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Abstract 
 
Introduction and Objectives Calcific aortic valve disease (CAVD) is the most common 
valvular disease, accounting for 50% of all valve disorders and is the third most common 
cardiovascular disease following coronary disease and hypertension.[1,2] Currently, there is no 
pharmacological agent capable of reversing or slowing down the progression of CAVD and 
treatment of severe cases consists of surgical repair or valve replacement[2]. Hence, there is a 
crucial need for earlier detection using predictive biomarkers that will allow for preventative 
intervention as opposed to post-symptomatic disease treatment or management.  
 
Namely, one target of particular interest is the expression of matrix metalloproteinases (MMPs) 
(specifically MMP-1, -2, and -9) which are upregulated in CAVD prior to calcification events 
and have been previously shown to serve as an attractive molecular imaging target.1–3 
 
The primary objective of this study is to assess the feasibility of detecting biomarkers of CAVD 
by various in vivo imaging modalities, such as PET and echocardiography. In addition, this study 
assesses disease progression in various mouse strains to qualify an appropriate CAVD animal 
model. 
 
Methods In vivo and ex vivo imaging of C57Bl/6 and ApoE-/- (n = 8 per strain cohort) mouse 
models are used to link unique features of matrix remodelling with CAVD progression. At 
baseline and longitudinal follow-up (4, 8, and 12 months), in vivo hemodynamic impairment is 
assessed through echocardiography, and calcification and MMP activity are measured using PET 
with a series of radiotracers: [18F]NaF for calcification, [18F]BR351 for the molecular targets of 
MMP-2 and -9, and [18F]FMBP with molecular target specificity for MMP-13. Following 
imaging, aortic valve (AV) tissue is harvested, sectioned, and analyzed for calcification, 
inflammatory markers, collagen types, and MMP activity in AV leaflets. Tracer autoradiography, 
immunofluorescence, and in situ zymography are used to confirm in vivo imaging results with 
improved resolution and quantification in valves. Histological sample preparation, 
experimentation, and analyses are then repeated in human AV tissue samples for relative 
comparison of biomarker expression in animal models. 
 
Results Echocardiography suggests positive signs of disease progression in experimental animal 
models. In comparison to WT, ApoE-/- mice show: increased peak velocity (p<0.0001), 
decreased aortic valve area (p<0.001), and irregular valve dynamics. [18F]NaF PET imaging 
shows expected bone uptake and low calcium-burden in young and WT animals. [18F]FMBP 
shows increased uptake in the valve area of diseased models at later timepoints, 1.530 compared 
to <0.001 %ID/g (p<0.005), in disease vs control animals respectively. Furthermore, 
confirmation of sought-after biomarkers has also been assessed by analysis of various 
histological sample preparations including the presence of leaflet calcification, upregulation of 
MMP-2, -9, and -13, matrix remodelling, lipids, inflammatory markers, and activated MMP 
expression. 
 
Conclusion Findings from this study suggest that molecular imaging techniques using target-
specific radiotracers, as well as echocardiography for assessment of hemodynamic impairment, 
are feasible solutions in predicting disease onset in CAVD specific animal models. 
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1.0 Introduction 

1.1 Background 

Calcific aortic valve disease (CAVD) is considered the most common valvular 

disease, accounting for 50% of all valve disorders and is the third most common 

cardiovascular disease following coronary disease and hypertension.1 It is characterized by 

accumulation of calcium-phosphate deposits within the fibrous matrix of the aortic valve 

(AV) leaflets resulting in aortic stenosis (AS) and narrowing of the AV opening. As such, 

CAVD is considered a major public health concern with incidences expected to reach 

epidemic proportions as the aging population and life expectancy continue to increase.1,4 

Approximately 3% of people aged 65 and over will develop some degree of calcific AS, 

with half having an increased risk of adverse cardiovascular health outcomes.5 Previously, 

CAVD had been thought of as a degenerative disease but, recently, the general accepted 

viewpoint is that the disease is of a progressive nature and shares many characteristics 

typical of skeletal bone formation.6 This includes matrix remodelling which makes use of 

fibroblast-like, valvular interstitial cells (VICs) which are differentiated into osteoblastic 

and osteoclastic-like cells, expressing many of the same cellular markers (Appendix A – 

Figure 14).5 

Currently there is no pharmacological agent capable of reversing or slowing down 

the progression of CAVD and treatment of severe cases consists of surgical repair or 

replacement valve therapies.7 Hence the need for earlier detection through predictive 

biomarkers which will allow for preventative interventions as opposed to disease treatment 

or management which may be associated with greater risk factors, poorer prognoses, and 

elevated healthcare costs. 
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1.2 Risk Factors 

In referencing the literature various predisposing risk factors which may make one 

more susceptible to developing CAVD become apparent. This includes general factors 

such as genetics, environment, age, male sex, as well as lifestyle and other pathologies 

such as atherosclerosis, presence of oxidised low density lipoproteins (ox-LDLs), diabetes 

mellitus, hypercholesterolemia, and hypertension.2,5,8 One of the greatest risk factors 

involved in the development of CAVD however, is the presence of a bicuspid aortic valve 

(BAV).9,10 Of the environmental factors, there is a high degree of overlap with other 

vascular diseases such as atherosclerosis.11 Hence the need to focus on more genetic and 

hemodynamically significant contributions to disease etiology as they may serve as better 

predictors for disease specific progression.  

 

1.3 Valvular Interstitial Cells 

 The main cell types of the AV, and which are the most likely to be implemented in 

the pathogenesis of CAVD, are the VICs. These cells are thought to be involved in the 

fundamental process of extracellular matrix (ECM) remodelling and mineralization seen in 

CAVD. Although these cells have been studied for many years, there still remains several 

uncertainties in the exact mechanism involved by which they progress toward a state of 

calcification. First what should be highlighted is the progression of these resident cells and 

how they differentiate into osteoblast-like cells. Their unique function and characteristics 

can take multiple different forms depending on what phenotype they express and what 

degree of differentiation (forward or backwards) they have undergone while all existing in 
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the same space simultaneously.12 For that reason, they have been categorized as either: 

embryonic progenitor endothelial/mesenchymal cells, quiescent VICs, activated VICs, 

progenitor VICs, or osteoblastic VICs.12,13  

The first class of VICs, the embryonic progenitor endothelial/mesenchymal cells, are 

the least important in regard to CAVD progression as their role is fairly limited to the 

formative period of the AV in embryogenesis.12,14 Their main function is to facilitate the 

translation of endothelial cells of the endocardial cushion to mesenchymal cells and are 

heavily influenced by a myriad of developmental genes and regulatory pathways working 

in unison (see section 1.4).13  

In the adult population, however, the predominant cell type are the quiescent VICs 

which are responsible for valve function by constantly supplying the necessary components 

integral to maintaining regular AV function and structural integrity.13 When these cells are 

exposed to stressors their role shifts and there is an increased function in tissue repair, 

thereby classifying them as activated VICs.13,14 Previously, it was believed that in the 

response to injury, there was a marked increase in the number of VICs proliferating or that 

there is a regulatory mechanism in place to decrease the degree of apoptosis during 

valvular remodelling.13 The now more widely accepted rationale is that there is a 

secondary method by which activated VICs are recruited. This being by the presence of 

progenitor VICs, a type of valvular stem cell, which aids in the process of repair by 

converting to the activated VIC form or by initiating a paracrine signalling cascade to 

recruit other progenitor cells.13,15 These can take the form of either endothelial progenitor 

cells or dendritic cells and while this mechanism is still not well understood, it is thought 

that they both originate from a common circulating hematopoietic stem cell.13,16–18  
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Under physiological conditions, the valve is suited to cope with the normal 

mechanical forces it is exposed to on a continuous basis. When these forces become 

persistent or are exacerbated, the typically neutral state quiescent VICs shift to their 

activated form. The role of these activated VICs typically resembles myofibroblasts in how 

they function.12,14,15 As previously mentioned, they arise predominantly from quiescent 

VICs exposed to stressors such as abnormal hemodynamics and mechanical stress or 

pathological injury.13 This process involves the recruitment of valvular endothelial cells 

(VECs) and foam cells which ultimately results in increased ECM remodelling by 

coordination of matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs 

(TIMPs).19 This is a normal response to wound healing and after the VECs have served 

their function they are removed by apoptosis.20 The maladaptive response arises when 

coordination of this process is lost and the AV experiences irregular ECM remodelling as a 

result of continuously activated VICs. This process ultimately leads to calcification.12,20,21 

The last cell type to be discussed is the osteoblastic VICs. It should be noted 

however, that VICs can be induced to display not only osteogenic properties but also 

adipogenic, chondrogenic, and myofibrogenic lineages and that osteogenic properties are 

just one potential differentiation pattern for this cell type.22 The osteoblastic VICs arise 

directly from quiescent VICs and these cells represent the end stage of disease progression 

and function in the promotion of calcium nodules.13,22 It is important to highlight as well 

that there are certain characteristics as well which introduce variance in the observed 

degree of calcification between individuals within a population. For instance, it has 

recently been reported that male VICs are more susceptible to osteogenic-like patterns of 

behaviour.23 In a 2017 study by Masjedi and colleagues, they showed that in rat and 
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porcine aortas cultured in vitro, while there was significantly increased proliferation of 

VICs in females over males, the male VICs showed significantly elevated biomarkers of 

interest (such as MMP-2 expression) and were more likely to form larger calcific 

nodules.23 Considering osteoblastic VICs tendency to have a higher expression of proteins 

affiliated with osteogenesis and chondrogenesis, this provides invaluable insight to the 

various underpinning genetic and post-translational modifications and signalling cascades 

involved in the molecular mechanism of CAVD. 

 

1.4 Molecular Mechanisms of Disease  

The mechanisms by which CAVD occurs is a complicated and poorly elucidated 

culmination of various gene expressions, signalling cascades, and differentiation. Similarly 

to atherosclerosis, CAVD is characterized by hyperplasia of the basement membrane, 

invasion of an inflammatory immune response, cell infiltration, lipid deposition, and 

calcification (Figure 1).10,11,14,24 While these other aspects of disease pathophysiology are 

important, in the interest of maintaining focus, only the end stage mechanism of 

calcification will be covered. Although there appears to be several overlapping factors and 

processes between CAVD and atherosclerosis, there is still a need to uncover the specific 

mechanisms by which mineralization of the AV occurs.14 

With regard to calcification, it is thought that the activation of pro-osteogenic 

signaling cascades functions as the central mechanism responsible for calcific AS.15 Of the 

osteogenic signaling cascades, one which is of particular interest is the bone 

morphogenetic protein (BMP) signaling cascade typically upregulated in calcified AVs 

(Figure 1).15,25  
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 While the exact mechanism by which BMPs are recruited is not well understood, 

there is evidence to suggest that non-laminar flow patterns (such as valvular regurgitation) 

on the endothelial side of the valve aids in the propagation of BMP2/4 secretion.25–27 As is 

seen in hypercholesterolemic mice, however, phospho-smad1/5/8, a staple in BMP 

signalling and a key feature of stenotic valves, increases preceding valve orifice area 

decline and is further increased in proportion to valvular impairment and calcification.27–29 

Furthermore, aside from BMPs, one of the key mechanisms garnering attention is the 

mechanism of tissue growth factor-beta (TGF-β) which is also believed to play a role in 

differentiating VICs to their osteoblastic subtype as they are secreted by active VICs 

(Figure 1).30 What has been previously shown is that the calcification process is highly 

dependent on the increased expression of alkaline phosphatase (ALP) activity.15,28,31 This is 

important as TGF-β is involved in the regulation and coordination of ALP and promotes 

the calcification of the ALP-rich nodules it forms within the valve.21,32 In addition, these 

calcified nodules have shown to produce hydroxyapatite, an attractive small-biological 

molecule from a nuclear imaging standpoint and a substrate for calcification (see section 

1.7).13 

The next molecular mechanism to focus on is the Wnt/β-catenin and low-density 

lipoprotein receptor-related protein 5 (LRP5) signalling cascade working both 

individually and in unison. Previously, Wnt and LRP5 have been shown to be critical in 

the process of valve development and skeletal bone formation, respectively.33–36 This 

mechanism is derived by how Wnt and activated β-catenin bind to LRP5 to initiate 

skeletal bone formation.37 Furthermore, it has been long established that ox-LDL plays 

a key role in the pathogenesis of CAVD.33 It is believed that the ox-LDL, which 



 7 

directly promotes valvular calcification, functions by stimulating these pathways by up-

regulating GSK-3β, β-catenin, LRP5, and converting VICs to osteoblast-like 

cells.30,33,34 

Lastly, the role and mechanism by which MMPs are involved in the pathology of 

CAVD is important to mention as well as it aids in providing the rationale for their use 

as a nuclear imaging target. But first, it is important to identify what MMPs are and 

how they function. MMPs are a class of endogenous calcium-dependent zinc-

containing endopeptidases.38 In the ECM, the pro-domain (consisting of a cysteine 

motif which maintains the inactivity of the catalytic site) is cleaved and thereby 

converted to the active form, working by degrading and remodelling the surrounding 

ECM while being highly regulated by TIMPs.38,39  

With regard to CAVD, of particular interest are gelatinases and collagenases 

which are upregulated in early stages of the disease.3,39 In terms of specific gelatinases 

involved, it is believed that MMP-2 and -9 exhibit the greatest expression while for the 

collagenases, MMP-1 is the MMP isozyme of interest.3,40,41 As MMP-1 is not naturally 

expressed in mice, MMP-13 is used as a proxy due to its similar role and expression 

pattern in the model used for this study.42 While the exact mechanism by which these 

endogenous proteins are recruited in disease pathogenesis is not fully understood, it has 

been well established that their function in matrix remodelling serves to accommodate 

inflammatory and calcification processes.39 Interestingly, new evidence suggests that 

for MMP-2 specifically, it is seen to be upregulated in aortic sclerosis preceding 

valvular stenosis in comparison to normal healthy human valve tissue samples.40 These 

clinical findings are supported in the preliminary data presented herein (Section 3.2). In 
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this respect, it is believed that they play a protective role with adverse consequences 

arising when control over this mechanism is lost or unable to keep up with the rate and 

demand  of remodelling.13,39  

 

Figure 2: Molecular Mechanisms of CAVD 
The proposed molecular mechanism of CAVD is a complicated and still poorly understood 
culmination of various molecular and genetic pathways working in unison. Starting with 
initiating stressor event in the valve such as disruption of normal hemodynamics and tissue 
injury, a cascade of proteins and inflammatory markers are released. These are free to 
interact with other cells present in the valvular space and ultimately lead to the 
sequestering of activated valvular interstitial cells (VICs). From here, other biomarkers 
such as bone morphogenic protein (BMP), and receptor activator of nuclear factor kappa-Β 
ligand (RANKL) are upregulated while inhibition of others such as NOTCH 1 to convert 
activated VICs to osteoblastic VICs; ultimately leading to valvular calcification. (+) 
indicates upregulation, (-) indicates downregulation. Adapted from Liu, Joag, and 
Gotlieb.13 Made with Biorender©. 
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1.5 CAVD Animal Models 

Of the aforementioned predisposing risk factors, genetics is of particular interest as it 

presents the opportunity for a mutagenic animal model specific to CAVD. Previously, 

research groups have used apolipoprotein E knockout (ApoE-/-) animals models on high-fat 

diets in CAVD experiments.43 The benefit of knocking out this gene is that it impairs the 

normal metabolism of lipids and subsequent removal of cholesterol from the 

bloodstream.44 This results in an accumulation of lipids contributing to fat build up and 

arterial scarring.45 Considering the overlap in pathologies between the two diseases it is 

apparent why using animal models commonly used in atherosclerosis research may present 

as an attractive model for CAVD as there is evidence which suggests the expression of 

calcification in atherosclerotic vascular lesions and aortic valves of these animals.5 While 

there are advantages to using these models, in reality, it overlooks the caveats that as it is 

not disease specific and findings are inconsistent, specifically those related to 

calcification.43 That being said, although this a known limitation of the animal model, it is 

still amongst the most widely used for CAVD imaging research.3 Although there are many 

models which serve as a proxy for modelling CAVD in a similar manner to what is 

observed in a clinical setting, there is an evident need for a more CAVD-specific animal 

model. Recently, efforts have been made to attempt a CAVD-specific animal model by 

breeding mice to express a BAV phenotype as opposed to the typical tricuspid aortic valve 

(TAV) morphology.9,46 These models can involve the altered expression of various genes 

involved in the formation of the AV during embryogenesis but one model garnering recent 

attention is the role of Gata genes. As shown by the Nemer lab at the University of Ottawa, 

Gata5-/- and Gata6+/- mice yield different phenotypes (right-non-coronary (RN) and right-
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left (RL) fusion, respectively) and mechanistic features of human BAV in approximately 

50% and 30% male and female experimental populations, respectively.9,46 This acts as a 

model of significance as BAV is the most common congenital heart defect affecting 1-2% 

of the population and accounts for approximately half of all severe CAVD cases referred 

for surgery.6 Within the BAV model three distinct fused subtypes exist and are classified as 

RL, RN, and left-non-coronary (LN) with RL being the most prevalent in humans 

accounting for approximately 75% of cases.47 In studies carried out by the Nemer lab, they 

showed that like humans, the heterozygous Gata6 phenotype mostly expressed the RL, 

BAV phenotype.9 

Moreover, in a recent publication by Scatena et al., they made use of a diabetogenic 

animal model (LDLr-/-ApoB100/100) put on a high-fat, procalcific diet to show how it results 

in an increased incidence of CAVD.1 Making use of echocardiography and various 

histological methods, the research group was able to show progression of aortic stenosis in 

their animal model as a longitudinal study and deposition of calcium in valve leaflets, 

respectively.1 The animals placed on the procalcific diet had just over 75% incidence of 

hemodynamically significant AS with thickened and calcified AV leaflets in comparison to 

those fed normal rodent chow.1 

Lastly, in a review published in 2011 by Sider, Blaser & Simmons at the University 

of Toronto, they note several other CAVD animal models (both rodent and higher order 

species) as well as guidelines for different diets to highlight and help advance specific 

features of disease the different strains develop.43 It important to note, however, that while 

their list is extensive and comprehensive, the feasibility of working with some of the 
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models listed presents with other challenges such as extensive timelines, cost, and limited 

evidence.43 

 

1.6 Imaging Modalities 

 In terms of in vivo animal imaging, one of the more beneficial modalities comes in 

the form of nuclear imaging using positron emission tomography (PET) and single photon 

computed tomography (SPECT).48 Both modalities rely on fairly similar principles in that 

they convert gamma photons from decaying isotopes into electrical signals which are then 

reconstructed through various algorithms to produce a 3D image.48 The difference between 

the two is that PET scanners rely on two gamma photons produced in an annihilation event 

reaching opposing detectors simultaneously whereas SPECT radiotracers only emit a 

single gamma photon.48 Furthermore, PET radiotracers tend to emit at higher energies, 

requiring modifications to be made in the surrounding absorptive materials.48 One of the 

major benefits of these nuclear molecular imaging modalities is that they provide a 

complementary approach to studying in vivo molecular mechanisms with a high degree of 

accuracy and specificity. 

 Another live-imaging modality which is starting to be used more frequently as 

superior image resolutions become available for small animal imaging is 

echocardiography. Transesophageal echocardiography (TEE) is capable of quickly 

acquiring an exceptional amount of relevant CAVD data such as valve morphology, area, 

pressure gradient, and leaflet cusp separation, all of which cannot be assessed by other 

conventional live-animal imaging modalities15. By favouring the use of echocardiography 

for predicting CAVD progression, the amount of radiation exposure one would receive by 
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other methodologies is significantly decreased. This also falls in line with standards of 

diagnosing CAVD and AS in a clinical setting. Measurements such as peak velocity, mean 

gradient, and aortic valve area (AVA) are all quantitative measurements that can be used to 

assess disease severity15. In severe cases, leaflet calcification can be assessed using 

echocardiography in clinic due to the brightly reflected, bone-like signal picked up by the 

transducer.  

 

1.7 Radiotracers 

One of the biggest challenges facing this area of research are the limitations existing 

with small-animal imaging modalities. To enable nuclear imaging, researchers have mostly 

used readily available radiotracers in attempt to visualize various CAVD biomarkers. With 

regard to PET studies, some of the more popular targets are AV leaflet calcification and 

disease-affiliated inflammation.49,50 While valuable, these tracers are not predictive of 

disease outcome and face a range of pitfalls. Two such PET radiotracers used frequently 

are [18F]2-fluoro-2-deoxyglucose ([18F]FDG) and sodium [18F]fluoride ([18F]NaF) for 

inflammation and calcification, respectively.49,51 However, the existing limitation with 

[18F]FDG is that while it is capable of targeting inflammatory biomarkers associated with 

AS preceding CAVD, it is incapable of assessing its severity.51 On the other hand, in a 

study by Hyafil et al., they demonstrated that [18F]NaF showed high uptake in valvular 

calcifications of patients presenting with aortic stenosis and that their methods were highly 

reproduceable.52 Furthermore, in comparison to [18F]FDG, [18F]NaF was shown to be a 

superior indicator of disease progression.51,52 Following improvements in hybrid nuclear 

imaging systems, the feasibility of using PET for imaging small structures has increased 
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drastically. Despite the greater specificity of [18F]NaF over [18F]FDG in early valve disease 

detection, it still faces shortcomings such as spill-over effects (in this case from adjacent 

bones) and poor resolution in smaller structures.50 While it remains to be a key diagnostic 

tool for imaging valve insufficiencies resulting from advanced atherosclerotic plaques or 

calcification, this late stage disease detection and monitoring calls for imaging agents at 

earlier timepoints in disease progression. 

As for newer imaging markers of interest, one attractive target is the various MMPs, 

specifically -1, -2, -9, -12 and -13 which are upregulated in CAVD.15,53 Contrasting well 

established clinical tracers, a newly available radiotracer used for detecting MMPs has 

shown promising results in assessing progression of CAVD in mice. [99mTc]RP805 is a 

pan-MMP radiotracer developed by Sadeghi et al. and shows increased uptake in the aortic 

valve region in CAVD positive mice.3 This radiotracer shows high specificity for its target 

and makes use of the paired SPECT/CT hybrid imaging system.3 The added benefit of CT 

allows for anatomical reference in the scan, superior to a transmission scan needed for 

reconstruction in non-hybrid imaging systems. Contrasting this work, in terms of what is 

being synthesized in the lab, two new radiotracers which are available for PET imaging, a 

system with improved resolution over SPECT, are being used to assess MMP expression. 

The first is [18F]FMBP, a radiotracer with target specificity for MMP-13 (a proxy for 

MMP-1 imaging in mice) and the second is [18F]BR351, a pan-MMP radiotracer with 

increased affinity for MMP-2 and -9 (Figure 2). These in-lab synthesized radiotracers will 

play a critical role in detecting progression of CAVD as MMP expression has shown to be 

upregulated at early timepoints of disease progression.3,54 This contrasts the clinically 

evaluated radiotracers which tend to only detect targets of interest in advanced disease 
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states where management may no longer be feasible and interventions will be aimed more 

at invasive treatment options such as surgery instead of prevention.  

Whilst the exact mechanism by which these radiotracers work is beyond the scope of 

this thesis and mentioned elsewhere, briefly, [18F]FMBP shows selectivity for MMP-13 as 

it binds to a series of amino acids that make up the S1 and S1’ domain, a specificity pocket 

adjacent to the catalytic site.55 As for [18F]BR351, this radiotracer binds to the catalytic 

zinc domain, conserved across MMPs, thereby reducing its selectivity for individual 

isozymes. That being said, based on selectivity data from previous studies, BR351 is most 

potent for MMP-2 and -9 and is therefore classified as having selcetivity for these 

gelatinases as opposed to other MMPs which it may also be binding to a lesser degree.55,56  

 

Figure 2: Radiotracers for PET and Autoradiography Studies 
Chemical structures of [18F]NaF, [18F]FMBP, and [18F]BR351 used in PET and 
autoradiography studies. [18F]NaF is taken up by bone after binding to hydroxyapatite 
coordinated by calcium ions. [18F]FMBP and [18F]BR351 are taken up by tissue (such as 
atherosclerotic plaques within the aortic sinus) expressing MMPs during active 
remodelling of the extra cellular matrix following tissue response to injury. 
 

1.8 Histochemical and Immunohistochemical Staining 

Aside from in-vivo imaging, an important part in the characterization of predictive 

CAVD biomarkers are those which are obtained through histological, ex-vivo analysis. 

Referenced in the literature, typically expressed CAVD biomarkers which can be further 
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visualized and quantified include but are not limited to; leaflet calcification, macrophage 

expression, MMP-2, -9, and -13, (localization and activity), formation of atherosclerotic 

lesions, and degraded collagen in ECM remodelling. 

 
1.9 Hypothesis and Objectives 

1.9.1 Hypothesis 
Due to the expression and upregulation of MMP-2, -9, and -13 in a murine model of 

CAVD, targeted molecular imaging of these biomarkers with high specificity serves 

as a sufficient indicator of disease progression at earlier timepoints than are offered 

by current clinical standards of care.  

 

1.9.2 Molecular Targets and Imaging Probes 

The first goal of this study is to characterize potential molecular targets in rodent 

models and human tissue specimen. Furthermore, we want to be able to evaluate 

experimental molecular imaging probes to predict CAVD progression. Lastly, within this 

sphere, we want to corelate expression of histologically identified biomarkers to PET 

radiotracer binding and expression. 

 

1.9.3 Valve Morphology Characterization 

 The next goal of this study is to determine the feasibility of characterizing valve 

leaflet morphology in mice as either BAV or TAV by 2D B-mode planar 

echocardiography. Currently, valve morphology in research studies with mouse models is 

characterized post-mortem via histological tissue preparation. Analysis by in vivo imaging 
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will allow for longitudinal studies with smaller sample sizes as animals can be assessed at 

various timepoints for disease progression. 

 

1.9.4 Valve Area  

 Continuing on the previous objective, our next goal is to be able to assess the area of 

the valve opening as it is an important diagnostic factor in AS preceding CAVD. As is seen 

in the clinic, we want to assess valve area by echocardiography analysis and by making use 

of the continuity equation as opposed to 2D B-mode planar imaging (Appendices A and 

B).  

 

1.9.5 Human Valve Tissue Histology and Autoradiography 

 Our next goal involves the use of acquired human tissue samples from patients with 

varying degrees of CAVD progression. The use of human valve tissue for 

immunofluorescent, immunohistochemical (IHC) staining, and autoradiography can serve 

as an indicator of relative biomarker expression and the comparability between animal 

models. Supplementation of human tissue data to the study would provide an additional 

component lacking in the existing literature of the field with respect to novel imaging 

probes for early detection of CAVD biomarkers. 

 

1.9.6 Radiotracer validation for assessing progression of CAVD 

 Lastly, we would also like to be able to determine radiotracer uptake and binding to 

biomarkers of interest through a variety of molecular imaging modalities including; in vivo 

and ex vivo PET as well as in vitro and ex vivo autoradiography. 
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2.0 Methods 

2.1 Animal Models and Experimental Design 

 Male and female ApoE-/- (B6.129P2-ApoEtmL/Unc/J, strain no. 002052) and WT 

C57Bl/6 J (strain no. 000664) mice were obtained from Jackson Laboratory. Experimental 

animals were started on a western diet (TD.88137, Envigo) at 4 weeks of age while WT 

remained on normal rodent chow (Figure 3). The diet is composed of 42% of total calories 

from fat, making up 21.2% of the weight and 0.2% cholesterol. Animals which were 

originally started on 0.25% cholesterol diets developed skin lesions and did not survive 

long-term. Animals being aged past the 4-month timepoint were taken off of the western 

diet after approximately 4 months and returned to normal chow until either the 8-month or 

12-month study timepoints, respectively. Both strains were given unrestricted access to 

food and water. In the event of skin lesion formation, animals were treated with a topical 

ointment supplied by Animal Care and Veterinary Staff (ACVS) and were additionally 

treated with saline by subcutaneous injection when showing signs of dehydration. Any 

animals which experienced adverse effects as a result of diet or other outstanding factors 

not accounted for in this study were removed to ensure animal ethics were maintained and 

that confounding variables were not introduced to the study design. All husbandry, care, 

and experimental protocols were approved and carried out with adherence to the guidelines 

outlined by the Canadian Council on Animal Care, the ACVS team at the University of 

Ottawa Heart Institute, and the University of Ottawa Animal Care Committee. 
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Figure 3: Experimental Timeline  
Layout of experimental timeline outlining key timepoints integral to the study design. After 
the mice needed for this study were born, they were housed with their litter and then 
weaned after 26 days post-gestation. At this point, animals were now 1-month old and 
could be transferred from feeding off their mothers and separated to be housed with 
animals of the same sex and, for the ApoE-/- model, can be transferred to the western diet 
as mentioned previously. After three months on this diet intended to advance 
atherosclerosis (now 4 months of age), animals have arrived at their first imaging timepoint 
consisting of echocardiography, PET, and tissue collection for histological analysis in the 
following weeks. These same studies were then repeated at 8 and 12 months, respectively. 
Note that after 4 months of western diet, animals were returned to normal chow to stop the 
rapid acceleration of disease pathogenesis. Illustrations of disease progression are outlined 
over the 4, 8, and 12 month timepoints to identify expected disease progression from 
normal healthy valve architecture, through aortic sclerosis, and finally to advanced CAVD. 
*Mo = months. Made with Biorender©. 
 
2.2 Radiotracers  

 All precursors and radioactive compounds were synthesized by other lab members as 

part of an ongoing atherosclerosis project in addition to this ongoing study. Given that the 

chemical synthesis is beyond the scope of this thesis it has been omitted. Radioactivity for 

* 
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labelling compounds was produced on site by the core radiochemistry lab’s in-house 

cyclotron. 

  The radiotracers produced on site are [18F]BR351, [18F]FMBP, and [18F]NaF which 

were used for imaging the uptake of MMP-2/-9, -13, and bone/calcium respectively 

(Figure 2). The same tracers were subsequently used for ex-vivo PET and in vitro 

autoradiography. Fluorine based radiotracers were selected due to 18F having a half-life of 

109.7 minutes (approximately 2 hours), making it suitable for imaging, autoradiography, 

and biodistribution studies. 

 

2.3 Echocardiography 

 Animals were imaged using a Vevo3100® imaging system (VisualSonics©) with a 

550 Hz and 400 Hz transducer. Animals were placed under light isoflurane anesthetic 

(1.5%) and their limbs secured down with tape to keep them in a supine position. This way 

their heart rate (maintained between 450-600 bpm) could be monitored by built-in ECG 

pads lubricated with conductive gel and temperature was monitored via a rectal 

thermometer (held between 32-38 °C) to ensure physiological conditions were maintained. 

In unique circumstances where size limited the ability to fix the limbs to the heating pad, 

ECG probes were inserted subcutaneously using provided gating needles. To ensure even 

and consistent heat to monitor animal temperature, an additional heating lamp was placed 

adjacent to the imaging platform and used as needed. To improve resolution, a generous 

amount of water-based ultrasound gel was applied to the imaging site. 

 Prior to imaging, the animals were anesthetized using isoflurane (3-4%) and their 

abdominal and thoracic regions were shaved bare to allow for better transducer contact and 



 20 

access to the acoustic window to enhance image resolution. Hair was removed first by 

using an electric shaver (Philips©) followed by hair removal cream (NairTM). After one 

minute, the cream was removed using warm water and a cotton swab.  

 Each mouse (WT and ApoE-/- N ≥ 7 mice per cohort) underwent the same imaging 

procedures starting with a parasternal long-axis view (PLAX) and paired EKV to 

determine left ventricular outflow tract (LVOT) diameter (Appendix B – Figure 16). When 

possible, the imaging window was decreased and focal point adjusted to ensure that the 

frame rate of the imaging system could be improved (shortening scan times) and that the 

area being imaged was in optimal view, respectively. Supine animals were tilted up and to 

the left to ensure the heart was brought forward and leftward, closer to the chest wall to 

ensure a superior acoustic window with minimal shadowing from surrounding ribs and 

sternal structures. This was followed by a parasternal short axis (PSAX) and M-mode view 

and tracing (Appendix B – Figure 17). LVOT diameter was measured just inferior to the 

cusps of the aortic valve in the PLAX to ensure reproducibility between groups. It was 

measured from the white–black interface of the septal endocardium to the anterior mitral 

leaflet with the acquisition parallel to the aortic valve plane. Following this measurement, 

peak velocity, mean gradient and velocity time integral (VTI) were measured in PLAX 

with pulse wave and colour doppler taken at either end of the aortic valve in the region of 

fastest blood flow as denoted by the provided false colour table adjacent to the scanning 

window (appendix B – Figure 18). The colour doppler window was sized to appropriately 

image the region of interest (ROI). In addition, a consistent gate width of 0.47 mm and 

measurement angle (53° +/- 5°) parallel to blood flow were maintained to avoid over or 

underestimating quantitative measurements. The angle of the recorded measurement never 
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surpassed 60° as anything over this value cannot be quantified accurately using the 

associated imaging software. 

 The metrics obtained further allow for analysis and calculation of AVA, assessment 

of stenosis (peak velocity <1600 mm/s)1, and differences in pressure across the AV 

(measured as mean gradient) in VisualSonics® analysis software (Appendix A – Figure 

15). Lastly, valve morphology was assessed in the PSAX view by sliding the transducer 

rostrally from the level of the papillary muscles (Appendix B – Figures 19 and 20). 

 All data was acquired through the Vevo3100® built-in image acquisition workstation 

and analyzed through the associated software provided by VisualSonics®. In the software, 

LVOT is measured using a linear measurement tool while all other metrics are analyzed by 

tracing the peaks generated by the pulse-wave doppler scan. Brightness and contrast are 

adjusted to ensure the full peak is captured and tracing points are adjusted after the fact to 

correct any user tracing error. Measurement angle is also checked to ensure the theta value 

is the same at the level of LVOT and valve between measurements within the same animal. 

 

2.4 Histology 

 All instrumentation relating to sectioning were obtained from Leica® unless 

otherwise stated. Serial sections were obtained starting at the aortic root all the way 

through the aortic annulus. Embedded tissue is sectioned from frozen block tissue samples 

using a cryostat at 10 µm for staining and in situ zymography and 20 µm for 

autoradiography. Tissue sections were collected on glass slides (FisherbrandTM 

SuperFrostTMPlus Microscope Slides) and left to air dry for 30 minutes prior to storage at -

20 °C. 
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 Paraffin embedded tissue was sectioned on a microtome at 5 µm for staining and 

immunohistochemistry. Sections were collected from a 45 °C water bath and mounted on 

glass slides and then left to cure in a 40 °C oven overnight and then stored at room 

temperature. 

 

2.5 Staining, Immunohistochemistry, In Situ Zymography 

 All reagents used for staining were provided by Sigma Aldrich unless otherwise 

specified. This study aimed to identify a wide series of molecular and biological markers 

indicative of disease progression. For the following staining, general procedural guidelines 

were followed as conventionally reported. This includes; hematoxylin and eosin for leaflet 

thickness and preliminary tissue evaluation, picrosirius red (PSR) for collagen remodelling, 

oil red-O (ORO) for lesion lipid content, and alizarin red for microcalcification in lesions 

and valve leaflets. For quantification, all samples were compared relative to other 

timepoints as well as to their age-matched control tissue. Leaflet thickness and lesion size 

were measured as a percentage of sinus area and calcification was measured as percent 

positive area in the leaflet and lesion areas respectively.  

 For immunohistochemistry, all antibodies were obtained from Abcam. Tissue 

sections were deparaffinized following standard deparaffinization procedures and then 

transferred to a water bath (pH 7.0). Antigen retrieval was then performed in citrate buffer 

(pH 6.0) at 100 °C for 150 seconds and then rinsed with distilled water (1 x 5 min) and 1 x 

PBS (2 x 5 min). Sections were covered in 10% normal goat serum (Vector Laboratories®) 

for 10 minutes and incubated with a combination of either 1:100 rabbit polyclonal MMP-

13 (ab39012), 1:200 rabbit polyclonal MMP-2 (ab97779, or 1:200 rabbit polyclonal MMP-
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9 (ab38898) primary antibody and 1:500 mouse/human monoclonal Mac-2 primary 

antibody (CL8942AP) for approximately 16 hours at 4 °C. After washing with phosphate-

buffered saline (PBS) (2 x 5 min), samples were incubated with a combined secondary 

antibody comprised of 1:500 goat anti-rabbit for MMPs (Invitrogen®) and 1:500 goat anti-

rat for MAC-2 (Invitrogen®) for 30 minutes. Nuclei were counterstained with Hoeschst 

33258 (10 mg/mL in 1x PBS) for 8 minutes and washed with 1x PBS (2 x 5 min). Slides 

were mounted with fluorescent protective mounting media (Dako), and cover-slipped, 

dried, and stored in dark at room temperature until imaging by fluorescent microscopy 

(Leica® Slide Scanner®).  

 In situ zymography was performed using a SensoLyte ® 520 Generic MMP Activity 

Kit (Anaspec®) on 10 µm fresh tissue. After allowing tissue to air dry for approximately 

30 minutes, tissue was rinsed in a water bath (3x) to remove OCT and then heated to 37 °C 

along with all working solutions. Tissue was first incubated in a 1 mM 1:1000 

AMPA:buffer solution for 40 minutes and then covered with a 1:100 substrate:buffer 

solution for 1 hour. Tissue samples were then washed in distilled water (2x) and mounted 

with 30% glycerol in PBS and a cover slip. Imaging of activated MMPs was completed 

using a fluorescent microscope (Zeiss) and Leica® Slide Scanner®). 

 Images were acquired with Aperio ImageScope software and quantified through 

ImageJ software. For brightfield analysis, images were first screen captured in Aperio 

ImageScope and a global scale bar of 900 µm was set for all images acquired. Then, in 

ImageJ after the first scale bar had been set (this remained constant for all figures), first an 

ROI was drawn around the sinus followed by ROIs for each lesion within the leaflets 

present. For leaflet area, this was used as a proxy for leaflet thickness and an ROI was first 
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drawn around the sinus and then ROIs were drawn around each leaflet. The area 

measurements generated in ImageJ were then graphed using GraphPad Prism 7.0 

(GraphPad Software, Inc.). For measurements of biomarker percentage within a region, a 

sinus area ROI was first recorded followed by ROIs being drawn around each tissue 

structure where the biomarker was present and saved with their area recorded. Next, under 

“image” à “adjust” à “colour threshold”, hue, saturation, and brightness were adjusted 

depending on the stain used (e.g., ORO or Alizarin Red) and kept constant across all 

samples to ensure consistency. For ORO, the minimum hue value was set to 185 and the 

max at 244, saturation was set to a minimum of 35 and maximum of 255, and for 

brightness, the minimum was set to 0 and the max was set to 255. For alizarin red the same 

parameters were used but for hue, the minimum was set to 184 and the maximum to 249. 

Once completed, the image was converted to 8-bit, thereby converting the image to 

greyscale and then a threshold was applied dependent again on the stain being used. For 

ORO the threshold was set to a minimum of 0 and a max of 122. For alizarin red the 

threshold was set to a minimum of 0 and a max of 115. Lastly, the recorded tissue specific 

ROI was brought up and the threshold values recorded in order to calculate stain 

percentage per biomarker of interest. 

 For immunofluorescence, similar procedures were followed but first merged images 

were separated into their respective colour channels. From here, a false colour balance 

adjustment panel was used to draw ROIs against the dark background and then similar 

steps were carried out to determine the percentage of Mac-2, MMP-2, -9, and -13 in ROIs. 

Alternatively, if there had been a lot of background noise present, relative fluorescent 

intensity could be calculated via similar methods as were previously mentioned with the 
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addition of an averaged background ROI which could then be subtracted from obtained 

relative fluorescent intensity. 

 

2.6 Positron Emission Tomography 

 PET imaging was conducted using a D-PET (Siemens) small animal imaging system. 

Animals were placed under light isoflurane anesthetic (2%) in O2 and imaged through a 

dynamic scan over a period of 60 minutes. During in vivo scans animals were kept warm 

by using a heat lamp placed adjacent to the camera to ensure the maintenance of 

physiological conditions. Prior to initiating the scan, a 10-minute transmission scan was 

acquired for image reconstruction purposes. Images were reconstructed through 3D OSEM 

MAP programmed into the Inveon Acquisition Workplace (IAW). Regular instrument 

calibration and quality control using on-site germanium rod sources ensured accurate 

image acquisition and reconstruction.  

 For all PET studies, animals were dosed with approximately 10 µCi/g of 

radiolabelled compound and tracer was administered intravenously through a tail-vein 

catheter. Prior to catheterization, the animals’ tails were cleaned and sterilized with an 

alcohol wipe (LorisTM) and once inserted, catheters were flushed with a 0.9% saline 

solution containing 10% heparin. Catheters were constructed using 27G (BD) needles and 

PE10 tubing fitted with a 1 mL syringe (BD). Upon removal of the catheter, silver nitrate 

tipped rods were used to cauterize any blood. After imaging, animals were returned to their 

respective cages and monitored until recovery. 

 For ex vivo PET studies, similar experimental protocols and conditions were carried 

out with the difference being that animal euthanasia took place prior to scanning (Section 
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3.5). Harvested hearts and aortae were placed in stacked petri dishes (Fisher©) and imaged 

during a static scan of 30 minutes 1-hour post tracer administration. 

 Images were reconstructed using built in IAW software where necessary data 

corrections can be made such as; random and scatter coincidence events, dead time 

correction, and decay to name a few. Images were then post-processed using Amide© 

software with further data processing and quantification in Microsoft Excel®. 

 In Amide, reconstructed scans were viewed in the transverse, coronal, and sagittal 

planes where accurate ROIs could be drawn around various organs of interest for 

construction of time activity curves (TAC). Time gating could be established to monitor 

uptake over the scan and produce a clear picture of various organs. Furthermore, the 

minimum and maximum intensity values could be adjusted to help distinguish structures 

from the background and colour assignment was achieved by selecting a scheme with an 

associated colour lookup table. The injected dose per animal could also be inputted and 

accounted for using this software. Once 3D ROIs were drawn, the software could calculate 

the ROI statistics accounting for removal of background noise produced during the scan by 

poor transmission scan reconstruction or animal movement. The processed data could then 

be exported to excel where the injected dose (measured in nCi/cc) could be calculated and 

TACs generated in units normalized for injected dose (%ID/cc). 

 

2.7 Tissue Collection and Sample Preparation 

 Following imaging, tissue was harvested for sectioning and subsequent analysis. 

Animals were anesthetized using isoflurane gas (3%) and then sacrificed by cardiac 

perfusion. A 1 mL needle was inserted into the left ventricle and blood was removed from 
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the circulation. Using fine tissue surgical scissors (FST), an incision was made in the right 

atrium to reduce pressure during perfusion. Then, 15 mL of 1x PBS was flushed through 

the vasculature to ensure full perfusion. Tissue was then removed until the heart and aorta 

were visible. With the animal supine, a blunt incision was made superior to the thymus to 

separate the branching carotids and respiratory tract. Using forceps to grip the apex of the 

heart, a series of cuts were made below the aorta along the spine caudally. The aorta was 

then detached at the aortic bifurcation (approximately the level of the fourth lumbar spine).  

 Under a dissection microscope (Krüss Stereomicroscope – MSL4000-series), 

adventitia was removed from the aorta and was detached superiorly from the heart. With 

the heart isolated, a cut was made along the short axis below the level of the atria. 

 The remaining tissue, which contains the aortic valve was then embedded in either 

paraffin or Optimal Cutting Temperature (OCT) media (Fisher®). If embedding tissue 

unfixed, it was first frozen in a mould (Fisher©) filled with OCT on a metal block in liquid 

nitrogen and then stored in aluminum foil at -20 °C until processing or -80 °C long term. 

Tissue embedded in paraffin was first fixed by storing for 48 hours in 10% formalin 

(Fisher®) before being processed by the core histology lab. Following processing, the 

tissue was embedded in paraffin wax (TissuePrep®) and stored at room temperature until 

sectioned. 

 

2.8 Human Tissue Collection and Analysis 

 Human aortic valve specimens with normal pathology obtained from heart transplant 

recipients and moderate to severe AS valves obtained at the time of surgery were used to 

confirm the presence of biomarkers present in animal models. Co-localization of molecular 
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imaging targets with calcification and inflammation are assessed and specific binding of 

each radiotracer is compared across groups of valves. Positive tissue is collected from 

patients undergoing valve replacement surgery whilst controls are obtained from patients 

undergoing heart transplants and other donors. Tissue is harvested fresh and transported in 

ice cold 1x PBS (approx. 4 °C). Tissue is then embedded in OCT embedding media for 

preparation of cryostat sectioning. Tissue is stored at -20 °C short term and -80 °C long 

term (>1 month). All ethics and protocols have been approved by the Ottawa Health 

Science Network Research Ethics Board (OHSN-REB), the University of Ottawa Heart 

Institute, and the University of Ottawa Office of Research Ethics and Integrity. 

 

2.9 Autoradiography 

 In vitro autoradiography was performed on fresh tissue samples previously 

embedded in OCT. Sections were cut at 20 µm, air dried for 30 minutes, and then washed 

to remove embedding media. Samples were then divided into baseline and block water 

baths and incubated with aforementioned radiotracers (1 µCi/mL) for 1 hour. The blocking 

solution was comprised of using excess nonradioactive standard (2 μM) and the same 

concentration of activity as in the baseline study. Post-incubation, samples were rinsed in 

separate baths of 1x PBS (3 x 5 min) and then left to air dry. The slides were then 

immediately exposed to a super-resolution Storage Phosphor Screen (BAS-IP SR 2025 E) 

in an Electrophoresis Systems Autoradiography Cassette (FBXC 810) overnight. The 

phosphor screen was scanned with a Cyclone Plus Storage Phosphor System and images 

were analyzed using OptiQuant software. By drawing ROIs around tissue samples, relative 

light units (RLU) were calculated and then converted to units of activity by using a set of 
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calibrated standard curves with decay corrected activities (Appendix D – Figures 22 and 

23) and measured on the same screen. Activity density (counts/mm2) was calculated from 

dividing the sample activity by the area of the ROI. Alternatively, ROI intensity was 

measured using ImageJ software as previously described (section 2.7).  

 

2.10 Statistical Analysis 

 Data are presented as the mean +/- SE. Group comparisons were done using a 2-

tailed Student t test (for equal variances) or paired t test (for paired samples). Multi-group 

comparisons were done using 2-way ANOVA with Tukey’s multiple comparison test. 

Confidence intervals were set at 95%. Statistical analysis was performed using GraphPad 

Prism 7.0 (GraphPad Software, Inc.). Data was analyzed for outliers using ROUTs test 

with a Q variable set at 1% to balance the likelihood of definitive and likely outliers. 

3.0 Results 

3.1 Echocardiography 

Experimental CAVD and WT animals (Section 2.1) were evaluated by 

echocardiography at three distinct timepoints (4, 8, and 12 months) for hemodynamic 

assessment of CAVD progression. The experimental group was composed of ApoE-/- mice 

fed a western diet for 3-4 months (depending on timepoint evaluation) in order to advance 

disease severity as previously described. Imaging via echocardiography consisted of 

obtaining relevant metrics predictive of AS, an important feature preceding CAVD 

progression as previously outlined in clinical and other animal studies.57,58 This included 

the assessment of peak velocity, mean pressure gradient, aortic valve area, and valve 

morphology.  
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The ApoE-/- group showed increased peak velocity indicative of stenosis (peak 

velocity >1600 mm/s) after 8-months in comparison to WT, 2161.65 mm/s ±	112.28 mm/s 

vs. 1237.87 ± 84.90 (p < 0.00001) and again at 12 months 1785.82 mm/s ± 102.45 vs 

1729.93 mm/s ± 365.23 (p = 0.0057) at the level of the AV (Figure 4,A). There was no 

observed difference, however, at baseline evaluation (4 months) between the ApoE-/- and 

WT groups. The same holds true for baseline evaluation of mean gradient. Like peak 

velocity, mean gradient also increased significantly at 8 months between groups in ApoE-/- 

animals versus WT at the level of AV, 7.45 mmHg ± 0.92 vs 2.42 mmHg ± 0.31 

(p<0.00001) (Figure 4,B). There was no observed difference between groups at the 12 

month timepoint, however. 

For AVA, there was a significant decrease in experimental animals from 8 to 12 

months, 0.75 mm2 ± 0.07 vs 1.33 mm2 ± 0.07 (p<0.0001) and AVA also decreased 

significantly at 12 months between ApoE-/-and WT animals, 0.75 mm2 ± 0.07 vs 1.31 mm2 

± 0.08 (p<0.0001) (Figure 4,C). No difference in AVA was noted at baseline measurement 

between groups. Interestingly, there was also a significant decrease in AVA from 4 to 8 

months, 1.84 mm ± 0.06 vs 1.41 mm2 ± 0.11 (p<0.0071) in WT animals. There was no 

change, however, in the WT group from 8 to 12 months indicating that it is likely that 

healthy animals do not progress to the disease state with age being the sole contributing 

variable. These findings are in accordance with changes observed in peak velocity as while 

some WT animals did display peak velocities above 1600 mm/s, none of them developed 

severe AS in comparison to the experimental ApoE-/- group which presented with peak 

velocities in the realm of >2000 mm/s in some instances. It is important to note that in 

some cases, animals developed peak velocities around 4000 mm/s but these findings were 
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consistent with displayed aortic regurgitation (AR), a vastly different disease from AS. 

This is suggestive of the animal model developing what is referred to clinically as mixed 

disease (section 4). Furthermore, findings are in accordance with the literature which 

indicates that mice only develop hemodynamically significant AS between approximately 

9-12 months of age if at all.15 

 

 

Figure 4: Progression of AS leading to hemodynamically significant CAVD 
Echocardiography analysis in ApoE-/- vs WT animals at 4, 8, and 12 month timepoints. 
Peak velocity at the level of the valve >1600 mm/s indicates hemodynamically significant 
disease progression in mice. ApoE-/- Show significantly higher peak velocity at the 8 and 
12 month timepoints (p < 0.0001 and p = 0.0057, respectively). (A). Mean gradient 
indicated features of AS with significantly increased pressure at 8 months in ApoE-/- mice 
in comparison to WT (p < 0.0001) (B). Lastly, decrease in aortic valve area (AVA) is 
calculated using the continuity equation (Appendix A – Figure 15) and serves as an 
indicator of stenosis in mice. ApoE-/- mice present with significantly decreased AVA in 
comparison to WT animals at 12 months (p = 0.0071) (C). 
 

3.2 Histology  

Following tissue collection, a series of stains were carried out for preliminary 

assessment of disease progression and presence of biomarkers of interest. Hematoxylin and 

4,A) 4,B) 4,C) 
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eosin staining was completed to determine tissue morphology (Figure 5,A). Additionally, it 

allowed for quantification of leaflet area in WT vs ApoE-/- tissue as well as at the three 

different timepoints. Leaflet area as a percentage of sinus area in intended to serve as a 

proxy to leaflet thickness.1 It is important to note that leaflet thickening was not observed 

in WT animals at any of the three timepoints (Appendix C – Figure 21) but increased 

proportionally with age in the ApoE-/- group (Figure 6). 

As expected, there was also an observed increase in lesion area in comparison 

between WT and ApoE-/- mice as made evident from staining for lipids with ORO (Figure 

5,B). The WT group did not develop any lesions within the aortic sinus at any of the three 

timepoints (Appendix C – Figure 21). Furthermore, there was an evident increased lesion 

area within the experimental ApoE-/- group at different timepoints with increases tapering 

off over the 8 and 12-month timepoints (Figure 6). Lesion area was calculated as a 

percentage of aortic sinus area. Interestingly, percentage of ORO (the amount of staining 

within the lesion itself) decreased within the ApoE-/- group proportionately to age. It is 

difficult to say with certainty that this trend will continue given the small sample size but 

one plausible explanation for this observation is due to lesion area increasing with age 

while the plaque contents change. Over time, the formation of calcified nodules or the 

development of a necrotic core will account for a substantial portion of the lesion area, 

thereby effectively decreasing the amount of ORO able to bind lipids within that region.  

Next, calcification was assessed using alizarin red and it was shown to be only 

present in the 8 and 12 month ApoE-/- groups (figure 5,C). No calcification was noted at 

the 4-month timepoint or in any of the WT animals (Appendix C – Figure 21 ). Again, due 

to the small sample size, it is challenging to draw any definitive conclusions at this point. 
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Similar results to lesion calcification were observed within the leaflets of the ApoE-/- 

model. Visually, calcification seemed to be fairly dispersed within the lesions of the aortic 

sinus whereas it was predominantly localized to the hinge region of the leaflets where they 

intersect with the lamina of the aortic sinus. Further analysis is required to draw more 

concrete conclusions. 

Lastly, PSR staining was performed to assess the presence of collagen remodelling in 

both the lesion and leaflets of the AV (Figure 5,D). Collagen remodelling, however, is 

absent in WT animals (Appendix C – Figure 21). As is the case with some of the other 

stains, more tissue needs to be analyzed to differentiate the degree of matrix remodelling. 

In addition, once the tissue has been stained, imaging can be completed under polarized 

light to differentiate between collagen types within the lesions and leaflets of the valve. 

For immunohistochemistry, the first staining with Mac-2 for macrophage deposits 

suggests an increase in inflammatory response in more progressed disease state animals 

(Figure 7). Macrophage accumulation was evident in the lesions of aortic sinus sections 

suggesting inflammatory marker migration as disease progression continues and a necrotic 

core is formed within the endothelial lesions. MMP-2, -9, and -13 expression was also 

assessed and it was found that there was a relative increase in MMP-2, and -9 but not -13 

expression in diseased animals after preliminary assessment (Figure 8). As predicted, 

MMP expression showed to localize to macrophage expression and was absent in WT 

animals. Further analysis is required to determine exact expression levels of each MMP at 

the various timepoints. 
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Figure 5: Histological Analysis of Various Biomarkers of Interest in ApoE-/- mice 
Representative histological panel indicating various biomarkers which are upregulated in 
the progression of CAVD. WT animals do not express quantitative measures of disease 
progression (Appendix C – Figure 21). Moving top to bottom represents the expression of 
each biomarker at either 4, 8, or 12 months, respectively. In the first panel, a representative 
figure of hematoxylin and eosin indicates changes in tissue morphology and leaflet 
thickness (A,). ORO indicates lipid staining within various atherosclerotic lesions which 
form within the aortic sinus (B). Alizarin red is used for the detection of 
microcalcifications within the lesion and leaflets, respectively (C). Picrosirius red is used 
for representation of collagen remodelling within the lesion of the aortic sinus (D). All 
images were acquired using a Leica Slide Scanner and post-processed in Apeiro 
ImageScope software with analysis in ImageJ. *mo = months 
 
 
 
 
 
 
 
 
 
 
 

4 mo* 

8 mo 

12 mo 

H&E ORO Alizarin Red PSR 



 35 

 
 
 
Figure 6: Quantification of various biomarkers of interest  
Preliminary evaluation of biomarkers expressed in CAVD progression at 4, 8, and 12 
months. Quantification of hematoxylin and eosin indicates percentage of leaflet area within 
the aortic sinus over time (A). Next, lesions as a percentage of aortic sinus area are 
assessed to monitor the deposit of lipids and degree of matrix remodelling (B and F). 
Following lesion measurement, the percentage of lipid expression and calcification is 
measured to track how expression changes within the diseased animal model between 
timepoints (C-E). 
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Figure 7: Immunostaining of Various Biomarkers of Interest in ApoE-/- mice 
Immunostaining indicates the presence of biomarkers believed to be upregulated in 
response to CAVD progression. All stains were completed using the same 1:100 
concentration of primary antibody in 1 x PBS for MMPs and 1:500 primary antibody for 
Mac-2 in 1 x PBS. Tissue was counterstained with Hoechst to identify nuclei. 
Immunofluorescence indicates expression of Mac-2 in green in combination with MMP-2,-
9, and -13 in red at the 4, 8, and 12-month timepoints. MMP-2, a gelatinase, is shown to 
colocalize to Mac-2 expression within the lesion area of the aortic sinus with (A). The 
same holds true for MMP-9, another gelatinase, involved in the matrix remodelling 
response (B). Lastly, staining for MMP-13, a collagenase, is shown across the three 
timepoints (C). Slides were fixed and mounted after staining using Dako to preserve 
fluorescent intensity for long term slide storage. Images were acquired using a Leica slide 
scanner and post-processed in Apeiro ImageScope software with analysis in ImageJ. *mo = 
months. 
 
 
 
 
 
 
 
 
 
 

4 mo* 

8 mo 

12 mo 

MMMP-2 MMMP-9 MMMP-13 



 37 

 

 
 
Figure 8: Quantification of Immunofluorescent Inflammatory and MMP Markers 
Quantification of Mac-2, a immunofluorescent stain for macrophages, in combination with 
MMP-2,-9, and -13 at the 4, 8, and 12 month timepoints. Images were analyzed using 
ImageJ software and worked up using Excel and GraphPad Prism. Images exported from 
Apeiro ImageScope were kept at the same magnification to ensure reproducibility between 
analyses. *Note that MMP-13 quantification is missing at the 12-month timepoint 
 

3.3 PET Imaging 

Three different PET radiotracers were used to assess disease progression and to 

attempt to visualize biomarkers of interest in vivo. For this pilot study, animals were aged 

to 8 months and were placed on a western diet for 4 months to advance disease 

progression. Animals were dosed consistently with an injected dose of approximately 10 

µCi/g with dynamic scans of 30 minutes for [18F]NaF and 60 minutes for the two MMP 

tracers. All static scans were done for 30 minutes. Animals were placed under light 

isoflurane anesthesia (2%) in O2 and kept warm using a heat lamp for the duration of the 

scan to replicate physiological conditions. All tracers were administered intravenously 

through the tail-vein. 

* 
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Administration of [18F]NaF shows expected uptake into bone after binding to 

calcium (Figure 9,A). ROIs were then drawn to measure specific uptake per organ as well 

as blood pool to generate a TAC (Figure 9,B). Once the in vivo scan is initiated, the tracer 

passes through the bloodstream where free 18F- ions bind to calcium in bone whilst the 

remaining activity is flushed through the excretory system and is taken up in the 

eliminatory organs (i.e. bladder) as expected. Unfortunately, due to the limited spatial 

resolution attainable with small animal imaging, it is hard to assess radiotracer uptake in 

the region of the aortic valve in vivo. 

Further, with the MMP-13 selective radiotracer, [18F]FMBP, in vivo PET studies 

show similar results to [18F]NaF in that detection of valvular uptake proves challenging and 

unreliable given the limitations of spatial resolution poised in small animal imaging. That 

being said, in vivo imaging via dynamic PET scan shows tracer uptake over time and 

routes of elimination after the first pass as expected (Figure 10,A) and provides valuable 

information when planning to scale up tracer usage for higher order species. Routes of 

metabolism and elimination seem to be consistent through the liver and intestine, 

respectively (Figure 10,B). This data is corroborated by additional biodistribution studies 

which were completed after imaging these animals as part of an ongoing atherosclerosis 

study in our lab (data not shown).  

Given the limitations experienced with the two previous tracers, it was decided to not 

pursue in vivo imaging with [18F]BR351 at this time. Instead, an ex vivo PET approach was 

explored. Interestingly, the activity can be seen binding specifically to plaque regions 

within the descending aorta and aortic arch as is expected in these regions of increased 

inflammatory activity with these immuno-responsive cells secreting MMPs (Figure 11,A). 
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When using [18F]BR351, detection of uptake in the valve area is feasible by ex vivo PET 

but issues with radiotracer binding specificity introduced other confounds resulting in 

unreliable quantification in these early assessment studies (Figure 11,B). This is largely in 

part due to ROI’s needing to be refined further to better suit the valve area. Given the small 

structure, it is likely that quantification is impacted by spillover effects caused by using this 

tracer. Furthermore, it is possible that as the tissue is not perfused, remaining blood 

containing small amounts of radiotracer remained present and are affecting the 

quantification by altering the tissue to background ratio (TBR). 
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Figure 9: In vivo PET and associated time activity curve for [18F]NaF 
Animals were injected with approximately 10 µCi/g and activity is measured as percent 
injected dose/mL over time in minutes. During the 30 minute dynamic PET scan, [18F]NaF 
is seen passing through the animals vasculature post IV tail-vein injection and then being 
taken up in bone as it binds to calcium (A). Predominantly, activity is seen to be taken up 
in the spinal column, sternum, and kidneys/bladder as reflected in the time activity curve 
(B).  
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Figure 10: In vivo PET and associated time activity curve for [18F]FMBP 
Animals were injected with approximately 10 µCi/g and activity is measured as percent 
injected dose/mL over time in minutes. During the 60 minute dynamic PET scan, 
[18F]FMBP is seen passing through the animals vasculature post IV tail-vein injection, 
passing through the myocardium, and then being taken up by the liver for metabolism and 
excretion through the intestine and kidneys (A). Time activity curve shows uptake as a 
percentage of ID/mL in various organs of interest over time (B).  
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Figure 11: Ex vivo PET for [18F]BR351 
Animals were injected with approximately 10 µCi/g of radiotracer. After euthanasia, hearts 
and aortae were harvested and placed in a pitri dish placed within the PET scanner. During 
the 30 minute static PET scan with [18F]BR351 shows uptake in the myocardium after 
tissue was harvested 1 hour post IV tracer injection via the tail-vein (A). The ex vivo PET 
imaging provides superior resolution to in vivo scanning (* denotes the valvular area, ** 
denotes atherosclerotic plaques within the aorta). Ex vivo PET studies with [18F]BR351 
were quantified using Amide software where ROIs were drawn around the aorta, valve, 
and myocardium (B) for comparison between baseline and block in ApoE-/- and baseline in 
WT mice. 
 
 
3.4 Autoradiography 

In vitro autoradiography results suggest specific binding to targets of interest for 

[18F]FMBP and [18F]BR351 in en face tissue samples (Figure 12A and B). In comparison 
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between baseline and blocking studies, there was an observed significant decrease between 

the two for both using [18F]FMBP and [18F]BR351 (P = 0.0062 and P = 0.0394, 

respectively). Further trials with these radiotracers will be carried out in the near future to 

build up the sample size and make quantitative measurements for analysis in valve tissue 

sections.  

 

Figure 12: In vitro Autoradiography Analysis for [18F]FMBP and [18F]BR351 in en 
Face Aortae 
(A) Representative ApoE-/- aortic en face in vitro autoradiographs 1 hour after incubation 
with 45 kBq [18F]FMBP or [18F]BR351. Homologous blocking was performed by co-
incubation of 2 µM non-radioactive FMBP or BR351. Corresponding bright-field images of 
ORO stains are shown (n = 4 - 7). (B) [18F]FMBP and [18F]BR351 aortic lesion 
quantification. Two-way ANOVA: ***P = 0.0002, **P = 0.0062, *P = 0.0394. Adapted from 
Buchler, Munch, and Farber.55  
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Preliminary studies of in vitro autoradiography have already been performed using 

[18F]FMBP (including human tissue evaluation) (Figure 13,A and B, respectively) and 

[18F]BR351 (Figure 13,C). As this is a preliminary assessment it is hard to draw significant 

conclusions at this point but with the tissue already harvested and sectioned, 

autoradiography and related analysis can be completed once tracer production comes back 

online.  

Results suggest that there was no real difference between the baseline group in 

comparison to the block with this control actually having higher counts within the tissue 

than baseline. Unlike in the human tissue evaluation, which is in accordance with the 

above, observed en face aorta tissue (Figure 12), these findings contrast what has been 

previously shown. As of now, there is no apparent difference between baseline and block 

in either ApoE-/- or WT tissue samples using BR351 (figure 12,D). Conditions for the pan-

MMP tracer still require optimization. With all the tissue for this study now collected and 

sectioned, the next step will be to compare tracer binding and uptake by autoradiography in 

4, 8, and 12 month tissue as well as in healthy and moderate AS, and diseased (calcified) 

human tissue samples. 

 Autoradiography was analyzed using ImageJ software. ROIs were calculated by 

conversion of activity to RLU*1which could then be measured as a percentage of light 

intensity within the ROIs as previously described. Alternatively, autoradiography was 

analyzed using OptiQuant software. By drawing ROIs around tissue samples, RLU were 

calculated and then converted to units of activity by using a set of calibrated standard 

 
* Relative Light Units: A measurement of luminescence without physical meaning unique to the 
instrumentation being used and assigned as a proxy for detected radioactive signal by autoradiography. This 
value is assigned based off of a known signal intensity value. 
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curves with decay corrected activities (Appendix D – Figures 22 and 23) and measured on 

the same screen. Activity density (counts/mm2) was calculated from dividing the sample 

activity by the area of the ROI. In addition, two ROIs were drawn over the background to 

subtract out the accounted for noise in the scanned image (Appendix D – Figure 24).  

 

 
 

 
 
Figure 13: Preliminary Autoradiography Analysis for [18F]FMBP and [18F]BR351 
Preliminary assessment of [18F]FMBP in 12-month old ApoE-/- animals (N = 10) (A) and 
human tissue samples of severe aortic stenosis with calcification (N = 4) (B). Uptake is 
measured in relative light units (RLU) and shows comparison between baseline and block. 
Preliminary assessment of [18F]BR351 in vitro autoradiography in 8-month old ApoE-/- and 
age matched WT animals (N = 6) (C). Uptake is measured in counts/mm2 and shows 
comparison between baseline and block tissue. 
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3.5 Human Tissue Histology 

Human tissue collected from patients undergoing either heart transplantation or 

valvular replacement surgery were consented for this study. With their tissue collected, it 

was then sectioned and stained for confirmation of biomarkers expressed in histological 

studies as well as tracer uptake via in vitro autoradiography. Thus far, expression of 

calcification, lipid deposition, collagen remodelling, and MMP-13 have been shown to be 

expressed in the collected tissue.  

Following this vein, the same studies (histological sample staining and 

autoradiography) will be carried out on human tissue samples. All ethics and protocols 

have been approved tissue collection has commenced.  

4.0 Discussion 
 
4.1 Animal model 

The predominant experimental animal model selected for this study is the 

apolipoprotein E-deficient mouse (ApoE-/-). The lack of ability to clear lipoproteins from 

the circulation results in a state of hypercholesteremia that ultimately ends in the formation 

of atherosclerotic plaques.45 These atherosclerotic plaques originate around the aortic root 

and progress throughout the aortic vasculature. Due to a variety of underlying mechanisms 

(see introduction), these plaques will calcify over time and calcification can also be 

observed on the leaflets of the aortic valve. This calcification in the lesion and leaflet 

regions portends the resulting decrease of valve functioning which is believed to impede 

normal hemodynamics.15 Therefore, although typically used as a model of atherosclerosis, 

this knockout model is used extensively for CAVD research and, in this regard, has been 
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used extensively in research projects of similar design.3,43 It is believed that several of the 

causal mechanisms at play tend to overlap in both diseases.59  

This is not to say that the ApoE-/- mouse is necessarily the most appropriate model 

for CAVD research. Much attention is also drawn to the low-density-lipoprotein receptor 

(Ldlr-/-) knockout model as well and variations of these models exist with alterations made 

to genetics and/or diet to induce calcification as this does not occur spontaneously in WT 

animals.45,60,61  

Due to several limitations there is an incentive to approach in vivo CAVD studies 

with higher order species such as rabbits and pigs. The main reason being that these 

animals express a valvular morphology which is more congruent with that of humans. This 

is with reference to the typical tri-layer extracellular matrix structure (fibrosa, spongiosa, 

and ventricularis) seen in humans whereas mice only possess valve morphologies which 

are several cells thick and lack the characteristically separated layers.62 However, these 

higher order species possess their own sets of challenges, drawbacks, and limitations as 

well. For example, rabbits also do not develop spontaneous calcification and housing 

animals of this size which require additional husbandry can be costly and result in fewer 

animals in a study.43 On the other hand, for studies where emphasis is focused on 

preliminary assessment of expressed biomarkers, the ApoE-/- model is appropriate as these 

mice, in combination with a western diet, express key biochemical features of disease 

progression such as; increases in MMP expression (particularly MMP-2 and -9), micro-

calcification, and increased macrophage expression.63 Furthermore, these animals will 

develop calcification without introduction of a high fat diet but the timeline for them to 

reach this stage is between 22-30 months.64 The hemodynamic relevance of this model as 
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suitable for detecting CAVD still remains a topic of discussion. Given the necessary 

timelines, genetic and lifestyle habits, compounded with assumptions in clinical modelling 

needed to be translated to mice; these challenges present considerable limitations. 

Of the available animal models though, it is generally agreed that those expressed on 

a C57Bl/6J background fare superior to others as they are the most likely to develop 

features of atherosclerosis leading to clinically representative CAVD.60,61 Lastly, it is 

worth mentioning other animal models where the approach is focused on a different 

clinical manifestation of propagated CAVD. This being the atypical BAV phenotype 

expressed in CAVD patients expressing advanced disease states and which are more likely 

to be referred for valvular replacement surgery.6 The underlying issues surrounding these 

models are in relation to feasibility and degree of disease-like features they develop. In 

terms of feasibility, these animals tend to not survive given the host of complications that 

can arise in embryonic development linked to a genetic model with this valvular 

phenotype.46,46,65 Furthermore, the incidence rate amongst these animals which actually 

develop this phenotype is not necessarily certain and in some cases is even below 

50%.9,46,66,65 Some examples of animal models with this phenotypes are the Nos3-/-, Postn-/-

, Gata4, Gata5-/-, and Gata6+/-.Originally, this study included Gata6+/- mice as they seemed 

to yield the most promising results but after 12 months the animals had not produced 

features of CAVD by histology or echocardiography. Compounding these factors, animal 

model design centred around the approach of a BAV phenotype are not at a stage where 

they should be used reliably for CAVD research.  
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4.2 Echocardiography 

Echocardiography has long been the gold standard used in the clinical diagnosis and 

evaluation of CAVD.67 This imaging modality provides clinicians with a relatively easy 

method for assessing patients’ hemodynamic changes which result from the development 

of AS preceding disease pathology.57 In contrast to other detections methods 

(predominantly CT or catheterization), echocardiography is a relatively inexpensive, quick, 

and non-invasive tool.57 Hence the rationale for attempting to emulate the diagnostic power 

of this imaging modality in mice. Furthermore, it allows for longitudinal studies to be 

carried out, thereby limiting the total number of animals necessary to complete this study. 

However, in order for the application to be translatable, the mice used for imaging would 

have to show hemodynamically relevant AS on top of sharing similarities of key features 

of disease progression presented as previously mentioned biomarkers of interest.  

Unfortunately, this was not observed in the cohort of animals imaged in this study. 

Interestingly, echocardiographic assessment of disease severity gives limited insight into 

CAVD pathophysiology and additionally has poor predictive value in determining the rate 

of progression from early to late stage disease.67 Although the animals do experience 

higher velocity and transvalvular pressure gradients (figure 4, A & B), the same is seen in 

the LVOT of the experimental animals suggesting that this change is not necessarily 

associated with a change in valve dynamics. This is true, even though by their 8-month 

timepoint the experimental animals in this study present with a valvular peak velocity well 

beyond the allotted 1600 mm/s used to classify aortic stenosis in mice.1,68 This number as 

baseline for AS classification is based off the averaged baseline value of peak velocity 

expected in normal healthy mice which is set at half (800 mm/s).68 The finding of low rates 
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of hemodynamically significant AS is in accordance with literature reports from this 

animal model on the specific diet that was used.63 For reference, this model only develops 

hemodynamically significant stenosis in less than 2% of cases and only around 9-12 

months under these experimental conditions.43,63  

One of the key features of this animal model is the development of atherosclerotic-

like lesions prior to calcification of the related plaques and subsequent calcification of the 

AV leaflets43,63,64. Based on the histological samples obtained from these animals, it is 

evident that they develop atherosclerotic-like lesions in the LVOT, right below the aortic 

root. This plaque formation results in a decrease in the LVOT diameter (Figure 4, C) and 

as a result, aids in predicting a decrease in AVA based on how it is interpreted through the 

continuity equation (Appendix A – Figure 15). Furthermore, as a result of this decrease, it 

can be rationalized that the resulting effect is the observed increase in LVOT peak velocity. 

The same expected mechanism explains observations at the level of the valve since the 

decrease in AVA yields a higher blood velocity and transvalvular pressure gradient (Figure 

1). This is consistent with the observed difference between the experimental and WT 

animals as the experimental animals develop significantly larger lesions as they age, 

explaining the decrease in area and increase in velocity and pressure at different 

timepoints. This decrease in LVOT area, however, is not observed in clinical settings and 

again calls into question the validity of the animal model in hemodynamic assessment of 

AS. Typically, in clinic, LVOT diameter should remain constant in patients presenting with 

AS having the only decrease in diameter being seen in the AVA.57,69 It is important to note 

that the measurement at the level of the LVOT was performed in accordance with 

recordings done in clinical settings where the diameter was measured in the PLAX view 
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during mid-systole from the white–black interface of the septal endocardium to the anterior 

mitral leaflet with the acquisition parallel to the aortic valve plane.57,62 Having touched on 

the hemodynamics surrounding some of the complications experienced with AS 

assessment by echocardiography in mice, it also worth noting that there are several 

assumptions made by clinicians concerning the acquisition and interpretation of computed 

results. 

The mechanism by which the observed increases in pressure and velocity can be 

explained is by the underlying physical principles at play outlined by the Bernoulli 

equation (Appendix A – Figure 15). In this case, the Bernoulli principle functions on the 

premise of the conservation of energy where the potential energy (pressure) and kinetic 

energy (flow velocity) before the stenotic valve is the same as that after.70 The transaortic 

pressure gradient measured by this imaging modality is centered around fundamental 

equations used in fluid dynamics, specifically, a simplified form of the Bernoulli equation 

(Appendix A – Figure 15).57 Thankfully, this process is automated for the sonographer 

when analyzing the data through the associated software but it is still relevant to 

understand the physics-based assumptions and to assess the feasibility of their translation 

between humans and small animals. 

 The first assumption is that viscous losses and acceleration effects are 

negligible.57,70 This is an important point to address as the true assumption being made 

here is that the flow through the valve is laminar and that the fluid is inviscid. As was 

observed in several cases, the flow of blood through the AV was turbulent as these animals 

experienced AR. In these cases, the simplified Bernoulli equation does not hold as this 

confounding variable of AR added to the presence of potential AS is suggestive of mixed 



 52 

AV disease.71 Furthermore, if using the simplified Bernoulli equation in this instance, the 

velocity at the level of the valve would be grossly overestimated due to the turbulent flow. 

 The second assumption is that the proximal velocity (LVOT velocity) can be 

ignored when it is <1 m/s.57 This is because squaring a number less than one makes it even 

smaller and it is assumed that the effect it has on the system is negligible when compared 

to the relatively larger distal velocity.70 This assumption is key in the simplification of the 

Bernoulli equation. However, while this may be true in humans, what was observed in this 

animal model is that the proximal velocity was, in certain instances, above 1 m/s and even 

sometimes greater than the distal velocity. This was only ever apparent in the early 

baseline timepoint. 

 The third and final assumption is that the density of blood in a mouse is the same as 

the density of blood in humans (1060 kg/m3) and that it is non-compressible. This 

assumption is not as important since the relation to human blood is less relevant than is the 

way the two mediums behave as a fluid in this system. As the equation would suggest, 

density plays a role in calculating the change in pressure exerted through the valve orifice. 

However, the variable for density is cancelled out in the simplified equation as the change 

in height in the system is negligible. The remaining variable for density is simplified 

further when divided by the standard unit of pressure in pascals converted to mmHg, thus 

resulting in a value of approximately four (3.975) and a simplified Bernoulli equation 

represented as:  

∆𝑃 = 4𝑣! 
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The second point with regard to compressibility of blood is important as a fluid which can 

be compressed would have energy changes within an otherwise linear system and the 

Bernoulli equation would not hold.  

 Given the need for such manipulation to simplify a relatively complex system, it 

stands to reason why these assumptions have been challenged.70,72 As has been shown 

already, these assumptions do not necessarily hold true for all the animals used in this 

study. This ties back to the points made previously concerning the hemodynamic relevance 

of this model. After careful evaluation in studies surrounding the accuracy of the simplified 

Bernoulli equation, it has been shown that computational fluid dynamics provides a more 

accurate depiction of what is truly occurring within the valve.57,72 The simplified Bernoulli 

equation still stands as a reasonable assessment of valvular stenosis but should be 

supplemented with additional measurements from different imaging parameters and should 

be used with caution in complicated or severe cases of AS.57,70,72  

 Under the circumstances that a unreliable transvalvular pressure gradient, or by 

extension, AVA, can be calculated from the Bernoulli or continuity equation respectively, 

there are other metrics that can be assessed to evaluate degree of AS.57 One of these 

methods is to assess AVA by planimetry.57 Placing the probe in the PSAX position and 

rocking or sliding is rostrally from the level of the papillary muscles within the LV, the 

orifice area can be measured manually by the user. In addition, it also allows for 

assessment of valve morphology to determine the presence or absence of the BAV 

phenotype. However, while this method is feasible in clinic, this is not always the case 

with mice as there are a multitude of confounding factors which may present additional 

challenges. For instance, in many cases the sternum casts a shadow over the acoustic 
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window which decreases visibility of the aortic valve. In addition, in older animals, as they 

increase in size the same shadowing effect can arise but this time as a result of the lungs 

occluding the imaging space. Furthermore, in cases where there is severe calcification, the 

contraction coefficient*2may be varied resulting in an underestimation of the AVA.57 

Lastly, it not always possible to have all three leaflets within the same plane given their 

small size making assessment by planimetry improbable in those cases.  

It should also be noted that these animals were imaged under settings resembling 

normal physiological conditions but in order to have standards which parallel clinical 

environments, the animals would need to have been trained for imaging under conscious 

conditions; a task which is overly complicated, time consuming, and not necessarily 

practical.57,58 The method by which conscious mice can be scanned imposes additional 

difficulties on top of what is already a challenging and abstruse modality for small animal 

imaging.58  

Individuals attempting similar imaging studies should be familiar with the large 

learning curve, anatomical knowledge, and intuition necessary with this method of imaging 

and data acquisition. For example, having the foresight to switch between transducers (in 

this case between a 550 Hz and a 400 Hz probe) as when peak velocity falls outside the 

detectable range of the mx550 Hz probe’s frequency, the mx400 Hz probe is used to make 

the necessary measurements. In addition, the 400 Hz probe is more reliable for colour 

doppler and each probe in this system comes equipped with an optimal focal range that has 

to be adjusted manually by the sonographer. Furthermore, as is the case in clinical settings, 

 
* Contraction coefficient: A term used in fluid mechanics to describe the proportion between the areas of the 
stream at the vena contracta (the point in a fluid stream, in this case the valve opening, where the diameter of 
the stream is the smallest, and fluid velocity is at its maximum) to the area of the orifice. 
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continuous wave doppler is used to make measurements at the level of the valve for 

assessing velocity whereas in this system, only pulse-wave doppler is available to the 

sonographer so there is an increased need from the user to be attentive when recording this 

measurement in the area of peak velocity (as noted by colour doppler).57 This is due to the 

fact that continuous wave doppler requires lower frequency phased-array probes where 

animal imaging systems are only equipped with high frequency linear probes. 

In summary, although standard clinical echocardiography procedures were 

practiced when studying this animal model, there still exists a whole host of confounding 

variables which limit the degree of confidence in converting these techniques between 

humans and murine models. Although at face value it may appear as though the animals 

develop clinical features of AS preceding CAVD, due to the lack of translatability of 

clinical echocardiographic assumptions and disease pathophysiology, these findings should 

act as a guideline and strong consideration when designing future studies of CAVD 

assessment by echocardiography to ensure best practices. 

  
4.3 Histology 

 Following hemodynamic assessment via echocardiography, assessment of 

individual biomarkers of interest, as well as their quantification, was completed using a 

variety of selective stains and IHC markers. As expected, animals on western diets 

developed increasing aortic and valvular lesions and as a result underwent extensive matrix 

remodelling. Lesion size continued to increase proportionately to age in the mice until a 

certain point where the valve sinus area had reached a level where further increase in lesion 

size was not possible. Furthermore, there was an evident increase in leaflet remodelling 

and leaflet size, a key feature of CAVD progression in mice.1,11,15,59 This is in accordance 
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with what is typical of this animal model and expected with CAVD.43 In addition, 

assessment of calcification and upregulation of inflammatory markers were also observed.  

 The first biomarker of importance, as the name of the studied pathology would 

suggest, is calcification. In planning out this study, there came a point where a decision had 

to be made with regard to methodology of calcification assessment. The choice was 

between the von Kossa and alizarin red staining procedures. Ultimately, it was decided to 

use alizarin red for staining of microcalcifications over von Kossa as the latter stains 

calcium deposits black, which presented with complications in analysis. Given the nature 

of the animal model used, it is normal to observe black spots within the aortic valve which 

may be mistaken as a positive calcium stain by von Kossa.43,73 In reality, these black spots 

are actually small deposits of neural crest cell melanocytes which arise during arterial 

valve development in response to the immunological function they play.73 With regard to 

the animal model, there was no apparent calcification of the leaflets of ApoE-/- mice until 

later timepoints. On the other hand, there was visible calcification in the lesion area of the 

aortic sinus in the older, more stable plaque region of 8-month old mice. The observed 

calcification is a result of advanced plaques progressing from their inflammatory stage, 

through lipid deposition and oxidative stress, to calcification.74,75  

This next feature of disease progression which was evident in the histological 

samples of diseased animals is from a resulting inflammatory response observed in the 

form of accumulated macrophages present in newer formed lesion areas (i.e. the hinge 

region of a lesion). This is also where MMP expression was most notable. MMP-2, -9, and-

13 were found to co-localize well with macrophages as was to be expected since 

macrophages, converted to foam cells, release MMPs to degrade the ECM and allow for 
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matrix remodelling to occur.76–78 This is a typical feature of atherosclerosis and advanced 

plaque progression in CAVD positive mice.59  

It is important to highlight that in conjuncture to the inflammatory response, active 

remodelling was observed via the presence of different collagen types in the extracellular 

matrix of tissue regions of interest. The collagen birefringence was visualized with PSR 

under polarized light with type I collagen appearing bright yellow/orange and type III 

collagen being green (figure 2,C). Collagen remodelling takes place once MMPs have 

degraded the surrounding ECM and new supportive scaffolding can fill its place.76  

Lastly, in situ zymography was completed to determine the presence of activated 

MMPs. Whereas immunohistochemistry provides insight to MMP expression, zymography 

specifically identifies those proteases which are active in the tissue region of interest.79 It is 

worth mentioning that the results from the zymography study are not shown here as the 

study had to be put on pause as a result of COVID-19. There were still a significant 

number of variables which required troubleshooting before the results obtained could be 

expressed confidently. However, preliminary results have been obtained.  

In the animals of later timepoints, active MMPs could be seen by fluorescence in 

areas of active matrix remodelling in both the leaflet and lesion areas of the sinus. This was 

expected as these regions underwent active remodelling. For this procedure to work, it was 

imperative that the tissue be fresh and flash frozen to preserve the enzymatic activity 

within the tissue. Moreover, all working solutions used had to be maintained at 37 °C to 

replicate physiological conditions. For the purpose of this study, it was decided to use a 

pan-MMP substrate as there has been strong data previously presented which draws 

concerns towards the accuracy of single-MMP based substrate kits, especially with regard 



 58 

to their use on tissue sections.3 In the future, collected tissue will be used for gel-based 

zymography assays as they provide a more clear and reliable method of detection and 

quantification.79 Unlike in the tissue-based assay, specific MMP activity can be identified 

without the need for additional inhibitor studies. In the case of this study, serial sections 

were obtained at 10 µm (the suggested tissue thickness for zymography studies) and the 

selected pan-MMP inhibitor used was marimastat with an additional negative control tissue 

section adjacent being used as well. For reasons that still remain unclear, the block with the 

pan-MMP inhibitor failed to block the expression signal of the active MMPs. The rationale 

proposed for this lack of inhibition could be related to the incubating substrate having a 

higher affinity for the active site and outcompeting the inhibitor used in this study. Moving 

forward, other inhibitors will be used such as 1,10-phenantroline or ilomastat. Furthermore, 

with regards to quantification, the results obtained by this zymography procedure are 

mostly qualitative. Making use of imaging systems such as the In Vivo Imaging System 

(IVIS) imaging can allow for proper quantitative assessment of zymography results.3 This 

is due to the system being able to quantify fluorescent intensity and represent it as a unit 

per voxel. 

  

4.4 Positron Emission Tomography 
 

Nuclear imaging is a unique method as it is one of the only modalities which images 

from the inside-out. This allows for administration of target selective radiotracers to 

identify and monitor unique features of disease and progression. Although, one of the 

greatest challenges experienced during the PET imaging aspects of this study are largely in 

part due to the limited spatial resolution available. This holds true even with small animal 
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imaging systems which have a spatial resolution of about 1.6 +/- 0.06mm.80 While in 

theory this should be sufficient for small animal valvular imaging, there are other 

confounding variables to consider that present additional challenges. For example, 

respiration rate in the animal, radiotracer spill-over effects, accuracy of transmission scans, 

and reconstruction algorithms to name a few. Typically, image reconstruction occurs via a 

transmission scan, in this case done before the dynamic PET study, and makes use of 

radioactive point sources which are exposed as the animal initially passes through the 

camera. The transmission scan aids in providing anatomical data to the user for easier 

localization of tracer binding within the animal. While this is one method of providing such 

anatomical data, in clinical settings, the trend has now shifted to create hybrid imaging 

systems which consist of both PET and CT imaging modalities working in unison. The CT 

scan done in conjuncture with PET allows for superior reconstruction methods and 

provides sufficiently more accurate anatomical data.81 Furthermore, the added benefit of 

CT is that is exposes the individual being scanned to significantly less radiation as lower 

levels produced by the CT instrument can be filtered out so that they do not reach the 

patient. This, however, is not really a concern as the exposure is quite low to begin with. 

This is in contrast with transmission scans which require a long-living isotope point-source 

to be exposed to the individual being imaged as they pass through the camera. Again, this 

low level of radiation is not too concerning but it is higher than what would be obtained by 

CT.  

The greater benefit of CT, especially in studies such as this, where one essentially is 

attempting to image bone, the superior contrast provided by CT would allow for easier co-

localization of tracers with areas of valvular calcification. For this to be feasible, however, 
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the CT would have to be able to provide the appropriate spatial resolution, of which it is 

indeed capable. This aside, the CT would likely not be able to detect the presence of 

microcalcifications, hence the need for superior PET imaging agents such as [18F]NaF. 

In a clinical setting, AV calcification can be reproducibly measured using [18F]NaF in 

patients presenting with AS.51,52 Previously, the most common form of tracer imaging of 

AS was done by imaging inflammatory responses in the valve using [18F]FDG but these 

methods were not disease specific.82 In the case of [18F]NaF, once it is injected through the 

vasculature, the sodium and fluorine will dissociate and radioactive fluoride is free to 

interact with hydroxyapatite; a structure composed of a calcium ion surrounded by 

phosphate groups all used in the coordination of surrounding hydroxy groups.83 Here the 

free floating radioactive fluorine ions rapidly exchange with the hydroxy groups forming 

fluorapatite through a process called chemisorption.83 The advantage of using [18F]NaF has 

shown to be far more accurate in measuring disease progression.82 However, although 

there is greater specificity using [18F]NaF as opposed to [18F]FDG in AV disease detection, 

it still faces shortcomings such as spill-over effects from adjacent bones and poor 

resolution in smaller structures.84 While imaging via [18F]NaF remains an integral 

diagnostic tool in imaging valve insufficiencies resulting from advanced calcification, it 

only provides late stage disease detection and yielding a need for imaging agents at earlier 

time points in disease progression.85  

In order of facilitate earlier disease detection there is a need for MMP imaging as 

its activity is upregulated prior to the formation of calcium deposition and therefore 

represents a sentinel biomarker of disease pathogenesis.85 To overcome the aforementioned 

obstacles related to small animal in vivo imagining, an ex vivo imaging approach in small 
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animals was rationalized. By removing the surrounding tissues and respiratory effects 

which can increase the likelihood of random events being counted as true events or cardiac 

motion which obscures small structures in reconstruction, the static ex-vivo PET scan 

allows for superior resolution and tracer co-localization under more controlled settings. In 

addition, given the long half-life of 18F-, this allows for multiple studies to be performed 

with the same tissue and thereby limit the total number of animals needed. After the image 

acquisition has been completed, the tissue can easily be embedded and sectioned for ex 

vivo autoradiography studies. 

 

4.5 Autoradiography 

 The approach to autoradiography for this study presents itself twofold. Those being 

by both ex vivo and in vitro methodologies. The former is meant to provide conditions 

congruent with those in in vivo imaging studies whilst the latter provides insight to target 

binding and efficiency. It should be noted that due to the COVID-19 pandemic only 

preliminary assessment of in vitro studies have been carried out thus far but promising in 

vitro and ex vivo studies have already been observed on en face aortae using the same two 

radiotracers, the same animal models, and the same dietary conditions for a different study 

carried out by our group (Figure 11,A and B). At this point it would be inappropriate to 

draw conclusions on the observed trends in these preliminary studies and should wait until 

there is a more robust sample size with method optimization carried out in future studies. 

 In performing autoradiography on histological samples, tissue thickness had to first 

be optimized to ensure a detectable signal which would be representative of the animal’s 

valve from which it was obtained. In referencing the literature, the most common tissue 
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thickness used is 20 µm.86 In contrast to sectioning by frozen samples (10 µm) and paraffin 

embedded (5 µm) sections, autoradiography has the additional challenge of resolution as 

radioactivity is read by scanning a phosphor screen which sits on top of the previously 

tracer-incubated tissue. Originally, we set out to place the full valve sample in the cassette 

to be exposed to the phosphorous screen but it was quickly determined to be too thick, 

resulted in poor image quality, and destroyed the tissue samples. Furthermore, it was 

decided to use fresh, flash frozen tissue to best mimic in vivo conditions as opposed to 

using paraffin embedded tissue which would have to be initially dehydrated and fixed with 

formalin. Aside from being a long process which would not be agreeable with the half-life 

of these radiotracers, the drawback to using fixed tissue, although easier to work with and 

ideal for preserving morphology, is that it crosslinks the proteins and may affect tracer 

binding in tissue samples by altering target expression patterns.  

Choosing to go with the fresh and frozen tissue samples embedded in OCT, 

thickness was then increased from 10 µm to 30 µm with serial sections obtained on the 

same slide to ensure they were exposed to the same treatment. Tissue sections at 30 µm 

were challenging to place on slides and in addition, were more likely to come off when 

pre-washing tissue to remove the surrounding OCT in preparation for tracer incubation. 

Furthermore, tissue at 10 µm showed limited expression as a result of the limited target 

density available for scanning. It was decided to continue with 20 µm tissue sections as 

suggested in literature of similar study design as this produced the best and most consistent 

results. Serial sections could be easily obtained from tissue samples and then incubated 

under same conditions. Similar methods were carried out for the human tissue samples. 
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5.0 Conclusion 

As is made evident in the data and analysis conducted for this study, there still 

remains several concerns regarding the appropriateness of the animal models typically used 

in CAVD research. Until one can be provided that is CAVD specific, the exact molecular 

mechanism by which the disease manifests in murine models cannot be confidently used as 

a proxy for studying disease development in humans. As was shown by echocardiography, 

the preceding AS seen in clinical evaluations leading to CAVD are not observed to the 

same degree in the animal model used. That being said, the presence of overlapping 

biomarkers seen in both human and murine models provide insight to key targets of 

interest from a nuclear and molecular imaging standpoint. With advancements being made 

in imaging modalities, tracer production and formulation, as well as genetic models for 

studying CAVD, it is reasonable to conclude that steps can be taken forward in the near 

future to make important differences in the way CAVD is managed and treated in a clinical 

setting. 

In the future, several other studies will be carried out to better assess the animal 

models used for studying CAVD. In addition, further comparison will be made in reference 

to the biomarkers expressed in human tissue with samples currently being collected and 

processed for these studies. In addition, we plan to move our pan-MMP zymography 

imaging from a qualitative space towards a more definitive single MMP assessment and a 

quantitative approach using IVIS imaging systems which will soon become available. 

Several preliminary assessments have already indicated promising results for both human 

and imaging studies, respectively. Furthermore, new iterations of previous and diverse 

radiotracers are being produced to image alternative targets of interest upregulated in early 
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stages of disease pathophysiology. Lastly, an attempt will be made to evaluate existing 

tracers used for this study in higher order species that are more reflective of clinical 

presentations of CAVD. 

The findings obtained in this study will serve to model next generation projects 

focused on assessment of CAVD progression in murine models. Given the results obtained 

by echocardiography, the nature of the animal model used and how it relates to 

hemodynamic assessment have been well elucidated and highlight several key limitations 

one should consider when designing similar studies. That being said, assessment of valve 

morphology has shown to be quite feasible given sufficient practice and ensuring that 

hemodynamically significant parameters are maintained.  

In terms of characterizing biomarkers of interest, the findings presented here 

suggest upregulation of various biomarkers of interest such as MMP-2, -9, and -13 in 

diseased animals in comparison to their WT controls. This serves as evidence of disease 

progression within the animal model used and it has been shown that these same targets are 

well suited candidates for future nuclear molecular imaging projects given their high 

degree of specificity. 

This translational project will aid in providing a better understanding of valvular 

heart disease pathophysiology, identifying potential therapeutic targets, and developing and 

testing these agents. In addition, the use of less and non-invasive imaging modalities to 

predict or diagnose the onset of CAVD provides an alternative to current standards of care 

which have the potential to introduce other secondary complications on top of pre-existing 

associated risk factors. A molecular imaging agent capable of predicting CAVD will lay 
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the groundwork for necessary therapies, obviate the need for redundant animal models, and 

diminish disease related disparities. 
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Appendix 
Appendix A – Background and Supporting Information 
 

Figure 14: Calcific Aortic Valve Disease 
Progression of calcific aortic valve disease from a normal healthy valve, through aortic 
sclerosis, and ending in aortic stenosis with presence of calcium nodules. Several risk 
factors believed to be involved in disease pathogenesis as well potential molecular markers 
are outlined as well. Furthermore, conversion of quiescent VICs to osteogenic VICs is 
outlined as well. Adapted from Farber, Boczar, Wiefels, et al.85 Made with Biorender© 
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Bernoulli Equation 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Simplification of Bernoulli Equation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Continuity Equation 
 
 
 
 
Figure 15: Bernoulli Equation, Simplification, and Aortic Valve Area 
Depiction of a pipe system similar to the LVOT and AV for application of the Bernoulli 
Equation (A). Simplification of the Bernoulli Equation for calculation of transaortic 
pressure gradient in the AV (B). Continuity equation for calculation of aortic valve area 
(C). Made with Biorender©.  

* * 
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Appendix B - Echocardiography 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Parasternal Long Axis View 
Parasternal long axis view of a mouse heart in 2D B-mode. Image analysis was completed 
in Vevo 3100 analysis software. LVOT diameter is assessed for AVA calculation. 
 
 
 
 



 77 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Parasternal Short Axis View 
Parasternal short axis view of mouse heart in 2D B-mode and M-mode to assess leaflet 
separation (Not visible as a static image). Image analysis was completed in Vevo 3100 
analysis software. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Pulse Wave Colour Doppler  
Pulse wave colour doppler at the level of the aortic valve in a mouse with example 
measurements taken in order to calculate aortic valve area. Mean gradient and peak 
velocity are measured simultaneously. Image analysis was completed in Vevo 3100 
analysis software. 
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Figure 19: Valve Morphology – Tricuspid Aortic Valve 
Tricuspid aortic valve in a mouse model by 2D B-mode in PSAX. Not visible as a static 
image. Image analysis was completed in Vevo 3100 analysis software. 
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Figure 20: Valve Morphology - Bicuspid Aortic Valve 
Bicuspid aortic valve in a 6-month old Gata6 mouse by 2D B-mode in PSAX. Not visible 
as a static image. Image analysis was completed in Vevo 3100 analysis software. 
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Appendix C - Histology 
 
 

 
Figure 21: Histological Analysis of Various Biomarkers of Interest in WT Animals 
Representative histological panel indicating various biomarkers which are upregulated in 
the progression of CAVD. WT animals do not express quantitative measures of disease 
progression as is seen in the ApoE-/- group. Moving top to bottom represents the expression 
of each biomarker at either 4, 8, or 12 months, respectively. In the first panel, a 
representative figure of hematoxylin and eosin indicates changes in tissue morphology and 
leaflet thickness (A,). ORO indicates lipid staining within various atherosclerotic lesions 
which form within the aortic sinus (B). Alizarin red is used for the detection of 
microcalcifications within the lesion and leaflets, respectively (C). Picrosirius red is used 
for representation of collagen remodelling within the lesion of the aortic sinus (D). All 
images were acquired using a Leica Slide Scanner and post-processed in Apeiro 
ImageScope software with analysis in ImageJ. *mo = months 
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Appendix D - Autoradiography 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 22: Calibration Curve for [18F]FMBP 
Autoradiography calibration curve of [18F]FMBP for quantification of activity/mm2 in 
tissue samples analyzed on a Phosphor screen. Calibration curves were generated by 
spotting a thin-layer chromatography panel with increasing amounts of a known 
concentration of radiotracer. This was exposed to the phosphor screen simultaneously with 
the samples being imaged.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 23: Calibration Curve for [18F]BR351 
Autoradiography calibration curve of [18F]BR351for quantification of activity/mm2 in 
tissue samples analyzed on a Phosphor screen. Calibration curves were generated by 
spotting a thin-layer chromatography panel with increasing amounts of a known 
concentration of radiotracer. This was exposed to the phosphor screen simultaneously with 
the samples being imaged.  
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Figure 24: Autoradiography with [18F]FMBP 
Autoradiography was performed using [18F]FMBP on 12-month ApoE-/- and human tissue 
samples of severe AS with CAVD. The tissue was incubated with 45 kBq of radiotracer for 
the baseline (right) and the same amount of activity was used for the block (left) with the 
addition of co-incubation using 2 µM of non-radioactive FMBP. 
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