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CHAPTER 1 

Dissertation Overview 
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There are many shared mechanisms of osteogenesis and bone growth and the ectopic 

development of calcific lesions often found in cardiovascular (CV) diseases, including aortic 

valve stenosis (AVS) [1]. Research performed as an undergraduate focused on diseases of the 

musculoskeletal system, including osteoporosis [2–6]. This work was related to research that 

discovered the fundamental role of sclerostin in the bone remodeling axis. Closely following the 

clinical trial results of sclerostin neutralizing antibodies in the treatment of skeletal disease led to 

interesting questions in the field cardiovascular pathophysiology. Specifically, an outcome of a 

Phase III clinical trial evaluating the sclerostin neutralizing antibody romosozumab was of great 

interest. Unexpected CV side-effects of the drug were discovered when compared to current 

treatments [7]. This provided a fruitful area to study the linkages between skeletal signaling and 

CV ectopic calcification, thus fusing previous research experience with a new area of focus on 

which to base the graduate studies found within this document. The first aim of this dissertation 

is focused on understanding the role of sclerostin on AVS development and how targeting this 

protein in osteoporosis may inadvertently affect the CV system.  

Technical questions arising from this first aim lead to the discovery of the extent of 

understudy of female CV disease in pre-clinical studies. Only 10% of studies focus on female-

only populations compared to 60% in that of men [8]. It is necessary to address this understudy 

problem head-on in order to accurately study the links between osteoporosis and valve disease. 

Therefore, the second aim of this dissertation is studying how AVS progresses in a common pre-

clinical model of post-menopausal osteoporosis (PMO) – bilateral ovariectomy (OVX). The goal 

for this aim is to determine if a commonly used female-specific model for pre-clinical PMO can 

double as a pre-clinical model of female-centric CV disease in order to better understand the 

relation between bone and CV disease as well as to provide a tool to address understudy of 
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female CV disease. This topic is closely related to the first in that sclerostin neutralizing 

antibodies have become a first-in-class drug therapy for treating PMO but questions remain 

about the off-target side effects [9]. Developing a strong pre-clinical model to study the PMO 

patient population will be very valuable in understanding the potential CV side effects.   

 The final arm this dissertation steps out of the laboratory and evaluates biomedical 

engineering classroom instruction. Approximately 40% of the work in this document was 

completed during the COVID-19 pandemic. Performing research in a hybrid style led to 

fundamental questions about the culture of knowledge production and transmission in the 

biomedical engineering field. In order to systematically evaluate this question, a study was 

performed to understand how the undergraduate learning experience is affected by a hybrid 

approach. In an introductory biomechanics course, the effect of hybrid and traditional classrooms 

was assessed and compared. This study is crucial for evaluating how the biomedical engineering 

education field develops post-COVID19. While many are eager to return to pre-pandemic 

teaching habits, there may be something to be learned the necessary shift to virtual and hybrid 

classrooms.  

 In summary, this dissertation is organized as follows: first, the foundation of the field of 

AVS pathophysiology is detailed in how the system works and what can potentially go wrong. 

Next, the linkages between diseases of the skeleton and aortic valve (AV) are explained. Then, 

novel evidence of the role of sclerostin in AVS is presented. Next, the sex differences of AVS 

diagnosis, disease progression, and treatment are introduced. Then, evidence of a potential new 

pre-clinical model for the evaluation of AV and left ventricle (LV) disease in PMO is described. 

Finally, evaluation of how a biomedical engineering classroom can be reformatted into a hybrid 

style and improve student confidence and performance is detailed. The dissertation is concluded 
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with a look at the impact of the novel research as well as a discussion on the potential future 

paths new research could follow. 

It is the hope of the author that the work contained in this document will allow for new 

avenues of evaluation of AVS, understanding female specific AVS, and optimal methods of 

teaching biomedical engineering content in the modern college classroom.
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CHAPTER 2 

Aortic Valve Disease  
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Aortic valve development 

 The heart is the first functional organ in the developing fetus. The heart tissue arises from 

the mesoderm germ layer 18 to 19 days after fertilization and the primitive AV region begins to 

form a few days later from a substance known as cardiac jelly. This substance acts as an 

extracellular matrix (ECM) and lies between the inner and outer tubes of the myocardial heart 

consisting of collagens, glycoproteins and polysaccharides [10]. The region of the jelly at the 

outflow tract lying in the atrioventricular canal develops into a region called the endocardial 

cushions. Endocardial cells begin to undergo an important process called endothelial-to-

mesenchymal transition (EndMT) whereby endothelial cells take on a mesenchymal phenotype 

akin to a fibroblast or smooth muscle cell [11,12]. This transition process is crucial to CV 

development and disease. 

 The signaling cytokine Transforming Growth Factor Beta (TGF-β) and protein Bone 

Morphogenetic Protein (BMP) from the myocardium and Notch signaling from the endothelium 

work together to spur EndMT and ECM maturation in the cardiac jelly [11]. Sox9 transcription 

factor is involved in maturation and proliferation of the new mesenchymal stem cells which use 

integrin receptor signaling and secretion of metalloproteinases to infiltrate and reconfigure the 

ECM tissue [13,14]. These mesenchymal cells begin to form the stratification of the AV leaflets,  

maintaining the inner region of the structure with endothelial cells forming the outer barrier.  

Mechanical forces are crucial in developing the structure to allow unidirectional blood 

flow in the valves. Endothelium cells physically rearrange their cytoskeletons to align parallel to 

blood flow [15]. In 2017, a major component of the mechanobiological mechanism of EndMT 

was discovered. A shear responsive transcription factor called KLF2 induces WNT9B paracrine 

signaling which spurs EndMT. Without these elements, the AV does not develop properly [16].     
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Aortic valve functional anatomy 

 The AV is one of four heart valves. It is a tri-leaflet structure situated between the LV 

and aorta. The three leaflets meet along a ridged area known as the commissures. Each leaflet 

has a cusp which joins the aorta and myocardium at a transitional area known as the annulus. 

Endothelial cells cover the outer blood contacting regions of the leaflets. In healthy humans, each 

leaflet has a trilayer interior with distinct regions determined by their primary ECM composition. 

The region nearest the aorta (the outflow surface) is termed the fibrosa and contains densely 

packed collagen (particularly type I, III, and V fiber types) to provide support and provide 

continuous structure with surrounding tissues [17,18]. The area nearest the ventricle (inflow) is 

termed the ventricularis and is rich in elastin and is thought to maintain collagen configuration 

and provide structure in relaxed states [19]. Central to these regions is an area termed the 

spongiosa which is rich in glycosaminoglycans and allows structure flexibility and 

rearrangement of structural elements due to the mechanically strenuous heart cycle [17]. 

 The AV experiences the highest mean pressure gradient (MG) and peak velocity (PV) 

magnitude and the largest amount of volumetric flow [20]. In diastole, the ventricle fills with 

blood and the AV is responsible for preventing regurgitant flow. During systole, the ventricle 

contracts and blood is expelled from the heart into systemic circulation. During this time, the AV 

must deform readily to allow the easy and unobstructed flow to the body. This cycle occurs over 

three billion times over the course of a lifetime [21]. 

 In diastole, the AV is tightly closed in order to prevent regurgitation of blood. The 

anisotropic nature of the valve anatomy allows for different mechanical properties dependent on 

the direction on which stresses and strains are applied. Radially, the AV leaflets are extremely 

compliant in that they deform readily with low strains. This allows for a strong coapting under 
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high pressures which prevents collapse [22]. Collagen provides stress bearing capabilities and 

the arrangement of collagen fibrils changes in the systolic and diastolic phases. Collagen 

achieves a flat and ordered shape during diastole but undergoes a crimping action in order to 

contract and decrease surface area in response to blood being expelled through the outflow area. 

With the return of diastole, the collagen resumes its ordered formation to maintain the 

mechanical barrier between aorta and ventricle. Elastin fibers contract during systole, further 

reducing the area of the valve [20,21].  

During disease, the ordered conformation of the valve subregions can become 

disorganized, disturbing the hemodynamics found in the healthy valve. Understanding the 

complex form-function relationship presented here makes clear why disturbances in valve 

microarchitecture can have drastic effects on the flow characteristics of the region. 

 

Aortic valve cell biology 

 There are two primary resident cell populations of the AV: valve endothelial cells 

(AVEC) and valve interstitial cells (AVICs) [23]. The AVECs form an external barrier to the 

valve, regulating the infiltration of various factors and cells as well as sensing the fluid flow 

dynamics. AVECs interact with the blood and are thus the first line of interaction of the valve 

with circulating factors. Indeed, AVECs are involved in response to thrombotic stimuli, 

inflammation, and are engaged in cross-talk with AVICs in order to regulate valvular physiology 

[24]. AVECs are unique in that they maintain the ability to naturally undergo EndMT. This 

drastic phenotypic shift is an important stage of embryological development of the valve and also 

may be a method by which AVECs can replenish the AVIC population during adulthood [25]. 
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This mechanism therefore is being investigated in its role in  calcific aortic valve disease 

(CAVD) pathophysiology [26]. 

AVICs are present in all three layers of the AV [27,28]. These quiescent cells have 

relatively low basal activity but can be activated in response to injury, mechanical perturbation, 

disease/infection, and other biomolecular stimulations [21]. The activated form of AVICs is 

generally termed “myofibrobolast” and is characterized by the cells ability to synthesize fibrous 

matrix and contract its local environment as part of the natural repair process [23,29]. Only a 

small portion of AVICs are activated in the healthy heart, providing further evidence of their 

predominantly quiescent state with chronic activation only occurring during disease [21,30,31]. 

Evidence shows that AVICs re-gain their quiescent phenotype after return to equilibrium [32].  

AVIC phenotype is relatively fluid with a number of phenotypes represented in explanted 

cells. AVICs are also sensitive to their microenvironment, local stiffness, and mechanical strain 

imposed during the cardiac cycle. These all contribute to AVIC homeostasis, and changes in 

these factors are seen in many disease states, including CAVD[23,27]. AVIC biology is 

associated with age-related changes in valve morphology where AVIC numbers drastically 

decrease with age with a concurrent reduction in the dynamism of the collagen architecture. This 

leads to a less compliant valve with increasing age [33–35].  

 

Aortic valve disease 

CV disease is the most common cause of death in the United States. Much of the focus of 

societal and research focuses on the more prevalent and acute CV diseases such as coronary 

artery disease (the most common CV disease) and myocardial infarction (carrying the highest 
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mortality rate). As a result, heart valve disease is often overlooked. In particular, AVS is the third 

most common CV disease, responsible for around 16,000 deaths per year [36].   

AS is defined as the narrowing of the LV outflow area in such a way that valve 

hemodynamic properties are drastically altered. The AV acts as a one-way valve controlling the 

flow of oxygen-rich blood from the LV (where it has arrived from the lungs) into systemic 

circulation. The delivery of vital oxygen and nutrients to the many tissues of the body requires 

regular and unobstructed flow between the LV and the rest of the body. Therefore, stenosis of the 

AV results in less efficient pumping between these two bodies. This is predominantly caused by 

a congenital defect called bicuspid AV where patients have two AV leaflets instead of three. AS 

is also seen in older individuals that have anatomically normal AVs that have accrued ectopic 

calcification over time, altering the structure-function relationship of the healthy valve anatomy 

[37].  

Calcified nodules build up on the outflow surfaces of the valve via dystrophic (cell-death 

mediated) or osteogenic processes. Dystrophic calcification has found to be more prevalent in 

explanted valves [38]. In vitro studies have shown that AVICs are capable of undergoing both 

dystrophic and osteogenic mechanisms of calcification and are a likely source of calcification 

from either mechanism [23]. Numerous cell interactions and biological stimuli can augment or 

prevent the calcific potential of AVICs in vitro. These lesions cause a material stiffening 

(causing more than a doubling in young’s modulus of leaflet stiffness) and the once pliable 

leaflets no longer fully open and close to their full capacity, resulting in lower efficiency of 

oxygenated blood delivery [39]. In response to the increased resistance of the diseased valve, the 

LV will enlarge itself with muscle to try and overcome the resistance. This feedback loop can 
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lead to congestive heart failure (HF) which results in a decrease in quality of life and potentially 

death if left untreated. 

 AS is generally preceded by a thickening of the valve without disturbed hemodynamics – 

termed sclerosis [40]. The gradual fibrosis and accumulation of calcific nodules within the valve 

structure decreases the compliance and reduces the outflow area, producing extremely high exit 

velocities and pressure gradients between the aorta and the LV during systole [21,37]. This leads 

to progressive cardiac hypertrophy which can lead to congestive HF. Patients generally do not 

present until severe CAVD symptoms occur such as angina (chest pain) or syncope (loss of 

consciousness). These patients require immediate surgical replacement of the valve to remove 

the obstruction [41]. There are currently no treatments beside surgical intervention which is 

problematic due to around half of patients being ineligible for surgery due to high risk factors 

such as obesity, hypertension, and kidney disease [21]. 

 The past decade has marked a shift in the core understanding of CAVD pathophysiology. 

The disease was originally postulated to be degenerative and passive accumulation of 

calcification and wear on the valve structure, through which local cells may respond in a way 

that furthered the disease phenotype. Instead, recent work has shown the disease is actively 

regulated and cell driven with AVIC disease activation, phenotypic shifts, mineralization, 

inflammation, matrix dysregulation, and other cellular functional mechanisms [42]. Further, 

many of these pathological mechanisms seemed to be regulated by AVICs [21,23].  

 Dystrophic calcification is dependent on programmed cell death, cell membrane damage, 

oxidative stress, inflammation, osteogenic phenotype switch, and lipid infiltration, among others 

[42]. Transforming growth factor, fibroblast growth factor, bone-morphogenetic protein, 

lipoprotein, and Wnt signaling have shown to be major molecular drivers of CAVD disease 
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phenotype in cell and animal models  [23,43–45]. AVIC phenotype shift to osteogenic and 

chondrogenic lineage has also shown to be associated with CAVD [46]. Major lineage regulators 

of Runx2, Sox9, Msx, among others also have varying roles in the prevention or causation of 

CAVD symptoms in various pre-clinical studies. Osteogenic, dystrophic, chondrogenic, and 

atherosclerotic regions have all been identified in explants of disease human valves [45,47–49]. 

The role of inflammatory cell infiltration is a rapidly growing area of CAVD research but results 

are by no means definitive. The most likely immune cell contributor to CAVD progress are cells 

of the macrophage/monocyte lineage which are able to interact with AVECs and enter the 

interior of the valve where release of pro-inflammatory cytokines can contribute to chronic 

activation of AVICs in disease [21,50].  

 AVICs activated to become myofibroblasts dysregulate the AV architecture by 

dysregulated production of ECM factors such as collagen and fibronectin [51]. Activated AVICs 

also disturb the valvular structure through expression of matrix remodeling factors. AVIC 

activation is shown to be regulated by TGF-β, FGF, nitric oxide, Wnt signaling, and mechanical 

strains [21,23]. Hypercontractile AVICs become enriched in cell junctional proteins such as 

cadherin-11 which allow for tight attachment leading to damaging of neighboring cell 

membranes  where cell materials become the nucleation point for dystrophic calcifications [52–

55]. Chronic activation of these cellular processes can lead to CAVD symptoms. The cell 

biology and molecular pathophysiology of the AV is summarized in Fig 2.1. 
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Figure 2.1. Overview of AV cellular and molecular pathophysiology. The aortic valve 

controls blood flow from the left ventricle into systemic circulation. AVIC and AVEC cells 

populate the tissue. Quiescent AVICs can become activate through a number of different factors 

leading to dystrophic or osteogenic calcification. This figure summarizes many of the primary 

factors in the disease progression of the AV. Reprinted with permission from © 2014 Yutzey et. 

al. Originally printed in ATVB [56].
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Aortic valve disease burden and treatment 

 CV disease is an increasing public health concern in our aging population. Furthermore, 

poor diet and sedentary lifestyle contribute to poor overall CV health leading to a myriad of 

diseases [57]. Valvular diseases contribute to approximately 25,000 deaths per year, of which 

most are associated with AS and mitral regurgitation [58]. 25% of patients over the age of 65 

present with aortic sclerosis – thickening of the AV. While this does not always progress to more 

advanced AS or CAVD, the risk of CV event increases by 50% in sclerotic patients. Further, this 

correlates to an 80% chance of HF, necessity of surgical valve replacement, or death over the 

next 5 years of life [59].  

AS affects 3% of individuals over the age of 75, around 1.5 million patients in total, and 

accounts for 17,000 deaths per year in the United States. The number of individuals perishing 

from this disease is expected to double over the next 25 years [21]. Valvular stenosis lead to 

global changes in heart and peripheral blood vessels, and other organ systems in the body. Death 

by this disease usually occurs from cardiac hypertrophy and failure stemming from LV overload 

[37]. There are, in fact, no drug treatments known to slow, stop, or reverse the damage that 

eventually leads to AVS. Currently the only effective treatment for CAVD is surgical 

replacement of the diseased valve with a synthetic replacement. This is because most clinical 

presentations of the disease are already in the severe, symptomatic stages, which require 

immediate relief. However, only about half of severe CAVD patients are candidates for surgical 

replacement due to high surgical risk [21,41]. This is problematic for several reasons. AVS 

primarily affects the extremely elderly, and complications due to age can disqualify the elderly 

from complete valve replacements (Fig. 2.2). Further, AVS is associated with a few other risk 

factors that make the potential patient population extremely vulnerable to surgery.  
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Figure 2.2. Valve disease prevalence increases exponentially with age. Results from two 

clinical trials indicating the prevalence of all valve disease (as well as mitral and aortic valve 

specific) prevalence. The rate of disease increases drastically as patients age past 55-64, 

demonstrating how the disease primarily afflicts the elderly presenting treatment challenges. 

Reprinted with permission from © 2006 Nkomo et. al. Originally printed in The Lancet [60].
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Open-heart surgical replacement of the valve was long the standard for treatment. For 

appropriate patients, it can greatly improve quality of life and life expectancy. However, there 

are many potential operative and post-operative complications. The transcatheter aortic valve 

replacement (TAVR) technique has recently presented a percutaneous solution to this problem – 

avoiding the risks of open surgery. TAVR, which involves threading a catheter through the 

vasculature and remotely deploying a prosthetic with no need for heart resection, may be as 

effective at reducing symptoms and restoring healthy blood flow. Additionally, TAVR is safer 

for those patients at highest risk for open surgery.  Early results show that TAVR is an effective 

treatment for people with CAVD at high surgical risk [61]. However, the TAVR placed 

prosthetic is notorious for earlier failure and may necessitate multiple replacement surgeries 

which can be costly and time-consuming. Additionally, there are still no treatments that target 

the disease non-surgically. This is due to an unclear understanding of the mechanism of disease 

combined with an unclear effective therapeutic window due to the long-time course of disease 

progression.  

AV disease is also not responsive to drugs which are effective in treating related 

pathologies. Lipid lower drugs, such as statins, were evaluated in clinical trials of AVS but were 

shown to have no effect on the progression of severe AV disease [62]. Anti-hypertensive drugs 

have shown confounding results from exploratory studies [63]. Drugs which affect the 

osteoclastogenesis pathways such as receptor activator of nuclear factor kappa-B ligand 

(RANKL) inhibitors have also shown inconclusive results [64]. It is therefore necessary to 

attempt to better understand the pathobiological mechanisms of AV disease so that new 

pharmaceuticals can be developed to avoid the necessity for costly and risky AV replacement.  
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 Clinical trials investigating the use of statins were conducted as the pathology of CAVD 

shares some similar aspects with that of atherosclerosis. However this trial failed to affect the 

progression of CAVD [65]. This is likely due to the differences in disease mechanism as well as 

the stage at which the intervention occurred [66]. Thus, there is theorized to be a point of 

irreversibility where pharmacological targeting can no longer halt or reverse the progression of 

CAVD [67].  

Currently, trials for RANKL inhibitors in slowing CAVD are in progression. This drug is 

used to slow bone resorption in osteoporosis by targeting the activation and activity of 

osteoclasts [68]. Interestingly, RANKL has shown to be a pro-disease factor in CAVD and it is 

currently undergoing studies to see if RANKL targeting may have the dual effect of reducing CV 

calcium burden while improving skeletal BMD parameters [69,70]. While RANKL contributes 

to osteoclastogenesis in the bone, it is involved with myofibroblast activation and calcification in 

AVICs [71]. Our lab has produced robust pre-clinical justification for CDH11 blocking 

monoclonal antibody (mAb) as a potential therapeutic option for treating CAVD. This mAb 

reduces dystrophic calcification and upregulates protective Sox9 signaling in a Notch1 

haploinsufficiency model of CAVD [72]. Further research needs to be performed in this area but 

could represent an exciting new avenue for CAVD treatment. 

 Therapeutic options for treating CAVD are severely lacking and there is great potential 

benefit in elucidating the molecular mechanism of disease and factors that may be targeted to 

prevent, slow, or even reverse disease progression. This will improve outcomes for patients who 

may experience early stages of disease but would not be candidates for surgical replacement later 

down the road. Identification and early intervention with a pharmacological strategy could 

prevent the high mortality rates associated with CAVD. 
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CHAPTER 3 

Sclerostin 



19 
 

Aortic valve disease and osteoporosis 

 A link between CAVD and osteoporosis has been proposed since the late 1990’s [73]. 

Recent studies using molecular imaging techniques have identified there is concomitant valvular 

calcium burden inversely correlated with BMD in osteoporosis [67,74]. Clinical studies have 

shown osteoporosis is independently associated with CV mortality and CV calcification is 

associated with increased incidence of fracture due to low BMD [75]. High-fat diet induced CV 

disease can also cause obesity-induced osteoporosis in small animals [76]. 

 The paradoxical nature between CV calcification and low-bone mass has raised 

interesting possibilities in treatment of these diseases. Factors that have disparate effects on bone 

and CV cells may prove fruitful areas of multi-scale treatment. The most common example is 

RANKL. In bone, RANKL activates osteoclasts and upregulates resorption which leads to 

osteoporosis [77]. The mAb denosumab targets this factor to slow the breakdown of bone tissue. 

RANKL also acts on AVICs to drive inflammatory signaling in the AV, leading to CAVD. It 

stands to reason that targeting this protein may have the dual effect of decreasing bone resorption 

as well as calcific deposition on the AV. Unfortunately, clinical trials for denosumab in the 

treatment of AVS have shown little effect [78]. 

 

Sclerostin in cardiovascular disease 

 Sclerostin activity was originally thought to be confined to the skeletal system. However 

recent work shows expression in the protein of a number of organ systems and in various 

physiological and disease processes. Sclerostin has shown to be present in the CV system, which 

is of great interest due to the apparent CV effects observed when targeting the protein in 

osteoporosis patients.  
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 Wnt signaling itself is known to play a role in a number of CV systems and diseases. The 

pathway is involved in cardiac and vascular development. It is particularly important in 

atherosclerosis and CAVD [79]. Canonical Wnt signaling is a driver of CAVD in 

hypercholesteremia models and is involved in the osteogenic shift of AVICs in a substrate 

stiffness dependent manner [47,80–82]. Low density lipoprotein receptor related protein (LRP) 5 

is a major contributor to CAVD [80]. LRP6 genetic mutations result in coronary artery disease, 

osteoporosis, and hypertension indicating a dual role in low bone mass disease and CV disease in 

a paradoxical nature [83,84]. Warfarin induces vascular calcification by up-regulation of Wnt 

signaling in vascular smooth muscle cells [85].  

 While the role of Wnt signaling is fairly well characterized in CV development and 

disease, the role of sclerostin is relatively unclear and very few studies investigate the molecule 

specifically. As previously described, the specific CV status of patients with genetic disease of 

sclerostin is unclear. Many sclerosteosis patients perish due to brain herniation at a relatively 

young age when CV disease is quite uncommon. Elderly patients with sclerosteosis and van 

Buchem disease do not appear to have a propensity to CV disease but these patients come from 

relatively homogenous groups and may not be indicative of the effects sclerostin deficiency on 

the population overall [86]. Small animal models of this disease have not been thoroughly 

investigated for CV phenotype. 

Sclerostin has recently been shown to be associated with calcific nodules on diseased 

AVs at the ribonucleic acid (RNA) and protein level [87,88]. Upregulation has also shown to be 

present in atherosclerotic lesions [89]. In vitro experiments focusing on vascular smooth muscle 

cell lines show that these cells upregulate sclerostin expression in osteogenic conditions which is 

recapitulated at the in vivo level [90]. Further, sclerostin has shown to be present in the 
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extracellular proteome of the aorta [91]. Sclerostin was shown to be associated with vascular 

calcifications at the in vivo level as well. The most thorough investigation of the sclerostin 

mutant phenotype in CV disease showed that sclerostin overexpression and excess protein 

treatment was able to ameliorate atherosclerosis and aortic aneurysm in an angiotensin-II mouse 

infusion model. This was associated with decreased immune factor circulation and macrophage 

infiltration. These effects were associated with downregulation of the Wnt signaling pathway 

[92]. This study paints a potentially protective role for sclerostin in the vascular disease and may 

begin to explain the negative effects on stroke and heart attack in clinical trials targeting the 

factor.  

 Many studies have been performed investigating circulating levels of sclerostin and 

association with CV disease progression and mortality. Results have been heterogeneous: 

circulating sclerostin has shown positive associations with CAVD and arterial calcification in 

postmenopausal women [87,88,93]. There was no association between sclerostin and coronary 

artery calcification [94]. In African-American patient cohorts, a negative association between 

serum sclerostin and vascular calcification [95]. Studies also show that sclerostin and aortic 

calcification are inversely proportional in CKD patients [96]. Meta-analysis of these disparate 

findings asserts there is no overall association with serum sclerostin and CV mortality [97]. 

These complex and sometimes contradictory results do little to resolve the specific mechanism of 

action of sclerostin in the CV system. Signs point to a complex and potentially multifactorial role 

across a number of different CV tissues and diseases. Further investigation of these effects is 

crucial to better understand the off-target effects of targeting this protein in the treatment of 

osteoporosis.  
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Molecular biology of sclerostin signaling 

 Sclerostin is a secreted glycoprotein comprised of 190 amino acids. While originally 

described as an antagonist of BMP signaling, it was found to primarily be an antagonist of Wnt 

signaling through direct inhibitory effectors on the LRP family (Fig 3.1) [98,99]. LRP5 and 6 are 

the primary receptors of canonical Wnt signaling and sclerostin has been found to interact 

directly with their extracellular signaling regions.  

Normal Wnt signaling is activated via the binding of Wnt ligands to the LRP5/6 co-

receptors and the interaction with the Frizzled co-receptors. The activation of this unit sequesters 

a multi-protein destruction complex to the cell membrane allowing for the stabilization of 

cytoplasmic β-catenin. Β-catenin is then translocated to the nucleus where it activates Wnt gene 

transcription in concert with the TCF/LEF transcription factor family [100]. Additionally, 

sclerostin has also shown to interact with LRP4 which helps facilitate its negative effect on the 

Wnt signaling  

pathway [101–103]. 

Wnt signaling is involved in a number of important biological processes in development 

and homeostasis as well as diseases such as CV calcification disorders, cancer, and many others 

[104]. Sclerostin is one of the most well studied Wnt signaling antagonists and is particularly 

active in regulating bone remodeling in the skeletal system. Sclerostin is secreted by osteocytes 

under varying stimuli. It travels through the canalicular network to the surface of bone where it 

interacts with the first or second EGF propeller domain of the LRP proteins [98]. Sclerostin 

blocks the binding of canonical Wnt signaling proteins to these sites and blocks the activation of 

this protein [105]. Through this mechanism, sclerostin is involved in the osteocyte-controlled 

inhibition of Wnt signaling driven bone formation.  
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 Mechanical strain is a well characterized factor in increased bone formation. Increases in 

activity induce mechanical strains on the bone matrix which are sensed by embedded osteocytes 

[106,107]. These strains translate to downstream activation of pathways which cause the 

deposition of new matrix in an effort to better resist these mechanical forces. This phenomenon 

is known as Wolff’s Law [108]. Experiments show that sclerostin is a major regulator of this 

mechanodependent bone remodeling. Specifically, expression is enhanced during unloading and 

downregulated under loading exercise by osteocytes [109]. Abundant sclerostin production in the 

absence of mechanical strain in the hindlimbs of mice inhibits Wnt-dependent bone deposition 

by osteoblasts and also contributes to the production of RANKL which acts to cause the 

differentiation and activation of osteoclast cells to begin resorption [110,111]. Sclerostin mutant 

mice do not experience disuses osteopenia whereas sclerostin overexpression mice are resistant 

to loading induced bone formation [112,113]. In this way, sclerostin is a unique regulator that 

affects new bone deposition and resorption of existing matrix. 
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Figure 3.1. Sclerostin is a potent Wnt-signaling inhibitor whose activity is blocked by 

romosozumab. The Sclerostin protein primarily binds to the canonical surface receptor LRP5 

and LRP6 to inhibit Wnt signaling (left). This results in sequestration, phosophorylation, and 

degradation of the β-catenin protein. Romosozumab inactivates the sclerostin protein (right). 

This allows the Wnt ligand to facilitate formation of a dimer between LRP and Frizzled surface 

receptors. This prevents degradation of β-catenin which translocates to the nucleus and affects 

downstream gene activation. Reprinted under the Creative Commons license © 2016 Suen and 

Qin. Originally printed in the Journal of Orthopaedic Translation [114]. 
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Sclerostin associated genetic diseases 

 Sclerosteosis is a genetic disorder first characterized in the 1950’s which predominantly 

affects the Afrikaner population of South Africa [115]. There were approximately 100 identified 

cases in the 20th century [116]. The hallmark of the disease is progressive skeletal overgrowth 

and a number of symptoms stem from this phenomenon. Bone overgrowth affects both the axial 

and appendicular skeleton. Patients are highly resistant to fracture with the only case arising 

from a vertebral fracture due to increased weight of the skull [116]. Sclerosteosis patients are 

generally well above average height and weight [86]. Facial overgrowth results in deformity 

characterized by prominent jaw due to overgrown mandible and enlarged and protruding 

forehead [116,117]. Facial overgrowth results in loss of function of nerves involved in hearing 

and vision, which commonly result in impairment [86,118]. The first symptom most commonly 

observed is syndactyly and deformities of the digits such as fusion or webbing [86,116]. Skull 

overgrowth leads to compression of the intracranial space resulting in high pressure leading to 

persistent headaches, nausea, and dizziness which often requires surgical intervention [119,120]. 

Most patients die in early adulthood (~30 years) from brain herniation due to increased pressure 

or complications from the craniotomy procedure [116]. Notably, patients who survive into 

adulthood generally experience stabilization of symptoms [86,117,121]. While two patients to 

date have died due to heart disease, elderly patients with sclerosteosis do not show signs of 

impaired cardiac or vascular function or disease [116]. 

 Van Buchem disease is another rare disorder affecting residents of a genetically isolated 

northern Netherlands community [122]. There were about 30 cases identified in the 20th century 

[116]. First described in 1955, it presents with symptoms similar to sclerosteosis – skeletal 

overgrowth, facial deformity, deafness, facial palsy, and increased intracranial pressure. The 
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phenotype of van Buchem patients is milder than sclerosteosis and only one case required 

craniotomy and carries a normal life expectancy [116,123,124]. Further, patients are of normal 

height, do not display digital deformities, and have only mildly impaired hearing. Fractures are 

infrequent in this population but occur at a higher rate than in sclerosteosis patients [123]. 

Clinical presentation of these diseases is shown in Fig. 3.2. 

 Similarities between sclerosteosis and van Buchem disease were identified in the 1980’s 

and genetic analysis revealed mutations throughout chromosome location 17q12-q21 

[119,125,126]. Patients with sclerosteosis shared a number of mutations in the coding region of 

the gene SOST while van Buchem patients shared a deletion in the spacer region between SOST 

and neighbor MEOX1 [127–130]. Later studies revealed SOST regulatory elements within this 

spacer region. This reduced (but not eliminated) sclerostin expression is thought to explain the 

intermediate disease phenotype found in van Buchem patients [131]. Patients heterozygous for 

sclerostin coding deletion found in sclerosteosis also exhibit an intermediate phenotype with a 

high BMD and lower sclerostin expression but are free of the severe symptoms found in 

homozygous deletion [121]. 

 In order to better understand the various mechanisms through which sclerostin acts on the 

skeletal system, numerous small animal models were generated to study the phenotype in more 

detail. Germ-line knockouts of sclerostin mimicking the sclerosteosis phenotype exhibit a very 

high bone mass phenotype as well as increased bone formation rates and mechanical strength. 

This model does not recapitulate the digital or facial deformations commonly found in human 

patients and does not carry a decreased life expectancy compared to wild-type (WT) controls. 

However osteoblast activity appears to be upregulated and circulating markers of bone formation 

are increased with deletion of the sclerostin gene [132]. Conversely, mice overexpressing human 
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sclerostin showed opposite effects and displayed an osteopetrotic phenotype with decreased 

mineralization in the axial and appendicular skeleton. Deposited bone was less organized and 

strength testing displayed higher fragility and susceptibility to fracture. There was also a 

corresponding decrease in metrics of osteoblast activity [131]. 
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Figure 3.2. Genetic mutation of the sclerostin gene and regulating elements causes a severe 

bone overgrowth phenotype. A patient (A) with a full frame deletion of the SOST gene exhibits 

skeletal overgrowth in the skull (B, D, E) and digits (C). A patient (F) with a mutation in a SOST 

enhancing regulation region also displays skull overgrowth (G) but at a lower severity. These 

diseases are called Sclerosteosis (full SOST) deletion and Van Buchem Disease (enhancer 

element deletion). Reprinted under the Creative Commons license © 2018 Sebastian and Loots. 

Originally printed in Metabolism [133].
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Preclinical studies for sclerostin in osteoporosis treatment 

 Sclerostin’s effects were long thought to be isolated to the skeleton. Due to its negative 

effect on bone formation and positive effect on resorption, its pharmacological targeting seemed 

to be a promising strategy for diseases of low bone mass such as osteoporosis, disuses 

osteopenia, and osteogenesis imperfecta. A mAb was developed and tested in a number of pre-

clinical animal models with the expectation that blocking the protein would increase bone mass 

and reduce fracture incidence with minimal off-target effects.  

 Sclerostin mAb was shown to be effective in a rat model of disuse osteopenia. Rats were 

normally mobilized or subject to underloading of the hindlimb bones. Vehicle and sclerostin 

mAb were administered and the trabecular and cortical anatomy of the tibial metaphysis and 

shaft were analyzed. Immobilized rats with vehicle treatment had increased bone resorption and 

decrease of bone formation. In normally loaded and unloaded mice, sclerostin neutralizing mAb 

increased bone mass and decreased resorption [134,135]. This study showed potential efficacy 

for sclerostin mAb treatment in patients with disuse osteopenia such as those confined to bed 

rest. 

 Osteoporosis affects a large number of women in post-menopause due to the loss of the 

protective effect of estrogen [136]. Sclerostin neutralizing mAb was potentially thought to be a 

mechanism of reducing loss of bone mass in these patients. To test the hypothesis, the OVX 

procedure was performed in rats. This model induces rapid development of PMO symptoms 

included signatures of osteoporosis. One year after OVX, rats were treated with sclerostin 

neutralizing mAb. The PMO phenotype was reversed and OVX rats actually displayed greater 

metrics of bone formation, mass, and strength when compared to non-OVX control mice [137]. 

This study was a strong endorsement for sclerostin mAb treatment in management of PMO.  
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 Decrease in bone mass and incidence of osteoporosis is prevalent in aging. Reducing 

bone mass, mineral content, and susceptibility to fracture are major factors associated with 

increasing age and neutralization of sclerostin is thought to be a potential mechanism of reducing 

these negative events [138,139]. Pre-clinical studies in aged rats show improvements in bone 

mineral density (BMD) in vertebrae and long bones and improved bone structure in vehicle 

controls. This correlated with bone strength and increased metrics of bone formation [140]. 

Simultaneously, aged female rats were examined in a similar fashion at 10 months of age. One 

month of sclerostin mAb treatment resulted in improved bone formation metrics and trabecular 

volume. Bone resorption was also decreased [141]. Sclerostin mAb seems promising for 

treatment of age-related low-bone mass in both men and women. 

 In addition to efficacy in common low bone mass disease, sclerostin mAb treatment has 

also shown to be effective in fracture healing in numerous studies in rats as well as improvement 

of healing after surgical osteotomy in a non-human primate study [142–145]. 

  To prove efficacy in a non-human primate model, sclerostin neutralizing mAb was 

administered to female cynomolgus monkeys with no alteration of hormonal state. Only two 

treatments displayed dose-dependent increases in bone anabolism in all studied compartments. 

This was also seen in bone mineral studies and bone strength and structure in comparison to 

vehicle controls [146]. This study greatly improved the rationale for study of sclerostin 

neutralization in humans suffering from low-bone mass disorders. 

 

 

 

 



31 
 

Clinical trials for sclerostin in osteoporosis treatment 

 Long theorized to be a potential target in treating low bone mass disease in humans, 

positive results from pre-clinical animal studies justified beginning clinical trials in a number of 

patient populations.  

 Phase I trials were first published in 2010. 72 individuals comprised of healthy men and 

postmenopausal women were administered sclerostin blocking mAb or placebo in ascending 

dosage via subcutaneous or intravenous injection. After three months of treatment there were 

minimal adverse effects with only one case of hepatitis and zero deaths or treatment 

discontinuations. Markers of bone formation increased in a dose-dependent fashion and BMD 

improved in treated patients compared to placebo in the spine and hip [147]. A follow up phase I 

trial was then performed and published in 2014 focusing on men and women who presented with 

low bone mass phenotype. 48 patients received ascending dosage of sclerostin mAb or placebo 

and bone formation metrics were assayed along with BMD assessed by imaging. Markers of 

bone formation increased drastically with blocking of sclerostin with a concurrent increase in 

BMD. Adverse effects were once again minimal and balanced between groups [148]. 

 Following the promise of phase I trials, phase II trials were published in 2014 and were 

focused on comparing the efficacy of sclerostin mAb treatment in comparison to current 

standards of treatment – bisphosphonates. These drugs take advantage of the affinity of the 

bisphosphonate structure to bind to hydroxyapatite – a primary component in actively remodeled 

bone. When osteoclasts encounter bone matrix with embedded bisphosphonate molecules they 

cease resorption and undergo apoptosis – thus slowing bone loss [149]. These drugs therefore 

slow bone loss but do little to encourage new bone formation. Over 400 postmenopausal women 

with low bone mass phenotype received sclerostin neutralizing mAb, vehicle, or a 
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bisphosphonate. Treatment occurred for one year and BMD and markers of bone remodeling 

were assessed. Adverse effects were balanced amongst groups and sclerostin blocking improved 

metrics of bone formation compared to bisphosphonate treatment, indicating potential for a new 

gold standard in osteoporosis care [150]. 

 Large-scale phase III trials were conducted to assess long-term effects of sclerostin 

neutralization treatment and effects on fracture reduction and improved bone metrics. Results 

from the Fracture Study in Postmenopausal Women with Osteoporosis (FRAME) trial were 

published in 2016. Patients were treated for one year with sclerostin mAb or placebo followed by 

treatment with denosumab. This drug is a RANKL inhibitor acting to downregulate activation of 

osteoclasts and reduce new bone resorption. Patients treated with sclerostin mAb had a 0.27 risk 

ratio of vertebral fracture when compared to placebo with no significant decrease in nonvertebral 

fractures. After denosumab treatment there was a 0.25 risk ratio of vertebral fracture in sclerostin 

mAb treated individuals and 0.75 hazard ratio for non-vertebral fractures however this effect had 

a non-significant adjusted p-value [151]. 

The Active Controlled Fracture Study in Postmenopausal Women with Osteoporosis at 

High Risk (ARCH) trial was published in 2017 and included over 4000 patients (Fig. 3.3). 

Patients were given sclerostin blocking or bisphosphonate treatment for one year followed by 

one year of further bisphosphonate treatment in each group. Patients with initial treatment of 

sclerostin blocking were half as likely to experience vertebral fracture as patients only treated 

with bisphosphonates. Overall fracture risk reduced by 27% when patients were treated with 

combination therapy as opposed to bisphosphonates alone [7]. 
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Figure 3.3. Romosozumab is a more effective post-menopausal osteoporosis treatment than 

alendronate. Results from the ARCH trial were acquired based on BMD and bone remodeling 

agent levels. BMD at the spine (A) was nearly tripled compared to alendronate after one year. 

BMD approximately doubled at the hip (B). P1NP (C) and β-CTX (D) circulating levels were 

similarly diminished between the two drugs. Reproduced with permission from 2017 Saag et. al. 

© Massachusetts Medical Society. Originally printed in NEJM [7].
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Finally, the Study Evaluating Effects of Romosozumab Compared with Teriparatide in 

Postmenopausal Women with Osteoporosis at High Risk for Fracture Previously Treated with 

Bisphosphonate Therapy (STRUCTURE) trial analyzed over 400 women who had been treated 

for over three years with bisphosphonate therapy. Half of patients were continued on 

bisphosphonate therapy while the others were transitioned to a sclerostin blocking therapy and 

analyzed after one year. Results showed a 2.6% increase in BMD in sclerostin mAb patients 

compared a 0.6% decrease in bisphosphonates. These changes were consistent in other skeletal 

sites and indicate an advantage of sclerostin blocking even when bisphosphonates have become 

ineffective in patients at severely high fracture risk [152].  

 While the skeletal effects of sclerostin neutralization are extremely positive in treating 

patients with a number of low bone mass afflictions, results of the ARCH trial indicated 

troubling CV side effects (Table 3.1). Specifically, serious CV events were more frequent in 

patients treated with sclerostin blocking mAb than bisphosphonates. Digging into the reported 

differences, cardiac ischemic and cerebrovascular events were more commonly observed in 

sclerostin treated individuals with odds ratios of 2.65 and 2.27, respectively. Death after 

sclerostin treatment was numerically higher than bisphosphonate and became level after groups 

switched to bisphosphonates alone. Interestingly, incidence of noncoronary revascularization and 

HF were lower in sclerostin treated groups and remained lower after reverting back to 

bisphosphonate treatment [7].  These effects resulted in a safety flag by the U.S. Food and Drug 

Administration and delayed approval for treatment [153].  
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Table 3.1. Summary of cardiovascular side-effects in ARCH trial. Results of cardiovascular 

side-effects after one-year of treatment of alendronate or romosozumab. There were significant 

increases in cardiac ischemic and cerebrovascular events. Adapted with permission from 2017 

Saag et. al. © Massachusetts Medical Society. Originally printed in NEJM [7]. 
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Data gathered from robust clinical trials indicates a strong effect of sclerostin blocking 

therapy in improving the effects of low bone mass in old age and particularly in PMO. However, 

the myriad of CV side effects is obviously a cause for concern. The safety flags even resulted in 

postponement of FDA approval of the drug for treatment. However, approval was first gained in 

Japan and was nearly unanimously approved in the U.S.A. In April of 2019 for postmenopausal 

women at very high risk of fracture. This took place after pooling of data from multiple trials to 

try to determine overall CV risk. The drug is marketed under the brand name Evenity, carries a 

warning label, and is not recommended for patients at high risk for CV diseases or those with a 

history of CV disease. This obviously limits the clinical utility of the drug, as the patients most 

likely being treated are elderly and at higher risk for CV disease the general population. 

Therefore, it is important to develop a thorough understanding of sclerostin in the CV system in 

order to fully understand the effects of targeting this drug for low bone mass diseases. 
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CHAPTER 4 

 Sclerostin Ablation Prevents Aortic Valve Stenosis in Mice
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Introduction 

Sclerostin (human gene: SOST, mouse gene: Sost) is a secreted glycoprotein that has 

shown to be a potent regulator of bone remodeling [154]. It was first discovered to be the 

causative root of excessive bone overgrowth in Sclerosteosis (full SOST deletion) and van 

Buchem diseases (deletion of a genetic regulator) [125,126,130,155]. Further studies clarified the 

mechanisms whereby sclerostin regulates ossification, resorption, and mechanotransduction in 

bone by altering the Wnt and RANKL pathways of the skeletal system [110,111,156,157].  

Due to the protein’s involvement in bone remodeling and its apparent localization to the 

skeletal system, sclerostin became a target of great interest for the treatment of low bone mass 

diseases such as osteoporosis. Clinical trials of a mAb targeting sclerostin - known as 

romosozumab - substantially improved bone quality metrics and reduced hospitalization in PMO 

patients [7,151,152,158,159]. However, the stage III ARCH trial noted an imbalance in CV 

effects compared to the current standard bisphosponate medication, alendronate. The authors 

specifically noted a significant increase in cardiac and cerebrovascular ischemic events and a 

numerical decrease in HF [7]. This resulted in the drug receiving a warning of CV side effects 

which must be weighed when considering prescribing romosozumab to patients who may have, 

or be at risk for, CV disease. 

Discovery of off-target effects in the CV system prompted a review of existing literature 

as well as new studies directly interrogating the role of sclerostin in various disease models. 

While the body of literature for sclerostin’s role in the AV is quite limited, there are some studies 

of interest. AVs excised from human patients with AVS showed that sclerostin protein and 

mRNA are upregulated in diseased tissue near sites of ectopic calcification [88]. A study from 

the same year found that serum sclerostin levels are associated with valve calcification in 
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individuals undergoing hemodialysis. This was also confirmed at the tissue level using 

immunohistochemistry and quantitative real-time polymerase chain reaction (qPCR) [94]. While 

these studies show correlation between valve disease and sclerostin expression, it is unclear if the 

increase is a direct contributor to AVS.  

The pathways associated with sclerostin signaling in the skeletal system also contribute to 

the progression of AVS which augment the necessity for direct investigation. Activated Wnt and 

RANKL signaling have shown to be involved in ectopic calcification of the AV, indicating there 

may be shared processes sclerostin acts on in the skeletal and CV systems [49,160].  

AVS is a complicated and poorly understood disease process and it is unclear whether 

sclerostin plays a significant role in its progression. To this end, we hypothesized, based on the 

CV events in the stage III ARCH trial, long-term loss of sclerostin would worsen AVS in a 

mouse model. Surprisingly, we found Sost ablation had a protective effect in the progression of 

AVS via reduced myofibroblast activation and AVIC contractility potentially due to upregulation 

of protective Homeobox (Hox) gene expression. 
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Materials and Methods 

Animals 

All mouse experiments were carried out under appropriate approval and supervision from 

the Vanderbilt University Institutional Animal Care and Use Committee (IACUC). Sost 

knockout mice (NULL) were provided by Dr. Gabriela Loots and bred as previously described 

[161]. Littermates homozygous for the WT Sost gene were used as controls. Equal amounts of 

male and female mice were used. At 4 months of age, mice transitioned from standard chow to a 

1% cholesterol Western diet (TestDiet 5TJT). Food and water were provided ad libitum. Mice 

were aged for 8 additional months on the Western diet to 12 months of age, euthanized by carbon 

dioxide inhalation followed by cervical dislocation, and AV tissue was harvested for processing 

and analysis (Fig 4.1A). 

 

Cells 

Mouse AVICs were isolated as described previously [53]. Briefly, WT mice were crossed 

with the “Immortomouse” line (Charles River, 237 HO, 238 HE) in order to generate cell lines 

capable of undergoing prolonged growth under specific culture conditions. Mice were euthanized 

and the heart carefully excised under sterile conditions. Using a dissection microscope, the aortic 

root was isolated and the individual leaflets removed, soaked in 600 U/mL collagenase II 

(Worthington Biochemical Corp, Lakewood, NJ) for 30 minutes, and centrifuged. Leaflets were 

then placed on 0.1% gelatin coated tissue culture dishes in immortalized media (10% fetal 

bovine serum, 1% penicillin/streptomycin antibiotic, 10 U/mL interferon-Ɣ in Dulbecco’s 

Modified Eagles Medium),  with environmental conditions of 33° C and 5% CO2. AVICs were 

allowed to adhere to the culture dish, migrate from the leaflet tissue, and expand for about one 
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week until confluence was reached (Fig 4.1B). To verify the isolation of a myofibroblast cell 

line, cell morphology was confirmed visually and the presence of the contractile protein alpha-

smooth muscle actin (aSMA) was confirmed using immunostaining. Prior to all experiments, 

cells were maintained for 24 hours at 37° C and 5% CO2,in complete media without interferon-Ɣ 

(10% FBS, 1% pen/strep antibiotic in DMEM) to inactivate the immortalization element. 
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Figure 4.1. The effects of genetic ablation of the Sost gene, aging, and high-cholesterol diet 

were assessed using in vivo and in vitro models. A. Mice were given high-cholesterol diet 

beginning at 4 months and aged to 12 months. The development of AVS was tracked using 

echocardiography at 4, 9, and 12 months of age. Black bar = 2 months. B. In parallel, 

immortalized mouse lines were generated for WT and NULL groups. Aortic valve interstitial 

cells were isolated and expanded for in vitro analysis. Image partially created with 

Biorender.com. 
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Echocardiography 

Echocardiographic assessment was performed at 4, 9, and 12 months of age to identify 

changes in cardiac structure and function. All imaging was performed by skilled technicians in 

the Vanderbilt Cardiovascular Physiology Core (VCPC) using the Vevo 2100 small animal 

imaging system. Mice were lightly anesthetized (mean: 492 bpm) using isoflurane and laid 

supine on a heated platform. Transthoracic aortic pulsed wave Doppler imaging was used to 

generate AV velocity profiles. Parasternal short-axis M-mode imaging was performed to 

measure LV performance and cardiac function as indicated by changes in strain throughout the 

cardiac cycle.  

For AV-specific measurements, a custom MATLAB script was used to automatically 

trace pulsed wave Doppler waveforms and determine cardiac-gated hemodynamic metrics such 

as PV and MG [162]. At each time point, three Doppler measurements were gathered for each 

mouse resulting in 50 to 100 independent cardiac cycles being averaged to produce 

representative metrics. LV thickness and motion were manually measured over each cardiac 

cycle. Three cycles were averaged for each M-Mode image for a total of 9 cycles analyzed per 

mouse per time point. 

 

Dual Energy X-Ray Absorptiometry 

Femur bone metrics were measured using the Hologic UltraFocus Dual Energy X-Ray 

Absorptiometry and associated software. Samples were placed on the stage at 2X magnification 

and images were acquired in a series of 4 captures at 40 kV followed by 4 captures at 80 kV 

captures. Using a custom Region of Interest analysis in the system software (Version 3.1), the 

bone mineral content, BMD, and femur length were measured.  
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Histological Staining 

Excised aortic roots were embedded in Optimal Cutting Temperature (OCT) compound 

and flash frozen. Using a -20° C cryostat, aortic root samples were serially sectioned at 10 μm. 

For all staining analysis, 3 sections per aortic root were analyzed for a representative metric. 

Picrosirius Red (PSR) (FisherScientific) staining was performed to assess collagen 

characteristics and morphology of the aortic roots. Alizarin Red S (ARS) (Sigma-Aldrich) 

staining was performed to assess the extent of valve calcification. For both stains, standard 

manufacturer protocols were followed without deviation. After staining, slides were dehydrated 

in progressively concentrated alcohol baths (70%, 90%, 100%), cleared in xylene, mounted in 

organic mounting media, coverslipped, dried overnight, and sealed prior to imaging. Brightfield 

images were captured at a 4X magnification objective using a Nikon Eclipse E800 microscope 

equipped with an Olympus DP74 digital polychromatic camera. Representative images were 

shown to best illustrate the quantitatively determined phenotype. 

 

Immunohistochemical Staining 

Fluorescent immunostaining was used to characterize the prevalence and localization of 

aSMA (contractile) and Runx2 (osteogenic) proteins - both of which are common markers of AV 

disease. Slides were washed in PBS prior to fixation/permeabilization for 10 minutes in a 4% 

paraformaldehyde/0.1% Triton solution in PBS. Sections were then blocked for non-specific 

binding using 10% bovine serum albumin in PBS for 1 hour at room temperature. Primary 

antibodies were added to a 10% diluted blocking solution at the following concentrations: 1:100 

rabbit polyclonal anti-aSMA (Abcam ab5694), 1:100 rabbit monoclonal anti-Runx2 (Cell 

Signaling Technology 12556) and incubated overnight at 4° C. The following day, sections were 
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washed in PBS prior to incubation in 1:1000 goat anti-rabbit IgG Alexa Fluor 647 

(ThermoFisher A-21245) for 1 hour at room temperature and covered from light. After 

secondary staining, slides were once again washed in PBS  prior to being mounted in ProLong 

Gold Antifade with DAPI (Cell Signaling Technology 8961), coverslipped, allowed to dry 

overnight at room temperature, then sealed. Fluorescent images were captured at 20X 

magnification objective using an Olympus BX53 microscope and Qimaging Retiga 3000 digital 

monochromatic camera. 

 

Quantitative Image Analysis 

For the analysis of PSR staining,  brightfield images of the stained aortic root were 

acquired and cropped to contain only the AV leaflets. Total leaflet area was calculated from 

brightfield images and collagen composition within the leaflet area was determined as previously 

described [163,164]. Expression of contractile (aSMA) and osteogenic (Runx2) proteins of 

interest in the AV was determined from analysis of immunofluorescence (IF) images, as 

previously described [165]. Briefly, AV sections fluorescently labeled for either aSMA or Runx2 

were stained with DAPI to indicate leaflet nuclei and provide an estimate of leaflet area based on 

a manually defined boundary. Segmentation of individual nuclei was performed using a modified 

watershed transform and concave object separation algorithm [163,166]. aSMA area fractions 

were then computed as the ratio of positive pixels to total pixels within the leaflet boundary. 

Runx2 positive nuclei were defined based on the ratio of positive pixels to total pixels within the 

identified nuclear boundary. 
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RNA Sequencing 

Aortic roots from WT and NULL mice were isolated via microdissection and flash frozen 

in liquid nitrogen prior to storage at -80˚C until RNA isolation. To collect total RNA from each 

sample, single aortic roots were homogenized in Trizol prior to isolation using the Zymo Direct-

zol RNA Microprep kit. RNA integrity was measured with an Agilent Bioanalyzer prior to 

library preparations. All samples had RIN values greater than 7. Aortic roots were analyzed as 

isolating adequate quantities of high-quality RNA from individual leaflets has proven technically 

infeasible.   

The Vanderbilt Technologies for Advanced Genomics (VANTAGE) center performed 

library preparation, sequencing, and read alignment. Briefly, cDNA libraries were generated 

from total RNA using the NEBNext Ultra II Directional RNA Library Prep Kit then sequenced 

on an Illumina NovaSeq 6000 to an average depth of 63.5 M reads per sample using 150bp 

paired-end chemistry. Sequencing quality was assessed using FastQC. Reads were aligned to 

mouse genome mm10 and gene counts were determined using the Illumina DRAGEN pipeline.  

For analysis of RNAseq datasets, differential gene expression and normalization to 

library size was performed using the R package DEseq2 using Cook’s outliers to filter low gene 

counts and α = 0.05. KEGG and GO over-representation analysis was performed using the R 

package clusterProfiler using the respective enrich function with default parameters. Gene sets 

were considered over-represented if padj < 0.05. Visualizations were generated using a 

combination of enrichplot and ggplot2 packages in R.  
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3-D Cell Contractility Assay 

The contractile phenotype of AVICs was assessed using the 3-D Gel Contraction Assay 

as described previously [55]. A collagen gel solution was mixed (80% PureCol, 10% 10X PBS, 

10% 0.1 M NaOH) and stored on ice. AVICs were suspended in complete media supplemented 

in either 0 or 1 ng/mL of recombinant TGFβ1 (R&D Systems 7666MB005) or 0 or 100 ng/mL of 

recombinant sclerostin (R&D Systems 1406-ST). Cells were added to the collagen gel solution at 

a 1:1 ratio to achieve a concentration of 250 cells/ μL collagen:media solution. The combined 

solution was mixed thoroughly to ensure a uniform distribution of cells across the gels. Sterilized 

teflon rings (no. 5612-303-62, Seastrom Manufacturing) were placed in non-tissue culture 

treated dishes and 250 μL of the mixture was evenly pipetted in the rings. The mixture of 

collagen gel, cells, and media was allowed to solidify for one hour in a 37° C incubator. 

Solidified gels were covered with complete media supplemented with 0 or 1 ng/mL TGFβ1 and 

the Teflon rings were carefully removed using sterilized forceps. The gels were allowed to float 

freely in the media solution. The circular gels were imaged after 24 hours using a Leica M165 

FC stereo microscope and the contraction ratio was calculated as the change in gel area relative 

to the initial area (at time = 0h). 

 

Real-time quantitative polymerase chain reaction 

 WT and NULL immortalized AVICs were lysed using Trizol Reagent (ThermoFisher 

Scientific 15596026). The Direct-zol RNA Miniprep Kit (Zymo Research R2050) was used to 

isolate high-quality mRNA directly from lysed samples. Isolation was performed by following 

manufacturer protocols without deviation. Samples were analyzed for concentration and purity 

using a NanoDrop UV Spectrophotometer (ND-ONE-W). A 260/280 wavelength ratio of ~2.0 
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was considered pure RNA and used for downstream analysis. cDNA was synthesized using 

SuperScript IV First-Strand Synthesis System (ThermoFisher 18091150). SYBR Green qPCR 

Master Mix (ThermoFisher 4309155) was used to allow fluorescent detection during 

amplification. Manufacturer protocols were followed without deviation. CFX96 Real-Time PCR 

Detection System (Bio-Rad) was used for thermocycling amplification and measurement of 

fluorescent signal. cDNA was denatured at 95⁰ C for 4 minutes, then the following cycle was 

carried out 40 times for amplification: 10 sec 95⁰ C, 10 sec 55⁰ C annealing, and then a plate read 

to determine fluorescent intensity. After amplification, melt curves were generated for each 

sample using the following protocol: initialize 65⁰ C, plate read, 0.5⁰ C, plate read, until a 

maximum of 95⁰ C was reached. Only samples with strong single-peak melt curves around ~80⁰ 

C without evidence of primer-dimer formation were considered in analysis. Bio-Rad CFX 

Manager 3.1 software was used to quantify amplification by defining detection thresholds and 

assigning each sample a Ct value. Sample Ct values were normalized to that of a stable 

housekeeper, Gapdh, and statistics were performed on non-transformed ∆Ct values. Primer 

sequences are defined in Table A.4.1. 

 Validated primers were selected from the Harvard PrimerBank database. Sequences were 

independently verified using the NCBI Primer-BLAST resource to ensure target specification 

and no secondary binding potential. 

 

Statistical Analysis 

All data are presented as mean +/- error as noted in figure captions. The following 

statistical tests were used and are noted in each figure caption: Student’s t-test for 2 group 

comparison, one-way analysis of variance (ANOVA) for 3 or more groups, and two-way 
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ANOVA for time-course echocardiography data to determine the effects of time vs. genotype. 

For repeated-measures ANOVA tests, mixed-effects analysis was performed with the Geisser-

Greenhouse correction and Tukey’s multiple comparisons test. For all tests, a p-value of 0.05 

was considered statistically significant. Data storage and statistical analysis was performed using 

Microsoft Excel, MATLAB r2019a, and GraphPad Prism 9.1.1. Analysis was performed by the 

authors but sample identification was blinded and quantitative analysis was performed using 

custom programs instead of qualitative or manual measurement to reduce bias.  
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Results 

Deletion of the Sost gene recapitulates the high bone mass phenotype observed clinically 

Human patients lacking the SOST gene display a bone overgrowth phenotype which can 

be recapitulated in a mouse model [133,155]. Dual energy x-ray absorptiometry (DXA) scans 

were used to confirm this phenotype in experimental groups (Fig 4.2A). Consistent with prior 

reports, there was a clear high bone mass phenotype based on a doubling of BMD in NULL 

mice, relative to WT (51.81+/-1.12 vs. 106.9+/-6.25; p<0.0001) without a significant change in 

femur length (13.21+/-0.13 vs. 13.30+/-0.22; p=0.71) (Fig 4.2A) [132]. Body mass was also 

unchanged between the two groups (Fig A.4.1). 

 

Deletion of the Sost gene prevents the hemodynamic hallmarks of aortic valve stenosis 

Hemodynamic parameters across the AV and structure and functional parameters in the 

LV were assessed using cardiac echocardiography to track the development of AVS between 

groups. WT mice developed mild to moderate increases in aortic PV (140.1+/-7.15 vs. 125.9+/-

9.32, 160.1+/-10.05 vs. 122.7+/-7.31, 176.2+/-13.82 vs. 130.7+/-6.81; p=0.72, p<0.05, p<0.001; 

4, 9, 12 months, respectively) and MG (2.09+/-0.2 vs. 1.66+/-0.95, 2.79+/-0.48 vs. 1.46+/-0.19, 

4.10+/-0.85 vs. 1.72+/-0.23; p=0.92, p=0.22, p<0.001; 4, 9, 12 months, respectively) while 

NULL mice remained largely unchanged between 4 and 12 months of age (Fig 4.2B). Both 

groups experienced similar insignificant levels of hypertrophy in the LV as measured by LV 

mass (94.49+/-2.85 vs. 96.48+/-3.9, 112+/-3.81 vs. 116.5+/-4.91, 118.3+/-5.73 vs. 113.5+/-5.71; 

p=0.99, p=0.88, p=0.86; 4, 9, 12 months, respectively) (Fig 4.2C). In addition, LV function 

remained similar over time with little difference between WT and NULL groups LV ejection 

fraction (EF) during the heart cycle (46.26+/-1.1 vs. 44.14+/-1.19, 50.65+/-1.65 vs. 45+/-2.31, 
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48.13+/-1.39 vs. 50.66+/-2.85; p=0.78, p=0.07, p=0.68; 4, 9, 12 months, respectively) (Fig 

4.2C). There was not a significant difference due to sex of the mice. Raw echo data separated by 

sex is found in Table A.4.2. Left ventricular outflow tract diameter was also used to normalize 

for heart anatomy changes. However, this did not change the results in any way (Fig A.4.2). 
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Figure 4.2. Genetic ablation of Sost results in a bone overgrowth and prevention of AVS. A. 

Dual energy x-ray absorptiometry was used to assess femur BMD (middle) and length (right). 

NULL mice display a sclerotic phenotype with no change in limb length. B. Aortic valve 

hemodynamics were assessed using pulsed doppler imaging tracked over time. Standard markers 

of AVS (peak velocity and mean gradient) were significantly increased in WT groups while 

remaining unchanged in NULL. C. Left ventricle measurements were taken by m-mode 

echocardiography. Both groups had similar left ventricular hypertrophy (left) in order to 

compensate with weight increase. Ejection fraction (right) did not display a clear phenotype with 

no significant differences. A. Mean+/-SEM, Students t-test. Gray dots=female, White dots=male. 

B. Mean+/-SEM, 1-way ANOVA with post-hoc Tukey test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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Sost knockout mice have thinner leaflets  

Leaflet morphology, collagen conformation, and calcification was assessed in AVs from 

WT and NULL mice using PSR and ARS staining (Fig 4.3A). Measurement of the full thickness 

of the AV leaflets showed WT leaflets were generally 30% thicker than NULL leaflets (16.52+/-

1.00 vs. 11.48+/-1.01; p<0.01), on average (Fig 4.3A). Both groups were highly packed with 

collagen at similar densities (99.59+/-0.09 vs. 99.53+/-0.13; p=0.71) and did not show any clear 

patterns of calcification on the leaflets (Fig 4.3A). 

 

Sost knockout mice have lower prevalence of myofibroblast markers of aortic valve disease 

The mechanisms of AVS progression (i.e., dystrophic vs. osteogenic) were assessed 

using quantitative analysis of aSMA and Runx2 immunostaining (Fig 4.3B). NULL leaflets had 

significantly lower expression of aSMA than WT (69+/-5 vs. 38+/-6; p<0.01), a marker of 

myofibroblast activation and dystrophic calcification associated with early AVS (Fig 4.3B). 

There was no significant difference in Runx2 nuclear expression, a marker of later stage 

osteogenic calcification (3.6+/-1.2 vs. 2.0+/-1.1; p=0.42) (Fig 4.3B). 
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Figure 4.3. Sost knockout prevents early myofibroblast related AVS phenotype. A. 

Picrosirius Red (top row) and Alizarin Red S (bottom row) were used to assess valve collagen 

and calcification, respectively. While there were no trends regarding calcification or collagen, 

median leaflet was thicker in WT mice indicating mild hypertrophy. B. Immunofluorescent 

staining was used to determine if myofibroblast (αSMA, top row) or osteogenic (Runx2, bottom 

row) was driving phenotypic change. αSMA was significantly more prevalent in WT mice while 

Runx2 was unchanged, indicating a potential myofibroblast AVS phenotype. A. Mean+/-SEM, 

Students T-test. Gray dots=female, white dots=male. B. Mean+/-SEM, Students t-test. Gray 

dots=female, white dots=male. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Scale bar 

magnitudes: 4x=1mm, 20x=100microns.   
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RNA sequencing of aortic roots reveals significant change in Hox transcription factors 

 To determine potential mechanistic explanations for the divergent phenotypes, RNA 

sequencing was performed on 3 aortic roots from the WT and NULL groups (Fig 4.4A). 

Overrepresentation analysis was performed to identify which genes were interacting with the 

most GO Biological processes and the top genes are isolated. Biological processes associated 

with development, regionalization, connective tissue development are highlighted (Fig 4.4B). 

Several of the genes in the Hox family of transcription factors were shown to interact with these 

processes. Upon further investigation, nearly half of all Hox genes were upregulated in NULL 

groups compared to WT. Six of the most highly regulated are highlighted in the volcano plot 

(Fig 4.4C).  
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Figure 4.4. RNA sequencing of aortic roots shows over 1000 differentially regulated genes 

and an increase in pan-Hox gene expression in NULL groups. A. Schematic of RNAseq read 

analysis by differential gene analysis, over-representation analysis, and Hox identification. B. 

Top over-represented genes paired with all of the over-represented GO Bioprocess terms 

associated. C. Volcano plot of differentially expressed genes with notation of top expressed Hox 

genes. Blue genes are significantly downregulated in NULL mice (n=388) and red genes are 

significantly upregulated in NULL mice (n=706). 
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Several Hox transcription factors are upregulated in isolated aortic valve interstitial cells 

 AVIC lines were established in order to assess potential mechanisms contributing to the 

observed valvular phenotype and Hox genes of interest were assessed using qPCR. Of the 13 

Hox genes identified from the RNAseq data, 3 were more highly expressed in NULL AVICs 

(Hoxa1, Hoxb2, Hoxd3) with Hoxa3 near significance (p=0.17). Hoxa7 was significantly 

downregulated in NULL AVICs compared to WT controls (Fig 4.5A). 

 

Isolated WT AVICs are more contractile than NULL 

 In order to verify the in vivo data indicating WT valves had a greater level of 

myofibroblast activation, isolated AVICs from the WT and NULL groups were embedded in 

collagen gels and treated with 0 or 1 ng/mL of recombinant TGFβ1 (Fig 4.5B). WT cells were 

also embedded and treated with 0 or 100 ng/mL of recombinant sclerostin (Fig 4.5C). Neither 

cell type exhibited contractility without stimuli (-2.40+/-0.95 vs. -1.74+/-1.14). Addition of 

TGFβ1 in media caused significant contraction in both cell lines (-2.40+/-0.95 vs. -76.33+/-6.54, 

-1.74+/-1.14 vs. -28.16+/-2.8; p<0.0001, p<0.001; WT and NULL, respectively). Furthermore, 

WT cells displayed nearly 3x as much contractile capacity when compared to NULL group (-

76.33+/-6.54 vs. -28.16+/-2.8; p<0.0001) (Fig 4.5B). WT cells treated with recombinant 

sclerostin protein also exhibited slightly higher contractility than untreated controls (-6.91+/-1.24 

vs. -19.43+/-2.25; p<0.001) (Fig 4.5C). 
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Figure 4.5. Sost null AVIC have altered Hox genes and decreased contractility. A. qPCR 

was used to assess Hox gene expression in isolated WT and NULL AVICs. Hoxa1, Hoxb2, and 

Hoxd3 were significantly higher in NULL mice with Hoxa3 non-significantly increase (p=0.17). 

Hoxa7 was decreased in NULL cells. B. WT and NULL AVICs were embedded in collagen gels 

and treated with 0 or 1 ng/mL TGFβ1. Both groups were unaltered at baseline but WT AVICs 

exhibited much greater contractility under treatment when compared to NULL. C. WT AVICs 

were embedded in collagen gels and treated with 0 or 100 ng/mL Sclerostin. Treatment induced a 

slight increase in contractility. A. Mean+/-SEM, Students t-test. B. Mean+/-SEM, 2-way 

Analysis of Variance with Šídák's multiple comparisons test. White dots=0 ng/mL TGFβ1, Red 

dots= 1 ng/mL TGFβ1. C. Mean+/-SEM, Students t-test. White dots=0 ng/mL Sclerostin, Green 

dots=100 ng/mL Sclerostin. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Discussion 

AVS and osteoporosis are two common diseases increasingly afflicting ageing 

populations in the United States and around the world. AVS is the second most common CV 

disease and studies show that over half of individuals over the age of 65 have some form of mild 

valve disease with estimates of 6.4% of these individuals displaying moderate to severe disease. 

Between 1999 and 2009, nearly 150,000 individuals died due to valve disease in the United 

States alone [36,37]. Currently, the only treatments for AVS are surgical intervention or TAVR 

and importantly there are no approved efficacious pharmaceutical options [37,167]. 

Osteoporosis is present in approximately 10% of individuals over the age of 50 in the 

United States and osteoporosis-related fractures have shown to lead to excess mortality 

[168,169]. Pharmaceutical treatment options for osteoporosis are better developed than for AVS, 

with the American College of Physicians historically recommending treatment of osteoporosis 

with a bisphosphonate-derivative or RANKL inhibitor [170]. Romosozumab, a mAb targeting 

sclerostin, provided a strong new option in the field of osteoporosis treatment due to indications 

it can both reduce bone resorption and enhance new bone development. This is a substantial 

improvement over existing therapies which only target the bone resorption mechanism, 

preventing the loss of existing bone content [171]. Indeed, the stage III ARCH trial showed 

romosozumab-bisphosphonate combination therapy can improve BMD and reduce fracture risk 

compared to bisphosphonate treatment alone. However there was an unexpected imbalance in 

adverse CV events in patients treated with romosozumab [7]. Romosozumab, however, was 

approved for the market in 2017 and now carries a CV warning label which must be considered 

during diagnosis.  
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Sclerostin inhibition has shown to be a powerful new therapeutic option for the treatment 

of low bone mass disease and has the potential to improve quality of life for many individuals. 

Outside of the skeletal system, sclerostin has been known to be expressed by aortic smooth 

muscle cells and explanted, post-natal vascular smooth muscle cells in calcifying conditions 

[90,172]. A direct investigation into the role of sclerostin in vascular disease recently showed 

that mice treated with exogenous recombinant sclerostin protein, or overexpressing the Sost 

gene, are protected from aortic aneurysm and atherosclerosis in an angiotensin II infusion mouse 

model through local inhibition of the Wnt signaling pathway [92]. This supports the hypothesis 

that sclerostin may perform a protective role in vascular tissue by performing local Wnt signaling 

inhibition. But while atherosclerosis shares similar risk factors and disease progression as AVS 

in early stages, the aorta and AV tissues are distinct in their development, resident cell 

populations, and mechanical environments, which make separate investigation crucial [173]. 

This divergence is evident in numerous clinical trials of the statin drug class, which have showed 

to be an effective treatment for lipid lowering and atherosclerosis but have little to no effect on 

the progression of AVS [174].  

In the current study, we investigated the role of sclerostin in AVS by assessing the effects 

of Sost genetic ablation on the progression of AVS in an aged Western Diet mouse model. To 

this end, mice lacking Sost (replaced with a LacZ-neo cassette) were generated and compared to 

their WT littermates. Mice on a C57BL6/J background have been shown to develop hallmarks of 

AVS (in as few as four months) when receiving a high-cholesterol Western diet [175]. Herein, 

mice were aged for eight months on high-cholesterol diet to ensure adequate development of 

AVS for subsequent analysis (Fig 4.1). We have had success with this disease model in previous 
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studies, and based on the results from the current study, we have shown that eliminating 

sclerostin signaling is sufficient to slow the progression of AVS [72,165]. 

 In vivo analysis of CV health using echocardiography indicated the development of 

hemodynamic hallmarks of AVS in WT mice independent of functional changes in the LV (Fig 

4.2). Increases in PV and MG across the AV are expected as the mice begin to develop AVS. 

Sost ablation caused no significant hemodynamic change from baseline over time indicating 

attenuated development of AVS in these mice. There was a slight upward trend by twelve 

months that was not statistically significant. Therefore, it is possible the NULL mice may have 

been in the earliest stages of AVS development that did not yet manifest at the 12-month time 

point in the mouse as this age represents ~50 years of human age; valve disease in humans does 

not typically manifest until advanced old age (70-80 years and over) [176].   

Both WT and NULL groups showed consistent increases in LV mass (Fig 4.2). This is 

likely a consequence of the excess cardiac output required as a result of the weight gain 

experienced by these mice. While weight was not tracked over time, the average weight of 

approximately 50 grams at 12 months of age is far greater than average age-matched mouse fed 

standard chow (The Jackson Laboratory). It is possible this increase in LV mass may have 

contributed to the increase in PV and pressure across the AV in the WT group, however the Sost 

knockout mice did not have altered AV hemodynamics despite having experienced similar levels 

of cardiac hypertrophy. Taken together, this may indicate a sclerostin-dependent effect that is 

specific to the AV as opposed to changes in other areas of the heart.  

Measurement of leaflet thickness confirmed that WT  mice experienced leaflet thickening 

compared to NULL mice (Fig 4.3). Analysis of brightfield PSR staining did not indicate 

differences in collagen density within the leaflets or differences in collagen conformation based 
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on polarized light imaging. ARS staining indicated minor sections of focal calcification as well 

as some instances of annular calcification however there did not appear to be a clear trend across 

genotypes nor evidence of excess fibrocalcific deposits in any mouse measured. This is not 

unexpected based on the moderate hemodynamic changes observed indicating the mice may be 

experiencing early stages of fibrotic AV disease in the absence of substantial calcific lesions. 

IF for myofibroblast markers was performed (aSMA) as well as the common osteoblast 

marker Runx2 (Fig 4.3). aSMA was shown to be less prevalent in NULL mice than WT, which 

indicates that Sost ablation limits early development of AVS by interfering with early stage 

events of AVIC fibroblast to myofibroblast activation. Nuclear Runx2 staining was not different 

between the two groups, although there was a trend toward reduced activation in the NULL 

group. 

To determine potential molecular mechanisms that would give rise to this differential 

phenotype in Sost ablation in AVS, RNA sequencing was performed on aortic roots from both 

groups (Fig 4.4). Over 1000 genes were differentially expressed, the majority of those being 

increased in NULL compared to WT. This is likely due to the removal of a Wnt inhibitor which 

allows for uninhibited Wnt signaling and associated mechanisms to become upregulated. A 

number of expected bioprocesses were differentially regulated such as biomineralization and 

ECM organization. Over representation found genes that interacted with a large number of 

bioprocesses. Some of the most highly involved genes belonged to the Hox family of 

transcription factors. This family of transcription factors contains four subcategories in 

vertebrates (A, B, C, D) and are involved in body axis patterning [177]. While the family has 

long known to be involved in development, more recent work has focused on their re-activation 

in post-natal tissue during CV disease [178]. Of particular interest are the Hoxa1 and Hoxa3 
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subtypes. Hoxa1 function loss in humans leads to CV malformations in humans and knockout 

mice have been shown to have a myriad of cardiac abnormalities, including outflow tract defects 

due to necessity of expression precursor cardiac neural crest cells [179,180]. Hoxa3 knockout 

has been shown to cause stenosis of the AVs as well as several other CV abnormalities [181]. 

These protective effects of Hox genes and concurrent upregulation in NULL animals may lead to 

the protective affects in AVS found in this study. 

qPCR analysis indicated that NULL AVICs had upregulated Hoxa1 mRNA which lends 

further evidence toward these factors being involved in the protection NULL mice from AVS 

(Fig 4.5). In addition to Hoxa1, Hoxb2 and Hoxd3 were also increased, although these factors 

have less of a literature basis for having a protective effect in the valve. Interestingly, Hoxa7 was 

significantly decreased in NULL mice, although there is little evidence that may point to its role 

in the AV. WT and NULL cell lines were also assessed for the contractility in order to determine 

if the myofibroblast phenotype transition may partially explain the in vivo phenotype. Results 

indicate that WT cells are far more prone to hypercontractility compared to NULL, which further 

supports that NULL mice are protected from early development of AVS by a lower propensity 

toward myofibroblast activation and contraction. 

 

Limitations 

Like many small animal studies investigating mechanisms of AV disease, there are a 

number of caveats which must be considered when interpreting results. Mice were only aged to 

one-year, which roughly correlates to middle-age in humans, whereas the most striking effects of 

AV disease generally occur in older individuals at 70 to 80 years of age. Ideally, mice could be 

aged to 18 months or even two-years of age but this is often not feasible because mouse health 
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rapidly deteriorates past one year of age when animals are placed on a high-cholesterol Western 

diet that can lead to premature deaths at unexpected time points. In addition, we wanted to test 

romosozumab in our model system, but Amgen declined our request to collaborate.  

 

Conclusions 

This study presents a novel role for sclerostin in the CV system - specifically in the AV. 

While sclerostin is an excellent target to diminish the effects of low bone mass diseases such as 

osteoporosis, the existence of off-target CV effects should better be understood as sclerostin 

inhibition becomes a more commonly adopted therapy. This study indicates that genetic ablation 

of the Sost gene in mice slows the development of AVS in a high-cholesterol diet model. This is 

divergent from the effect in aortic diseases such as aortic aneurysm and atherosclerosis. Our 

findings further indicate that sclerostin has an effect on early markers of AV disease involved in 

myofibroblast activation of resident cells through Hox signaling. Future studies should focus on 

better understanding the mechanisms through which sclerostin acts in diseases of the AV as well 

as if this genetic effect can be recapitulated in a pharmacological inhibition study. Additionally, 

the potentially negative role of lacking sclerostin on slowing late stage osteogenic AVS should 

be evaluated. More importantly, in contrast to the CV events observed in clinical trials, this study 

indicates a potentially protective role for sclerostin inhibition, at least in the development of 

AVS and can further inform clinical decision making as the drug becomes more commonly 

adopted as a treatment for osteoporosis. 
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CHAPTER 5 

Evaluation of Early Bilateral Ovariectomy in Mice as a Model of Aortic Valve Stenosis or Left 

Ventricle Hypertrophy 
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Introduction 

 

Heart disease is the most common cause of death in the United States and AVS is the 

third most common heart disease and results in approximately 16,000 deaths per year 

[36,37,182]. This prevalent and deadly disease is becoming more common in aging populations 

with incidence estimated to triple over the next 40 years [183]. AVS is characterized by the slow 

narrowing of the aortic outflow tract via progressive fibrocalcification and stiffening of the AV 

leaflets [37].  

Severe AVS without treatment carries an extremely poor prognosis with only 22% 

survival after 2 years [59]. Historically, the only treatments for severe AVS have been open 

surgical interventions which carry high risk of complications and mortality, particularly in the 

very elderly populations which most commonly needs the procedure. Recently, non-invasive 

interventions such as the TAVR have made the procedure less risky [184]. Trials evaluating 

drugs that treat related pathologies including anti-calcific treatments and lipid-lowering have 

largely been negative and development of efficacious drug treatments are sorely needed [185]. 

 AVS afflicts both male and female patients. Historically, female-specific CV disease has 

been drastically understudied in the literature. Literature meta-analysis suggests only 10% of pre-

clinical CV research articles focus exclusively on female animals [8]. There appears to be a 

fundamental disconnect in the understanding of how AVS presents in female patients and should 

be treated. Outcome analysis show that female patients tend to have worse outcomes, lower 

referral, and more common complications following surgical and interventional valve 

replacement [186]. Female patients appear to present AVS differently which leads to 

misclassification and suboptimal treatment [187,188]. Indeed, the pathophysiology of AVS 

appears to differ at the tissue level between male and female patients. Female patients tend to 
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develop severe AVS at relatively low calcium burdens compared to men and excised tissue 

samples of diseased valve leaflets indicate a higher prevalence of fibrosis when compared to 

male valves, which contained higher amounts of calcific deposits [189,190]. Female patients 

may be slipping through the cracks as diagnosis methods are not optimized. 

 Methods of studying AVS at the pre-clinical level are limited. C57BL6/J mice develop 

mild aortic sclerosis but little evidence of hemodynamically significant AVS [175]. Many 

models also require Western style diets to induce rapid weight gain combined with aging which 

can be a barrier to performing studies in this area [191]. The Notch1 heterozygous mice has 

shown to reliably develop AVS within a reasonable time frame by mimicking the fully penetrant 

mutation leading to AVS in humans [72,192]. In addition, diseases used to study atherosclerosis 

such as Ldlr-/-/ApoB100/100  mice are also effective [191]. However, there is a need to develop 

non-genetic models of AVS that are more generalizable to the population at large. 

 The OVX procedure is commonly used to study the effects of PMO. This model results in 

rapid loss of bone mineral via estrogen depletion [193]. Women experiencing PMO are at greater 

risk for CV disease that is proportional to the severity of their disease [194]. Young women 

receiving bilateral oophorectomy tended to have an increase in CV mortality [195].  

 The purpose of this study is twofold: determine if the OVX procedure faithfully recreates 

the CV effects that seem to accompany PMO as well as determine if the OVX can be used as a 

female-specific model of AVS absent of genetic manipulation. We found that OVX combined 

with high-cholesterol diet and aging to one year did not induce a strong AVS phenotype but did 

result in LV hypertrophy absent significant fibrosis. OVX may be useful as a model for LV 

hypertrophy but genetic insults such as Notch1 or Ldlr ablation may be necessary to excel the 

phenotype and induce measurable differences in the AVS phenotype.  
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Materials and Methods 

Animals 

 Mouse experiments were carried out under appropriate supervision and approval by the 

Vanderbilt University IACUC. 20 female WT mice of the C57BL6/J background were obtained 

from The Jackson Laboratory. At four months of age, mice were randomly selected for the 

SHAM or OVX groups (n=10 for each group). Study authors blindly performed the procedure. 

Briefly, mice were anesthetized using isofluorane induction. The lower back slightly above the 

hips was shaved and disinfected. A small incision was made and the mouse uterus, fallopian 

tubes, and ovaries were removed. The ovaries were quickly excised using a cautery pen. Mice in 

the SHAM group underwent the same procedure, however the ovaries were left intact at the final 

stage. This procedure was repeated for both ovaries. The uterus was returned to the body cavity 

and the skin was closed using surgical stables and local anesthetic was applied and mice allowed 

to recover on a heated pad. One mouse in the SHAM group died of unknown surgical 

complications resulting in a final sample size of 9 in this group. After one week of recovery, 

mice were transitioned to a 1% cholesterol Western diet (TestDiet 5TJT). Food and water were 

provided ad libitum at all stages of the study. Mice were aged to 12 months of age, euthanized by 

carbon dioxide inhalation and cervical dislocation. Tissue was harvested for ex vivo analysis at 

the study endpoint (Fig 5.1A). 

 

Echocardiography 

 Echocardiographic imaging was performed at 4 and 12 months of age to track the 

hemodynamic development of AVS over time. All measurements were performed by skilled 

technicians in the VCPC using the Visual Sonics Vevo 2100 small animal imaging system. 
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 Mice were lightly anesthetized using isofluorane and laid supine on a heated platform. 

Transthoracic AV pulsed wave Doppler imaging was used to record blood velocity profiles. 

Parasternal short-axis M-mode imaging was used to visualize LV structure and function over the 

course of the heart cycle. 

 AV metrics were determined using a custom MATLAB script which automatically traced 

the Doppler waveforms to determine metrics such as PV and MG across the leaflets [162]. Three 

independent measurements were made for each mouse at each time point to account for operator 

variability. In total, between 50 and 100 heart cycles were considered to generate representative 

values for each sample at each time point. M-mode measurements were performed by hand by 

the study authors. Three cycles were measured across three repeated images per mouse per time 

point. 9 cycles were considered for each sample to generate representative metrics including LV 

mass and EF. 

 

Dual X-Ray Absorptiometry 

 Bone metrics were assessed by the study authors using a Hologic UltraFocus Dual 

Energy X-Ray Absorptiometry once per month from 4 to 12 months of age. Mice were 

anesthetized using isofluorane induction and placed facing down on the capture stage. Images 

were acquired at 2X magnification in a series of 4 captures at 40 kV then followed by 4 

additional captures at 80 kV. Manufacturer software (Version 3.1) was used to determine whole 

body fat mass content and BMD over time. 
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Histological Staining 

 Whole hearts were excised from mice at 12 months and embedded in OCT compound 

and flash frozen. 12 µm serial sections were cut using a -20⁰ C cryostat and affixed to histology 

slides. For all staining analysis, three sections across different regions of the heart were analyzed 

and averaged (in the case of quantitative analysis) to generate representative metrics.  

 Masson’s Trichrome (MTC) stain was used to assess LV and AV morphology as well as 

collagen density in both regions. Staining was performed by expert histological technicians in the 

Vanderbilt University Medical Center Translational Pathology Shared Resource. ARS (Sigma-

Aldrich) staining was used to study the prevalence of calcification on the valve leaflets. Sections 

were washed in Phosphate Buffered Saline without calcium or magnesium to remove OCT. 

Sections were then rinsed in deionized water for 2 minutes at room temperature and then covered 

in 14 mM ARS solution for 5 minutes at room temperature. The slides were then shaken dry, 

rinsed with deionized water, cleared, and dehydrated in sequential baths of acetone, 1:1 

acetone/xylene mixture, then xylene. Slides were then coverslipped in organic mounting media 

and dried overnight. 

 Brightfield images were captured for both stains at 1X (LV) and 4X (AV) using the 

Nikon Eclipse E800 microscope and an Olympus DP74 digital polychromatic camera. 

Representative images were chosen to match the trends determined from quantitative analysis.  

 

Immunohistochemical Staining 

 Immunostaining was performed on AV leaflets in order to determine relative amounts of 

aSMA and Runx2 which are common markers of dystrophic and osteogenic calcification, 

respectively. Slides were washed of OCT using PBS. Tissue was then fixed and permeabilized 
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using a 4% paraformaldehyde/0.1% Triton solution. Sections were then treated with 10% bovine 

serum albumin for 1 hour at room temperature in order to reduce non-specific antigen binding. 

Primary antibodies were added to 10% blocking solution at 1:100 dilutions at 4⁰ C overnight: 

rabbit polyclonal anti-aSMA (Abcam ab5694) and rabbit monoclonal anti-Runx2 (Cell Signaling 

Technology 12556). Separate slides were used for each target. Sections were then washed in PBS 

and then incubated in 1:1000 dilution of goat anti-rabbit IgG Alexa Fluor 647 (ThermoFisher A-

21245) for 1 hour at room temperature away from light. Slides were then washed in PBS, 

mounted in ProLong Gold Antifade with DAPI (Cell Signaling Technology 8961), coverslipped, 

dried overnight at room temperature, and edges sealed. Fluorescent images were taken 20X 

magnification with an Olympus BX53 microscope equipped with a Qimaging Retiga 3000 digital 

monochromatic camera. Multiple locations were imaged and combined to build a representative 

sample of each AV leaflet.   

 

Quantitative Image Analysis 

 Custom MATLAB scripts were utilized to measure tissue area and collagen composition 

as previously described [163,165,196]. Images were all captured using identical exposure and 

background levels in order to accurately compare across samples. Whole heart images obtained 

at 1X magnification were cropped to only include LV tissue. AV leaflets were similarly removed 

from 4X images. Colorimetric segmentation was used to determine regions of collagen, stained 

blue (H=150⁰-250⁰, S=0.1-1.0, L=0.1-0.93), and cytoplasm and myocardium, stained red 

(H=250°-25°, S = 0.1–1.0, L = 0.1–0.93). Whole tissue fraction as well as collagen and 

cytoplasm/myocardium are fractions were calculated as the ratio of positive pixels to non-

background pixels in the specified region of interest. 
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 Quantification of immunohistochemical staining was performed as previously described 

[165]. Fluorescently labeled stains were co-stained with DAPI to determine location of cells in 

AV leaflets. Nuclei were segmented using a modified watershed transform and concave object 

separation algorithm [163,166]. aSMA area fractions were calculated as the ratio of positive 

pixels to total pixels in the leaflet boundary. Runx2 area fraction was defined as the ratio of 

positive pixels within the nuclear boundary.   

 

Statistical Analysis 

 All data are displayed as mean +/- error with raw data overlaid as defined in the figure 

captions. Percent change between time points was analyzed using the single-sample Students t-

test to see if values significantly changed from zero. Direct comparisons between SHAM and 

OVX data utilized the Students unpaired t-test. Each data set was analyzed for statistical outliers 

using the ROUT method. Outliers were excluded from statistical calculations but were left on 

figures and noted in the figure captions. A p-value lower than 0.05 was considered statistically 

significant for all tests.    
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Results 

Ovariectomy results in diminished bone mineral density and increased fat mass 

 The OVX is a common procedure used to simulate PMO in a small-animal model. DXA 

scans were used to assess body composition over time to confirm the expected phenotype. Both 

groups rapidly gained fat mass over with the OVX initially accruing more rapidly before both 

groups reaching a steady state around 20-25 grams (Fig 5.1B, top). As expected, mice that 

underwent the OVX procedure had reduced BMD. BMD was significantly lowered at 6-9 

months of age but a leveling of the OVX group and a gradual decrease in the SHAM group 

resulted in groups no longer being significantly different from 10-12 months of age (Fig 5.1B, 

bottom).  
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Figure 5.1. The ovariectomy surgical model of post-menopausal osteoporosis, combined 

with aging and high-cholesterol diet, was evaluated as a potential model for pre-clinical 

study of aortic valve stenosis. A. At four months of age, 20 female C57BL/6J mice received 

sham or ovariectomy procedure. They were then aged to 12 months receiving monthly DXA 

scanning and echocardiography at 4 and 12 months of age. B. DXA scans were used to measure 

body composition. High-cholesterol diet induced rapid fat mass gain in both groups (top) and 

OVX mice had reduced bone mineral density compared to SHAM mice (bottom) indicating 

success develop of estrogen-depletion induced osteoporosis. Mean+/-SD, Unpaired Students t-

test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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Ovariectomy results in increased left ventricular mass but an inconclusive aortic valve 

phenotype 

 Hemodynamics off the AV as well as the structure and function of the LV was tracked 

over time using echocardiography. OVX mice had a slight increase in PV whereas SHAM 

remained unchanged (95% CI [-7.209,19.53] vs [3.14, 73.6]; p=0.31 vs p=0.036] (Fig 5.2, top 

left). OVX mice had a significant increase in LV mass while SHAM again remained unchanged 

(95% CI [-0.86, 43.31] vs [31.29, 75.28]; p=0.058 vs p=0.0004) (Fig 5.2, top right). MG across 

the AV (Fig 5.2, bottom left) and the LV emptying ability as measured by the EF (Fig 5.2, 

bottom right) were unchanged in both SHAM and OVX groups (Mean Gradient: 95% CI [-37.1, 

51.15] vs [-8.59, 119.8]; p=0.72 vs p=0.082) (Ejection Fraction: 95% CI [-5.93, 40.3] vs [-1.92, 

22.96]; p=0.12 vs p=0.09).  
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Figure 5.2. Ovariectomy results in increased left ventricular mass and an inconclusive 

aortic valve stenosis phenotype. M-mode and pulsed wave doppler echocardiography was used 

to compare aortic valve and left ventricle metrics between 4 and 12 months of age. Peak velocity 

was significantly increased in the OVX group with no change in the SHAM, although there was 

one statistical outlier in the SHAM group which was removed from analysis (top left). There was 

no change in either groups in mean pressure gradient across the aortic valve (bottom left). Left 

ventricular mass was significantly increased in OVX while unchanged in SHAM (top right) 

however there was no functional change noted in either group as measured by ejection fraction 

of the left ventricle (bottom right). Data show mean of percent change with interquartile range 

denoted. The ROUT method was used to determine statistical outliers which were removed from 

analysis. The single-sample Students t-test was used to determine if percent change data deviated 

significantly from 0 (no change). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Histological analysis shows no change in collagen or aortic valve morphology but increased left 

ventricular area 

 LV and AV morphology and collagen composition were measured using MTC  stain 

while AV leaflet calcification was assessed using ARS staining (Fig 5.3A). AV thickening (Fig 

5.3B, top left) was not detected in SHAM nor OVX groups (95% CI [39.06, 53.13] vs [36.97, 

52.91]; p=0.81) as well as no significant change in collagen leaflet density (95% CI [16.6, 39.51] 

vs [27.83, 46.74]; p=0.17) (Fig 5.3B, top right). The average area of the LV was increased in 

OVX mice as expected based on results from echocardiographic measurements (95% CI [17.54, 

25.15] vs [23.15, 29.63]; p=0.033) (Fig 5.3B, bottom left). There was no evidence of significant 

fibrosis in the LVs at 12 months in the SHAM or OVX mice (95% CI [0.96, 2.11] vs [1.45, 

2.62]; p=0.19) (Fig 5.3B, bottom right). ARS calcium staining was absent and the data is not 

shown. 
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Figure 5.3. Left ventricle hypertrophy was noted in OVX hearts via ex vivo analysis, but 

valves were absent of any significant thickening, collagen alteration, or calcification. A. 

Masson’s Trichrome staining was used to study gross and collagen-specific morphology in the 

left ventricle (top row) and aortic valve (middle row). Alizarin Red S staining was used to 

identify potential regions of calcification on the aortic valve leaflets (bottom row). B. 

Measurement of aortic valve fibrosa-ventricularis thickness (top left) and collagen density (top 

right) showed no difference between groups further proving a significant aortic valve disease 

phenotype secondary to ovariectomy unlikely. However, the left ventricle area (bottom left) was 

significantly greater in OVX mice bolstering the left ventricle hypertrophic phenotype noted in 

echocardiography. There was no significant difference in left ventricular fibrosis (bottom right). 

A. Scale bar magnitudes: 1X=10 mm, 4X=1mm. B. Mean+/-95% CI, Unpaired Students t-test,  

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Neither dystrophic nor osteogenic markers are elevated in OVX aortic valves 

 The progression of dystrophic (aSMA) or osteogenic (Runx2) calcification of the AV 

leaflets was assessed by IF targeting of common protein markers of the disease phenomena (Fig 

5.4A). aSMA prevalence was unchanged between the two groups (95% CI [40.65, 74.69] vs 

[53.37, 75.23]; p=0.45) (Fig 5.4B, left) along with nuclear expression of Runx2 (95% CI [0, 6.1] 

vs [0, 2.96]; p=0.44) (Fig 5.4B, right). 
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Figure 5.4. Ovariectomy did not induce expression of markers of dystrophic or osteogenic 

calcification. A.Immunofluorescent staining was used to determine changes in 

dystrophic/myofibroblast (aSMA, top row) or osteogenic (Runx2, bottom row) between OVX 

and SHAM groups. B. Quantification of stains indicated no change in overall presence of aSMA 

(left) or nuclear expression of Runx2 (right). A. Scale bar magnitudes: 20X=100 microns. B. 

Mean+/-95% CI, Unpaired Students t-test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Discussion 

 AVS is an increasingly prevalent CV disease mostly afflicting the very elderly. Females 

commonly develop AVS but the bulk of pre-clinical research is skewed towards males [8,36]. 

Additionally, the mechanisms of diagnosing valve disease are not optimized to detect it in female 

patients. Therefore, there is a great need to develop improved methods of studying the disease in 

female patients in a pre-clinical setting in order develop a better understanding of the disease as 

well as potentially engineer new procedures, diagnostic methods, and pharmaceuticals [186–

188]. The OVX is a simple and commonly used procedure used to induce the effects of post-

menopause, specifically diminished BMD leading to PMO. The effects of the OVX on 

development of CV disease are not well understood. Female patients in menopause with greater 

bone loss tend to have worse CV outcomes. Estrogen is known to have a protective effect in 

many CV diseases including those of the AV, so it stands to reason that mice undergoing the 

OVX procedure may have development of CV and AV disease faster than SHAM controls [197].  

 In response to these treatment and knowledge gaps, we aimed to characterize the utility 

of the OVX procedure combined with high-cholesterol diet and one-year of aging on 

development of AVS in a mouse model. This could potentially lead to an easily repeatable pre-

clinical model of AVS in an understudied patient population. To our knowledge, this is the first 

study to undertake this specific analysis.  

 In vivo imaging (echo and DXA) was used to monitor mouse body composition and 

AV/LV hemodynamics over time. Both groups of mice underwent substantial weight gain in 

response to the high-cholesterol diet as well as diminished BMD for the majority of the study, 

indicating a successful recapitulation of the PMO phenotype (Fig 5.1). Mice in the OVX group 

developed a slight increase in PV from baseline but not in MG. There was a marked increase in 
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LV mass in the OVX group which may indicate early LV hypertrophy, however there was no 

change in EF which may point to no difference in LV performance at this early disease stage 

(Fig 5.2). A similar analysis was performed in aortic regurgitation in rats however there was no 

change between OVX and SHAM animals [198]. This may indicate the need for Western diet 

and aging to produce the phenotype. Myocardial hypertrophy commonly occurs in post-

menopausal women at greater rates than male counterparts [199]. The most common methods of 

inducing myocardial hypertrophy in mice include surgical intervention (transverse aortic 

constriction, aortic banding) or genetic modifications (collagens, matrix metalloproteinases) 

[200]. Using OVX and aging may present a more generalized model as well as specifically focus 

on an understudied patient group at risk for the disease. 

 In order to better understand the observed in vivo phenotype, quantitative histology was 

performed to characterize AV and LV disease progression (Fig 5.3). There was no noted increase 

in AV thickness or collagen morphology as determined by MTC staining and no evidence of 

calcium deposition based on ARS staining. Similarly, there was no evidence of widespread LV 

fibrosis. However, the LV of OVX mice were significantly enlarged which bolstered the increase 

in LV mass noted from echocardiography. This appears to confirm the lack of significant AVS or 

fibrocalcific disease development on the AVs of the OVX mice. The C57BL6/J mouse is 

notoriously resistant to development of hemodynamic alterations although some studies note 

gross histological disease hallmarks [175,191]. LV hypertrophy is often thought to be a 

compensatory mechanism to normalize cardiac output as the leaflet orifice becomes smaller and 

less compliant. Fibrosis typically accompanies hypertrophic tissue during progression to HF. It is 

possible AVS is occurring via stiffening of the valve leaflet ECM in a way that is not measurable 

using collagen or calcium stains. It is also possible that other pressure overload is occurring due 



83 
 

to distal causes such as hypertension which is shown to commonly correlate with osteoporosis 

[201].     

To investigate any potential AV phenotype, markers of dystrophic (aSMA) and 

osteogenic (Runx2) pathways of AV fibrocalcification were assessed (Fig 5.4). While aSMA 

expression was present, there was not any statistical change between SHAM and OVX mice. 

aSMA is a marker of myofibroblast activation which can lead to fibrosis and dystrophic 

calcification, the most common type of ectopic calcification found in excised valves [202,203]. 

Runx2 expression was minimal and there was no trend between groups. Runx2 is a marker of 

osteogenic transdifferentiation of resident AVICs [204]. These data further suggest that the OVX 

procedure alone is not adequate to induce AVS absent some other genetic insult.  

 

Limitations 

 12 months of aging is relatively low and aging to 18 or 24 months may have more 

accurately mimicked the advanced age patients generally develop AVS. However, we have 

found that aging past 14 months generally leading to unexpected death and loss of samples when 

combined with high-cholesterol diet. 

 

Conclusions 

 AVS is an increasingly prevalent disease and is very understudied in relevant female 

patient populations. Females commonly develop fibrosis related AVS and standard methods of 

disease detection are inadequate for female presentation of disease. There are very few small 

animal models of valve disease that do not rely on genetic manipulation and none that focus on 

female disease. OVX is a common model used to simulate PMO. Women in menopause with 
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osteoporosis tend to develop CV disease more often. The focus of this study was to determine 

the feasibility of using the OVX procedure as a pre-clinical model to study AVS in female 

patients. Our findings suggest that mice do not develop a strong AV phenotype after OVX, high-

cholesterol diet- and 12 months of aging. However there does appear to be a significant increase 

in LV hypertrophy which may indicate potential utility as a model for LV disease in female 

mice. 
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Introduction 

BME2100: Biomechanics is a sophomore-level introductory biomechanics course at 

Vanderbilt University that focuses on the study of structural and material properties of biological 

tissues and medical devices. In an effort to integrate coding content into each undergraduate 

BME course, biomechanics-related MATLAB projects are assigned along with standard 

homework and exams. In course reviews, this content is often described as the most challenging 

with students often citing the inefficacy of the traditional, lecture-based content delivery in 

synthesizing biomechanics and programming content. One potential solution to this instructional 

challenge is converting the course into a blended format.  

As the internet becomes more ubiquitous in modern society, it has also become a more 

common presence in higher education. One in three students take an online class in their 

undergraduate career, and most public universities are now offering partially or completely 

online programs [206]. Blended courses combine online and in-person instruction to leverage the 

strengths of the two modalities. Research indicates that blended instruction can improve student 

outcomes more than online or in-person instruction alone when properly deployed [207]. The 

COVID19 pandemic has accelerated this shift as more college classes are moved to online or 

blended formats. In 2020, nearly two-thirds of U.S. colleges had shifted to online or hybrid 

models [208]. With the general inertia of more online learning integration and the pandemic-

related necessity, it is important to understand how shifting courses online can affect student 

learning. 

There are very few comprehensive studies focusing specifically on the efficacy of 

blended-style classes in a biomedical engineering curriculum. Researchers utilizing a blended 

model in a Medical Terminology course found that students in the blended course performed 
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better on exams than those in the traditional class [209]. A comprehensive implementation of 

biomedical engineering e-learning laboratories was implemented at the same university in the 

biomedical engineering curriculum but there is no formal analysis comparing this blended style 

to other educational modalities [210]. Biomedical engineering educators have also described 

creative development of a blended automation course in response to COVID19 lockdowns [211]. 

While the methodology is interesting, formal comparison to in-person classes is absent and 

practically infeasible. While not specifically studying biomedical engineering courses, 

systematic comparison of general engineering courses using in-person and blended classes 

showed that students in the blended course experienced improved satisfaction with improved 

attendance, motivation, and collaboration [212]. 

The aim of this study was to determine if shifting a biomechanics course section to a 

blended format can improve student outcomes in programming material. Additionally, this study 

may also provide more generalized information on the efficacy of converting certain biomedical 

engineering courses to a blended format, particularly to better streamline content that may appear 

to be incongruent.  
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Materials and Methods 

This study was carried out with the approval of the Vanderbilt University Institutional 

Review Board (IRB #192229). 

 

Course Restructure 

The first eight weeks of the course were restructured into a blended style by moving the 

programming content from the traditional course into modules on the course learning 

management software site (Brightspace). This content included: pseudocoding for planning a 

solution in non-coding language, how to perform operations on vector and matrix variables, 

common loops (primarily ‘for’ loops), and basic data visualization like plotting, specifying line 

type, and generating subplots. These programming modules could be completed in parallel with 

the biomechanics-focused lecture. The four programming topics (pseudocode, vector/matrix 

operations, loops, and data visualization) covered in the modules were the same as those covered 

in the lecture. The traditional (top row) and blended (bottom row) course structures are 

summarized in Table 6.1.  

Table 6.1. Traditional and blended course structure comparison. 
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Each module has three components: review materials, a practice problem, and a reflection 

prompt (Figure 6.1A). Each module was designed to be completed in approximately 20 minutes 

(mirroring the in-class time spent in the original lecture). The modules were graded based on 

completion and had high completion rates (Table A.6.1). Anecdotally, students tended to 

complete the module components thoroughly with reasonable effort. The solutions to the practice 

problems were provided after the students completed the modules. 

Along with the modules, an online video was used to describe the biomechanics 

programming project, which replaced the previous paper-based assignment description (Figure 

6.1B). A complete description of each component of the restructured course can be found in the 

appendix:  full module contents can be found in Figure A.6.1, assignment text can be found in 

Figure A.6.2, and the full video-based assignment can be found in Figure A.6.3.  
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Figure 6.1. A sample of how the online modules were structured (A) and the new video-

based project delivery (B). A. Blended course materials were implemented in Brightspace and 

comprised of review material, practice problems, and a reflection prompt. B. The paper-based 

assignment was converted to a multimedia assignment.  
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Assessment: Module Effectiveness 

A custom survey created by the authors was circulated after completion of the project 

(Week 8) to assess how students perceived the efficacy of the restructured course. The full text 

of the survey is found in Table A.6.2. Briefly, students were asked to rate their level of 

agreement with a number of statements such as “MATLAB Project 1 was clearly explained”. A 

5-point Likert scale was used to record responses with ‘1’ indicating “Strongly Disagree” and ‘5’ 

indicating “Strongly Agree”. 

 

Assessment: MATLAB Coding Confidence 

A second custom survey created by the authors was used to assess how students rated 

their confidence in MATLAB programming. To track student confidence pre- and post-project, 

the survey was given twice in the blended course (Week 1 and Week 8) and individual responses 

were tracked over time. The survey was also given to students in the traditional class only at the 

post-project (Week 8) time point. The survey structure was similar to the effectiveness survey 

described in the previous section and the full text is located in Table A.6.3. 

 

Assessment: MATLAB Coding Ability and characteristics 

The coding quality of project submissions was compared between the traditional and 

blended sections. To perform this assessment, a past teaching assistant familiar with the project 

who did not teach either of the sections included in the study was asked to grade de-identified 

assignment submissions from each class. A rubric was used which was adapted from Grading 

Rubric for Programming Problems by Shelby Kimmel which can be found in Table A.6.4 [213]. 

This rubric was chosen because it assesses code by metrics other than simple correctness 

http://shelbykimmel.com/Documents/Teaching/Templates/ProgramGrading.pdf
http://shelbykimmel.com/Documents/Teaching/Templates/ProgramGrading.pdf
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(program achieving the intended outcome). These additional criteria include readability (code is 

clean and well-organized), documentation (code is well structured and commented), elegance 

(code utilizes appropriate methodology which is efficiently applied), and whether the code meets 

specifications. 

The grader was provided with randomly chosen, de-identified project submissions. Each 

was graded and the scores were returned and reorganized into the appropriate section for 

analysis. 

In order to provide rough measurements of the code characteristics from each class, 

samples were analyzed for runtime (amount of time taken for code to run to completion without 

error) and length (non-space character count, including all executable and commented code). 

Each code was run sequentially three times on the same machine and the runtime averaged while 

character count was obtained using a standard word processor.   

The final assessment strategy is summarized in Table 6.2. Module completion statistics 

and survey response rate data can be found in Table A.6.1.  

 

Table 6.2. Data collection strategy. 
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Data Analysis 

Nonparametric statistical tests were used for all comparisons due to non-continuous 

(ordinal) survey/regrade datasets, unequal variance of datasets, and non-normal distributions in 

code runtime and length datasets (D’Agostino-Pearson normality test). For paired measurements 

(blended course confidence surveys), the Wilcoxon matched-pairs signed rank test was used. For 

non-paired measurements (traditional vs. blended class post-project comparisons) the Mann-

Whitney U-test was used. For figures 3-5, the mean and 95% confidence interval are shown for 

all datasets. For all comparisons, a significance level of p<0.1 was used with the following 

notations: # p<0.1, * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. Statistical analysis 

and figure generation was performed in Microsoft Excel, Graphpad Prism, and MATLAB. 
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Results 

Blended course was met with mixed results from students 

Efficacy was determined by surveying student perceptions of the blended section (Figure 

6.2, top). Students had a mixed reception to the blended class with many indicating a neutral 

response and relatively equal portions expressing positive and negative reception. The video-

based assignment and clarity of the project and goals received a neutral to positive response. 

The effectiveness of the online modules was surveyed (Figure 6.2, bottom). Most students 

found the reflection exercises unhelpful in preparing for the programming project. Review 

materials had a negative to neutral response while practice problem reception was true neutral. 

The combined modules received mixed reception with nearly equal amounts of students 

expressing negative, neutral, and positive reception. 
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Figure 6.2. Module effectiveness survey results. Students were surveyed on how effective they 

found aspects of the blended course to be (top) and how useful the module components were 

(bottom). Students were mixed in their reception of the course but found the video assignment 

helpful. Students were mixed overall in how helpful they perceived the modules to be with 

practice being the most helpful and reflection prompts being the least. 
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Students had significantly improved confidence after completing blended course materials 

Students in the blended class completed pre-and post-project programming confidence 

surveys and individual responses were tracked over time (Figure 6.3). Increases in confidence 

were apparent in MATLAB programming overall as well as each of the individual competencies 

focused on in the refresher modules and project. 
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 Figure 6.3. Blended course pre- and post-MATLAB project coding comfort. Students in the 

were significantly more comfortable in all of the queried MATLAB skills after completing the 

blended modules. Mean+/-95%CI. Mann-Whitney U test. #p<0.1, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001.  
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Students in the blended class were significantly more confidence in course material than students 

in the traditional class 

The coding confidence survey results from the traditional and blended classes were 

compared after project completion (week 8) (Figure 6.4). The two groups show unequal 

variance due to differences in sample size (although response rate was similar as shown in Table 

A.6.1). In addition, the intentional focusing on improving these areas in the blended class may 

have produced more homogeneity in post-project responses. While overall confidence using 

MATLAB was not different between the two classes, confidence in technical skills like vector 

and matrix operations, loops, and data visualization was significantly higher in the blended class 

than traditional. 

  



99 
 

 

 Figure 6.4. Traditional vs. blended course post-MATLAB project coding comfort. Students 

did not differ in their confidence MATLAB overall or pseudocoding between the traditional and 

blended courses (top left, top center). Students in the blended course were significantly more 

confident in using vector/matrix operations, loops, and data visualization compared to traditional 

course students. Mean+/-95%CI. Mann-Whitney U test. #p<0.1, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001.   
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Students in the blended course had shorter and more readable code 

A standard rubric was applied by a blinded grader to determine whether there was any 

difference in coding quality between the two classes (Figure 6.5A). Scores were quite similar 

overall as well as in most subcategories except code readability (code is clean, understandable, 

and well-organized) where there was a slight improvement in the blended course compared to 

traditional. 

The runtime and length were compared between samples from the traditional and blended 

course (Figure 6.5B). Variance was slightly greater in the traditional course as this class was 

approximately 2/3 the size of the blended section. While runtimes were nearly identical, samples 

from the blended class tended to be ~1000 non-space characters shorter, on average. 
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Figure 6.5. Traditional vs. blended course MATLAB project coding quality (A) and 

characteristics (B). A. There was little difference in scoring between students in the traditional 

and blended course except for a slight improvement in code readability in the blended course 

(top right). B. There was no difference in code efficiency (left) however students in the blended 

course tended to have shorter coding samples overall (right). Mean+/-95%CI. Mann Whitney U 

test. #p<0.1, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.   
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Discussion 

Integrating programming projects into biomedical engineering courses can develop skills 

crucial to careers in industry and academia. This can result in instructional challenges for courses 

which may not lend themselves to computational projects, such as biomechanics. In the 

biomechanics course at Vanderbilt University, programming projects are cited in course reviews 

as the most challenging portion of the course. 

Typically, MATLAB content is delivered using a lecture-based method. One of the issues 

described by students was the inefficacy of this instructional style in seamlessly combining 

MATLAB and biomechanics content. A blended (combination of in-person and online) course 

has been shown to improve outcomes for students in certain circumstances. With the COVID19 

pandemic, more classes have moved to online or hybrid configurations, and converting computer 

content into online modules may be an intuitive solution to the instructional problem (Table 6.1).  

To test this hypothesis, programming content for a section of the biomechanics course 

was converted into online modules to be completed in parallel with in-person lectures (Figure 

6.1). Changes in coding confidence were tracked before and after completing the MATLAB 

content in the blended course along with how students perceived the efficacy of the restructure. 

Coding confidence and ability were compared after completion of the project in traditional and 

blended styles (Table 6.2). 

While project and goal clarity were high in the blended class, reception to the format was 

mixed (Figure 6.2). Students did not find the module components particularly helpful in 

preparation for the MATLAB project. Reflection prompts had a negative reception which may be 

due to poor formulation of prompts and reformulating this section may improve reception. 

Module review materials were collated from online resources. Specific videos made to 
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seamlessly integrate with course content could improve their usefulness. Practice problems could 

also be better integrated with course material with more personalized customization. 

Despite a lukewarm reception, students experienced increases in coding confidence in the 

blended section style (Figure 6.3). While it is impossible to say whether the modules alone 

caused this improvement, the MATLAB components of the course seem to help students become 

more comfortable with coding content. Comparing post-project confidence data from the two 

structures (traditional vs. blended) indicates that confidence was higher for students in the 

blended section in technical skills like vector and matrix operations, loops, and data visualization 

(Figure 6.4). This course structure may allow students to learn these important MATLAB skills 

more effectively in a way that improves their confidence than in the traditional lecture style.  

Using the blinded regrade system and a standardized rubric, overall code quality was 

similar between the two classes with slight improvements in code readability (code is clean, 

understandable, and well-organized) in the blended class (Figure 6.5A). The average code length 

was much lower in the blended class compared to traditional with no concurrent change in 

runtime (Figure 6.5B). Greater code readability and shorter length (while maintaining overall 

quality) indicate improved coding skill in blended course participants. While these measurements 

are subjective, the combination of results from confidence surveys and regrading point to an 

improvement in instruction after section restructure. 

The modules need to be improved in a way that students perceive them as being useful 

and not just extra busy work to be done for the completion grade. Despite lukewarm reviews, the 

modules and coding project greatly improved confidence of students in the blended class. These 

students also had greater end-point confidence in technical programming skills compared to 

students in the traditional, lecture-only class. Furthermore, increased confidence in technical 
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skills likely translates to improved application of these tools in such a way that leads to increased 

code quality. This instructional improvement may begin to address student concerns about the 

poor integration of biomechanics and coding material in the original course structure. 

 

 Limitations and Future Directions 

Due to the timing of the BOLD fellowship, study design, and IRB approval, only post-

project survey data could be collected in the traditional class. The different timing of delivery of 

MATLAB coding material between traditional and blended courses may have affected results 

and future studies should control for this. Only one section (about half the class) was converted 

to the blended style and future studies should attempt to convert the entire course. Only one class 

could be studied for each course structure. A relatively small sample completed surveys (n=9 

traditional and n=16 blended) but a similar response rate was achieved for each class (50% 

traditional and 57% blended). Future studies may link survey participation to a grade or extra 

credit to improve response rate. Surveys were created by the authors and are thus un-validated 

and should be interpreted as such. Future studies should aim to incorporate validated surveys 

which are rooted in the conceptual framework of blended learning. Future development of 

coding competencies should focus on more generalizable concepts such as problem abstraction 

and code reusability. The solution presented in this article is specific to a certain project and may 

limit translatability. While the courses were identical, different instructors taught each section 

which may have changed how biomechanics material was taught. MATLAB-specific content 

was taught by the authors in both classes to maintain consistency. Future studies should continue 

to refine the blended structure as well as include more students and classes, controlling for 
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instructors if possible. Studying other code metrics may also be useful to introduce more 

objective measures of code quality including comment density, loop density, and efficiency. 

 

Conclusions 

While the instruction problem in this study was challenging, blended classes have shown 

to have positive outcomes for students and moving coding content online is a simple and 

intuitive solution. While this first attempt at restructuring a portion of the course was not all that 

well received by students, there were significant improvements in coding confidence compared 

to the previous class-type. Additionally, students in the blended section tended to submit code 

with greater readability which suggest improvement in confidence as well as tangible skills. 

These are positive results as moving content online can allow instructors to focus more on in-

person class time covering core concepts of the course. Students can also refresh their 

programming skill online at their own pace. As courses have been converted to online or hybrid 

structures in response to the COVID19 pandemic, it is encouraging to see that moving certain 

content to this format is not only safer and more convenient but can also improve student 

outcomes. Instructors should retain these online and hybrid teaching strategies that have 

improved overall instruction quality. Future studies could focus on increasing sample sizes, 

survey coverage, and inclusion of students from different sections, instructors, and institutions. 

In addition, further expansion and refinement of surveys, code quality assessment, and code 

characteristics may provide further insights into how the course structure can result in 

downstream effects on student attitudes toward coding as well as their skill.  
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CHAPTER 7 

 Impact and Future Directions
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Dissertation Summary  

 AV disease is one of the most common CV diseases – a disease set which accounts for 

the most common cause of death in the U.S.A. AVS itself is a difficult disease to treat in that it 

does not have any associated drug therapies . The only option is replacement of the diseased 

valve with a prosthetic replacement. While there are recent advances in the space of 

interventional valve replacement via TAVR, there is still a need for non-invasive methods of 

slowing or resolving the disease [41]. This is necessary as AVS is most commonly a disease of 

the very elderly who often have many comorbidities that add risk to any level of sedation and 

surgery.  

 Osteoporosis is associated with reduction of bone mineral content and an increase in risk 

of fracture and lower quality of life . The pharmaceutical treatment landscape for osteoporosis is 

much better than AV disease with numerous treatments availability [214]. One of the more 

recent treatments developed is a mAb-based therapy targeting the protein sclerostin. This 

sclerostin antibody is extremely effective in halting bone resorption and reducing fracture risk. 

However, off-target side effects necessitate an investigation into how the drug affects the 

progression of AV disease [7]. 

 Investigating osteoporosis is impossible without confronting the sex differences aspects 

which accompany it. One of the most common subsets of osteoporosis patients are elderly 

women with PMO. Chapter 5 of this dissertation focuses on how AV disease manifests in a PMO 

model commonly used in skeletal research. The aim for this section was the development of a 

new model for understanding how AV disease and osteoporosis interact. This includes common 

mechanisms and potential drug targets to ameliorate the shared effects of these diseases. This 

includes sclerostin targeting antibodies as well as others such as anti-resorptive drugs. In 
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addition, female specific CV disease is woefully understudied in pre-clinical research and this 

section of research aims to help address this. 

 The final section of new studies focuses on how biomedical engineering material is 

transmitted in the college classroom. Specifically, the role of technology in a post-COVID19 

pandemic landscape is addressed by evaluating the outcomes of traditional lecture courses and 

hybrid-style classes in delivering coding content. The aim of this section is to make a 

fundamental contribution to biomedical engineering by providing novel data for the best 

instruction modalities. 

 

Impact 

Sclerostin Studies 

 The overarching impacts of the first two sections of this dissertation involve the 

relationship between AVS and skeletal disease and drug treatment. Chapter 4 aims to understand 

the role of sclerostin in AVS development. Because there had been no direct investigations on 

sclerostin and the AV, a fundamental approach was utilized by using a germline deletion of the 

Sost gene in mice and conducting a thorough longitudinal study using in vivo imaging as well as 

extensive ex vivo analysis using histology, in vitro analysis of isolated AVICs, and finally taking 

a step back and looking at a complete effect of sclerostin deletion on signaling in the aortic root 

using RNA sequencing. 

 Perhaps the groundbreaking takeaway from this study was the conclusion that sclerostin 

deletion results in mice not developing the hallmarks of AVS when compared to WT controls. 

This is at odds with our initial hypothesis for the study. Results from clinical trials of the 

sclerostin targeting antibody results in an increase in CV side effects including heart attack and 
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stroke [7]. Sclerostin acting as a calcification inhibitor logically follows that genetic ablation 

would increase ectopic calcification often associated with AVS. Studies in the vasculature 

confirm this protective effect of sclerostin in aortic aneurysm and atherosclerosis [92]. The new 

data presented seem to indicate the opposite is true, at least regarding the progression AV 

disease. This adds a confusing, yet interesting, new development in the understanding of 

sclerostin’s role in CV disease. 

 Ex vivo analysis of the AVs pointed to interesting explanations of the observed in vivo 

phenotype. The applicability of this data is a bit difficult to estimate partially due to the relatively 

early time point we assess ex vivo valve health. AVS typically becomes severe and symptomatic 

at advanced age (usually 60 and above) [215,216]. Mice are notoriously resistant to valve disease 

(necessitating genetic modification and high cholesterol diet administration) [217]. The one-year 

time point is roughly correlative to middle age (40-50) [176]. Therefore, it is not surprising that 

valve disease is mild for a middle-aged mouse and that there is relatively little evidence of 

osteogenic calcification. Despite looking at mice at the one-year timepoint, WT mice had mild 

thickening of AV leaflets compared to sclerostin null mice as well as increased expression of 

myofibroblast marker αSMA. This is in tandem with little expression of Runx2, an osteogenic 

marker often indicating a very late disease state. Therefore, it would appear that sclerostin plays 

a role in early activation of myofibroblasts which can lead to fibrosis and dystrophic 

calcification. 

 Sclerostin’s role in myofibroblast early activation of AV disease is bolstered by analysis 

of sclerostin null AVICs isolated from immortalized mice. The Merryman Mechanobiology 

Laboratory was the first research group to extensively use mouse AVICs (most studies use 

porcine, human, or ovine cells due to the technical difficulty of establishing cell lines from such 
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small tissue samples) [53]. This work further emphasizes the utility of using a constant species 

model and more direct applicability between in vivo and in vitro studies. Pigs may be a more 

superior model of human heart function, but they are much less flexible and more expensive to 

maintain than standard laboratory mice. Further, genetic alteration is impossible which would 

likely be necessary for reliable development of AVS in a reasonable time frame. 

 In vitro experimentation revealed that mice lacking the sclerostin gene had less 

contractile capacity than WT cells. Similarly, treatment with recombinant sclerostin protein 

caused greater contraction when compared to vehicle control. This further implies that sclerostin 

has a role in myofibroblast activation and may be a mechanoactive protein.  

 These interesting revelations about sclerostin’s pro-disease role in AVS as well as its 

involvement in myofibroblast activation had very little precedent in the literature. Sclerostin is a 

fairly well characterized inhibitor of Wnt signaling by interacting with the LRP surface receptors 

[99]. The protein has also been shown to indirectly modulate RANKL signaling [111]. However, 

the observed phenotype ran counter to what might be expected in modulating these pathways in 

AV disease. To help explain this discordance, RNA sequencing was performed on aortic roots 

from sclerostin WT and null mice at the endpoint. Around 700 genes were upregulated in NULL 

mice and 300 upregulated in WT. This indicates that the removal of the inhibitory regulatory 

protein sclerostin seems to prompt and increase in signaling which may be expected. A number 

of bioprocesses were shown to be altered between the two groups in biomineralization and cell 

patterning, among others. Perhaps the most interesting discovery was the upregulation of pan-

HOX signaling in the NULL mice. The HOX signaling pathway is fundamental in body 

patterning during development [218]. However, new research has indicated a role for the 

pathway in disease, including new discoveries of protective affects in CV disease [178]. A 
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number of HOX genes were shown to be upregulated in the NULL cells, confirming this as a 

potential protective mechanism spurred by loss of the sclerostin protein. The primary discoveries 

from this study are the protective effect of sclerostin ablation on AV disease development as well 

as the upregulation of HOX-signaling this seems to have. These discoveries could have a major 

impact on AVS, the side effects of sclerostin drug targeting, and the burgeoning field of HOX 

signaling in CV disease. 

 The initial genetic investigation of sclerostin ablation lead to the question of the effects of 

antibody inhibition of the protein on the development of AVS. The original research plan was to 

perform OVX on laboratory mice and treat them with antibody in order to see if the protective 

effects noted in the genetic study translated to the pharmaceuticals. However, the COVID19 

pandemic and lack of industry partnership necessitated a scale back and revision of the aim for 

the second portion of the dissertation. Instead, our research was refocused on a more 

fundamental question of how preclinical models of PMO interacted with AV disease. This new 

aim tackled fundamental questions. There is a lack of general translational models of AV disease 

in the lab. This study would provide knowledge and how a commonly used, easy to perform, and 

well-characterized surgical model affected valve disease progression in mice. At the same time, 

AV disease in female patients is woefully understudied and there are no models which focus on 

the female progression of disease. CV disease is correlated with severity of osteoporosis in 

female patients, yet treatment and diagnosis are not optimized for this patient subset. Therefore, 

we hoped to shed light on these blind spots in the second portion of this dissertation. 

 To do this, the OVX procedure was performed at 4 months combined with aging to one 

year and high-cholesterol diet. These mice were compared to sham controls. In vivo analysis 

using echocardiography was used to track AV and LV disease progression over time as well as 
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DXA to monitor body composition. At 12 months the heart was excised and tissue analyzed 

using histology and immunostaining. Results indicated that ovariectomized mice did not develop 

significant AV disease at one year, however exhibited potential evidence of LV hypertrophy 

absent of significant collagen deposition. 

 The impacts of this research lead to a new model for LV hypertrophy in PMO patients. 

While there was no evidence of a strong AV phenotype, this model may be useful in 

understanding diseases of the LV in an understudied patient population. Current models of 

inducing HF, LV hypertrophy, and LV fibrosis tend to rely on invasive procedures including 

transaortic constriction or agonistic insults using compounds such as angiotensin [219]. Using 

such models can result in limited translatability to human cases. This study will result in better 

translatability as this procedure is minimally invasive and mice recover quickly. Further, aging, 

and high-cholesterol diet are strong models for CV disease. The strong LV hypertrophy 

phenotype can be used as a window of therapy for pre-clinical studies of procedures and drug 

treatments that aim to reduce LV hypertrophy at early stages. 

 

Biomedical Engineering Hybrid Education 

 Chapter 6 of this dissertation focuses on biomedical engineering education topics. 

Particularly, the best strategies for integrating technology and the internet into the classroom 

using a hybrid approach. This involved reformatting a traditional style lecture into a new 

delivery that utilized in person instruction in tandem with online modules related to the content. 

Pre- and post-analysis of student comfort in the topics indicated a marked improvement and 

students in the hybrid class were more comfortable with the material and performed better on 

assessment that lecture-style alone. 



113 
 

The applicability of this research in a larger context is evident in response to the 

COVID19 pandemic. During the pandemic, most American universities moved to a hybrid or 

online delivery system in order to ensure student safety [208]. This shift in modality raised a lot 

of questions (and continues to raise a lot of questions) regarding the long-term efficacy and 

effects on shifting college instruction online. The research in chapter 6begins to answer that 

question and can also begin to provide some data and guidance for instructors aiming to shift 

content online for safety reasons or to free up class time to cover other material. Results indicate 

that student learning does not have to be sacrificed when moving content online assuming data is 

collected and the course design is performed with intention. In addition to the new data 

generated, the section also provides a template for instructors to gather information in their own 

classes to make changes. 

 

Future Directions 

Sclerostin Studies 

 There are many potential directions future studies could take that stem from the research 

performed in this dissertation. The most pressing would be to continue the work in chapters 4 

and 5 of this work. As previously explained, the original intention linking the two sections was to 

assess the effects of the sclerostin neutralizing antibody in the OVX model. This course of study 

was not pursued for several reasons mainly stemming from the slowing of laboratory research 

due to persistent lockdowns from the COVID19 pandemic and postposed industry partnerships to 

use their sclerostin blocking antibody. As vaccines and treatments for COVID19 allow for 

greater research activity it would be worth attempting to reinvigorate this area of study with 
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private partnership or attempt to form collaborations at Vanderbilt to formulate our own blocking 

antibody. 

 The research gathered in the OVX study indicated that female mice with OVX, one year 

of aging, and high-cholesterol diet do not develop significant AVS. This is in line with research 

showing mice are resistant to AV disease without genetic modification and female mice even 

more so. Therefore, it would first be prudent to define a laboratory model which reliably 

developed AVS in a reasonable time frame (within one year). Commonly used models include 

Notch1 and Apo genetic ablation mice [217]. Performing OVX on mice genetically predisposed 

to the disease may result in a stronger phenotype. Recently wire injuries have been studied as a 

surgical method of inducing AVS in a reasonable time frame which also may be another option 

[220]. The data was insignificant in our study at one year but OVX mice were numerically 

higher and closer to being significant. Aging out to 18 months may provide a stronger 

phenotype. However, unpublished data from this work indicates that mice quickly begin to 

perish around 14 months so this increased mortality would need to be accounted for when 

initially planning the study.  

 After development of a stronger model of post-menopausal AVS a pharmaceutical study 

with the sclerostin blocking antibody would be the next best study to understand the role of 

sclerostin in CAVD. The sclerostin neutralizing antibody would be administered after the OVX 

procedure when there was a confirmed osteoporotic phenotype as determined by DXA. The data 

shown in the chapter 5 indicate this happens as early as 1-month post-op. The mice would then 

be treated for approximately 4-8 weeks with the drug and then allowed to age to one year. 

Sclerostin antibody is used for approximately one year to achieve skeletal affects in humans and 

this would approximate that time frame. The mice would then be aged to one year (or longer 
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depending on system validation experiments). Echocardiography should be performed similar to 

studies in chapter 4 and 5 as well as DXA analysis to monitor disease progression. Histological 

analysis should be used to develop a tissue level phenotype. Whole heart histology (as performed 

in chapter 5) is stronger as you can see the morphology of the LV and AV to account for the 

entire left heart. RNA sequencing would also be useful as performed in chapter 4 in order to 

compare to the genetic ablation data set. A mirroring of the upregulation of HOX genes would 

further confirm that sclerostin signaling and HOX genes are linked in the observed phenotype. If 

results of the proposed drug experiment mirror those seen in the genetic model, it would make 

for a very compelling case that sclerostin is a driver of AV disease which should be taken into 

account when prescribing the drug as well as potentially evaluating it as a therapeutic for 

individuals suffering both diseases. However, the mounting evidence that sclerostin plays a 

protective role in other CV diseases must be considered.  

 

HOX Studies 

 Analysis of the role of HOX genes in the observed phenotype must be further 

interrogated. It is remarkable that every HOX gene is upregulated in the nulls and the sheer 

likelihood of this is relatively low which is cause for interest. However, it is impossible to ignore 

that the data contained in this dissertation is descriptive. The easiest method to begin 

interrogating the signaling pathway would likely be in vitro analysis using the established AVIC 

lines from the experiment animals. Data from RNAseq is based on the aortic root which may 

contain heart muscle tissue as aorta. To account for this, we performed qPCR on AVICs which 

should help narrow down the HOX genes of interest specifically in the AV. These include 

HOXA1, HOXB2, and HOXD3. HOXA3 is non-significantly increased as well. Most of the data 



116 
 

on HOX genes and CV disease involves the HOXA subset. Therefore, regulation of HOX genes 

by sclerostin would be an interesting new experiment. Using the recombinant sclerostin protein 

used in the contraction assays and next seeing if HOXA1 or HOXA3 are similarly modulated at 

the protein or RNA level. The possibility of indirect regulation must also be considered. Next, 

the HOX genes should be modulated using siRNA or overexpressed using plasmid transfection. 

If the HOX genes are protective, reducing their expression should result in the NULL cells 

reverting to the WT phenotype. Assays such as contraction or calcification may be a good place 

to begin on these experiments. 

 In vitro analysis of HOX and sclerostin would be the easiest place to begin for fast and 

cheap experiments. If the HOX phenotype is mirrored in cells it would be prudent to further 

establish the link using double mutant animals. Research in this dissertation shows the efficacy 

of the sclerostin NULL mice in preventing the development of AVS. Similar knockout of the 

HOX genes of interest (HOXA1, HOXA3, HOXB2, or HOXD3) on the sclerostin null background 

would be fruitful. HOXA1 and HOXA3 knockout mice have been well characterized and a good 

place to start. Removal of the protective HOX genes may result in the NULL mice developing 

disease similar to the WT controls. Partial return of the phenotype may occur as there is overlap 

between the functionality of HOX genes and there seems to be upregulation across many subsets. 

Due to the necessity for the HOX gene activity during development, it may be necessary to use 

activation based genetic knockout using the Cre-recombinase system in order to remove the gene 

in adulthood after it has performed its necessary developmental role. The strength of the 

presented studies is the flexibility. Similar methods of analysis can be used in future studies in a 

way that creates a rich and broadly applicable dataset where we can probe this novel phenotype. 

These experiments of the HOX genes should be performed in tandem with future studies on 
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sclerostin pharmaceutical targeting described in previous paragraphs in order to provide a strong 

translation pipeline to better understand the utility of the drug in AV diseases and potential side 

effects it may have in osteoporosis patients. 

 

Ovariectomy Studies 

 Outside of further investigation of the novel sclerostin phenotype, it is also necessary to 

follow up on the discoveries from the OVX study in chapter 5. There is very little research on the 

specific CV effects of the OVX procedure despite its common use in osteoporosis pre-clinical 

research. It has been shown that osteoporosis bone loss paradoxically correlates with CV 

calcification and disease and female patients in post menopause have higher rates of diagnosis 

and worse overall outcomes [194]. The results presented in this dissertation indicate that 

ovariectomized female mice aged to one year on high-cholesterol diet do not develop significant 

AVS. However, analysis indicates a potentially strong LV hypertrophy phenotype. The model 

may be useful as a clinically translatable aged and diet induced LV disease model. Further 

investigation of the differences in the LV between sham and OVX animals should be 

interrogated. Omic study of the LV tissue would be enlightening, particularly directly 

investigating the differences in smooth muscle signaling, differentiation, activation, and fibrosis. 

 There is room for further histological investigation of the ventricle muscle tissue. Second 

harmonic imaging has been performed in other studies in our lab to characterize muscle tissue in 

the LV [164]. In vitro experiments of smooth muscle cell lines and cardiac fibroblasts would be 

useful to probe the differences in signaling and mechanical characterization using assays such as 

gel contraction or scratch wound healing. There are many generic cell lines and we have shown 

the ability to generate immortalized cell lines. Because of the large cell sample from the LV 
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tissue compared to AV, there are also options for using flow cytometry to isolate and interrogate 

LV cells at the 12 month endpoint (as well as potential intermediate time points) to better 

understand differences in signaling that arise from the OVX procedure. Because the mouse 

cohort for the studies in this dissertation were small due to their preliminary nature, all of the 

tissue was used for analysis and a larger follow up study would be required. Designing a new 

study with a focus on the LV in mind would be very useful in further clarifying the mechanism 

of hypertrophy induced from the OVX procedure and how well the observed phenotype will 

translate to applications in human patients.  

 

Biomedical Engineering Hybrid Education 

 Finally, there is room for further expansion of the engineering education research 

outlined in chapter 6 of this dissertation. The study detailed in Chapter 6 compared the effect of 

transitioning biomechanics programming content from a traditional, lecture-based format to a 

hybrid format combining in-person and online module instruction. Results indicated that the 

hybrid approach resulted in improved student confidence in the material as well as their 

performance on programming projects. The main limitation of the study was the limited sample 

sizes as the project was performed on a very abbreviated timeline due to the fellowship 

constraints. Future studies should involve expanding the classes and sample sizes as well as 

instructors in order to assess how the results translate to a broader educational cohort. Similarly, 

there is room to further refine the assessment. Surveys were custom written and not formally 

validated. While the study was approved by the IRB, there are certainly blind spots. Assessment 

should closely follow established benchmarks of instructional success in engineering. Future 

assessments should more rigorously engage the field of quantitative classroom assessment. 
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Additionally, many aspects of the hybrid class drew mediocre response from the students despite 

improvements in their performance. Reconfiguring the class in order to more engage the students 

could further strengthen the results seen here. By solidifying this study, it may lead to a large 

impact in how biomedical engineering undergraduate programs and courses are structured.   

 

Conclusions 

 In conclusion, there are four primary future paths for this dissertation work. First, a 

pharmaceutical aspect must be added to improve the translatability of the sclerostin AV disease 

phenotype. The drug is commonly used in preclinical studies, but first a partner in industry must 

be brought on board. This project was in the planning steps before the COVID19 pandemic and 

should now be revisited. Next, the precise mechanism of HOX regulation of sclerostin in AV 

disease development should be clarified using in vitro capabilities and eventually branching into 

small animal experiments, ideally evaluating Sost x Hox double knockout mice. Next, the 

mechanisms of LV hypertrophy in ovariectomized mice should be further pursued to better 

understand the observed phenotype. This dissertation lays out a preliminary study that should be 

expanded and utilize an unbiased analysis to interrogate the mechanisms. Finally, there is room 

to expand the work done on blended learning in engineering course development. The hybrid 

course modules and assessment techniques should be reworked to leverage the available 

validated resources. Next the student population should be expanded to multiple classes as well 

as more instructors to determine if the redesign is applicable across curriculum or only an artifact 

of the courses interrogated here. This will hopefully lead to more widespread adoption and 

intentional structuring of engineering courses in a hybrid fashion to improve student outcomes 

and free up more class time for high-impact subjects.  
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APPENDIX 

Tables 

Target Forward primer Reverse primer 

Gapdh atgacaatgaatacggctacag tctcttgctcagtgtccttg 

Hoxa1 ccaccagggttatgctggg cgtggagaggggataaggagtta 

Hoxa3 tcagcgatctacggtggcta gaggcaaaggtggttcaccc 

Hoxa7 tatgtgaacgcgctttttagca gggggctgttgacattgtataa 

Hoxb2 gcctacaccaacacgcaact cggcacaggtacttattgaagtg 

Hoxd3 atactacgagaacccaggactc caggtctcatacagctaccattg 

Table A.4.1. Primer sequences used for RT-qPCR analysis. 
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Peak Velocity 
(cm/s) 

Mean Gradient 
(mmHg) 

Ejection 
Fraction (%) 

Left Ventricle 
Mass (mg) 

   
Months of age Months of age Months of age Months of age 

ID 

S
e
x 

Genot
ype 4 9 12 4 9 12 4 9 12 4 9 12 

3175 - 3635 M WT 
192.
96 

207.
54 

163.
42 3.47 3.54 2.09 

41.3
2 

43.9
7 46.47 

118.
23 

125.
10 127.11 

3176 - 3637 - 
8398 M WT 

188.
98 

318.
83 

484.
59 3.70 

11.0
2 24.35 

59.7
0 

61.4
5 42.40 

103.
97 

166.
63 219.84 

3177 M WT 
190.
88 

147.
21 

206.
62 3.32 1.72 3.53 

45.5
8 

45.4
2 46.02 

101.
65 

116.
88 147.21 

3181 - 9573 M WT 
191.
99 

115.
54 

122.
13 3.86 1.08 1.25 

53.5
5 

51.5
9 37.47 

101.
30 

110.
17 109.97 

3178 - 3636 F WT 
98.6

1 
120.
45 

105.
38 0.90 2.22 1.58 

42.5
2 

46.1
9 50.98 

81.5
3 

116.
62 141.12 

3130 F WT 
89.3

6 
102.
92 

151.
66 0.87 0.87 3.23 

55.6
5 

57.6
2 52.75 

82.1
3 

84.5
4 61.09 

3131 - 9024 F WT 
144.
13 

100.
50 

148.
39 2.85 0.82 1.98 

51.0
4 

55.7
1 64.24 

88.0
2 

102.
83 90.41 

3132 - 0293 F WT 
114.
26 

130.
51 

183.
43 1.96 1.59 2.97 

46.4
8 

59.1
7 68.48 

97.4
2 

96.7
9 88.46 

3168 F WT 
209.
07 

258.
52 

318.
17 3.40 5.75 13.98 

53.3
4 

48.0
2 55.96 

108.
22 

124.
57 169.09 

5984 F WT 
155.
37 

183.
75 

138.
45 2.39 3.18 2.77 

51.6
6 

48.0
3 55.75 

88.8
9 

96.0
7 135.35 

5970 - 8295 F WT 
182.
18 

101.
46 

185.
06 3.82 0.91 4.95 

48.3
3 

23.3
9 52.83 

76.1
2 

119.
56 123.72 

3187 M WT 
158.
94 

138.
95 

191.
34 1.99 1.69 5.12 

44.1
8 

54.5
6 45.81 

110.
78 

115.
30 141.61 

3144 - 8689 M WT 
138.
73 

155.
07 

163.
77 2.03 3.32 2.16 

42.7
8 

36.8
0 36.09 

105.
08 

114.
32 132.76 

3188 F WT 
131.
82 

132.
34 

120.
22 1.70 1.28 2.13 

40.1
6 

55.4
3 46.71 

80.4
4 

82.5
3 75.36 

3148 F WT 
195.
13 

288.
24 

162.
43 3.53 

11.7
0 3.66 

43.2
1 

51.4
0 37.62 

116.
15 

139.
45 142.82 

3146 F WT 
176.
08 

174.
26 

123.
97 3.30 2.90 2.22 

38.8
5 

43.2
8 44.46 

101.
25 

110.
77 90.72 

3145 F WT 
119.
46 

113.
98 

99.4
0 1.52 1.09 0.84 

48.3
3 

60.9
4 47.65 

90.6
9 

108.
25 95.34 

3153 - 9029 M WT 
144.
61 

175.
52 

186.
15 2.11 2.32 4.97 

39.3
3 

50.0
8 41.69 

106.
80 

112.
79 115.40 

3152 M WT 
139.
41 

208.
41 

213.
81 1.64 3.80 3.96 

42.0
9 

45.9
5 39.60 

90.2
5 

117.
45 105.31 



140 
 

3172 - 9030 M WT 
111.
40 

148.
47 

120.
92 0.96 1.89 2.15 

46.9
7 

61.1
5 47.82 

117.
04 

103.
89 101.33 

7720 M WT 
139.
36 

134.
97 

156.
03 1.58 2.50 3.26 

38.6
2 

60.0
6 51.86 

97.4
1 

100.
54 120.12 

7724 M WT 
81.6

6 
175.
24 

218.
91 0.74 2.47 3.74 

54.4
6 

54.7
3 42.94 

98.5
5 

166.
18 117.56 

7723 M WT 
98.7

7 
162.
56 

161.
14 1.47 2.33 3.80 

50.9
3 

51.9
8 52.86 

90.2
3 

101.
41 119.22 

7721 M WT 
147.
04 

160.
62 

161.
51 1.94 2.13 3.45 

45.8
3 

51.3
9 54.28 

79.4
5 

91.6
4 103.66 

3689 M WT 
71.4

9 
139.
85 

199.
10 0.42 1.45 5.56 

51.3
0 

40.8
9 49.57 

120.
90 

137.
27 138.12 

3684 - 9572 - 
0292 F WT 

107.
86 

135.
76 

135.
96 1.08 1.55 1.63 

45.4
2 

61.6
7 51.07 

69.4
2 

90.4
6 83.12 

3668 F WT 
102.
32 

156.
42 

102.
96 1.06 2.33 1.52 

38.9
3 

58.4
8 45.03 

78.8
4 

91.5
2 111.09 

3666 F WT 
130.
53 

165.
38 

184.
73 1.73 2.63 3.13 

44.9
8 

37.1
8 40.20 

64.9
4 

102.
14 119.74 

3665 F WT 
111.
83 

90.9
4 

200.
95 1.31 0.76 2.89 

36.0
8 

52.2
6 47.28 

74.4
1 

103.
37 104.64 

5995 M NULL 
102.
58 

115.
16 

129.
83 0.93 0.89 1.33 

43.4
4 

56.7
4 45.16 

78.9
7 

107.
44 118.43 

5780 M NULL 
203.
91 

171.
60 

163.
16 3.53 2.23 3.92 

47.1
3 

55.7
2 46.41 

115.
34 

123.
45 152.71 

5783 - 3113 M NULL 
203.
04 

167.
21 

80.2
1 4.00 2.38 0.43 

50.2
9 

51.3
5 65.48 

122.
33 

119.
41 90.98 

5785 M NULL 
93.2

3 
100.
72 

129.
65 0.82 0.75 1.38 

43.1
6 

41.5
2 51.21 

96.7
1 

146.
98 128.01 

5786 - 3166 - 
3600 - 8871 M NULL 

148.
38 

137.
39 

135.
69 1.98 1.42 1.37 

39.4
8 

36.3
7 42.28 

93.8
8 

115.
59 121.01 

5784 F NULL 
132.
06 

125.
91 

106.
23 1.92 1.42 0.86 

42.6
8 

41.2
0 39.29 

100.
50 

104.
92 123.93 

5790 - 3601 - 
8861 F NULL 

142.
39 

81.6
0 

106.
71 1.79 0.57 0.89 

47.2
2 

56.0
5 40.14 

82.2
4 

110.
48 82.39 

5182 F NULL 
134.
49 

144.
74 

125.
17 1.60 1.81 1.20 

42.4
6 

51.7
9 50.30 

113.
90 

131.
90 67.99 

5183 F NULL 
96.5

7 
108.
22 

97.7
0 0.79 0.99 0.75 

42.5
3 

42.7
6 52.76 

82.3
2 

98.0
3 90.14 

5007 M NULL 
145.
56 

97.3
8 

186.
08 2.10 0.67 2.88 

53.1
0 

30.6
3 63.13 

121.
74 

146.
72 163.16 

5011 M NULL 
131.
94 

186.
39 

180.
10 1.96 3.12 2.92 

51.6
7 

28.0
0 51.50 

122.
98 

167.
26 129.62 

5998 M NULL 
143.
93 

139.
26 

135.
38 1.76 2.78 2.63 

38.1
9 

36.7
0 33.47 

82.9
6 

109.
60 120.33 

5989 M NULL 
143.
55 

124.
16 

141.
32 1.94 1.16 1.49 

36.9
4 

35.0
0 31.54 

96.6
9 

123.
90 132.02 
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5981 F NULL 
89.5

5 
87.3

1 
102.
22 1.14 0.66 0.82 

40.1
9 

37.3
1 64.66 

81.4
2 

104.
98 108.59 

5983 F NULL 
116.
13 

109.
47 

99.2
2 1.36 1.01 1.46 

45.1
8 

43.4
7 56.10 

68.5
8 

95.4
2 112.56 

3123 F NULL 
116.
20 

101.
08 

156.
73 1.54 0.91 2.30 

50.9
3 

59.1
6 79.76 

92.2
1 

108.
62 108.97 

7098 - 9074 F NULL 
48.8

9 
79.1

1 
137.
67 0.23 0.90 1.55 

36.2
6 

54.8
9 46.67 

91.4
9 

85.8
0 86.37 

7589 - 9036 F NULL 
74.1

5 
131.
18 

139.
83 0.54 2.54 2.78 

43.7
0 

51.3
3 51.93 

92.4
3 

97.0
3 106.52 

Table A.4.2. Raw echo data separated by genotype and sex. 
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Table A.6.1. Module completion statistics and survey response rate 
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Table A.6.2. Blended course module effectiveness survey 

Question

1. Please enter your unique identification code

(messaged to you in Brightspace).

2. Matlab assignment 1 (angular kinematics) was 

clearly explained.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

3. The goals (outputs) for the project were clearly 

stated.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

4. The Matlab review modules prepared me for the 

angular kinematics project.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

5. Online review modules were more helpful than in-

class instruction alone.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

6. The linked review materials were useful in preparing 

for the project.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

7. Mini-assignment problems were useful in preparing 

for the project.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

8. Reflective prompts were useful in preparing the 

assignment.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

9. The project description video helped me understand 

the angular kinematics problem.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

10. Which component of instruction was MOST helpful 

in preparing for Matlab project 1 - angular 

kinematics?

In-class instruction
Linked review 

materials

Coding mini-

assignment problems
Reflective prompts Other

11. Which component of instruction was LEAST 

helpful in preparing for Matlab project 1 - angular 

kinematics?

In-class instruction
Linked review 

materials

Coding mini-

assignment problems
Reflective prompts Other

12. Please elaborate on which component you find 

most and least helpful.

Response

Free response

Free response

Module Effectiveness Survey

On a scale from 1 to 5, indicate your level of agreement with the following statements regarding the usefulness of the Matlab review modules.

DISCLAIMER: Participation in this survey is voluntary and will have no impact on course grades. All responses will be confidential. This survey is part of a study to assess a blended learning 

approach to Matlab programming instruction in a biomechanics course. The data collected from this survey will be shared with the academic community through conference presentations and 

publication. Participation in this survey indicates agreement for your de-identified responses to be used in this manner.
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Table A.6.3. MATLAB coding confidence survey 

  

Question

1. Please enter your unique identification code

(messaged to you in Brightspace).

2. I am comfortable using Matlab to solve science and 

engineering problems.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

3. I am confident pseudocoding solutions to physical 

problems.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

4. I am comfortable performing matrix operations in 

Matlab.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

5. I am comfortable using loops to solve problems in 

Matlab.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

6. I am comfortable plotting and visualizing data in 

Matlab.

1 

(strongly disagree)
2 3 4

5 

(strongly agree)

7. Please expand on what areas you are MOST 

confident when approaching problems with Matlab.

8. Please expand on what areas you are LEAST 

confident when approaching problems with Matlab.

MATLAB Coding Confidence Survey

On a scale from 1 to 5, indicate your level of agreement with the following statements regarding your confidence and comfort implementing various MATLAB coding techniques.

DISCLAIMER: Participation in this survey is voluntary and will have no impact on course grades. All responses will be confidential. This survey is part of a study to assess a blended learning 

approach to Matlab programming instruction in a biomechanics course. The data collected from this survey will be shared with the academic community through conference presentations and 

publication. Participation in this survey indicates agreement for your de-identified responses to be used in this manner.

Response

Free response

Free response

Free response
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Figures 

 

 

Figure A.4.1. 12-month whole body mass of experimental mice. 
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Figure A.4.2. Peak velocity normalized to left ventricular outflow tract diameter.  
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Module 1: Pseudocode 

 

Review resources 

 

Codecademy: What is Pseudocode And How Do You Use It? (VIDEO) 

 

Cornell University CS341: Pseudocode 

 

University of North Florida COP2221: Pseudocode Examples 

 

Practice problem 

 

Write pseudocode for a program that reads in a data file containing length 

information of the two legs of 10 different right triangles. Solve the 

hypotenuse for each right triangle, store data in new variable and display 

the hypotenuse of each triangle to the user. Remember to keep the 

pseudocode general (avoid hardcoding/declarations), use comments, 

CAPITALIZE actual MATLAB commands (loops, etc.). 

 

Reflection 

 

How might pseudocoding principles be useful in solving BME problems? 

At what stages might it be most (and least) helpful? 

 

Module 2: Vector and Matrix Operations 

 

Review resources 

 

Cyclismo (University of Georgia): Introduction to Vectors in MATLAB 

 

Cyclismo (University of Georgia): Introduction to Matrices in MATLAB 

 

Cyclismo (University of Georgia): Vector Functions 

 

Practice problem 

 

Adapted from Mathworks MATLAB and Simulink Training Practice Test, 

Problem 2.  

 

Download data file ‘viewdata.mat’. This is a 19x3 matrix where each row 

contains three data points for 19 different videos. Column 1 contains 

length of each video in minutes, column 2 contains total views for each 

video, column 3 contains total amount of time viewers watched the video 

in minutes. Determine the percentage viewed for each of the 19 videos 

using matrix/vector functions. Percentage viewed = (Minutes watched / 

views) / (Video length). Plot relationship between percentage viewed and 

https://www.youtube.com/watch?v=PwGA4Lm8zuE
https://www.youtube.com/watch?v=PwGA4Lm8zuE
http://www.cs.cornell.edu/courses/cs482/2003su/handouts/pseudocode.pdf
http://www.cs.cornell.edu/courses/cs482/2003su/handouts/pseudocode.pdf
https://www.unf.edu/~broggio/cop2221/2221pseu.htm
https://www.unf.edu/~broggio/cop2221/2221pseu.htm
https://www.cyclismo.org/tutorial/matlab/vector.html
https://www.cyclismo.org/tutorial/matlab/vector.html
https://www.cyclismo.org/tutorial/matlab/matrix.html
https://www.cyclismo.org/tutorial/matlab/matrix.html
https://www.cyclismo.org/tutorial/matlab/operations.html
https://www.cyclismo.org/tutorial/matlab/operations.html
https://www.mathworks.com/services/training/certification/ml-professional-exam/practice-test.html
https://www.mathworks.com/services/training/certification/ml-professional-exam/practice-test.html
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total video length using the ‘scatter’ command. Does there appear to be a 

relationship between video length and percentage viewed in this data? (no 

need for any analysis beyond graph). Submit code as .m file. 

 

Reflection 

 

What types of BME problems may involve vector/matrix operations? 

What challenges might these cause in coding solutions? 

 

Module 3: Loops 

 

Review resources 

 

Cyclismo (University of Georgia): Loops 

 

Ilya Mikhelson: MATLAB For Loop Tutorial (VIDEO) 

 

Practice problem 

 

Adapted from Armstrong State University Engineering Studies MATLAB 

Marina – For Loops Exercises, problems 9 and 10. 

 

Evaluate the function from 0 ≤ t ≤ 3 seconds. First, use vector/matrix 

operations (module 2). Then use a for loop. Use the ‘plot’ command to 

ensure identical output. Submit code as .m file. 

 

Reflection 

 

What types of BME problems lend themselves to vector/matrix operations 

and/or for loops? What challenges might arise in using the techniques? 

 

Module 4: Data Visualization 

 

Review resources 

 

Mathworks Documentation: plot 

 

Mathworks Documentation: figure 

 

Mathworks Documentation: subplot   

             

RobertTalbertPhD: Basic data plotting in MATLAB (VIDEO) 

 

Practice problem 

 

http://www.cyclismo.org/tutorial/matlab/control.html
http://www.cyclismo.org/tutorial/matlab/control.html
https://www.youtube.com/watch?v=1VKkuIRx-e0
https://www.youtube.com/watch?v=1VKkuIRx-e0
https://www.mathworks.com/services/training/certification/ml-professional-exam/practice-test.html
https://www.mathworks.com/services/training/certification/ml-professional-exam/practice-test.html
https://www.mathworks.com/help/matlab/ref/plot.html#btzi1ef-2
https://www.mathworks.com/help/matlab/ref/plot.html#btzi1ef-2
https://www.mathworks.com/help/matlab/ref/figure.html
https://www.mathworks.com/help/matlab/ref/figure.html
https://www.mathworks.com/help/matlab/ref/subplot.html
https://www.mathworks.com/help/matlab/ref/subplot.html
https://www.youtube.com/watch?v=cyxFsSJSxwE
https://www.youtube.com/watch?v=cyxFsSJSxwE
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From the previous module, evaluate the function from 0 ≤ t ≤ 3 seconds 

using either vector/matrix operations or a for loop. Replicate the following 

figure using subplot and MATLAB commands to modify the output. 

Submit code as .m file.  

 
1.       Default 

2.       Red line 

3.       Green line, line width of 5 points 

4.       Default, x-axis limits from 3.5-4.5 

 

Reflection 

 

How would you display this type of data for maximum impact and clarity? 

What are some of the other graphing options in MATLAB (scatter was 

used in module 2) and what types of data lend themselves to those types of 

visualization? 

 

Figure A.6.1. Blended course module contents 
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BME2100 

MATLAB Assignment #1 

2D Inverse Dynamic Analysis 

  

A 65 kg subject performs the bicep curl movement in two separate trials: (1) no weight 

and (2) holding a 9 kg free weight. Each trial consists of one full bicep curl: full flexion 

from anatomical position and then extension back to anatomical position. The motion of 

the arm was recorded by tracking the position of three markers placed on the wrist, 

elbow, and shoulder joints as shown in Figure 1. By using the x and y locations of these 

three markers, the reaction forces at the elbow can be determined. This position data was 

recorded in units of meters at a frequency of 120 Hz and is provided in two .mat files: 

  

Trial 1: No weight: trial1.mat 

Trial 2: 9 kg weight: trial2.mat 

  

Assume that the subject is male and that the weight of the hand and free weight always 

act at the location of the wrist marker. 

  

Determine: 

1.     The angle between the forearm and upper arm over time 

2.     The resultant moment at the elbow about the z-axis over time 

3.     At least three meaningful assumptions that you have made in determining (1) 

and (2) 
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Figure A.6.2. Traditional course assignment. 
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https://youtu.be/SqvWWapIaPw 

 

Figure A.6.3. Blended course assignment video link  

https://youtu.be/SqvWWapIaPw
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This rubric is adapted from Grading Rubric for Programming Problems by Shelby 

Kimmel. 

 

Coding goals for assignment: 

 

Assignment specific 

1. Resolve elbow angle over time for both trials. 

2. Resolve elbow moment over time for both trials. 

General coding skills 

3. Output clearly labeled plots for each trial with clearly labeled axes. 

4. Thoroughly comment all new variables and calculations. 

5. Code must be written as script – not command line. 

6. Save and manipulate data in vector/matrix format. 

7. Use for loops for iterative calculations (differentiating position data, moment 

calculation over time, etc.) 

 

 
Figure A.6.4. MATLAB coding ability rubric 

http://shelbykimmel.com/Documents/Teaching/Templates/ProgramGrading.pdf
http://shelbykimmel.com/Documents/Teaching/Templates/ProgramGrading.pdf

