. A) In vivo cyclic circumferential Green-

Lagrange strain was determined from M-mode images. B) All groups had an immediate reduction 

in strain following implantation of the scaffold that remained low throughout the study. C) Peak 

velocity was quantified from pulsed-wave Doppler ultrasound and d) showed some small changes, 

though highly variable. Representative images were taken from a Design 1 coated (for A) and 

uncoated (for C) graft, but similar results were observed for all graft types.   An ‘*’ refers to 

uncoated and a ‘+’ refers to coated, with the color indicating the particular design (p < 0.05). All 

comparisons are relative to baseline. n = 2-4 per group. Comparisons were made with two-way 

ANOVA (main effects of graft and time) with a post-hoc Dunnett’s test. 
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Figure 4.4. MMP activity and inflammation. A) Using near-infrared images of the explanted 

aorta/graft complex, MMP activity was calculated as the ratio of average TEVG intensity to 

thoracic intensity, after removing the effect of the background. These representative images were 

taken from a Design 1 uncoated mouse. B) Results indicated that MMP activity was not different 

between designs or coatings. n = 2-4 per group. Comparisons were made with ANOVA. C) 

Immunohistochemical staining using an antibody specific for CD68, a pan-macrophage marker. 

Representative images taken using a 63x objective. Scale bar = 40 µm. D) Results showed no 

significant differences between graft designs. Designs 1 and 2 both had significantly higher CD68 

expression compared to the native aorta for both uncoated (D1; p < 0.001, D2; p = 0.002) and 

coated (D1; p < 0.001, D2; p = 0.03) grafts while Design 3 did not for uncoated (p = 0.08) and 

coated (p = 0.11). n=4-13 per group, based on survival. Comparisons were made with ANOVA 

with a post-hoc Dunnett’s test. 

4.4.5 Biaxial Mechanical Testing 

Measured unloaded outer diameter and wall thickness were greater for all grafts than the 

age-matched native IAA. All varied significantly except for the diameter of coated grafts of Design 

1 and 3 and the thickness of Design 3 coated grafts (Figure 4.5B-C). Both Design 2 uncoated and 

coated cohorts had significantly different in vivo axial stretch compared with the native aorta (p = 



 

87 

0.03, p = 0.04, respectively) (Figure 4.5D). All grafts had a significantly different measure of 

distending elastic energy (energy associated with loading the vessel from 10 to 140mmHg, at in 

vivo axial stretch) (p = 0.03 for D1 coated, p = 0.04 for the other groups) (Figure 4.5E). The grafts 

also had significantly different measures of distensibility compared to the native aorta (p < 0.001 

for all) (Figure 4.5F). While significant differences in mechanical and morphological properties 

were observed between all graft designs and the native IAA, no significant differences were 

observed among the different grafts. Finally, despite the relatively large increase in compliance 

compared to the scaffolds at implantation, all the explants remained much stiffer structurally than 

the age-matched native IAA. 

 

 

Figure 4.5. Biaxial mechanical properties. A) External diameter tracking of a representative 

explanted TEVG during biaxial mechanical testing upon explantation at 12 weeks. This 

representative image was taken from a Design 1 coated mouse. B-F) Summary of mechanical 

properties of graft designs (n = 4 for all groups except Design 3 coated which had n = 2). For 

external diameter, coated Design 1 and 3 were the only groups found to not be significantly 

different than the native aorta (p = 0.06, p = 0.22 respectively). Similarly, the coated Design 3 

group was the only one found not significantly thicker than the native aorta (p = 0.1). Design 2 

uncoated and coated cohorts had significantly different values of in vivo stretch compared to the 

native aorta (p = 0.03, p = 0.04 respectively). All groups had significantly different measures of 

distending energy (that due to distension alone) and distensibility compared to the native aorta. 

While significant differences in mechanical and morphological properties were observed between 

all graft designs and the native IAA, no significant differences were observed across graft designs. 

Comparisons were made with ANOVA with a post-hoc Sidak’s or Dunnett’s test depending on 

standard deviation. (* < 0.05, ** <0.01, *** <0.001) 
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4.4.6 Structural Histology Quantification 

Figure 4.6A shows representative images of sections stained using techniques for Hart’s, 

Picro-Sirius Red (viewed under polarized light), and calponin. Quantification of the positive area 

fraction of Hart’s elastin (Figure 4.6B) showed differential effects of scaffold design on elastin 

density, which were significant (p < 0.001) while the effect of coating was not (p = 0.294). 

Specifically, significant differences in elastin density were seen between Design 2 (low braiding 

angle) and the other two designs (both high braiding angles) for both uncoated and coated cohorts. 

All groups, except Design 2 uncoated and coated cohorts, had significantly lower elastin densities 

compared to the native aorta. Measurements of the overall thickness of elastic laminae provided 

further insight into elastin deposition.31 The effect of graft design was also significant (p < 0.001), 

and like elastin density, Design 2 uncoated and coated cohorts were significantly thicker compared 

to the other designs (Figure 4.6C). Interestingly, Design 2 had a thicker elastic lamina compared 

to the native aorta, with significant differences seen between the Design 2 uncoated cohort and the 

native aorta (p = 0.0031).  

The effect of graft design on Picro-Sirius Red staining for collagen fibers was marked. 

Design 1 had a significantly greater collagen density compared to Design 2 for both uncoated (p < 

0.001) and coated (p < 0.001) cohorts (Figure 4.6D). Design 2 samples also had a significantly 

lower collagen density in comparison to the native aorta for both uncoated (p < 0.001) and coated 

(p = 0.003) cohorts. The effect of scaffold design was significant regarding mature smooth muscle 

cell density (p = 0.0022) as reflected by the fractional area of calponin staining but showed no 

significant differences between any groups (Figure 4.6E). This also includes comparison between 

the TEVGs and the native aorta. All quantified measurements were normalized to total areas to 

account for differences in size between grafts and native aortas samples. Non-normalized data can 

be found in the supplement (Appendix B Figure 5). These data show similar differences between 

graft designs. Finally, only one sample, a Design 2 uncoated graft, was positive for calcification, 

seen with both von Kossa and Alizarin red staining (Appendix B Figure 6). 
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Figure 4.6. Histological analysis. A) Representative histological and immunohistological images 

of all graft designs followed by images of a native aorta. Stains include Hart’s for elastin, Picro-

Sirius Red for collagen, and calponin for smooth muscle cells. Images were taken using a 63x 

objective. Scale bars = 40 µm. B-C) evaluation of Hart’s elastin showed differences in both elastin 

density and elastic lamina thickness between Design 2 and Designs 1 and 3 for coated and uncoated 

cohorts. Design 2 coated and uncoated cohorts were the only groups that did not have significantly 

decreased elastin density compared to the native aorta. Design 2 uncoated was the only group that 

had a significantly thicker band of elastin compared to the native aorta. D) Design 1 coated and 

uncoated cohorts had significantly higher densities of collagen when compared to the Design 2 

cohorts. The Design 2 cohorts both had significantly lower collagen densities compared to the 

native aorta. E) No differences in smooth muscle positive area fraction were observed between 

any group or to the native aorta. n=4-13 per group. Comparisons were made with ANOVA with a 

post-hoc Sidak’s test. (* < 0.05, ** <0.01, *** <0.001) 
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4.4.7 Statistical Relations 

By logistic regression, the 2x2 scaffolds associated with a higher rate of overall mortality 

(p > 0.001). Increasing the braiding density of the scaffold by increasing the PPSI decreased 

mortality, whereas increasing the braiding angle resulted in higher mortality. Despite seeing an 

increase in mortality in some PGS coated groups, coating was not found to statistically affect 

survival beyond normal surgical variation. Multiple linear regression on the explanted 1x1 

scaffolds (Designs 1, 2 and 3) evaluated the effect of scaffold braiding parameters on neovessel 

development. Increasing the PPSI correlated with decreased elastin and increased collagen density. 

Increasing the braiding angle towards a more circumferential braid correlated with a decrease in 

elastin, an increase in collagen, and a decrease in both calponin and CD68 positive cells. Increasing 

the angle also correlated with a decreased distensibility of the vessel by mechanical testing at 

explant. The addition of the PGS coating correlated with an increase in collagen and a decrease in 

inflammatory CD68 positive cells. Statistical details of these regressions can be found in 

Appendix B Table 1.  

Regression analysis of the quantitative histology of the explanted vessels further 

demonstrated interesting relationships (Appendix B Table 2). Elastin and collagen were inversely 

related, as expected because area fractions, by definition, must sum to 1 and elastin and collagen 

are the primary constituents of the extracellular matrix. Elastin and calponin positive cells, elastin 

and CD68 positive cells, and calponin and CD68 positive cells correlated positively with each 

other. Comparing histology to mechanical testing data from the same animals demonstrated that 

there was no correlation between calponin or CD68 positive cells and distensibility. In contrast, 

elastin correlated positively with distensibility (p = 0.029) while collagen showed a near inverse 

correlation with distensibility (p = 0.054). 

4.5 Discussion 

We used 12-week implantations to evaluate specific bounds of the manufacturable parameter 

space for braided PGA scaffolds with and without a PGS coating. The differential temporal 

progressions of neovessel development and modes of graft failure (e.g., anastomotic bleeding, 

early or late rupture) remind us of the importance of evaluating degradable TEVGs across their 

full degradation time course as different mechanisms are likely operative at different times. Indeed, 
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previous computational simulations of short-term implants reinforced the importance of following 

the long-term performance of tissue engineered vascular grafts.21,26 

In a study using electrospun scaffolds of poly-ε-caprolactone-co-L-lactic acid fibers 

(PCLA), all arterial grafts experienced sudden dilation and rupture at 14 weeks due to the sudden 

loss of mechanical strength of the scaffolds and inadequate tissue formation.21 A study utilizing an 

electrospun PGS scaffold reinforced with an external poly(ε-caprolactone) (PCL) sheath only 

showed vascular architecture after 12 months in vivo while still exhibiting high levels of 

inflammation due to the slowly degrading PCL sheath and small pore sizes for the inner PGS 

layer.26 Similar PGS-PCL scaffolds showed peri-operative mortality of over 30% thought to be 

due to defects in the outer sheath and the increased coagulability of wild-type mice.32 In both 

studies of bilayered PGS-PCL scaffolds, mechanical testing after 12 weeks of implantation 

revealed low distensibilities in comparison to that of native vessels, as in the present study.  

Modification of the microstructural design of the PGS-PCL scaffolds in these studies required 

changes to the entire electrospinning protocol and were met with a number of challenges, including 

wrinkling and luminal occlusion due to swelling. The use of textile manufacturing methods in this 

study allowed finer control over graft parameters without major modifications to the fabrication 

process; use of faster degrading polymers, PGA and PGS, showed the capacity for swifter 

neovessel development.  

The in vivo imaging methods used in this study included advanced volumetric ultrasound 

strategies that allowed us to better assess in vivo graft performance. For example, we collected 3D 

ultrasound images at multiple timepoints, through which we determined graft diameters and 

thicknesses. While diameter can be determined from standard 2D images,33 the 3D datasets provide 

a more holistic view of graft development, as has been shown previously in murine aneurysm 

studies.34,35 Of particular interest, we noted a thickened wall in Design 1 at week 4, which thinned 

by week 6 and remained stable for the rest of the study. Despite the thickened wall at week 4, we 

did not observe any narrowing of the lumen consistent with stenosis. These results were confirmed 

with histology at week 4, which showed little tissue formation on the luminal surface of the 

scaffolds but substantial collagen deposition surrounding the braided scaffolds (Appendix B 

Figure 7). We believe this initial adventitial collagen deposition is responsible for the increase in 

thickness seen on ultrasound at 4 weeks. This suggests that this graft design may be undergoing 

rapid remodeling between weeks 4 and 6. We also observed an increase in diameter at the proximal 
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and distal ends of some grafts, resulting in a barbell shape. While not observed in all animals, this 

may suggest faster graft degradation and neotissue formation at the anastomoses relative to the 

middle of the graft, consistent with infiltration of native vascular cells from the adjacent vessels.36 

Finally, using M-mode ultrasound, we calculated low strain within the graft while the native IAA 

proximal and distal to the graft remained highly pulsatile, indicating a relatively consistent strain 

gradient across the anastomoses. Given that this strain gradient likely changes throughout the 

remodeling process, future work with 4D ultrasound (3D+time) could enable noninvasive 

assessment of strain along the vessel.35,37 Overall, the advanced 3D ultrasound metrics included in 

this study gave us greater insight into graft remodeling compared to standard imaging approaches. 

Beige mutant mice were selected for their relative platelet storage pool deficiency compared 

to wild-type mice.38 Previous studies by our laboratory showed benefits of using Beige mice to 

prevent early thrombosis in the small diameter vascular grafts evaluated in mice.39-41 Higher 

thrombosis rates are expected in murine grafts compared to large animal grafts, as smaller arterial 

diameter greatly increases platelet shear stress.42,43 Others have also shown that wild-type mice 

have hyperactive platelet responses compared to humans and larger animals such as rats.44,45 The 

use of a mouse model with platelet storage pool deficiency thus allows examination of molecular 

and cellular mechanisms that drive neotissue formation without the confounding high thrombosis 

rates that would be seen in a wild-type mouse.  

The explanted neovessels demonstrated high levels of elastin deposition. This result is 

notable as the vast majority of TEVGs, whether made from decellularized matrix or synthetic 

polymers, have difficulty in triggering elastin production.46 Individual elastin fibers in the native 

aorta appear wavier than fibers seen in the neovessels due to the dilation of the grafts. The Design 

2 cohorts had a similar elastin density to that of the native aorta. These cohorts also experienced 

steady dilation compared to the rapid dilation in other cohorts. Increasing (cyclic) wall tension 

associated with dilation could be one reason for increased elastin density in these groups.47,48 

However, these cohorts had thicker elastic laminae with thinner fibers in comparison to native 

vessels, which may suggest that the elastin fibers are immature or not organized fully. It is 

uncertain if they would develop further, though continued elastin deposition from 3 to 6 months 

has been observed.32 The elastin in the grafts appears to be more organized than what has been 

seen in previous studies looking at the same time point in PGS-PCL grafts.26,32,49 Nevertheless, the 

elastin in each of these graft designs is not serving its functional capacity due to the low energy 
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storage capacity observed in these stiff constructs. Smooth muscle cells also appear circular 

compared to the elongated cells of the native aorta which could indicate these cells are in a 

synthetic, noncontractile state, indicating ongoing extracellular matrix remodeling.50 Notably, 

calponin-positive cells were only present within the neotissue closest to the lumen. Previous 

studies have also observed contractile cells within the neointima of tissue engineered vessels.51 

Statistical regression analysis comparing the implanted scaffold parameters to the explanted 

neovessel characteristics demonstrated that the PGS coating decreased inflammation and increased 

collagen accumulation. The lower inflammation and macrophage density seen at explant (12 

weeks), in comparison to other polymer-based vascular grafts at similar time,26,31,52 likely reflected 

the near complete degradation of polymer by 12 weeks. PGA fibers appear birefringent under 

polarized light,53 and the fibers were seen in 4-week explants but not at 12-weeks, suggesting 

complete degradation of the polymer by 12 weeks (Appendix B Figure 7). While macrophages 

and inflammation are essential for neotissue formation, macrophage overabundance or prolonged 

inflammatory response associates with worse outcomes for tissue engineered vessels.52 Slow 

degrading polymers, expectedly, associate with longer lasting inflammation and more foreign body 

giant cell formation.54 Overall these findings suggest that the differences in scaffold designs 

affected the balance of immuno-driven and mechano-mediated matrix production in development 

of the neovessels. This aligns with our previous study that used computational modeling to 

demonstrate how you can change inflammation and alter neotissue in a predictable manner by 

altering scaffold morphometry.19 The low incidence of calcification seen in this study is also likely 

related to the shorter polymer degradation times, as nondegradable conduits highly susceptible to 

calcification after long implantation.55 In a previous study in rats, adding a PGS coating to a PGA 

arterial scaffold decreased the incidence of calcification and improved the inflammatory response 

seen with a shift in macrophage polarization.31 While we have not specifically examined the 

molecular mechanism PGS may have on inflammation, for similar biodegradable scaffolds we 

have demonstrated this is a TGF-β mediated process.56 

Our study further demonstrated that increasing the braiding angle towards the 

circumferential direction decreased distensibility at 12 weeks. Although one expects decreased 

distensibility with preferential circumferential polymer fiber alignment early on, this finding after 

degradation of polymer reinforces the thought that polymer orientation influences cell alignment, 

and thus, neotissue alignment. Notwithstanding the deposited elastin and the positive correlation 
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between elastin content and distensibility, the in vivo axial stretch and energy stored elastically 

upon pressurization were both considerably lower in the grafts than in native IAAs, consistent with 

the elastin not being fully functional, the presence of excessive, stiff collagen, or both. The non-

native organization of the elastic laminae and the trend toward a negative correlation between 

collagen content and distensibility suggests that both are likely. The ability to store energy 

elastically is critical to the function of conduit vessels such as the aorta and remains an unmet need. 

While the grafts evaluated in this study did not reach the compliance of the native aorta, they 

developed to levels similar to those seen in aneurysmal murine arteries.25,57,58 This may be due to 

the initial stiffness of the implanted scaffolds, thus a more compliant scaffold may have facilitated 

mechanical properties that better match the native vessel. Recall, also, that the more compliant 

scaffolds evaluated in this study, the 2x2 braided designs, were still significantly less compliant a 

than native vessel and had a high failure rate due to the lack of structural integrity, both initially 

and over the course of degradation. Thus, finding the appropriate balance between initial stiffness 

and strength remains a significant challenge.  

Overall, statistical regression analysis of the relations between scaffold characteristics and 

neovessel outcomes highlights the complexity and importance of rational design in tissue 

engineering. While many tissue engineering design improvements are made empirically to 

improve a specific parameter, such as amount of collagen deposited or reduced inflammation, we 

can see from the statistical regressions (Appendix B Tables 1 & 2) that many of these parameters, 

such as survival, collagen deposition, and inflammation, are intertwined in both their relation to 

scaffold design parameters and their relations to each other. For example, increasing the density 

of a scaffold by increasing the PPSI served to improve survival, but it also decreased elastin 

production. Similarly, decreasing the braiding angle towards the axial direction improved 

distensibility and survival, but led to early dilation as seen by ultrasound. In addition, changing of 

braiding parameters can have unintended consequences, such as loosening of the overall braiding 

structure, which can lead to a higher rate of bleed through as was seen in Designs 4 and 5 with the 

2x2 braiding pattern. Careful balancing of the relative importance of multiple desired parameters 

will be necessary to determine a proposed ideal scaffold with optimized performance in both the 

short and long-term after implantation in a patient.17 
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4.6 Conclusion 

In this work, braided small-diameter arterial grafts of PGA with and without PGS coating 

were manufactured at the edges of the braidable parameter space and evaluated for failure mode 

and performance within a murine IAA implantation model. Braiding parameters, and the resulting 

physical properties of the scaffolds, had a substantial effect on the success and failure mode (i.e., 

bleeding, early rupture, late rupture) in vivo. Braiding parameters and PGS coating also affected 

the histological make-up of the resulting neovessels. Detailed ultrasound analysis allowed 

longitudinal in vivo evaluation of morphometric properties and explant biaxial testing allowed 

functional consequences of immunohistological findings to be contextualized. Statistical findings 

from this work will aid in the development of mathematical models to predict the outcomes of new 

scaffolds. 
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 CONCLUSION 

Abdominal aortic aneurysms are a degenerative condition that carry a high risk of fatality if 

rupture occurs. While clinical assessments focus primarily on diameter and growth rate to assess 

rupture risk, the complex pathophysiology warrant improved metrics. However, our success in this 

area is highly dependent on our ever-increasing understanding of the disease. The work performed 

in this dissertation enhances our understanding of both disease and treatment by 1) probing the 

role of elastin and lysyl oxidase on aneurysm size and morphology in a relatively new murine 

model and 2) investigating our ability to alter the remodeling process of tissue engineered vascular 

grafts by varying specific design parameters. 

With respect to the first area of research, we combined an elastase surgery with continuous 

oral administration of BAPN in mice to create a continuously growing aneurysm in which some 

mice had intraluminal thrombus. We then probed the model by altering the elastase concentration 

and the timing of BAPN administration. We demonstrated that aneurysm size could be modulated 

by changing the concentration of elastase, thus increasing applicability of this animal model to 

include both slow- and fast-growing aneurysms. We also found that, even after aneurysm 

formation, BAPN remained necessary for continued aneurysmal growth, demonstrating the role of 

lysyl oxidase in stabilizing the aneurysm. Lastly, we showed that female mice developed larger 

aneurysms than the males, demonstrating sexual dimorphism in this model. 

With respect to the second area of research, we assessed vascular remodeling in mice that 

had a tissue engineered vascular graft implanted. We chose a variety of braiding patterns in order 

to understand the influencing role of graft design on its patency. We found that many key outcomes 

such as collagen and elastin deposition, inflammation, and overall survival were often intertwined. 

As a result, we demonstrated that changing parameters may improve one outcome and yet worsen 

another and that finding a way to balance outcomes in order to optimize performance is key. In 

this way, the work in this dissertation enhance both our understanding of the disease and that of 

treatment options.  

The potential future directions from this dissertation are extensive. With respect to aneurysm 

research, much remains unknown about thrombus deposition and its role in rupture risk. Building 

on the current work, future studies could use computational fluid dynamics or fluid-structure 

interactions to probe the hemodynamics that lead to thrombus deposition. Employing multiple 
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sessions of ultrasound imaging combined with computational modelling may even enable 

delineation of the staccato vs continuous layering process. Thrombus mechanics and inflammation 

– along with their role in rupture – is yet another large area of research that could build on the 

work performed in this dissertation. Lastly, the sexual dimorphism observed in this model warrants 

future research. For example, as a future study, castration and ovariectomy could be performed in 

male and female mice, respectively, prior to the BAPN+Elastase surgery, to assess the role of sex 

hormones on aneurysm growth. Moreover, to build on the current graft research, we could pursue 

our optimized graft design in a larger animal species to confirm results. Some of the graft designs 

resulted in early bleed-out, which may be improved by alternate types or amounts of coating. In 

these ways, we could extend the work performed here and further our ability to both understand 

and treat aneurysms. 
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APPENDIX A. SUPPLEMENTAL DATA FOR CHAPTER 3 

This section provides supplemental tables and figures for Chapter 3 “Ultrasound Imaging of 

Vascular Tissue Remodeling during Repair.” 

 

Methods 

Microscopic examination was performed by a board-certified pathologist. To evaluate aorta 

pathology of H&E stained slides, a semi-quantitative scoring system was applied that assessed 

four morphological aspects: 1) mononuclear cell infiltrate; 2) polymorphonuclear cell infiltrate; 3) 

circumferential involvement; and 4) elastin quality. The infiltration of cells was graded on four 

levels: 0, normal; 1, mild increase in cell numbers; 2, moderate increase in cell numbers; 3, marked 

increase in cell numbers. The circumferential involvement was graded on four levels: 0, normal; 

1, <10% of aorta circumference infiltrated by cells; 2, 10%-50% of aorta circumference; 3, 50% 

or greater of the aorta circumference. The elastin quality of MPC slides was graded on 4 levels 

and included qualitative assessment of disorderly arrangement of fibers, disruption in continuity, 

and/or distorted form. The elastin quality grades were: 0, normal; 1, <25% aorta circumference 

has distorted elastin; 2, 25%-75% of aorta circumference; 3, 75% or greater of aorta circumference. 

  



 

104 

 

Appendix A Figure 1. Representative schematic showing the analysis method used to assess 

MMP activity. Regions of aneurysmal aorta, thoracic aorta, and background were hand-drawn, 

and the average pixel intensity calculated for each region. A ratio of aneurysmal intensity to 

thoracic intensity (after removing the effects of background noise) was used to determine MMP 

activity.  
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Appendix A Figure 2. Representative time course for mice treated with 2.5 mg/ml, 5 mg/ml, and 

10 mg/ml of elastase. The purple is lumen and the white is outer wall. Locations of thick wall grey 

in color indicate thrombus.   
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Appendix A Figure 3. 3D ultrasound-based segmentations of mice 56 days post-surgery. Mice 

treated with 2.5 mg/ml generally appear smaller and lack the thrombus observed in the 5 mg/ml 

and 10 mg/ml groups. In the 5 mg/ml group, two mice had thrombus, which was lower than the 

five mice who had thrombus in the 10 mg/ml group, as indicated by the thicker walls in the 

segmentations. 
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Appendix A Figure 4. Hematoxylin and Eosin (H&E) staining of mice treated with 10 mg/ml 

elastase. Mice were euthanized 56 days post-surgery. 
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Appendix A Figure 5. Movat’s Pentachrome (MPC) staining of mice treated with 10 mg/ml 

elastase. Mice were euthanized 56 days post-surgery. 
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Appendix A Figure 6. Hematoxylin and Eosin (H&E) staining of mice treated with 5 mg/ml 

elastase. Mice were euthanized 56 days post-surgery. 

  



 

110 

 
 
 
 
 

 

Appendix A Figure 7. Movat’s Pentachrome (MPC) staining of mice treated with 5 mg/ml 

elastase. Mice were euthanized 56 days post-surgery. 
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Appendix A Figure 8. Hematoxylin and Eosin (H&E) staining of mice treated with 2.5 mg/ml 

elastase. Mice were euthanized 56 days post-surgery. 
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Appendix A Figure 9. Movat’s Pentachrome (MPC) staining of mice treated with 2.5 mg/ml 

elastase. Mice were euthanized 56 days post-surgery. 
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Appendix A Figure 10. Hematoxylin and Eosin (H&E) staining of mice treated with heat-

inactivated elastase. Mice were euthanized 56 days post-surgery. 
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Appendix A Figure 11. Movat’s Pentachrome (MPC) staining of mice treated with heat-

inactivated elastase. Mice were euthanized 56 days post-surgery. 
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Appendix A Figure 12. Hematoxylin and Eosin (H&E) staining of mice euthanized immediately 

post-surgery. The concentrations are of elastase applied to the aorta. 
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Appendix A Figure 13. Movat’s Pentachrome (MPC) staining of mice euthanized immediately 

post-surgery. The concentrations are of elastase applied to the aorta. 
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Appendix A Figure 14. Hematoxylin and Eosin (H&E) staining of mice euthanized 7 days post-

surgery. The concentrations are of elastase applied to the aorta. 
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Appendix A Figure 15. Movat’s Pentachrome (MPC) staining of mice euthanized immediately 

post-surgery. The concentrations are of elastase applied to the aorta. 
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Appendix A Figure 16. Semi-quantitative scoring of the H&E slides indicated mononuclear and 

polymorphonuclear leukocytes infiltration in the elastase-treated mice by day 7. Additionally, the 

infiltration was spread throughout more of the circumference of the aorta in the 5 and 10 mg/ml 

groups. Lastly, elastin quality was immediately reduced post-surgery, which continued through 

day 7. Due to the non-parametric nature of the scoring, a Kruskal-Wallis test was performed within 

each time point with a post-hoc Dunn’s test. *p<0.05, **p<0.01 
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Appendix A Figure 17. 3D ultrasound-based segmentations of female mice 56 days post-surgery. 

The aneurysms in these female mice were larger than that of the males at the same timepoint, and 

all female mice developed thrombus. Also shown is Hematoxylin and Eosin (H&E) and Movat’s 

Pentachrome (MPC) staining in the proximal and distal sections. 
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Appendix A Figure 18. 3D ultrasound-based segmentations demonstrating the effects of applying 

elastase more proximally (i.e. closer to the renal arteries) compared to distally (i.e. closer to the 

trifurcation). Although diameter is not significantly different between groups, animals that 

received a proximal elastase application typically resulted in larger aneurysms. 
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Appendix A Figure 19. Presence of thrombus was noted in some of the 5 mg/ml and 10 mg/ml 

elastase-treated mice. A) Ultrasound images of a representative mouse show no thrombus on day 

28, B) compared to day 35. C) Over time, the thrombus continued to grow and develop, resulting 

in a much higher thrombus burden by day 56. D) The percentage of mice with thrombus was 

greater in the 10 mg/ml group than the 5 mg/ml group, though results were non-significant. E) 

Combining mice in the 5 mg/ml and 10 mg/ml groups, we found that measurements of diameter 

from the week prior to observing thrombus were not significantly different from mice that had no 

thrombus at days 28 or 56. F) In contrast, mice that formed thrombus had a significantly higher 

diameter growth rate compared to mice that had no thrombus. Scale bars are 1 mm. *p<0.05; 

**p<0.01; ***p<0.001 
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Appendix A Figure20. Long-axis EKV and Color Doppler images of a mouse the week prior to 

thrombus formation. Yellow dotted lines show the outline of the proximal portion of the vessel, 

while the yellow arrow indicates the path of blood flow. Overall, these images show a tortuous 

proximal non-aneurysmal region that causes a small jet inflow of blood into the abdominal aorta. 

Scale bar is 1 mm. 
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Appendix A Figure 21. The blood pressure of 5 mice from the heat-inactivated and 4 mice from 

the 10 mg/ml groups were measured on Day 56. Results demonstrate that the mice were 

normotensive. 
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APPENDIX B. SUPPLEMENTAL DATA FOR CHAPTER 4 

This section provides supplemental tables and figures for Chapter 4 “Ultrasound Imaging of In 

Vivo Vascular Graft Remodeling.”  

Appendix B Table 1. Regression outcomes. Each regression is plotted as a specific row, with 

independent variables in separate columns. (+) and (-) denote a relation being significant with a 

direct or inverse relation, with the associated p-value in parentheses. ns denotes Not Significant 

(p>0.05). 

 2X2 PPSI Angle PGS 

Survival  - (<0.001)  + (<0.001)  - (0.04) ns 

Elastin N/A  - (0.003)  - (<0.001) ns 

Collagen N/A  + (<0.001)  + (0.002)  + (0.006) 

Calponin N/A ns  - (0.004) ns 

CD68 N/A ns ns  - (0.007) 

Distensibility N/A ns  - (0.027) ns 

 

 

Appendix B Table 2. Histological comparisons. Direct regressions of row and column histological 

findings for all explanted vessels. (+) and (-) denote a relation being significant with a direct or 

inverse relation, with the associated p-value in parentheses. ns denotes Not Significant (p>0.05). 

Duplicate and blank columns removed for clarity. 

 Collagen Elastin Calponin 

Elastin  - (<0.001)   

Calponin ns  + (<0.001)  

CD68 ns  + (0.011)  + (0.009) 
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Appendix B Figure 20. Survival curve. Survival varied over time. Three time points showed the 

greatest drops in survival, all due to different modes of graft failure. The initial deaths (< 0 days) 

were found to be due to anastomotic bleeding. Other early deaths (1-7 days) were due to grafts 

dilating slightly, which created an opening between braids and resulted in internal bleeding. Later 

deaths (>26 days) were caused by rapid dilation of the graft upon degradation, which resulted in 

graft rupture and internal bleeding. 
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Appendix B Figure 21. Representative 3D segmentations. Volumetric representations from each 

vessel show the remodeling process of each graft type over 12 weeks. 
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Appendix B Figure 22. Ultrasound-based diameters and strains. Diameter and strain were 

measured from the ultrasound images at locations proximal and distal to the graft, as well as at the 

location of the maximum diameter within the graft. An ‘*’ refers to uncoated and a ‘+’ refers to 

coated, with the color indicating the appropriate group (p < 0.05). All comparisons are relative to 

baseline. 
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Appendix B Figure 23. Blood pressure measurements. Systolic, diastolic, and mean arterial blood 

pressure were unaffected by graft implantation, as demonstrated by the lack of significant 

differences among groups or compared to baseline. 
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Appendix B Figure 24. Total area histological analysis. Graphs show total area measurements 

from histological samples. The first graph is the total tissue area of the vessels stained with Picro-

Sirius Red and imaged with brightfield microscopy. Design 2 and 3 coated were the only Designs 

to differ significantly (p =0.03). Design 3 coated was also the only group to not significantly vary 

from the native aorta (p = 0.78). All other grafts had significantly greater tissue area (p < 0.001 for 

all groups). The second graph shows the collagen area measurements from vessels stained with 

Picro-Sirius Red and imaged with polarized light. Design 1 grafts contained significantly greater 

amounts of collagen compared to Design 2 for both uncoated (p = 0.006) and coated (p = 0.004) 

cohorts. Similar results were seen between Design 1 and 3 but only for the coated cohort (p = 

0.04). Design 1 grafts, both uncoated and coated, as well as  Design 3 uncoated grafts had 

significantly greater amounts of collagen compared to the native samples (p < 0.001, p < 0.001, p 

= 0.04 respectively). The last graph shows the total elastin area measurements from the Hart’s 

elastin stain. Design 2 uncoated and coated groups had greater amounts of elastin compared to the 

other designs and the native aorta (p = 0.02 between D2 and D3 coated, p < 0.001 for all other 

groups).  n=4-13 per group. Comparisons were made with ANOVA with a post-hoc Sidak’s or 

Dunnett’s test. (* < 0.05, ** <0.01, *** <0.001) 
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Appendix B Figure 25. Calcification. Representative image of calcification from von Kossa and 

Alizarin Red staining. The graft is from the Design 2 uncoated cohorts. Images were taken using 

a 20x objective. Scale bar = 100 µm.  
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Appendix B Figure 26. Fiber degradation. Representative images of grafts at 4 and 12 weeks 

stained with Picro-Sirius Red and imaged with normal and polarized light.  These are Design 1 

coated grafts. At 4 weeks, PGA fibers show up clearly under polarized light due to their 

birefringence. At 12 weeks there is no indication of fibers remaining upon examination with 

polarized light. It is possible that PGA polymer still exists in the wall but there does not appear to 

be any large fibers providing mechanical support. Images were taken using a 20x objective. Scale 

bar = 200 µm.  
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APPENDIX C. A SECOND LAB - MANUSCRIPTS IN BONE 

BIOMECHANICS 

While the majority of my dissertation research has focused on vascular imaging with 

ultrasound, a substantial amount of work has also been performed in the area of bone 

biomechanics. In this section, the first-author publications completed during my graduate studies 

are highlighted. 

C.1 Muscle Contraction Induces Osteogenic Levels of Cortical Bone Strain despite Muscle 

Weakness in a Mouse Model of Osteogenesis Imperfecta 

The contents of this section were published in Bone. It can be accessed via the following: 

https://doi.org/10.1016/j.bone.2019.115061.  

Abstract 

Mechanical interactions between muscle and bone have long been recognized as integral to 

bone integrity. However, few studies have directly measured these interactions within the context 

of musculoskeletal disease. In this study, the osteogenesis imperfecta murine model (oim/oim) was 

utilized because it has both reduced bone and muscle properties, allowing direct assessment of 

whether weakened muscle is able to engender strain on weakened bone. To do so, a strain gauge 

was attached to the tibia of healthy and oim/oim mice, muscles within the posterior quadrant of 

the lower hind limb were stimulated, and bone strain during muscle contraction was measured. 

Results indicated that the relationship between maximum muscle torque and maximum engendered 

strain is altered in oim/oim bone, with less torque required to engender strain compare to wild-

type and heterozygous mice. Maximum muscle torque at 150 Hz stimulation frequency was able 

to engender ~1500 με in oim/oim animals. However, even though the strain engendered in the 

oim/oim mice was high relative to historical bone formation thresholds, the maximum strain values 

were still significantly lower than that of the wild-type mice. These results are promising in that 

they suggest that muscle stimulation may be a viable means of inducing bone formation in oim/oim 

and potentially other disease models where muscle weakness/atrophy exist. 
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Introduction 

Muscle and bone are intricately linked, both physically and chemically. From a strictly 

mechanical perspective, muscles attach to bone and use these bone attachment sites as the lever 

arms by which they enable movement. In fact, the relatively small distance between the muscle 

attachment site and the joint creates an unfavorable lever arm, implying that during movement, the 

muscle must exert a much larger force on bone compared to ground reaction forces. Lu et al. found 

that less than 30% of the forces transmitted through the femur during normal gait were derived 

from the ground reaction force, with a much higher 70% driven from muscle 

contraction.1 Similarly, Wehner et al. calculated the internal loads in the human tibia during gait 

and found that the forces were up to 4.7 times the body weight.2 For this reason, some have 

suggested that muscle may be a primary means of mechanically stimulating bone.3 

Mechanical loading has been well-established as integral to maintaining bone integrity. 

Below a strain threshold, bone loss will occur while above a different strain threshold, bone 

formation will occur.4,5 Given the importance of mechanical loading to bone health, and 

considering the ability of muscle to engender significant forces on bone, it follows that muscle 

health is likely also critical to bone health. Indeed, correlative relationships between muscle and 

bone have been well-documented.6,7 For example, in situations of long-term bedrest, low bone 

mass and poor muscle tone occur together.8 Similarly, osteoporosis is often associated with 

sarcopenia.9,10 A number of studies have even shown that skeletal muscle mass can be a predictor 

of bone mass11 or bending stiffness.12 Interestingly, these correlations also occur with genetic 

diseases that primarily impact only one aspect of the musculoskeletal system (i.e. directly 

impacting only bone or only muscle). 

Osteogenesis Imperfecta (OI) is a bone disease driven by a mutation to the genes involved 

in the Type I collagen synthesis pathway.13 Patients with OI show skeletal weakness, ranging from 

mild to severe to perinatal lethal.14 Despite OI being considered a “bone disease,” muscle is often 

also impacted in OI patients,15–18 with the degree of impact dependent on the severity of the 

disease.19 In the preclinical realm, one commonly used mouse model of OI is the Osteogenesis 

Imperfecta Murine (oim/oim) model. Oim/oim results from a single G nucleotide deletion in the 

COL1A2 gene. This change causes a frameshift in the final 48 amino acids at the C terminus, 

resulting in an extra amino acid which renders the α2 chain non-functional. The end result is the 

accumulation of homotrimeric collagen instead of the normal heterotrimeric molecule.20 In its 
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homozygous form, oim/oim mice show significant skeletal weakness and spontaneous fractures, 

while the heterozygous form is milder.20–24 Also similar to the human condition, oim/oim mice 

have muscular weakness.25 In the homozygous mice, muscle size and strength are significantly 

reduced, while the heterozygous mice show a milder, non-significant reduction.25 

Given that muscle and bone are both impacted by OI, it is unclear how efficiently weakened 

muscle is able to engender strain on the bone. In other words, if only muscle were affected, then 

weaker muscle would imply lower forces (and thereby lower strain) on bone. In contrast, if only 

bone were affected, then the muscle force would remain the same, but the bone strain would 

presumed to be increased because the bone is weaker. To address this uncertainty, we attached a 

strain gauge to the anteromedial mid-diaphysis of the tibia of both wild-type and oim/oim mice 

and then conducted in vivo muscle stimulation to induce plantar flexion. This setup enabled us to 

collect muscle ankle torque and bone strain simultaneously. In addition, ex vivo morphological 

analyses of bone and muscle by micro-computed tomography (CT) were used to assess bone mass 

and muscle area. Our hypothesis was that the muscle-bone unit would find an equilibrium such 

that engendered bone strain would be conserved across mouse strains. 

Methods 

Experimental Overview 

Wild-type (WT), heterozygous (Het), and homozygous (oim/oim) oim mice were bred in-

house and maintained on a C57BL/6J background.26 Mice were group housed in a facility with 12-

hour light/dark cycles and access to food and water ad libitum. At 16 weeks of age, male mice (n= 

7-9/group; Appendix C.1 Table 1) from each genotype underwent surgery to attach a strain gauge 

to the anteromedial portion of the mid-diaphysis of the right tibia. After attachment of the gauge, 

but while still under anesthesia, the mouse was moved to a muscle testing machine and the tibial 

nerve was stimulated to induce plantarflexion. After collection of torque and strain data, the mouse 

was euthanized. The strain gauge was manually checked to ensure firm attachment, and then the 

right limb was dissected out, wrapped in saline, and stored at −20 °C until imaging by micro-

computed tomography (micro-CT). This initial imaging session was used to assess any obvious 

bone abnormalities (broken or bent bones, etc.) and to estimate muscle cross-sectional area. Soft 

tissue was then dissected away, and the tibia was imaged again by micro-CT for bone structural 
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information. All procedures were conducted with prior approval from Indiana University School 

of Medicine IACUC. 

Appendix C.1 Table 1. Number of animals per group. 

 WT HET OIM 

Initial Group Numbers 8 9 7 

Broken Tibia or Woven Bone 

(excluded from all analysis) 
0 1 1 

Poor Strain Gauge Placement 

(excluded from strain) 
3 2 2 

Strain Gauge Attachment 

Mice were anesthetized with 1-3% isoflurane and chemical depilatory cream was applied to 

the lower right hind limb to remove hair. An incision was then made through the skin and fascia, 

exposing the anteromedial portion of the midshaft tibia. The surface of the bone was degreased, 

and a single-element strain gauge with gauge dimensions of 2.54 mm L x 0.51 mm W (EA-06-

015DJ-120, Vishay Precision Group, Shelton, CT) was aligned with the long axis of the tibia and 

attached using a cyanoacrylate-based adhesive (Loctite Super Glue, Henkel-Adhesives, 

Düsseldorf, Germany). During strain measurement, the gauge was attached to a strain gauge 

conditioner (2100 Signal Conditioning Amplifier System, Micro-Measurements, Vishay Precision 

Group, Shelton, CT) via a quarter-bridge completion. Calibration to ensure accurate conversion 

from volts to strain was performed by adjusting the signal gain based on the gauge factor, per 

manufacturer instructions. 

Muscle Stimulation 

Isometric muscle stimulation was performed using an in vivo setup (Aurora Scientific Inc., 

Ontario, Canada). The mouse’s foot was taped to the machine’s footplate (a torque transducer) 

which was used to measure ankle torque during plantarflexion. Two sterile shielded monopolar 

needle electrodes were inserted on either side of the tibial nerve, slightly proximal to the mid-calf 

level, and were adjusted to ensure maximum twitch response. This setup of the electrodes primarily 

stimulates the gastrocnemius and soleus muscles to induce plantarflexion, but also has some 
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contributions from the plantaris, flexor hallucis longus, flexor digitorium longus, and tibialis 

posterior. The muscles were then stimulated (0.5 msec pulse width), beginning at 25 Hz and 

extending to 300 Hz in 25-Hz increments. The muscles were stimulated at each frequency for 200 

msec, followed by 45 seconds of rest before moving to the next frequency. During stimulation, 

both muscle torque and bone strain were recorded (Appendix C.1 Figure 1). Data were analyzed 

using a custom Matlab script to determine maximum torque and strain at each stimulation 

frequency. In addition, the torque-time slope at each stimulation frequency was calculated by 

fitting a linear regression to the maximum rising slope of each torque-time graph. 

 

 

Appendix C.1 Figure 1. Example torque (A-C) and strain (D-F) curves during muscle stimulation 

of WT, Het, and oim/oim at 25 Hz (A,D), 50 Hz (B,E), and 150 Hz (C,F) stimulation frequency. 

Note tetanic muscle contraction occurred by 150 Hz. 

Micro-Computed Tomography 

Whole right limbs were scanned by high resolution micro-CT (Skyscan 1176; Bruker, 

Kontich, Belgium) at an 8.4 μm resolution (V = 50 kV; I = 500 μA; Step size = 0.9°; no 

averaging).27 Projection images were used to assess the presence of broken bones and/or calcified 

tendon. After reconstruction and rotation, a 1-mm region of interest at the tibial mid-diaphysis was 

used to estimate total soft-tissue volume and bone volume. These volumes were converted to 

averaged areas by dividing the volume by the length of the region of interest (1 mm). Muscle area 
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was then calculated as the difference between the total soft-tissue area and the area of the bone and 

marrow. 

The soft tissue was then removed in order to acquire a more crisp image set, and the tibia 

was scanned again by high resolution micro-CT (Skyscan 1172; Bruker, Kontich, Belgium) using 

the following parameters: 10 μm resolution, 60 kV tube voltage, 167 μA current, 0.7-degree 

increment angle, and 2-frame averaging. To convert gray-scale images to mineral content, 

hydroxyapatite calibration phantoms (0.25 and 0.75 g/cm3 CaHA) were also scanned. After 

reconstruction and rotation (nRecon and DataViewer, Bruker), 1-mm regions of interest were 

selected in the proximal metaphysis (Appendix C.1 Supplemental Text and Figure 1) and mid-

diaphysis for analysis. In the mid-diaphysis, the cortical shaft was analyzed using a custom Matlab 

script (MathWorks, Inc. Natick, MA) to determine areas (total cross sectional area and marrow 

area), periosteal and endocortical bone surface, maximum principal moment of inertia, and tissue 

mineral density. 

Statistical Analysis 

All statistics were performed in Prism (Graphpad Software, San Diego, CA). For torque and 

strain data, a two-way ANOVA was performed to assess the main effects of stimulation frequency 

and genotype. A post-hoc Tukey HSD test was then performed at each stimulation frequency to 

assess individual differences between genotypes (p<0.05). For CT data, we used a one-way 

ANOVA with a post-hoc Tukey HSD test to determine effects of genotype (p<0.05). For the strain-

torque regression, a linear regression was used to assess correlations between variables. 

Comparison of the linear regression slopes was assessed by ANCOVA with post-hoc Tukey HSD 

test (p<0.05). All data are presented as mean ± standard deviation. 

Results 

General Animal Information 

Animal numbers for each group are shown in Appendix C.1 Table 1. One oim/oim mouse 

had a broken right tibia at the time of surgery and one Het mouse showed a large area of woven 

bone. Both were excluded from all analysis. In addition, difficulties with strain gauge attachment 

such as a non-secure gauge, off-axis placement, or a break in the wire or gauge precluded some 
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mice from strain analysis (Appendix C.1 Table 1). Note that the mice with strain gauge attachment 

errors were still included in other analyses (micro-CT and muscle torque). 

A significant difference in body weight was noted for oim/oim (18.7±2.6 g) compared to 

both Het (28.4±2.1 g; p<0.001) and WT (28.4±1.7 g; p<0.001) mice. Tibial length was also 

significantly lower in oim/oim (16.2±0.8 mm) compared to Het (17.8±0.4 mm; p<0.001) and WT 

(18.1±0.2 mm; p<0.001). There were no significant differences in weight or tibial length between 

WT and Het. 

Muscle Contractile Force and Cross Sectional Area 

Measurements of maximum torque at each stimulation frequency showed significant muscle 

weakness in oim/oim in all but the lowest stimulation frequency (Appendix C.1 Figure 2A). To 

further explore maximum torque during tetanic contraction, data was plotted at the 150 Hz 

stimulation frequency (Appendix C.1 Figure 2B–C). Maximum torque was significantly lower in 

oim/oim by 77% (p<0.001) and 74% (p<0.001) compared to the WT and Het, respectively 

(Appendix C.1 Figure 2B). There was also a marked suppression in the rising slope of the torque-

time curves in the Het compared to the WT (p=0.03) and in the oim/oim compared to both the WT 

(p<0.001) and Het (p<0.001) (Appendix C.1 Figure 2C). Similar to the functional muscle 

assessment, muscle cross-sectional area estimated by micro-CT indicated that oim/oim had 46% 

(p<0.001) and 49% (p<0.001) less muscle area compared to WT and Het (Appendix C.1 Figure 

2D). No significant differences were noted between WT and Het for any muscle parameters. 
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Appendix C.1 Figure 2. Functional and area-based muscle analysis indicated significant muscle 

weakness in oim/oim, but not Het. A) Frequency-based analysis showed reduced maximum torque 

in oim/oim at all but the lowest stimulation frequency (25 Hz). B) Maximum torque at a single 

frequency (150 Hz) further demonstrates this reduction. C) Interestingly, we also noticed that the 

rising torque-time slope was reduced, with oim/oim having the shallowest slope and Het having 

an intermediate slope. D) CT analysis of muscle area also indicated muscle weakness in oim/oim. 

In panel A, “&” indicates comparison between WT and oim/oim and “#’ between Het and oim/oim 

(p<0.001 for both). In panels B-D, *p<0.05, **p<0.01, ***p<0.001 with the bars showing 

comparisons. 

Cortical Bone Structural Parameters 

Oim/oim mice also had significantly smaller bones compared to both WT and Het (Appendix 

C.1 Figure 3A–C). Oim/oim showed a 24% lower cross-sectional area compared to both WT and 

Het (both p<0.01; Appendix C.1 Figure 3D). A similar difference was observed in marrow area 
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(−22% vs WT, −19% vs Het; both p<0.01; Appendix C.1 Figure 3E). Measurements of periosteal 

and endocortical perimeters corroborated these results, with both showing significantly smaller 

values in oim/oim mice (Appendix C.1 Figure 3G–H). This smaller geometry led to 43% and 46% 

lower maximum moment of inertia in oim/oim compared to WT (p<0.05) and Het (p<0.01), 

respectively (Appendix C.1 Figure 3F). Similarly, minimum moment of inertia was 45% and 43% 

lower in oim/oim compared to WT (p<0.01) and Het (p<0.01), respectively. Interestingly, oim/oim 

had significantly higher tissue mineral density than WT (p<0.01) and Het (p<0.05), suggesting 

increased mineralization (Appendix C.1 Figure 3I). No significant differences were noted between 

WT and Het for any cortical parameters. 

 

 

Appendix C.1 Figure 3. Functional Example cortical micro-CT images at the mid-diaphysis of 

A) WT, B) Het, and C) oim/oim. Oim/oim had smaller bones as indicated by D) reduced cross-

sectional area, E) marrow area, G) periosteal bone surface and H) endocortical bone surface. F) 

Together, these resulted in a reduced cross-sectional maximum moment of inertia, suggesting that 

oim/oim bones have reduced resistance to bending. I) Tissue mineral density was increased in 

oim/oim. White scale bars: 0.5 mm. *p<0.05, **p<0.01, ***p<0.001 with the bars showing 

comparisons. 
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Bone Strain and Torque-Strain Interaction 

Despite the significant muscle weakness noted in the oim/oim mice, the engendered tensile 

strain during maximum tetanic contraction at the 150 Hz stimulation frequency was 1488±416 με, 

which is within the range of strains shown to induce a bone formation response in this age of 

mouse.4,5 This value was 41% lower compared to WT (p=0.03). Het values of strain induced at 

150 Hz were intermediate and not significantly different from either WT or oim/oim (Appendix 

C.1 Figure 4B). Similar results were observed at the other frequencies, with all but the lowest two 

frequencies showing significantly lower strain in the oim/oim mice compared to wild-type mice at 

a matched frequency (Appendix C.1 Figure 4A). 

To further demonstrate the relationship between bone and muscle, bone strain per unit of 

muscle torque was calculated. Oim/oim had significantly higher strain per torque compared to both 

WT and Het at all frequencies (Appendix C.1 Figure 4C). At 150 Hz stimulation frequency, 

oim/oim had a 441% greater ratio than WT and a 558% greater ratio than Het (both 

p<0.001; Appendix C.1 Figure 4D). Similarly, when all stimulation frequencies and mice were 

plotted to examine correlations between strain and torque (Appendix C.1 Figure 4E), oim/oim had 

a significantly steeper slope than either WT or Het (both p<0.001). 

Tendon Calcification and Broken Calcaneus 

As assessed by CT (Appendix C.1 Figure 5), oim/oim had the greatest number of mice with 

calcification of the Achilles tendon, though calcification was also observed in some Het. In 

addition, over half of the oim/oim had a broken right calcaneus, with large callus formation 

indicating a fracture that had occurred before the muscle stimulation and that had started to heal. 

These mice (n=4) had 76% lower maximum muscle torque than oim/oim with intact calcaneus 

(n=2). Given that the transmission of force from the muscle goes through the tendon and calcaneus, 

the tendon and calcaneus are likely important contributors to muscle-bone interactions. 
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Appendix C.1 Figure 4. A) Maximum strain was reduced in oim/oim at stimulation frequencies 

greater than 50 Hz. B) Maximum strain at a single frequency (150 Hz) further demonstrates this 

reduction. C) After normalizing strain to torque, oim/oim showed higher strain relative to toque at 

all frequency, and D) further demonstrated at 150 Hz. E) Similarly, grouping all frequencies and 

all mice of a genotype together also demonstrates a higher strain vs torque slope in oim/oim. In 

panels A and C, “&” indicates comparison between WT and oim/oim and “#” between Het and 

oim/oim. In panels B and D, *p<0.05, **p<0.01, ***p<0.001 with the bars showing comparisons. 
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Appendix C.1 Figure 5. Micro-CT image showing calcified tendon and broken calcaneus. The 

percentage of each genotype with either a calcified tendon or broken calcaneus are also shown. 

Discussion 

Mechanical interactions between muscle and bone have long been recognized as integral to 

bone integrity. However, few studies have directly measured these interactions within the context 

of musculoskeletal disease. In this study, we attached a strain gauge to the tibia of healthy and OI 

mice and measured bone strain during muscle contraction. Our primary results showed that 

oim/oim muscle was able to engender an average of ~1500 με on bone despite muscle weakness. 

Even so, this strain value was significantly lower than the ~2500 με engendered by WT mice. 

The first finding was that the oim/oim mice required less muscle torque to engender a given 

bone strain, as may be expected given the reduction in bone properties observed in this model. 

Previous studies have shown that oim/oim have reduced bone mass and bone mechanical 

properties, including stiffness 24,28–30 Although we did not measure mechanical properties in the 

current study, measurements of cortical and cancellous bone geometry and density (Appendix C.1 

Supplemental Text and Figure 1) indicated that oim/oim animals had significantly smaller bones 

with a drastically lower cross sectional moment of inertia. Moment of inertia is a measure of a 

bone’s structural ability to resist bending. Therefore, although moment of inertia is not a direct 

mechanical measurement, a lower moment of inertia would indicate that a bone can more easily 

deform under a given load, similar to what has been reported previously. 
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The reduction in bone properties was paired with reductions in estimated muscle cross-

sectional area and function. Muscle weakness is often observed clinically,16–18,31 and can even be 

considered the presenting sign of OI.32,33 A study by Veilleux et. al showed that OI Type I patients 

had lower average peak force, even after normalizing to muscle cross-sectional area. Similar 

results were noted in the pre-clinical realm, with Gentry et al. showing that the maximum 

contractile force and specific contractile force were lower in the plantaris, gastrocnemius, and 

tibialis anterior of oim/oim mice.25 In the current study, oim/oim mice had reduced maximum 

muscle torque during plantarflexion and lower estimated muscle cross-sectional area. 

Despite the significant muscle weakness, and presumably due to oim/oim bone’s increased 

propensity to bending, the strain engendered on the oim/oim bone during maximum muscle 

contraction was above historical osteogenic strain thresholds,4,5 suggesting at least partial 

conservation in the muscle-bone relationship, even in disease. The implication of this is that 

muscle stimulation, although lower than normal, may be able to mechanically induce bone 

formation in OI. This idea—using muscle to improve OI bone—has been previously explored. In 

a study by Oestreich et al., myostatin deficiency in Het mice resulted in improved bone strength.34 

Similarly, administration of a soluble activin receptor 2B to increase muscle mass in Het also 

increased bone mass.35 Our study suggests that the improvements to bone may be driven—at least 

partially—by the mechanical loading of the bone during muscle contraction. 

Although strain levels in the oim/oim were high relative to historical osteogenic strain 

thresholds, they were still lower than WT, suggesting that even at maximum muscle contraction, 

oim/oim would likely have a reduced bone formation effect. In other words, as Sugiyama et al. 

demonstrated, the bone’s response to mechanical stimulation is linear within the anabolic strain 

region.4 Thus, even though the strain level is anabolic in WT, Het, and oim/oim, the bone 

formation effects would likely be diminished in oim/oim. Similarly, oim/oim may have to exert 

greater forces relative to their maximum contractile force in order to have a desired effect. This 

finding suggests that it may require more “effort” to induce a bone formation response in oim/oim 

than in WT. For example, if we consider ~1000 με as the threshold for bone formation,4,5 then a 

WT mouse—which engenders a maximum of ~2500 με on bone—may only have to exert ~40% 

of its maximum muscle force in order to be above the strain threshold for bone formation. In 

contrast, an oim/oim mouse—which only engenders a maximum of ~1500 με on bone—may need 

to exert nearly 70% of its maximum muscle force to have the same effect. Thus, even though 
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oim/oim had both weaker muscle and weaker bone, the relationship between muscle and bone was 

not fully conserved in this model in that the oim/oim have to exert more “effort” to obtain the same 

strain response. 

It is also important to note that, during standard locomotion, a person rarely exerts maximum 

muscle force. We chose muscle stimulation in the current experiment because it afforded greater 

control over muscle contraction properties, but care must be taken in the interpretation of our data. 

Maximum contraction during muscle stimulation is much higher than observed during normal 

activity. For example, strain values during walking in healthy mice have been reported as 

approximately 200 με of tension,36 which is much lower than the ~2500 με engendered in the WT 

mice during maximum muscle contraction. Despite these differences, the fact that maximum 

muscle stimulation can cause ~1500 με of tensile strain in oim/oim is encouraging, and would 

suggest an interesting avenue for further exploration. 

One important observation in this study was that the Achilles tendon had some calcification 

in most of the oim/oim and half of the Het animals. Previous work have also noted Achilles tendon 

calcification in oim/oim,37,38 and studies of oim/oim tail tendon have indicated that oim/oim had 

reduced mechanical integrity39 and altered structure.40,41 In our study, Het mice with calcification 

of the tendon as determined by the bright streak in the micro-CT had a non-significant reduction 

in maximum muscle torque. In addition, the calcaneus in nearly half of the oim/oim was broken, 

but the presence of a callus indicates that the break occurred prior to muscle stimulation. As might 

be expected, the mice with a broken calcaneus had a much lower maximum muscle torque 

compared to oim/oim with intact bone. Clearly, the tendon and calcaneus are important to force 

transmission from muscle to bone. Although we did not explore this further, additional research 

into the role of the tendon and calcaneus are warranted. 

A few limitations should be noted. First, this study only assessed mechanical interactions of 

muscle and bone, and did not explore chemical interactions, even though those are likely impacted 

as well. A growing body of literature has indicated the importance of muscle-bone molecular and 

biochemical interactions, as demonstrated by an increased number of reviews on the topic.42–

44 However, we have limited our scope to purely mechanical interactions, as could be assessed by 

strain gauging. Second, we also used imaging to estimate muscle cross-sectional area, which does 

not allow us to differentiate skeletal muscle, connective tissue, and adipose. Our estimates show 

differences among groups that are consistent with previous literature using more traditional 
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histological measures. Lastly, the OI murine model used in this study has an α2 chain mutation, 

which is less common in humans. In addition, presence of spontaneous fractures in the long bones 

limits the mice available for studies. Despite these limitations in the mouse model, oim/oim does 

show both muscle and bone weakness as is common in human patients and is the primary reason 

this model was chosen. 

In summary, we have demonstrated that oim/oim mice require less muscle torque to 

engender strain on bone. As a result, although the oim/oim have extreme muscle weakness, 

maximum muscle contraction was still able to engender ~1500 με. This engendered strain was still 

lower in oim/oim than in the WT. Even so, these results are promising in that they show that muscle 

stimulation induces strains above historical bone formation thresholds in oim/oim. 

Supplemental Material 

Cancellous Analysis Methods 

Within the proximal metaphysis, the cancellous bone was automatically segmented from its 

surrounding cortical shell (CTAn, Bruker) and then checked to ensure accuracy of the 

segmentation. Poor segmentations were re-segmented manually. Data were then analyzed to 

determine bone volume fraction (BV/TV), trabecular thickness (Tb.Th), number (Tb.N), 

separation (Tb.Sp), bone mineral density (BMD), and tissue mineral density (TMD). 

Cancellous Results 

As was observed in the mid-diaphysis, oim/oim also had lower bone mass in the metaphysis 

while the difference between WT and Het were statistically indistinguishable. Bone volume 

fraction was 51% and 52% lower in oim/oim compared to WT and Het, respectively (both p<0.001; 

Appendix C.1 Supplemental Figure 1A). Bone mineral density was similarly lower (p<0.01 vs WT 

and Het; Appendix C.1 Supplemental Figure 1F). This difference was predominately driven by the 

49% and 48% lower trabecular number and the 93% and 89% higher trabecular separation 

compared to WT and Het, respectively (all p<0.001; Appendix C.1 Supplemental Figure 1C-D). 

Trabecular thickness was statistically indistinguishable between groups (Appendix C.1 

Supplemental Figure 1B). Unlike in cortical analysis, there was no difference observed in tissue 

mineral density (Appendix C.1 Supplemental Figure 1E). 
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Appendix C.1 Supplemental Figure 1. Micro-CT image showing calcified tendon and broken 

calcaneus. The percentage of each genotype with either a calcified tendon or broken calcaneus are 

also shown. 
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C.2 Effects of Raloxifene and Tibial Loading on Bone Mass and Mechanics in Male and 

Female Mice 

The contents of this section were published in Connective Tissue Research. It can be accessed via 

the following: https://doi.org/10.1080/03008207.2020.1865938.  

Abstract 

Purpose: Raloxifene (RAL) is a selective estrogen receptor modulator (SERM) that has 

previously been shown to cause acellular benefits to bone tissue. Due to these improvements, RAL 

was combined with targeted tibial loading to assess if RAL treatment during periods of active bone 

formation would allow for further mechanical enhancements. Methods: Structural, mechanical, 

and microstructural effects were assessed in bone from C57BL/6 mice that were treated with RAL 

(0.5 mg/kg), tibial loading, or both for 6 weeks, beginning at 10 weeks of age. Results: Ex vivo 

microcomputed tomography (CT) images indicated RAL and loading work together to improve 

bone mass and architecture, especially within the cancellous region of males. Increases in 

cancellous bone volume fraction were heavily driven by increases in trabecular thickness, though 

there were some effects on trabecular spacing and number. In the cortical regions, RAL and 

loading both increased cross-sectional area, cortical area, and cortical thickness. Whole-bone 

mechanical testing primarily indicated the effects of loading. Further characterization through 

Raman spectroscopy and nanoindentation showed load-based changes in mineralization and 

micromechanics, while both loading and RAL caused changes in the secondary collagen structure. 

In contrast to males, in females, there were large load-based effects in the cancellous and cortical 

regions, resulting in increased whole-bone mechanical properties. RAL had less of an effect on 

cancellous and cortical architecture, though some effects were still present. Conclusion: RAL and 

loading work together to impact bone architecture and mechanical integrity, leading to greater 

improvements than either treatment individually. 

Introduction 

Raloxifene (RAL) is an FDA-approved selective estrogen receptor modulator (SERM) used 

to reduce fracture risk in post-menopausal women. It is a nonsteroidal benzothiophene that causes 

anti-resorptive effects in bone, which has been suggested in vitro to occur by both preventing 

osteoclastic and promoting osteoblastic activity.1 These anti-resorptive effects occur without also 
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stimulating proliferation of the breast and endometrium.2,3 The efficacy of RAL in reducing 

vertebral fracture risk has been well demonstrated4,5 and is comparable to that of bisphosphonates.6 

Despite this reduction in fracture risk, improvements in bone quantity due to RAL are modest, 

with a meta-analysis indicating that RAL increased bone mineral density (BMD) of the lumbar 

spine by only 2.5%, as compared to the 4.5-7.5% increase due to risedronate or alendronate.6 

Moreover, a logistic regression model indicated that changes in vertebral BMD only accounted for 

4% of the measured reduction in fracture risk,7 suggesting additional non-mass based effects.  

Although the exact mechanism by which RAL reduces fracture risk is unknown, pre-clinical 

studies have demonstrated that RAL improves material-level properties in bone independent of 

BMD.8-10 Further ex vivo work has shown that, during mechanical loading, RAL alters the transfer 

of load between the collagen and hydroxyapatite, leading to reduced strains in the mineral and 

increased whole-bone toughness11 and fatigue life.12 These data suggest that RAL modifies the 

bone matrix independent of BMD, thus improving material-level properties of bone. For this 

reason, treatment with RAL during periods of active bone formation may allow for further 

mechanical enhancements due its potential ability to more readily access and thereby modify the 

collagen in the time period preceding mineralization. 

One means of inducing active bone formation is mechanical stimulation. Clinically, this has 

been demonstrated through high-impact exercise such as running or jumping.13-16 The exercise 

causes loading of the bone, which results in increased bone mass. In vivo non-invasive mechanical 

loading of the murine tibia has become a common means of loading bone.17-21 In this model, the 

limb of the anesthetized animal is placed in a mechanical tester and cyclically loaded, causing a 

bone formation response. We have demonstrated a 15% increase in cortical thickness in mice that 

were loaded to 2050 µɛ for two weeks.22 

Due to the mass-based improvements associated with loading and the material-level 

improvements associated with RAL, it was hypothesized that treatment with RAL during loading 

would improve bone mechanics beyond either treatment individually. In this study, this concept 

was tested in young male and female mice by treating them with RAL while simultaneously 

loading their right tibia. While tibial loading is not as clinically relevant as exercise, it often leads 

to larger mass-based gains.23 Given that the primary goal of this study was to assess the effects of 

RAL during situations in which bone is being actively formed, tibial loading was utilized. For 

similar reasons, young mice were used due to their greater responsiveness to loading.24 After 
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treatment was completed, computed tomography and mechanical testing to failure were used to 

investigate changes in bone structure and function, respectively. In addition, material-level 

changes in the new bone tissue were assessed by Raman spectroscopy and nanoindentation. 

Methods 

Experimental Overview 

Male and female C57BL/6 mice from an in-house colony were randomly separated into two 

groups: control (CON) and raloxifene (RAL). Beginning at 10 weeks of age, RAL mice were 

injected subcutaneously 5x/week with 0.5 mg/kg RAL. At the same time, both CON and RAL 

mice underwent compressive loading of the right tibia 3x/week. The contralateral limb served as 

a non-loaded control. Based on the sample sizes used in previous studies,22,25,26 one cohort (n=11-

12/group/sex) was allocated to micro-computed tomography (micro-CT) and mechanical testing, 

while a second cohort (n=8/group; male only) was allocated to Raman spectroscopy and 

nanoindentation. Based on the results from cohort 1, only males were included in the second cohort 

so as to reduce the total number of mice. In this group, to enable detection of new bone growth for 

Raman spectroscopy and nanoindentation, the second cohort received a single subcutaneous 

calcein injection (0.15 mL) at the end of the first week. At 16 weeks of age, mice were euthanized 

by CO2 asphyxiation and their tibiae were harvested and stored in phosphate-buffered saline 

(PBS)-soaked gauze at -20°C until use. Mouse numbers and groups are detailed in Appendix C.2 

Table 1. These procedures and subsequent analyses were performed without blinding. All 

procedures were performed with prior approval from the Indiana University School of Medicine 

Institutional Animal Care and Use Committee (IACUC Protocol 11069). 

Appendix C.2 Table 1. Number of mice used for each cohort. For each mouse, both right and left 

tibiae were analyzed (loaded versus non-loaded). 

 COHORT 1 COHORT 2 TOTAL 

 CON RAL CON RAL  

MALE 11 12 8 8 39 

FEMALE 12 12 N/A N/A 24 
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In vivo Compressive Loading 

Mice were anesthetized (2% Isoflurane) and their right tibiae were cyclically loaded in 

compression to a peak force of 10.6 N22 for both males and females.27 The loading profile consisted 

of 2 cycles at 4 Hz followed by a 1-second rest at 2 N, repeated 110 times for a total of 220 

compressive cycles per loading day (3x/week).  

Computed Tomography (CT) 

The frozen, harvested tibiae were scanned by high resolution micro-CT (Skyscan 1172; 

Bruker, Kontich, Belgium) at a nominal isotropic resolution of 10 µm (V = 60 kV, I = 167 μA; 

0.7-degree increment angle; 2 frame averaging). Hydroxyapatite calibration phantoms (0.25 and 

0.75 g/cm3 CaHA) were used to convert gray-scale images to mineral content and to prevent day-

to-day variation from becoming a potential confounding variable. After scanning, the tibiae were 

re-frozen at -20 C until mechanical testing.  

The CT scans were then reconstructed (nRecon) and rotated (DataViewer) to enable 

consistent selection of the cancellous and cortical regions of interest. For cancellous analysis, a 1-

mm thick region of interest in the proximal metaphysis was selected, beginning just distal to the 

growth plate and extending distally.28 The cancellous bone was automatically segmented from the 

surrounding cortical shell in CTAn (Bruker) and then manually checked for accuracy. Each region 

of interest was then analyzed to determine bone volume fraction (BV/TV), trabecular thickness 

(Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), bone mineral density (BMD), 

and tissue mineral density (TMD).  

For cortical analysis, two 1-mm thick regions were selected. The first was centered at the 

mid-diaphysis (50% bone length) and the second at a proximal-mid location (37% of bone length) 

projected to be the site of highest tensile strain.23,29 The mid-diaphysis was selected because it is 

the primary region that was mechanically tested, while the proximal-mid location was selected 

because it is the site of highest tensile strain and therefore, the chosen location for Raman 

spectroscopy and nanoindentation. A consistent grayscale threshold was used to segment bone 

from non-bone. These cortical regions of interest were analyzed in Matlab (MathWorks, Inc. 

Natick, MA) to determine areas (total cross sectional area, cortical area, and marrow area), cortical 

thickness, principal moments of inertia (maximum and minimum), and tissue mineral density.22,23 
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Mechanical Testing 

Following micro-CT, tibiae were monotonically tested to failure using four-point bending 

(3 mm inner loading span; 9 mm outer span) at a rate of 0.025 mm/sec. Tibiae were positioned 

with the loading fixture centered on the mid-diaphysis with the medial side in tension.22 During 

testing, samples were kept hydrated by dripping PBS on the bone. From the load-displacement 

data, forces (yield and maximum), displacements (yield, post-yield, and total), work (yield, post-

yield, and total), and stiffness were calculated. Load-displacement data were normalized to stress-

strain using cortical mid-diaphyseal CT data in conjunction with standard four-point bending 

equations as described previously.22 From the stress-strain data, stresses (yield and maximum), 

strains (yield, post-yield, and total), resilience, toughness, and elastic modulus were determined. 

To plot representative curves, the force-displacement and stress-strain values were averaged for 

each group at yield, maximum force, and failure locations.  

Raman Spectroscopy 

To prepare for Raman spectroscopy and nanoindentation, intact tibia from the second cohort 

were embedded vertically in individual glass tubes using a fast-curing methyl methacrylate 

(MMA) resin (Koldmount; SPI Supplies, West Chester, PA). After curing, embedded tibiae were 

carefully extracted from the glass tubes and mounted into a hydrated low-speed sectioning saw 

(IsoMet Low Speed Precision Cutter, Buehler, Lake Bluff, IL). Embedded tibiae were sectioned 

at 37% of the bone length measured from the proximal end,23 and polished using a 3 µm diamond 

suspension. After polishing, sections were rinsed with PBS and stored frozen in PBS-soaked gauze 

until use. 

Raman spectroscopy was performed using an InVia Raman Spectrometer (Renishaw, 

Wotton-under-Edge, United Kingdom). A 785 nm laser was focused on the bone surface using a 

50X objective to a spot size of ∼1 µm. Using fluorescent calcein labels as guides, five regions of 

new bone spaced at least 10 µm apart in the posterior bone quadrant were assessed. For CON and 

RAL, new bone was assessed in the area inside the endocortical label while for LOAD and 

LOAD+RAL, new bone was assessed outside of the loading-induced periosteal label. The 

endocortical region was selected for CON and RAL samples because neither of these non-loaded 

groups exhibited periosteal calcein labelling as opposed to their loaded counterparts. Spectra were 
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acquired following a 12s exposure at 5% laser power and were averaged across 10 accumulations. 

Baselines were corrected using Renishaw WiRE intelligent fitting software, utilizing an 11th order 

polynomial fit, and cosmic rays were removed. Data was subsequently smoothed using a 2nd order 

Savitzky-Golay filter across 7 data points. Band intensities were calculated for v1-PO4
3- (959 cm-

1), v1-CO3
2- (1071 cm-1), amide III (1246 cm-1), CH2 wag (1450 cm-1), and amide I (1665 cm-1) 

using GRAMS/AI (Thermo Fisher Scientific, Waltham, MA)Relative mineralization was 

determined by the mineral-to-matrix ratio, calculated as band intensity ratios of v1-PO4
3-/Amide I, 

v1-PO4
3-/CH2 wag, and v1-PO4

3-/Amide III as previously described.30 Mineral 

maturity/crystallinity was calculated as the inverse of the full width at half max of the v1-PO4
3- 

band. Type B carbonate substitution was calculated as the band intensity ratio of v1-PO4
3-/v1-CO3

2-

. Relative collagen maturity was determined by fitting subpeaks within the amide I band via second 

derivative spectroscopy. 1660 cm-1 and 1690 cm-1 fitted beneath the amide I band. The spectral 

parameters calculated for each sample region were averaged, yielding a single value for each 

parameter for analysis. 

Nanoindentation 

Following Raman spectroscopy, samples underwent nanoindentation using a Hysitron TI 

980 TriboIndenter (Bruker, Billerica, MA) equipped with a diamond Berkovich probe. Analysis 

was performed in the same regions of new bone as assessed by Raman spectroscopy. The loading 

profile consisted of a 30s loading period, a 120s hold at 1,000 µN, and a 30s unloading period. The 

resulting load-displacement curves were analyzed for reduced modulus and hardness as reported 

previously.31 The data (N=5 per region) were averaged to produce a single value for each parameter 

per region. 

Statistics 

Data are presented as mean ± standard deviation, unless otherwise noted. In addition, each 

sex was statistically analyzed separately. Data were checked for normality of the residuals, and 

any violations were corrected with transformations. Extreme outliers (> 3*IQR) were removed. 

For CT and mechanical testing, a two-way repeated measures ANOVA was then used. Within this 

ANOVA model, the limb (right versus left) was considered the repeated measure and the treatment 
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(RAL versus none) was considered the non-repeated measure. For Raman spectroscopy and 

nanoindentation, the two-way ANOVA was non-repeated due to the loss of some samples during 

processing. Main effects of treatment (between-subject effect), loading (within-subject effect), and 

their interaction (p<0.05) were analyzed. If the interaction term was significant, the two-way 

ANOVA was deemed invalid and instead, a one-way ANOVA was performed. If the one-way 

ANOVA was significant, a post-hoc Tukey’s HSD test was used to assess differences between 

groups. All statistics were performed in Matlab (MathWorks, Inc. Natick, MA) using a custom 

script. In addition, Cohen’s d was calculated for each group (loading, RAL, and combination) 

relative to the non-loaded control to assess relative effect sizes. 

Results 

Cancellous Bone Mass Show Improvements due to Loading and RAL in Male Mice and 

Primarily due to Loading in Female Mice 

Loading and RAL both caused improvements to trabecular architecture in male and female 

mice (Appendix C.2 Figure 1A-B). In male mice, improvements to BMD and bone volume fraction 

were additive, with the combined treatment having greater effects than either treatment 

individually (p<0.001 for all comparisons; Appendix C.2 Figure 1C-D). Assessment of statistical 

effect size further demonstrate this additive response. For BMD, the statistical effect size was 1.00, 

1.46, and 2.42 for loading, RAL, and the combined group, respectively, while for bone volume 

fraction, it was 1.13, 1.48, and 2.84, respectively. These improvements to bone volume fraction 

were driven, in part, by large increases in trabecular thickness (p<0.001 for loading and RAL; 

Appendix C.2 Figure 1E). While both loading and RAL improved trabecular thickness, only 

loading decreased trabecular separation (p<0.01; Appendix C.2 Figure 1F), and only RAL 

improved trabecular number (p<0.01; Appendix C.2 Figure 1G), suggesting differing mechanisms. 

Lastly, TMD was greater in the loaded mice (p<0.01; Appendix C.2 Figure 1H). A noteworthy 

observation was that, with the exception of trabecular thickness and TMD, the effect size due to 

RAL was larger than that due to loading. In addition, for all measurements, the combined effect 

size was greater than either loading or RAL individually. 

Similar to the males, the females had positive effects due both loading and RAL. BMD and 

bone volume fraction were significantly improved by loading (p<0.001 for both), though RAL 
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may also have had some effect on bone volume fraction given that the statistical effect size for the 

combination (2.64) was much larger than either that of loading (1.95) or RAL (1.07) individually 

(p=0.06; Appendix C.2 Figure 1C-D). In addition, both loading and RAL increased trabecular 

thickness, though the effects of loading were much greater (Appendix C.2 Figure 1E). Loading 

also reduced trabecular separation (p=0.01; Appendix C.2 Figure 1F) and increased trabecular 

number (p=0.04; Appendix C.2 Figure 1G). Although RAL did not have a significant impact on 

trabecular separation and number, the statistical effect sizes suggest that the combination treatment 

resulted in greater improvements than loading alone. Namely, for trabecular separation, the 

statistical effect size was -0.27 and -0.23 for loading and RAL, respectively, while in the combined 

group it was -0.62. Even more apparent, for trabecular number, the statistical effect size due to 

loading was only 0.28, while due to RAL was 0.68 and due to the combination was 0.88. Both 

loading and RAL influenced TMD (Appendix C.2 Figure 1H). For all properties except trabecular 

thickness and TMD, the combined effect size was larger than either loading or RAL individually. 

Cortical Bone Mass in the Proximal-Mid and Mid Regions Show Effects of Loading and RAL 

in Males, but Primarily of Loading in Females 

Similar to the cancellous region, the proximal-mid location showed additive effects of 

loading and RAL in the male mice, while in the female mice, the effects of loading were more 

pronounced than that of RAL (Appendix C.2 Figure 2A).  In the male mice, total cross-sectional 

area, cortical area, and cortical thickness were improved by both loading (p=0.02, p<0.01, and 

p<0.001, respectively) and RAL (p<0.001 for all), with both treatments having similar effect sizes. 

When the treatments were combined, the gains were largest (Appendix C.2 Figure 2B-D). Loading 

also significantly increased the maximum moment of inertia (p<0.001; Appendix C.2 Figure 2E), 

while both treatments increased the minimum moment of inertia (p<0.001 and p<0.01 for loading 

and RAL, respectively; Appendix C.2 Figure 2F). While TMD in the cancellous region was 

significantly impacted by loading, there was no effect in the proximal-mid location. 

In the females, both loading and RAL had a significant impact on cross-sectional area and 

cortical thickness (Appendix C.2 Figure 2B, D). Loading also significantly increased cortical area 

(p<0.001; Appendix C.2 Figure 2C) and maximum moment of inertia (Appendix C.2 Figure 2E). 

Both loading and RAL significantly increased minimum moment of inertia (Appendix C.2 Figure 

2F). TMD was also significantly increased with loading (p<0.001; Appendix C.2 Figure 2G). 
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Appendix C.2 Figure 1. Sagittal CT images of the proximal tibia from (A) male and (B) female 

mice qualitatively show increased cancellous bone due to loading and RAL. (C) Quantitative 

measures of bone mineral density (BMD) and (D) bone volume fraction (BV/TV) similarly 

indicate additive mass-based effects due to loading and RAL in males. In females, the loading had 

the more prominent effect than RAL. (E) These improvements were driven by load- and RAL-

based increases to trabecular thickness (Tb.Th), (F) load-based decreases to trabecular spacing 

(Tb.Sp), and (G) load- and RAL-based increases in trabecular number (Tb.N). (H) In addition, 

tissue mineral density (TMD) was increased due to loading in both males and females. For a two-

way ANOVA, a ‘&’ indicates a main effect of RAL and an ‘*’ indicates a main effect of loading. 

If the interaction term was significant, an ‘a’ indicates a significant difference from non-loaded 

control, ‘b’ indicates a significant difference from loaded control, and ‘c’ indicates a significant 

difference from non-loaded RAL. 
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Appendix C.2 Figure 2. (A) Averaged cortical profiles of male and female mice at the proximal-

mid position show improvements due to loading and RAL. (B) Measures of the total cross-

sectional area (Tt.Ar), (C) cortical area (Ct.Ar), and (D) cortical thickness (Ct.Th) were 

significantly impacted by both load and RAL in males, resulting in a graded response. In contrast, 

in females, while there was some effects of RAL, the robust increases were primarily driven by 

load. (E) Maximum moment of inertia (Imax) was impacted by loading in both sexes, while (F) 

minimum moment of inertia (Imin) was positively influenced by RAL as well as the loading. (G) 

Tissue mineral density (TMD) showed no response in males, while it was significantly increased 

with loading in females. For a two-way ANOVA, a ‘&’ indicates a main effect of RAL and an ‘*’ 

indicates a main effect of loading. If the interaction term was significant, an ‘a’ indicates a 

significant difference from non-loaded control, ‘b’ indicates a significant difference from loaded 

control, and ‘c’ indicates a significant difference from non-loaded RAL. 

As was shown for the cancellous and proximal-mid regions, within the mid-cortical region, 

loading and RAL had similar effects in the males, while in females, loading had a greater effect 

than RAL (Appendix C.2 Figure 3A). In males, cross-sectional area showed a graded response, 

only reaching significance in the combined treatment group (Appendix C.2 Figure 3B), whereas 

for cortical area and cortical thickness, the loading, RAL, and combined treatment were all 

significantly different from the non-loaded control (Appendix C.2 Figure 3C-D). Maximum 

moment of inertia showed similar trends as cross-sectional area, with results trending upward for 

loading and RAL but only reaching significance in the combined group (Appendix C.2 Figure 3E). 
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For minimum moment of inertia, RAL had the greater effect (Appendix C.2 Figure 1F). For TMD, 

both RAL groups were significantly lower than the loaded control mice, but not the non-loaded 

control mice (Appendix C.2 Figure 3G). 

For the female mice, cross-sectional area, cortical area, and cortical thickness were all 

improved with both loading and RAL (Appendix C.2 Figure 3B-D), while maximum and minimum 

moments of inertia were only impacted by loading (Appendix C.2 Figure 3E-F). There was no 

effect of either loading or RAL on TMD. 

 

 

Appendix C.2 Figure 3. (A) Averaged cortical profiles of male and female mice at the mid 

location show large improvements due to loading (both males and females) and RAL (primarily 

males). (B) Measures of total cross-sectional area (Tt.Ar) indicate a graded response in males, only 

reaching significance in the combined treatment. In contrast, in females, the robust increases in 

CSA were driven by load. (C) Cortical area (Ct.Ar) and (D) cortical thickness (Ct.Th) were 

increased due to both load and RAL. However, the load-response was more robust than the RAL 

response in females. (E) Maximum and (F) minimum moments of inertia were both increased due 

to loading and RAL in both sexes. (G) Tissue mineral density (TMD) showed very little effects. 

For a two-way ANOVA, a ‘&’ indicates a main effect of RAL and an ‘*’ indicates a main effect 

of loading. If the interaction term was significant, an ‘a’ indicates a significant difference from 

non-loaded control, ‘b’ indicates a significant difference from loaded control, and ‘c’ indicates a 

significant difference from non-loaded RAL. 
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Mechanics Primarily Show an Effect of Loading in Both Males and Females 

Four-point bending to failure, which primarily tests the mechanical integrity of the mid-

cortical region, showed a similar response to loading and RAL as was observed by CT. Namely, 

in males, loading and RAL both improved the structural-level mechanics, though there was no 

additive effect of the combined treatment, while in females, loading alone drove the improvements 

(Appendix C.2 Figure 4A-C; Appendix C.2 Table 2). After normalizing to bone size, estimated 

material-level mechanics indicated significant improvements due only to loading in male and 

female mice (Appendix C.2 Figure 4D-F; Appendix C.2 Table 2). Although non-significant, total 

work and toughness both trended upward with the combined treatment in females. Analysis of 

effect size highlighted this observation in that Load, RAL, and RAL+Load had increasing effect 

sizes for total work (0.628, 0.709, and 0.865, respectively) and toughness (0.368, 0.651, and 

0.665). 

 

 

Appendix C.2 Figure 4. (A) Averaged force-displacement plots for male mice show an upward 

shift in the strength of tibiae that received loading, RAL, and both. (B) In female mice, 

improvements in mechanical properties was primarily driven by loading, as can be observed in (C) 

maximum force. After normalizing to cross-sectional area, stress-strain plots for (D) male and (E) 

female showed similar results as the force-displacement plots, as can also be observed in (F) 

maximum stress. Plots are shown as average ± SEM. For a two-way ANOVA, a ‘&’ indicates a 

main effect of RAL and an ‘*’ indicates a main effect of loading. If the interaction term was 

significant, an ‘a’ indicates a significant difference from non-loaded control, ‘b’ indicates a 

significant difference from loaded control, and ‘c’ indicates a significant difference from non-

loaded RAL. 
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Appendix C.2 Table 2. Mechanical properties for male and female mice. A ‘*’ indicates a 

significant effect of load and a ‘+’ indicates a significant effect of treatment (p<0.05). In the case 

of significant interaction term, a one-way ANOVA with post-hoc Tukey HSD test was performed. 

An ‘a’ indicates a significant difference from CON, a ‘b’ indicates a significant difference from 

LOAD, and a ‘c’ indicates a significant difference from RAL (p<0.05). 

 CON LOAD RAL RAL+LOAD 

MALE (n=11) (n=11) (n=12) (n=12) 

Yield Force (N) *+ 15.0±2.5 18.8±2.5 18.3±1.9 20.1±3.0 

Maximum Force (N) 17.1±2.6 20.9±3.0 a 21.8±3.7 a 22.5±2.8 a 

Displacement to Yield (µm) 227±17 250±16 a 233±5 238±14 

Postyield Displacement (µm) 572±260 616±294 571±324 369±206 

Total Displacement (µm) 799±265 859±278 819±315 617±205 

Stiffness (N/mm) * 75.4±13.1 89.3±23.7 86.3±11.5 92.2±12.8 

Work to Yield (mJ) 1.87±0.32 2.48±0.27 a 2.34±0.24 a 2.51±0.28 a 

Postyield Work (mJ) 6.12±2.81 9.17±5.64 8.21±3.84 6.35±3.34 

Total Work (mJ) 7.99±2.71 11.64±5.56 10.83±3.88 9.12±3.45 

Yield Stress (MPa) * 181±18 203±10 198±27 204±17 

Maximum Stress (MPa) * 207±18 225±17 224±21 227±17 

Strain to Yield (mɛ) 17.1±1.4 18.4±2.0 18.1±0.6 18.8±0.6 

Total Strain (mɛ) 59.5±18.2 65.0±21.4 63.5±24.0 48.8±16.0 

Modulus (GPa) 12.0±0.8 12.7±2.2 11.8±2.1 12.0±0.9 

Resilience (MPa) * 1.71±0.27 2.03±0.19 1.94±0.15 2.06±0.19 

Toughness (MPa) 7.39±2.72 9.44±3.92 8.73±3.11 7.34±2.93 

FEMALE (n=12) (n=12) (n=12) (n=12) 

Yield Force (N) * 16.5±1.9 20.5±1.9 17.0±3.3 19.0±2.1 

Maximum Force (N) * 17.9±1.7 23.7±2.9 18.7±2.9 22.3±4.1 

Displacement to Yield (µm) 237±18 220±20 222±21 231±18 

Postyield Displacement (µm) 378±252 300±205 451±232 429±373 

Total Displacement (µm) 615±251 520±201 673±227 661±383 

Stiffness (N/mm) 79.3±11.9 107.3±19.9 a 87.9±21.2 b 93.5±12.3 

Work to Yield (mJ) * 2.14±0.27 2.46±0.17 2.07±0.38 2.41±0.32 

Postyield Work (mJ) 4.13±2.22 6.06±4.60 6.13±3.32 8.30±6.78 
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Appendix C.2 Table 2 continued. 

Total Work (mJ) 6.27±2.09 8.53±4.62 8.20±3.23 10.71±6.94 

Yield Stress (MPa) 225±29 227±33 221±40 215±22 

Maximum Stress (MPa) * 245±23 260±26 244±34 250±21 

Strain to Yield (mɛ) 17.3±1.4 17.2±1.3 16.6±1.5 17.7±1.1 

Total Strain (mɛ) 45.0±18.3 40.4±14.9 50.3±16.5 50.5±28.3 

Modulus (GPa) 14.8±2.4 15.1±3.3 15.3±3.2 13.8±1.5 

Resilience (MPa) 2.14±0.28 2.13±0.25 2.02±0.38 2.09±0.28 

Toughness (MPa) 6.25±1.99 7.41±3.99 7.96±3.15 8.92±5.32 

Loading and Raloxifene Treatment alter Matrix Composition in Newly Formed Bone 

Regions of new bone growth were determined using fluorescent calcein labels (Appendix 

C.2 Figure 5A-D). For the loaded bones, the periosteal surface was assessed, while for the non-

loaded bones, the endocortical surface was assessed due to the lack of periosteal labelling. Raman 

spectroscopic measures of relative mineralization, as described by both the ν1-PO4
3/Amide I and 

ν1-PO4
3/Amide III band intensity ratios, were not significantly impacted by loading or RAL 

treatment. However, when calculated as the ν1-PO4
3/CH2 wag band intensity ratio, relative 

mineralization was significantly increased by loading (p < 0.001), but not RAL (Appendix C.2 

Figure 5E). Similarly, mineral crystallinity was also significantly increased in loaded limbs (p = 

0.04) but was not affected by RAL treatment (Appendix C.2 Figure 5F). Both loading and RAL 

did cause an increase in Type B carbonate substitution as determined by the ν1-CO3
2-/ ν1-PO4

3 band 

intensity ratio (p = 0.02 and p < 0.01, respectively; Appendix C.2 Figure 5G). Finally, relative 

collagen maturity was significantly increased by both loading and RAL treatment (Appendix C.2 

Figure 5H). 

Loading Increases Reduced Modulus and Hardness in Newly Formed Bone 

In an effort to understand the local mechanics of the newly formed bone, we calculated 

hardness and reduced elastic modulus from nanoindentation curves (Appendix C.2 Figure 6). 

Results showed that both were significantly increased in limbs that underwent loading (p < 0.01 

and p < 0.01, respectively), but not significantly altered by RAL treatment. 
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Appendix C.2 Figure 5. Raman spectra of newly formed bone were acquired in (A) non-loaded 

control, (B) loaded control, (C) non-loaded RAL, and (D) loaded RAL tibiae using fluorescent 

calcein labelling for visualization. White arrows show regions of periosteal bone growth in the 

loaded limbs. (E) Relative mineralization and (F) mineral crystallinity were both elevated due to 

loading, while (G) Type B carbonate substitution was increased due to RAL. (H) Collagen maturity 

ratio indicated increased collagen maturity due to both loading and RAL. For a two-way ANOVA, 

a ‘&’ indicates a main effect of RAL and an ‘*’ indicates a main effect of loading. If the interaction 

term was significant, an ‘a’ indicates a significant difference from non-loaded control, ‘b’ indicates 

a significant difference from loaded control, and ‘c’ indicates a significant difference from non-

loaded RAL. Arrows indicate locations of new bone growth. 

 

Appendix C.2 Figure 6. (A) Representative indentation plot showing loading and unloading 

curves. (B) Hardness and (C) modulus both showed increases due to loading, but not due to RAL. 
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Discussion 

Raloxifene is a selective estrogen receptor modulator (SERM) that has been shown to reduce 

fracture risk in osteoporosis patients11,32 through both quantity- and quality-based improvements.  

We therefore hypothesized that the presence of RAL during periods of active bone formation (i.e. 

prior and during mineralization) would enable tissue-based improvements to a greater degree than 

during periods of little bone formation. In addition, while previous work has demonstrated that 

adding aerobic exercise during RAL treatment can further increase BMD,33 little work has been 

performed to assess the individual and combined impacts of RAL and mechanical stimulation, 

especially as it relates to metrics beyond that of BMD. Results in males demonstrate that loading 

and RAL have distinct impacts on the bone tissue, making the combination treatment a 

consideration to provide additional improvements beyond either treatment alone. 

Tibial loading is a common method used to induce a robust bone formation response.17-23 

While physical exercise, such as running, is more clinically relevant, tibial loading has the 

advantage of a more robust bone-formation response.23 Previous work from our group has shown 

that loading female C57BL/6 mice to 10.6 N for only 2 weeks (9 total loading bouts) can increase 

cortical thickness by 15%.22 In the current study, we extended the loading to 6 weeks to provide 

additional time to observe the effects of RAL, and noted an average mid-cortical thickness increase 

of 26% in females. For the males, we chose to use the same peak load level as for females (10.6 

N), given previous work that showed similar adaptive response in the cancellous region for both 

sexes.27 Our work, in general, showed less responsiveness in the males than females (although the 

comparison was not statistically analyzed). In the cortical region, this difference in responsiveness 

is demonstrated by the 12% increase in cortical thickness observed with loading in the CON males 

compared to the 26% increase observed in CON females. In the same way, in the cancellous region, 

loading resulted in a 22% increase in bone volume fraction in CON males, compared to the 58% 

increase in females. One potential reason for this discrepancy could be an increase in background 

activity (e.g. cage fighting) among the group-housed males.34 Alternatively, there may have been 

differences in load level and profile; however, since we did not verify strain levels induced in the 

bone prior to this study, direct comparisons are challenging. Even so, our primary objective in 

loading the tibiae was to induce a robust bone formation response which did occur in both males 

and females.  
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During this period of active bone formation, RAL was given to the mice. Previous work with 

RAL has demonstrated its ability to improve post-yield behavior in bone.11 In addition, the mere 

presence of RAL ex vivo alters the transfer of load between the collagen and hydroxyapatite during 

mechanical loading.11 Since the studies were shown in mineralized bone where access to the 

collagen may be inhibited, we hypothesized that RAL during tibial loading would create an 

environment whereby bone could be further improved. In this regard, we did observe some 

beneficial effects of RAL and loading, though the most pronounced effects were the mass-based 

outcomes observed within the cancellous region. In the clinic, RAL is known to only modestly 

improve bone mass, making these preclinical results interesting. Even so, these results do align 

with other preclinical work.28,35 While cancellous effects were additive, effects in the mid-cortical 

region appeared to plateau. RAL and loading both had a positive impact, but their combination 

provided only modest further benefit. 

RAL, like loading, improved maximum mechanical force. However, in the combination 

group, the effect plateaued such that loading, RAL, and the combination treatment all showed 

similar improvements. In females, the RAL+loading seemed to recover post-yield properties, 

increasing the effect size of total work and toughness versus non-loaded control bones, though 

results were non-significant. A previous study exploring the combination of RAL and a 

bisphosphonate treatment showed similar modest effects of RAL on mechanical properties.35 Of 

particular interest is that, in that study, the effect of treatment on diseased bone was greater than 

that of healthy bone in the osteogenesis imperfecta murine model. While it is unclear why there 

were few whole-bone mechanical effects due to RAL in the current study, the previous work does 

suggest that bone may reach a point such that it is hard to make the already healthy bone any 

better.35 As such, applying this combined treatment strategy in diseased bone is an important next 

step. 

While whole-bone mechanical improvements were primarily loading-based, the secondary 

goal of this study was to assess if the newly deposited bone matrix was materially different among 

the treatment groups. For this sub-study, the decision to use only male mice was driven by a 

concern that the large loading-based effects in females would obscure the effects of RAL in the 

combined treatment group. In contrast, the mass-based effects in males at the proximal-mid 

location was graded, showing clear contributions of both loading and RAL. Others have reported 

that although bone size and shape are heavily affected by sex, the tissue-level material properties 
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are less dependent.36 For these reasons, we chose to focus the Raman spectroscopy and 

nanoindentation on male mice.  

When normalizing phosphate peak intensity by that of the amide I or amide III bands, 

relative mineralization remained unchanged. However, since this metric is relative, it may be that 

the osteoblasts deposited both mineral and collagen, resulting in no change in the mineral-to-

matrix ratio. This finding is further supported by the increased modulus and hardness in bone that 

underwent loading, which is most likely due to increased local mineralization.37 Like loading, RAL 

has been shown to increase osteoblast collagen deposition, as well as slightly increase or preserve 

bone mineral density,38 which may have similarly resulted in a zero net change in these 

mineral/matrix ratios. Interestingly, a significant effect of loading was found when comparing the 

phosphate peak intensity to that of the CH2 wag peak. In bone, the CH2 wag peak originates 

primarily from the side chains of glycine, proline, and hydroxyproline found in collagen.39 It is 

therefore possible that mechanical loading led to increased non-collagenous proteins (NCPs) in 

the bone matrix that contribute to the amide peaks, but due to their smaller CH2 content compared 

to collagen, contribute little to the CH2 wag peak.  

Loading also significantly increased mineral crystallinity which is interesting given the lack 

of effect on type B carbonate substitution. In synthetic HA, increasing carbonate substitution 

typically decreases crystal perfection as carbonate substitutes for phosphate, increasing the length 

of the c-axis while decreasing the a-axis.40,41 However, it should be noted that crystallinity also 

assesses the size and shape of the mineral crystals and not just perfection, which may have driven 

these effects. In addition, while the inverse relationship between carbonate substitution and 

crystallinity has been observed in bone, several studies examining the effects of aging on matrix 

composition have noted that crystallinity and carbonate content each tend to increase with age.37,42 

While the change in crystallinity was modest, it is possible that loading induced additional changes 

in crystal substitution that normalized the overall crystallinity measure. Further studies are needed 

to assess the contribution of additional ionic substitutions to the Raman crystallinity parameter.  

Although loading did not increase type B carbonate substitution, RAL treatment did, which 

may be indicative of less mature bone tissue that has not yet undergone remodeling to remove 

carbonate. Two studies have examined the response of osteoblastic cells to carbonated 

hydroxyapatite in comparison to pure hydroxyapatite (HA). When considered together, these 

studies demonstrate that osteoblasts produce more mineral and proliferate more rapidly when in 
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contact with carbonated HA.43,44 Therefore, RAL-induced bone formation on the periosteal surface 

may utilize increased carbonation to enhance the capacity for osteoblasts to lay new bone. In terms 

of mechanical properties, previous studies have demonstrated a negative correlation between 

carbonate substitution and fracture toughness on the whole bone level and reduced modulus and 

hardness on the tissue level.45,46 Interestingly, no correlation was seen with structural mechanical 

properties including modulus and ultimate strength.47 Decreased tissue-level properties are thought 

to be related to internal strains created by carbonate within the bone matrix that result in altered 

crystal formation and elongation.48 In our study, we did not observe changes in reduced modulus 

or hardness in RAL-treated samples in regions with increased relative carbonate content. We 

hypothesize that RAL may interact with the matrix and stabilize mineral crystals that contain 

carbonate substitutions, normalizing the mechanical properties of the region, a process that may 

also involve increased matrix-bound water. 

It was further observed that RAL increased the relative collagen maturity of newly formed 

bone tissue. This parameter, measured as the 1660 cm-1/1690 cm-1 subpeak area ratios, likely 

represents changes in the secondary structure of collagen due to changes in content or shape driven 

by increased mineralization.49 In general, proper collagen structure and alignment is responsible 

for providing bone tissue with toughness and post-yield mechanical integrity.50 Thus, given these 

direct changes in the secondary structure of collagen, fatigue and fracture toughness testing may 

better reflect the mechanical outcome of these changes as compared to the monotonic test to failure 

that was performed in this study. Future work involving dynamic mechanical analysis can provide 

information on how collagen and RAL treatment impact the viscoelastic properties of bone on the 

microscale. 

As a limitation, we note that in order to cut and polish bone samples for Raman spectroscopy 

and nanoindentation, bones were embedded in Koldmount, a fast-curing methyl methacrylate 

(MMA) resin. This method of embedding was selected because it does not require the bone to be 

dehydrated and it cures rapidly. A previous study demonstrated that embedding bone in 

polymethylmethacrylate (PMMA) significantly altered the mineral/matrix ratio normalized to the 

CH2 wag peak.51 However, this process utilized a slow-curing method that involved dehydration 

and soaking the bone in xylenes before undergoing a 7-day infiltration with MMA. In this case, 

bone composition is altered by dehydration and matrix infiltration which could result in increased 

free radical release deep into the bone matrix during polymerization. While the effects of 
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Koldmount embedding on bone Raman signatures and other matrix properties have not been 

directly studied, this method does not require dehydration or infiltration and likely preserves 

hydration of the bone tissue and limits free radical infiltration to the bone surface. Therefore, 

alterations in the CH2 wag peak area are less likely to have been caused by the method of 

embedding and may reflect actual changes in the protein content of the bone matrix. 

In summary, it was demonstrated that RAL and loading work together to improve bone size 

and architecture, especially within the cancellous region. In the cortical regions, there were some 

combination effects in the males, even at the microstructural-level which showed load-based 

changes in mineralization and RAL-based changes in the secondary collagen structure. In females, 

the large load-based effects in the cortical region obscured many effects of RAL, though some 

effects were still present. Future work will aim to explore the response of combined treatment in 

diseased tissue, which may provide a platform to observe even greater effects and potentially 

reverse the negative quality-based impacts of disease. 

Supplemental Material 

 

Appendix C.2 Supplemental Figure 1. Representative Raman spectra show the locations of the 

peaks used in the calculation of Raman parameters. 
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Appendix C.2 Supplemental Table 1. Cancellous bone analysis as assessed by CT. A ‘*’ 

indicates a significant effect of load and a ‘+’ indicates a significant effect of treatment (p<0.05). 

In the case of significant interaction term, a one-way ANOVA with post-hoc Tukey HSD test was 

performed. An ‘a’ indicates a significant difference from CON, a ‘b’ indicates a significant 

difference from LOAD, and a ‘c’ indicates a significant difference from RAL (p<0.05). 

 CON LOAD RAL RAL+LOAD 

MALE (n=11) (n=11) (n=12) (n=12) 

Bone Mineral Density (g/cm3) *+ 0.166±0.028 0.202±0.042 0.227±0.052 0.262±0.048 

Bone Volume Fraction (%) *+ 14.8±2.4 18.0±3.2 20.1±4.5 23.7±3.7 

Trabecular Thickness (µm) *+ 58.9±2.0 72.8±6.6 66.7±4.6 76.3±3.3 

Trabecular Spacing (µm) * 190±8 189±14 188±12 181±13 

Trabecular Number (1/mm) + 2.51±0.35 2.47±0.38 3.00±0.50 3.11±0.50 

Tissue Mineral Density (g/cm3) * 0.719±0.022 0.764±0.036 0.748±0.034 0.778±0.035 

FEMALE (n=12) (n=12) (n=12) (n=12) 

Bone Mineral Density (g/cm3) * 0.137±0.023 0.201±0.037 0.164±0.021 0.212±0.038 

Bone Volume Fraction (%) * 10.5±2.8 16.6±3.4 13.0±1.7 18.0±2.8 

Trabecular Thickness (µm) 61.3±2.0 90.7±8.6 a 66.3±2.2 a,b 88.4±8.4 a,c 

Trabecular Spacing (µm) * 274±45 262±42 264±36 249±36 

Trabecular Number (1/mm) * 1.72±0.45 1.83±0.37 1.96±0.23 2.04±0.25 

Tissue Mineral Density (g/cm3) 0.733±0.026 0.822±0.045 a 0.754±0.029 b 0.809±0.041 a,c 

 

  



 

173 

Appendix C.2 Supplemental Table 2. Cortical bone analysis of the proximal-mid region as 

assessed by CT. A ‘*’ indicates a significant effect of load and a ‘+’ indicates a significant effect 

of treatment (p<0.05). In the case of significant interaction term, a one-way ANOVA with post-

hoc Tukey HSD test was performed. An ‘a’ indicates a significant difference from CON, a ‘b’ 

indicates a significant difference from LOAD, and a ‘c’ indicates a significant difference from 

RAL (p<0.05). 

 CON LOAD RAL RAL+LOAD 

MALE (n=11) (n=11) (n=12) (n=12) 

Total Cross-Sectional Area 

(mm2) *+ 

1.38±0.14 1.52±0.13 1.53±0.11 1.62±0.12 

Cortical Area (mm2) *+ 0.834±0.075 0.956±0.070 0.955±0.075 1.025±0.072 

Cortical Thickness (mm) *+ 0.241±0.011 0.265±0.016 0.264±0.015 0.276±0.013 

Maximum Moment of Inertia 

(mm4) * 

0.292±0.059 0.348±0.052 0.337±0.047 0.367±0.055 

Minimum Moment of Inertia 

(mm4) *+ 

0.087±0.020 0.106±0.017 0.111±0.016 0.126±0.017 

Tissue Mineral Density (g/cm3) 0.787±0.015 0.800±0.019 0.782±0.020 0.788±0.021 

FEMALE (n=12) (n=12) (n=12) (n=12) 

Total Cross-Sectional Area 

(mm2) 

1.24±0.04 1.51±0.11 a 1.30±0.07 b 1.48±0.13 a,c 

Cortical Area (mm2) * 0.781±0.032 1.000±0.089 0.832±0.037 0.985±0.100 

Cortical Thickness (mm) 0.239±0.007 0.289±0.022 a 0.252±0.006 a,b 0.286±0.022 a,c 

Maximum Moment of Inertia 

(mm4) 

0.244±0.026 0.322±0.042 a 0.253±0.035 b 0.306±0.056 a,c 

Minimum Moment of Inertia 

(mm4) 

0.069±0.005 0.111±0.020 a 0.078±0.007 a,b 0.106±0.020 a,c 

Tissue Mineral Density (g/cm3) * 0.805±0.018 0.817±0.018 0.809±0.010 0.825±0.016 
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Appendix C.2 Supplemental Table 3. Cortical bone analysis of the mid-diaphysis as assessed by 

CT. A ‘*’ indicates a significant effect of load and a ‘+’ indicates a significant effect of treatment 

(p<0.05). In the case of significant interaction term, a one-way ANOVA with post-hoc Tukey HSD 

test was performed. An ‘a’ indicates a significant difference from CON, a ‘b’ indicates a significant 

difference from LOAD, and a ‘c’ indicates a significant difference from RAL (p<0.05). 

 CON LOAD RAL RAL+LOAD 

MALE (n=11) (n=11) (n=12) (n=12) 

Total Cross-Sectional 

Area (mm2) 

1.060±0.118 1.141±0.100 1.190±0.134 1.213±0.130 a 

Cortical Area (mm2) 0.660±0.068 0.761±0.060 a 0.774±0.080 a 0.813±0.087 a 

Cortical Thickness (mm) 0.223±0.012 0.249±0.008 a 0.249±0.014 a 0.262±0.015 a 

Maximum Moment of 

Inertia (mm4) 

0.102±0.026 0.124±0.024 0.132±0.036 0.139±0.036 a 

Minimum Moment of 

Inertia (mm4) 

0.064±0.012 0.075±0.011 0.081±0.015 a 0.085±0.015 a 

Tissue Mineral Density 

(g/cm3) 

0.888±0.012 0.894±0.014 0.876±0.015 b 0.875±0.018 b 

FEMALE (n=12) (n=12) (n=12) (n=12) 

Total Cross-Sectional 

Area (mm2) 

0.955±0.044 1.137±0.109 a 0.988±0.072 b 1.101±0.125 a,c 

Cortical Area (mm2) 0.593±0.022 0.788±0.085 a 0.647±0.027 a,b 0.773±0.092 a,c 

Cortical Thickness (mm) 0.211±0.007 0.266±0.019 a 0.230±0.007 a,b 0.267±0.018 a,c 

Maximum Moment of 

Inertia (mm4) 

0.075±0.008 0.122±0.028 a 0.084±0.012 b 0.114±0.031 a,c 

Minimum Moment of 

Inertia (mm4) 

0.056±0.005 0.076±0.012 a 0.061±0.008 b 0.073±0.014 a,c 

Tissue Mineral Density 

(g/cm3) 

0.896±0.018 0.893±0.011 0.899±0.014 0.901±0.014 
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Appendix C.2 Supplemental Table 4. Raman spectroscopy measures of new bone. A ‘*’ 

indicates a significant effect of load and a ‘+’ indicates a significant effect of treatment (p<0.05). 

In the case of significant interaction term, a one-way ANOVA with post-hoc Tukey HSD test was 

performed. An ‘a’ indicates a significant difference from CON, a ‘b’ indicates a significant 

difference from LOAD, and a ‘c’ indicates a significant difference from RAL (p<0.05). 

 CON LOAD RAL RAL+LOAD 

MALE (n=7) (n=5) (n=7) (n=6) 

v1-PO4
3/CH2 Wag  

Intensity Ratio * 

10.4±0.4 12.6±0.5 11.5±1.6 12.3±0.9 

Mineral Crystallinity 

(FWHM-1) * 

0.0488±0.0011 0.0500±0.0000 0.0492±0.0008 0.0495±0.0008 

v1-CO3
2-/v1-PO4

3  

Intensity Ratio *+ 

0.161±0.008 0.167±0.003 0.168±0.006 0.175±0.005 

1660/1690 Area Ratio 2.06±0.22 3.36±0.80 a 3.52±1.25 a 4.21±1.38 a 

Appendix C.2 Supplemental Table 5. Nanoindentation measures of new bone. A ‘*’ indicates a 

significant effect of load and a ‘+’ indicates a significant effect of treatment (p<0.05). 

 CON LOAD RAL RAL+LOAD 

MALE (n=5) (n=7) (n=5) (n=6) 

Hardness (MPa) * 591±196 724±141 532±214 800±94 

Modulus (GPa) * 21.1±4.0 24.2±2.1 19.2±5.4 24.9±1.8 
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C.3 Treadmill Running and Targeted Tibial Loading Differentially Improve Bone Mass in 

Mice 

The contents of this section were published in Bone Reports. It can be accessed via the following: 

https://doi.org/10.1016/j.bonr.2019.100195.  

Abstract 

Treadmill running and tibial loading are two common modalities used to assess the role of 

mechanical stimulation on the skeleton preclinically. The primary advantage of treadmill running 

is its physiological relevance. However, the applied load is complex and multiaxial, with observed 

results influenced by cardiovascular and musculoskeletal effects. In contrast, with tibial loading, a 

direct uniaxial load is applied to a single bone, providing the advantage of greater control but with 

less physiological relevance. Despite the importance and wide-spread use of both modalities, direct 

comparisons are lacking. In this study, we compared effects of targeted tibial loading, treadmill 

running, and their combination on cancellous and cortical architecture in a murine model. We show 

that tibial loading and treadmill running differentially improve bone mass, with tibial loading 

resulting in thicker trabeculae and increased cortical mass, and exercise resulting in greater number 

of trabeculae and no cortical mass-based effects. Combination of the modalities resulted in an 

additive response. These data suggest that tibial loading and exercise may improve mass 

differentially. 

Introduction 

Bone is a dynamic structure that can alter its mass and architecture to accommodate a 

changing environment. Increases in load result in increased bone mass, and conversely, decreases 

in load result in decreased bone mass. This theory of bone adaption, referred to as mechanostat, 

has been well-established in both clinical1,2 and preclinical3 studies. Within the preclinical realm, 

studies can often be broadly separated into two groups: 1) exercise-based and 2) external 

mechanical stimulation.  

For exercise studies, animals undergo some form of physical activity, such as running,4-6 

jumping,7,8 or swimming,9,10 causing stimulation of the bone and thereby inducing a bone 

formation response. The primary advantage of these models is their physiological relevance and 

translatability. However, this is also the primary disadvantage in that systemic effects are difficult, 
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if not impossible, to fully account for. Loads are multiaxial, and the observed results are influenced 

by cardiovascular and muscular effects, in addition to the applied mechanical strains engendered 

on bone. In general, most running studies have shown positive influence on cancellous bone mass 

and cortical mechanical integrity, though these results are heavily influenced by sex,5 age,11 and 

analysis location.4 While these studies are important, the lack of control over the loading profile 

has made it difficult to assess the effect of specific alterations to loading stimulus or to target 

specific mechanotransduction pathways. 

More recently, external mechanical stimulation protocols have been developed, providing 

researchers with the advantage of greater control but with less physiological relevance. These 

protocols apply a direct, predominately uniaxial, load to a single bone or limb, enabling control 

over the precise stimulus delivered to the bone.12-14 Although a variety of external mechanical 

stimulation protocols have been utilized, one increasingly popular method is tibial loading, in 

which the tibia of an anesthetized rodent is placed within a mechanical test device and non-

invasively loaded with a cyclic waveform.14 The increased control in these models has enabled 

researchers to explore types of loads that are anabolic. For example, bone formation is both strain15 

and strain rate16,17 dependent. Mechanistic studies have also been conducted, with targeted loading 

used to tease out the role of various molecules in mechanotrasduction pathways.18,19 Despite these 

advantages, the physiological relevance of this model is less clearly defined.  

While both types of models engender strain stimulus on bone and induce a bone formation 

response, previous data in our lab has suggested that exercise and tibial loading may differentially 

improve bone mass; however, few studies have assessed this question. Results drawn from one 

type are often used to interpret findings from a different type of loading. The primary goal of this 

study was to explicitly show some of these differences. Moreover, if mechanisms of bone 

formation are different, it would imply that the combined effects of exercise and tibial loading 

should increase bone’s response in an additive manner. To test this hypothesis, we compared 

effects of targeted tibial loading, treadmill running, and their combination on cancellous and 

cortical architecture in a murine model. 
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Methods 

Experimental Overview 

All procedures were performed with prior approval from the Indiana University School of 

Science Institutional Animal Care and Use Committee (IACUC). Male C57Bl/6J mice were 

purchased from Jackson Laboratory (Bar Harbor, ME) and separated into two groups: exercise 

(EX; n=12) and sedentary control (SED; n=12). All mice were housed individually to prevent cage 

fighting which may mask effects of loading,20 but we did not measure the background loading 

between groups. Beginning at 8 weeks of age, both exercise and sedentary mice underwent 

compressive loading of the right tibia (details below) for two consecutive days every other week 

(i.e. Mon/Tues of weeks 1, 3, and 5). The contralateral limb was used as an internal non-loaded 

control.21 On the remaining days of each week and on the alternating weeks, the exercise mice ran 

on a treadmill (details below). At 14 weeks of age, mice were euthanized and their tibiae stored 

wrapped in phosphate-buffered saline (PBS)-soaked gauze at -20 °C. This study design resulted in 

four groups (n=12/group): 1) no exercise and non-loaded, 2) no exercise and loaded, 3) exercise 

and non-loaded, and 4) exercise and loaded (Figure 1). 

 

 

Appendix C.3 Figure 1. Experimental overview showing A) groups and B) loading and exercise 

schedule. 

In vivo Tibial Loading 

Mice were anesthetized (2% Isoflurane) and their right limb cyclically loaded in 

compression. Each loading profile consisted of 2 cycles at 4 Hz to 11.9 N, followed by a 1-second 

rest at 2 N, repeated 110 times for a total of 220 compressive cycles per day. This profile differs 

from that previously reported from our group22 due to the observation of limping in later cohorts 

of mice (data unpublished). We found that increasing the frequency to 4 Hz and holding the load 
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at 2 N during the rest period reduced limping. In the current study, limping was not observed. 

Moreover, the load level is within the range of loads shown to induce a bone formation 

response.14,15,22 Note that although we did not perform histology, we did not observe any signs of 

woven bone from micro-computed tomography (micro-CT).  

Treadmill Running 

On exercise days, the exercise group ran on a treadmill (Animal Treadmill: Exer 3/6; 

Columbus Instruments, Columbus, OH, USA) at a 5° incline for 30 min. Over the first few days 

of exercise, mice were acclimated to the treadmill, beginning at a rate of 6 m/min and slowly 

building up to 12 m/min. By the second week, all mice maintained a 12 m/min rate for the duration 

of the running bout. 

Computed Tomography (CT) 

Harvested tibiae were scanned by high resolution micro-CT (Skyscan 1172; Bruker, 

Kontich, Belgium) using the following parameters: 10 µm resolution, 60 kV tube voltage, 167 μA 

current, 0.7-degree increment angle, and 2-frame averaging. To convert gray-scale images to 

mineral content, hydroxyapatite calibration phantoms (0.25 and 0.75 g/cm3 CaHA) were also 

scanned. After reconstruction and rotation using Bruker software (nRecon and DataViewer), 

regions of interest were selected in the proximal metaphysis, proximal-mid diaphysis, and mid-

diaphysis for analysis. 

The proximal metaphysis was selected as a 2-mm region of interest, beginning at the distal 

end of the proximal growth plate and extending distally. Cancellous bone was then automatically 

segmented from its surrounding cortical shell in CTAn (Bruker) and manually checked for 

accuracy of segmentation. The region of interest was then analyzed in CTAn to determine bone 

volume fraction (BV/TV), trabecular thickness (Tb.Th), number (Tb.N), separation (Tb.Sp), bone 

mineral density (BMD), and tissue mineral density (TMD).   

For the proximal-mid and mid-diaphysis locations, a 1-mm region of interest was selected 

at 37% and 50% of the bone length, respectively, measured from the top of the bone. The cortical 

shaft was analyzed (Matlab, MathWorks, Inc. Natick, MA) to determine areas (total cross sectional 

area [Tt.Ar], cortical area [Ct.Ar], and marrow area [Ma.Ar]), cortical thickness (Ct.Th), cortical 
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area fraction (Ct.Ar/Tt.Ar), perimeters (periosteal [Ps.Pm] and endocortical [Ec.Pm]), principal 

moments of inertia (Imax and Imin), and tissue mineral density (TMD). 

Statistics 

Main effects of exercise and tibial loading were assessed in Prism (v7.03, Graphpad) by 

repeated measures two-way ANOVA to assess the main effects of loading (within-subject effect), 

exercise (between-subject effect), and their interaction (p < 0.05). No significant interaction terms 

were noted for these data and, therefore, no post hoc analyses were performed. Data are presented 

as mean ± standard deviation. 

Results 

Body Weight and Tibial Length 

At the beginning of the study, mice were weight-matched into sedentary (23.15 ± 1.56 g) 

and exercise (23.17 ± 1.56 g) groups. At the end of the study, body weights remained statistically 

indistinguishable (SED: 26.6±1.4 g, EX: 26.0±1.0 g; p=ns). In contrast, tibial length, as measured 

with calipers at the end of the study, was significantly increased due to loading (p=0.02) but not 

exercise. Despite its significance, differences in tibial length were modest (SED Non-Loaded: 

18.2±0.6 mm, SED Loaded: 18.3±0.5 mm, EX Non-Loaded: 17.9±0.3, EX Loaded: 18.2±0.4 mm). 

Tibial Loading and Exercise Differentially Improve Cancellous Bone Mass 

A 2-mm metaphyseal region of interest was analyzed to assess cancellous bone properties 

(Figure 2). Results indicated that tibial loading (+7.9%; p=0.01) and exercise (+7.2%; p<0.001) 

similarly improved bone volume fraction (BV/TV) compared to the non-loaded sedentary bones. 

Combined effects of the two modalities were additive, showing a 17.2% improvement in bone 

volume fraction. Similar results were also observed for bone mineral density (BMD), with tibial 

loading resulting in an 8.3% improvement (p<0.001), exercise resulting in a 7.3% improvement 

(p<0.01), and their combined effect additive (+16.5%).  

Despite similar increases in bone volume fraction and bone mineral density for tibial loading 

and exercise, the mechanism by which mass was increased varied for the two modalities. Tibial 
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loading primarily improved trabecular thickness (+18.3%; p<0.001) with detrimental impacts to 

trabecular number (-8.7%; p<0.001) and separation (+5.8%; p<0.001). In contrast, exercise 

predominately improved bone mass through greater trabecular number (+6.4%; p<0.05) with 

modest non-significant changes in trabecular separation and thickness. In combination, additive 

effects were noted for all three properties (+19.6% for thickness, +3.2% for separation, and -2.0% 

for number).  

Interestingly, although both modalities improved bone mass, only tibial loading significantly 

impacted tissue mineral density (+6.2%; p<0.001). Exercise modestly improved the value (+1.5%), 

but results were non-significant. 

 

 

Appendix C.3 Figure 2. Cancellous properties within the tibial metaphysis are shown 

qualitatively (A-D) and quantitatively (E-J). Results indicate improved bone volume fraction (E) 

and bone mineral density (H) due to both tibial loading and exercise. Combined effects were 

additive. Tibial loading predominately improved trabecular thickness (F) with detrimental impacts 

to trabecular separation (I), while exercise predominately improved trabecular number (G). Only 

tibial loading improved tissue mineral density (J). *p < 0.05, **p < 0.01, ***p < 0.001 
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Tibial Loading, but not Exercise, Improves Cortical Bone Mass 

In contrast to the cancellous region, only tibial loading improved bone mass in the cortical 

proximal-mid and mid-diaphysis locations. At the proximal-mid location, loading resulted in both 

periosteal and endocortical expansion, with the loaded bones having a thicker cortex than their 

non-loaded controls. Similarly, at the mid-diaphysis, loading also resulted in periosteal expansion, 

as noted by a significantly greater cross-sectional area. Marrow area and endosteal bone surface 

were reduced, suggesting endocortical contraction at this location. With the exception of periosteal 

bone surface at the mid-diaphysis location, all structural parameters measured at both the 

proximal-mid and mid-diaphysis were significantly altered due to loading whereas no properties 

were significantly changed due to exercise (Figure 3 and Table 1). Similar to the cancellous region, 

the proximal-mid location showed increased tissue mineral density with loading. Interestingly, 

unlike the cancellous and mid-proximal regions, tissue mineral density at the mid-diaphysis was 

not significantly improved due to loading. 

Discussion 

Tibial loading and exercise are two common modalities used to assess the effects of 

mechanical stimulation on the skeleton. However, direct comparisons of the two modalities are 

lacking. In this study, we show that tibial loading and treadmill running differentially improve 

bone mass, with tibial loading resulting in thicker trabeculae and increased cortical mass, and 

treadmill running resulting in greater number of trabeculae and no cortical mass-based effects.  

To the authors’ knowledge, only one paper to date has utilized both exercise and tibial 

loading; however, their exercise protocol was mild (3 days/week for 2 weeks) with the aim of 

supplementing the tibial loading rather than comparing it with tibial loading.23 In addition, they 

used female mice at 16 weeks of age, compared to our 8 week old male mice. As a result, although 

the mass-based effects of their tibial loading were similar to our study (e.g. increased bone volume 

fraction and cortical cross-sectional area), the exercise portion of their results showed no effects, 

making it difficult to compare the structural changes driven by treadmill running and tibial loading. 

In contrast, we exercised mice 3-5 times per week for 6 weeks in order to induce an osteogenic 

response, enabling us to directly compare bone formation due to both exercise and tibial loading. 
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Appendix C.3 Figure 3. Cortical analysis at the proximal-mid (A-D) and mid (E-H) locations 

indicated a strong bone formation response due to loading (A and E, top panels) but not exercise 

(A and E, bottom panels). These effects can be observed quantitatively through significantly 

improved cross sectional area (B, F), cortical thickness (C, G), and maximum moment of inertia 

(D, H) in the loaded limb. *p < 0.05, **p < 0.01, ***p < 0.001 
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Appendix C.3 Table 1: Quantified cortical parameters from proximal-mid and mid locations 

indicate improved bone mass due to loading but not exercise. *p < 0.05, **p < 0.01, ***p < 0.001 

  Sedentary   Exercise   Two-Way ANOVA 
  Non-Loaded Loaded   Non-Loaded Loaded   Exercise Load Interaction 
Proximal-Mid Location (37%)         

Cross Sectional 
Area (mm2) 

1.421 

(0.072) 
1.551 

(0.052) 

 
1.428 

(0.059) 
1.581 

(0.058) 

 
ns *** ns 

Cortical Area  

(mm2) 
0.839 

(0.031) 
0.917 

(0.029) 

 
0.836  

(0.033) 
0.921 

(0.031) 

 
ns *** ns 

Marrow Area 
(mm2) 

0.582 

(0.050) 
0.635 

(0.039) 

 
0.592 

(0.043) 
0.660 

(0.045) 

 
ns *** ns 

Cortical Thickness 
(mm) 

0.240 

(0.008) 
0.247 

(0.007) 

 
0.237 

(0.010) 
0.245 

(0.009) 

 
ns *** ns 

Periosteal Bone 
Surface (mm) 

6.067 

(0.171) 
6.164 

(0.150) 

 
6.132 

(0.173) 
6.221 

(0.184) 

 
ns * ns 

Endosteal Bone 
Surface (mm) 

3.679 

(0.149) 
3.816 

(0.125) 

 
3.700 

(0.132) 
3.892 

(0.150) 

 
ns *** ns 

Max Moment of 
Inertia (mm4) 

0.275 

(0.028) 
0.317 

(0.031) 

 
0.279 

(0.020) 
0.329 

(0.031) 

 
ns *** ns 

Min Moment of 
Inertia (mm4) 

0.092 

(0.012) 
0.109 

(0.010) 

 
0.093 

(0.012) 
0.112 

(0.010) 

 
ns *** ns 

Tissue Mineral 
Density (g/cm3) 

0.780 

(0.015) 
0.788 

(0.012) 
  0.777 

(0.020) 
0.783 

(0.019) 
  

ns ** ns 

Mid Location (50%)         

Cross Sectional 
Area (mm2) 

1.139 

(0.077) 
1.155 

(0.061) 

 
1.134 

(0.074) 
1.176 

(0.085) 

 
ns * ns 

Cortical Area  

(mm2) 
0.693 

(0.038) 
0.727 

(0.030) 

 
0.686 

(0.038) 
0.738 

(0.038) 

 
ns *** ns 

Marrow Area 
(mm2) 

0.445 

(0.043) 
0.428 

(0.035) 

 
0.448 

(0.049) 
0.439 

(0.056) 

 
ns * ns 

Cortical Thickness 
(mm) 

0.224 

(0.006) 
0.235 

(0.006) 

 
0.222 

(0.009) 
0.236 

(0.008) 

 
ns *** ns 

Periosteal Bone 
Surface (mm) 

4.608 

(0.144) 
4.639 

(0.129) 

 
4.593 

(0.144) 
4.664 

(0.171) 

 
ns ns ns 

Endosteal Bone 
Surface (mm) 

3.007 

(0.159) 
2.937 

(0.124) 

 
3.001 

(0.174) 
2.956 

(0.195) 

 
ns * ns 

Max Moment of 
Inertia (mm4) 

0.109 

(0.014) 
0.117 

(0.012) 

 
0.108 

(0.014) 
0.122 

(0.019) 

 
ns *** ns 

Min Moment of 
Inertia (mm4) 

0.075 

(0.010) 
0.077 

(0.008) 

 
0.074 

(0.008) 
0.080 

(0.009) 

 
ns ** ns 

Tissue Mineral 
Density (g/cm3) 

0.891 

(0.017) 
0.886 

(0.013) 
  0.883 

(0.017) 
0.885 

(0.021) 
  

ns ns ns 
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The tibial loading profile used in this study was similar to profiles reported previously 

(cyclic, rest-inserted loading),14,24,25 though the presence of rest between cycles has recently been 

suggested to be unnecessary.26 The load, 11.9 N, is within the range of common load levels that 

have been shown to increase bone volume fraction.14,15,22,27 Interestingly, despite the plethora of 

papers utilizing tibial loading, a rarely discussed point is the observation that the increase in 

cancellous bone mass due to tibial loading is often predominately driven by increases in trabecular 

thickness rather than trabecular number and spacing,22,25-29 though this is not always the case.21,24 

The current study showed similar results, with a 7.9% increase in bone volume fraction due to an 

18.3% increase in trabecular thickness, while the number of trabeculae was significantly 

decreased. In contrast to tibial loading, the exercise increased bone volume fraction and BMD 

primarily by increasing trabecular number, suggesting a different mechanism. Based on these 

results, although tibial loading still can and does provide a wealth of information regarding 

mechanotransduction, care must be taken in translating observed results due to tibial loading to 

expected results due to treadmill running. 

One potential reason for these observed effects may be differences in strain (both magnitude 

and direction) between tibial loading and exercise. Previous studies have shown that low load 

levels during tibial loading are insufficient to induce a bone formation response.14,15,22 For that 

reason, we chose a higher load value that was within the range of loads shown to induce a 

formation response. However, by doing so, we also presumably selected a strain level that was 

much higher than is typically observed during treadmill running. For example, in 12 week old 

mice, walking was found to engender approximately 200 µɛ of tension, but in the same study, the 

authors found that approximately 1500 µɛ (i.e. 10 N) was required to engender a bone formation 

response during tibial loading.14 Thus, the 11.9 N load that we used in the current study likely 

engenders much higher strain than treadmill running. 

Another important difference to note is that, during tibial loading, the loading direction is 

more uniform. Although the natural curvature of the tibia causes eccentric loading (i.e. bending) 

that leads to regions of compression and tension,30 the load is still applied in a more uniform, 

predominately uniaxial, direction without the influence of off-axis muscle and ground reaction 

forces. This may enable increased alignment of bone formation, causing greater trabecular 

thickness. Given these differences, it is unlikely that there would be a perfect profile that would 

mimic the response observed due to exercise.  
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Within the cortex, differences in bone formation were also noted, with tibial loading causing 

improved cortical area and exercise having no mass-based effect. Both results are similar to those 

observed previously.22,31,32 However, it should be noted that this study only explored 

microstructural mass-based changes, and did not assess histology or quality-based changes to the 

tissue. Thus, the lack of bone mass response observed in the exercised mice does not imply that 

the matrix is unaffected. Previous work has demonstrated that treadmill running (both with and 

without changes in mass) can improve aspects of bone quality, predominately the collagen 

components.5,6,31,33 Recent work has corroborated that these changes in tissue quality can have 

positive effects on mechanical properties associated with bone ductility11 and toughness.32 

Similarly, tissue-level changes have been observed due to tibial loading, with short-term loading 

altering the mineralization of the matrix in both an age-dependent34 and bone site-specific 

manner,35 leading to improvements in tissue-level mechanics.22 

In summary, we have shown that, in the cancellous region, tibial loading led to greater 

trabecular thickness while exercise led to greater number. Both improved bone volume fraction, 

with their combined effects resulting in an additive bone mass response. In the cortical region, 

only tibial loading resulted in increased bone mass, though that does not preclude the presence of 

non-mass based effects. These data suggest that tibial loading and exercise may improve mass 

differentially. 
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