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Foreword

In 1977, the National Heart, Lung, and Blood Institute (NHLBI) issued the first of 
several clinical practice guidelines and position papers, which has provided global 
leadership for a research, training, and education program to promote the prevention 
and treatment of heart, lung, and blood diseases.

Guidelines from the National High Blood Pressure Education Program, the 
National Cholesterol Education Program, the Calcific Aortic Valve Disease, etc., 
includes accumulation of the research and experts in the fields, cholesterol, blood 
pressure, coronary artery disease and calcific aortic valve disease. Over the years, 
health care systems and providers have used these guidelines and position papers 
for the prevention, detection, evaluation, and treatment of cardiovascular disease 
risk factors, and lung and blood diseases.

NHLBI convened expert panels to update the existing clinical guidelines on cho-
lesterol, blood pressure, and overweight/obesity, by conducting rigorous systematic 
evidence reviews. At the same time a working group—in the field of calcific aortic 
valve disease—helped to define the concept of an active biologic process in the 
aortic valve. The driving force for these guidelines and working groups was the 
recognition that despite the enormous progress over the last 60 years, cardiovascular 
disease remains the leading cause of death in the United States.

Since implementing the new collaborative partnership model for developing 
guidelines based upon NHLBI-sponsored systematic evidence reviews, working 
groups have worked successfully with the American Heart Association (AHA), the 
American College of Cardiology (ACC), and other professional societies to develop 
new cardiovascular disease prevention. The new guidelines—published in 2017 by 
the AHA, and ACC, and endorsed by other professional societies—provide a valu-
able updated roadmap to help clinicians and patients manage CVD prevention and 
treatment challenges.

Osteocardiology has evolved from the ground-breaking research in the field of 
basic science, observational studies, clinical trials, large cohort databases, and 
finally, the work of the NHLBI to bring consensus panels together as leaders in the 
field to fight and win the battle of cardiovascular calcification, globally.

Wisconsin, USA Nalini M. Rajamannan, M.D.
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Preface

Osteocardiology is an exciting and new field of science, which will become the 
cornerstone for defining the timing and treatment of cardiovascular calcification in 
the future. In 2017, with the advent of large cohort databases, and experimental 
mechanistic studies, research has elucidated evidence confirming that traditional 
cardiovascular risk factors are responsible for the development of atherosclerotic 
calcification. Over the past 50 years, experimental studies have identified the critical 
elements of atherosclerosis, including foam cell formation, vascular smooth muscle 
cell proliferation and extracellular matrix synthesis, which over time forms bone in 
the heart. The Nobel Prize in Physiology or Medicine 1998 was awarded jointly to 
Drs. Robert F. Furchgott, Louis J. Ignarro and Ferid Murad, “for their discoveries 
concerning nitric oxide as a signaling molecule in the cardiovascular system”. This 
discovery helped to understand the role of the endothelium in normal vasodilatation 
for maintenance of normal vascular biology, and the effect of oxidative stress on the 
down-regulation of endothelial nitric oxide synthase in the development of 
disease.

In the mid 1990s Dr. Linda Demer pioneered the concept of bone biology in the 
vascular calcification and developed sophisticated models of oxidative stress and 
bone analysis. Dr. Catherine Otto and Dr. Kevin O’Brien, from University of 
Washington, began early studies in identifying the presence of lipoproteins in the 
calcifying valves. Dr. Emile Mohler, at the same time, identified bone formation in 
the calcifying aortic valve. In vitro, Dr. Christopher Johnson developed cell culture 
models of the aortic valve, performing pioneering work in the field of fibronectin 
synthesis. Dr. Thomas Spelsberg’s collaboration and friendship, was instrumental in 
the merging of bone biology and valve biology. Dr. Philippe Sucosky, in bioengi-
neering, has become the leader in the field of valve hemodynamics, in addition to 
the seminal contributions from Dr. Simmons in endothelial gene expression, Dr. 
Bob Weiss studying aging mouse models of CAVD, Dr. Pibarot in echo hemody-
namics of valvular heart disease, Dr. Aikawa, the first to demonstrate a renal failure 
model of aortic valve disease with bone loss, Dr. Genest studies in patients with 
Familial Hypercholesterolemia has defined cardiovascular calcification phenotype, 
and Dr. Berger-Klein, defining the role of biomarkers in CAVD. Finally, the bench 
to beside seminal study, RAAVE performed by Dr. Luis Moura from Porto, Portugal 
will set the stage for future clinical trials in the field of cardiovascular 
calcification.



x

MESA, Multi Ethnic subclinical atherosclerosis cohort, has developed a power-
ful database of CT imaging of a population which does not have clinical overt car-
diovascular disease, making this tool of great importance in advancing our 
knowledge of the timing of calcification and the risk factors associated with this 
phenotype. Many of the several discoveries from this database will be outlined in 
this textbook of bone formation in the heart.

My 30 years of experience in the field of valve biology, echocardiography, clini-
cal trials, and a MESA researcher, this overview of bone formation in the heart will 
hopefully, become the cornerstone to educate medical students, residents, fellows, 
graduate students, physician scientists and scientists, for future research and ongo-
ing development in medical therapies to slow or halt the progression of bone forma-
tion in the heart, i.e. osteocardiology.

Wisconsin, USA Nalini M. Rajamannan, M.D.
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1Osteocardiology Risk Factors

 Introduction

Osteocardiology, bone formation in the heart, has become a dominant field of scien-
tific study due to the increasing sensitivity of imaging of the heart. Even though the 
incidence of coronary artery disease, is on the decline [1], it is still the number one 
cause of morbidity and mortality globally as reported by the World Health 
Organization [2]. The American College of Cardiology, the European Society of 
Cardiology, American Heart Association and the World Health Organization are 
leading the fight against heart disease, by improving the effort to diagnose and rec-
ognize subclinical disease before it causes major adverse cardiovascular events, 
such as stroke, heart attack, heart failure, and death.

Imaging modalities such as computed tomography of the chest and abdomen 
(CT), angiography, echocardiography, nuclear imaging and PET imaging have 
increased our knowledge in the diagnosis and detection of atherosclerosis, 
symptomatic and asymptomatic disease, and coronary artery calcification 
(CAC). Furthermore, these imaging modalities have increased our detection of 
calcific aortic valve disease (CAVD), mitral annular calcification, and thoracic 
and abdominal aortic calcification. Recent studies over the past 20 years have 
elucidated the epidemiology, anatomic localization and molecular biology sig-
naling pathways critical in the development of osteocardiology—bone forma-
tion in the heart.

Atherosclerosis, is a systemic disease process in which fatty deposits, inflamma-
tory cells and calcification build within the walls of arteries, valves and the endocar-
dium of the heart specifically, the mitral annulus, as shown in Fig. 1.1. Atherosclerosis 
is responsible for the majority of cardiovascular events. Atherosclerosis can develop 
in a variety of end-organs, including the heart, brain, kidneys, and extremities. This 
chapter will outline the epidemiologic risk factors for the development of cardiovas-
cular calcification and bone disease, to provide a foundation for this textbook enti-
tled Osteocardiology.
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 Framingham Risk Factor Database

Since the 1970s, the National Heart, Lung, and Blood Institute (NHLBI) have 
developed epidemiologic databases, which provide a foundation for the application 
of health science research. These cohort databases have provided critical under-
standing into the risk factors, outcomes and timing of medical therapy for a number 
of disease processes in the heart. In turn, the American Heart Association (AHA), 
American college of Cardiology (ACC) and NHLBI have written clinical guide-
lines, consensus documents, working group position papers, for the prevention, 
detection, and treatment of cardiovascular, lung, and blood diseases, over the last 
half a century. These working groups provide input into the development process 
for the next generation of clinical practice guidelines. For example, the Framingham 
10-year risk score (Framingham Risk Score, or FRS) for coronary heart disease 
(CHD) risk assessment has elucidated the long term risk assessment for the diagno-
sis, evaluation, and treatment of high blood cholesterol [3]. The Framingham risk 
score (FRS) is a gender-specific algorithm used to estimate the 10-year cardiovas-
cular risk of an individual. The FRS was first developed based on data obtained 
from the FHS, to estimate the 10-year risk of developing coronary heart disease [4]. 
The FRS is one of many to predict 10–30 year risk of developing cardiovascular 
disease. The scoring system is helpful in predicting long term risk of developing 
cardiovascular disease, but it also indicates who will likely benefit from preventive 

Fig. 1.1 Osteocardiology 
of the heart, coronary 
artery, aortic valve, mitral 
annular calcification and 
aortic calcification, from 
normal to diseased heart 
after long term exposure to 
osteocardiology risk 
factors
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therapy, such as lowering blood pressure and lowering cholesterol etc. Over the past 
several decades, the AHA/ACC has developed 39 clinical guidelines, 66 expert con-
sensus documents, and 18 performance measures, in the battle to diagnose and treat 
cardiovascular disease before it is too late.

 Multi-Ethnic Study Atherosclerosis (MESA)

The Multi-Ethnic Study of Atherosclerosis was initiated in July 2000 to investigate 
the prevalence, correlates, and progression of subclinical cardiovascular disease 
(CVD) in a population-based sample of 6500 men and women aged 45–84 years. 
Six US Academic centers enrolled patients for the cohort database. The goal in 2000 
was to recruit approximately 38% of the cohort are White, 28% African-American, 
23% Hispanic, and 11% Asian (of Chinese descent). Baseline measurements 
included measurement of coronary calcium using computed tomography; measure-
ment of ventricular mass and function using cardiac magnetic resonance imaging; 
measurement of flow-mediated brachial artery endothelial vasodilation, carotid 
intimal-medial wall thickness, and distensibility of the carotid arteries using ultra-
sonography; measurement of peripheral vascular disease using ankle and brachial 
blood pressures; electrocardiography; and assessments of microalbuminuria, stan-
dard CVD risk factors, socio demographic factors, life habits, and psychosocial 
factors. Blood samples will be assayed for putative biochemical risk factors and 
stored for use in nested case-control studies. DNA was extracted and lymphocytes 
will be immortalized for genetic studies. Measurement of selected subclinical dis-
ease indicators and risk factors were repeated for the study of progression over 
7 years. Participants were followed through 2008, for identification and character-
ization of CVD events, including acute myocardial infarction and other coronary 
heart disease, stroke, peripheral vascular disease, and congestive heart failure; ther-
apeutic interventions for CVD; and mortality [5].

The Multi-Ethnic Study of Atherosclerosis (MESA) has published over 1200 
publications as of 2017, including characteristics of subclinical cardiovascular dis-
ease (disease detected non-invasively before it has produced clinical signs and 
symptoms) and the risk factors that predict progression to clinically overt cardiovas-
cular disease or progression of the subclinical disease. The final MESA population- 
based sample is 6814 asymptomatic men and women aged 45–84. The final 
proportions of ethnic backgrounds in the cohort population, is approximately 38% 
white, 28% African-American, 22% Hispanic, and 12% Asian, predominantly of 
Chinese descent. MESA database has elucidated a number of clinical risk factors, 
which are important in the development of coronary artery calcification (CAC). 
These risk factors include increasing age, gender dependent, higher body mass 
index, higher blood pressure, abnormal lipids (higher low density lipoprotein or 
triglycerides, lower high density lipoprotein, or use of lipid-lowering medication), 
glucose disorders (impaired fasting glucose, untreated or treated diabetes mellitus), 
a familial history of CAC, chronic kidney disease (CKD), higher fibrinogen level 
and higher C-reactive protein level are more susceptible to CAC [6].

Multi-Ethnic Study Atherosclerosis (MESA)
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 Cardiovascular Health Study

The Cardiovascular Health Study (CHS) is an NHLBI-funded observational study 
of risk factors for cardiovascular disease in adults 65  years or older. Starting in 
1989, and continuing through 1999, participants underwent annual extensive clini-
cal examinations. Measurements included traditional risk factors such as blood 
pressure and lipids as well as measures of subclinical disease, including echocar-
diography of the heart, carotid ultrasound, and cranial magnetic-resonance imaging 
(MRI). At 6-month intervals between clinic visits, and once clinic visits ended, par-
ticipants were contacted by phone to ascertain hospitalizations and health status. 
The main outcomes are coronary heart disease (CHD), angina, heart failure (HF), 
stroke, transient ischemic attack (TIA), claudication, and mortality. Participants 
continue to be followed for these events. To date, more than 1300 research papers 
from CHS have been published and more than 300 ancillary studies are ongoing or 
complete.

The Cardiovascular Health Study (CHS) was critical for defining for the first 
time, using echocardiography to screen for aortic valve disease that, among adults 
>65  years, echocardiographically-detected aortic valve sclerosis was associated 
with a 50% increased risk of cardiovascular mortality [7]. In that study, aortic scle-
rosis also was associated with a 42% increase in risk of MI [7]. CHS investigators 
identified the clinical risk factors important for the development of atherosclerosis 
are also the independent risk factors for aortic valve stenosis including age, male 
gender, height (inverse relationship), history of hypertension, smoking and elevated 
serum levels of lipoprotein(a) and LDL levels [8].

 Osteoporosis-Cardiovascular Risk Factors

Cardiovascular disease and osteoporosis are important causes of morbidity and 
mortality in the aging population. Osteoporosis or thinning of the bone is a complex 
heterogeneous disease, which is commonly associated with an increased incidence 
of atherosclerotic cardiovascular disease. For years these two disorders were thought 
to be unrelated, however, in the past several decades there is a growing number 
experimental [9] and epidemiological studies [10], which demonstrate a common 
pathophysiological and genetic risk factors [11, 12].

The possible link between cardiovascular disease and osteoporosis has been 
termed: “the bone-heart paradox.” Studies in the field of atherosclerosis and osteo-
porosis have focused on the risk factor of oxidative stress as a mechanism for 
decreased bone formation in the bone and increased bone formation in the heart 
[13–15]. Vascular calcification and osteoporosis are both active biologic processes, 
which share common mechanisms including the BMP pathway, Wnt Pathway and 
OPG [16, 17].

The role of lipids in the vasculature is a well-known risk factor of atherosclerosis 
and bone formation in the heart [3, 40]. In the past two decades, traditional athero-
sclerotic risk factors have become known risk factors to activate the cellular 
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mechanisms responsible for the bone-formation process in the heart. Investigators 
have described have described three types of calcification in the aorta: (1) athero-
sclerosis associated intimal calcification of the intima, (2) medial calcification/
Monckeberg type of sclerosis, and (3) genetic disorder–related calcification [3].

Framingham risk factors have demonstrated the role of lipids, hypertension, 
gender, body mass, renal disease and various lipoproteins, which are important in 
atherosclerotic heart disease [18]. Recently, similar risk factors for coronary 
artery disease and calcific aortic valve disease have recently been described 
including male gender, hypertension, elevated levels of LDL, and smoking [8, 19] 
which mimic those that promote the development of vascular atherosclerosis. 
Surgical pathological studies have demonstrated the presence of LDL and athero-
sclerosis in calcified valves, demonstrating similarities between the genesis of 
valvular and vascular disease and suggesting a common cellular mechanism [20, 
21]. Patients who have the diagnosis of familial hypercholesterolemia develop 
aggressive peripheral vascular disease, coronary artery disease, as well as aortic 
valve lesions, which calcify with age [22–24]. Studies have also shown that the 
development of atherosclerosis occurs in the aortic valve in a patient with Familial 
Hypercholesterolemia with the low density lipoprotein receptor mutation [23]. 
The atherosclerosis develops along the aortic surface of the aortic valve and in the 
lumen of the left circumflex artery [23]. Calcification in the aorta has also been 
described in patients with Familial Hypercholesterolemia [24]. The work in the 
field of Familial Hypercholesterolemia provides a unique model of human dis-
ease, to study cholesterol metabolism, accelerated atherosclerosis and calcifica-
tion in the heart.

 American Heart Association Annual Statistics

The American Heart Association 2017 Heart statistics defines subclinical athero-
sclerosis in terms of biology, clinical diagnosis and long terms outcomes [1]. 
Numerous epidemiologic studies identified risk factors for calcific heart disease are 
similar to those of vascular atherosclerosis, including smoking, male gender, body 
mass index, hypertension, elevated lipid and inflammatory markers, metabolic syn-
drome and renal failure [7, 8, 19, 25–38]. For years this disease process was thought 
to be due to a degenerative phenomenon by which calcium attaches to the surface of 
the aortic valve leaflet and the lining of the vasculature. Understanding calcification, 
as the critical end-stage process which causes progression to severe stenosis and 
severe vascular occlusions leads to poor outcomes [39], is becoming important in 
the results of the randomized trials for treating cardiac calcification with medical 
therapy. In addition, there are a growing number of retrospective and prospective 
studies testing the hypothesis that atherosclerotic calcific AS may be targeted with 
medical therapy, however the randomized clinical trials are negative to date. This 
textbook will discuss the experimental evidence defining the cellular mechanisms of 
calcification in the heart and the translational implications of the current and future 
clinical trials testing medical therapies in the development of calcific heart disease.

American Heart Association Annual Statistics
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In recent decades, advances in imaging technology have allowed for improved 
ability to detect quantity of atherosclerosis at all stages and in multiple vascular 
beds. Early identification of subclinical atherosclerosis could lead to more 
aggressive lifestyle modifications and medical treatment to prevent clinical 
manifestations of atherosclerosis such as myocardial infarction, stroke, or renal 
failure. Two modalities CT of the chest for evaluation of coronary artery calci-
fication and B-model ultrasound of the neck for evaluation of carotid artery 
IMT, have been used in large studies with outcomes data and can help define the 
burden of atherosclerosis in individuals before they develop clinical events such 
as heart attack or stroke. Data on cardiovascular outcomes are beginning to 
emerge for additional modalities that measure anatomic and functional mea-
sures of subclinical disease, including brachial artery reactivity testing, aortic 
and carotid MRI, and tonometric methods of measuring vascular compliance or 
microvascular reactivity. This textbook will focus on the use of CT of the chest 
to measure calcification—the end-stage process of atherosclerosis in the cardio-
vascular system.

 Summary

For decades, diagnosing calcification in the cardiovascular system has been elusive. 
The advent of computed tomography has opened the window to diagnosing calcifi-
cation, and calculating the amount of calcification using the Agatston Score [38, 40, 
41]. Understanding the hemodynamic and molecular mechanisms of calcification is 
critical towards understanding the end-stage calcified phenotype of atherosclerosis, 
and the specific anatomic locations of calcification in the heart. Osteocardiology 
provides the foundation for defining the timing and phenotype expression of bone 
formation in the heart. The osteocardiology theory correlates experimental evidence 
with hemodynamic calculations to define the cellular mechanisms of calcification to 
turn basic science into future clinical success.
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2Coronary Artery Calcification

 Introduction

Coronary artery calcification (CAC) is a measure of the burden of atherosclerosis in 
the heart arteries and is measured by CT. The imaging technique measures the amount 
of calcification in the artery—the amount of bone, which develops in cholesterol- 
mediated atherosclerosis. Other components of the atherosclerotic plaque, including 
fatty (eg. cholesterol-rich components), often accompany CAC and can be present 
even in the absence of CAC—pre-clinical atherosclerosis—non-calcified.

 Subclinical Atherosclerosis

Atherosclerosis is a chronic, progressive, inflammatory disease with a long 
asymptomatic phase, as shown in Fig. 2.1. This long asymptomatic phase of the 
disease mechanism, is the critical time point for identifying risk factors, initial 
stages of disease and any sign of early calcification to treat, modify and try to 
halt, slow or reverse progression. Disease progression can lead eventually to the 
occurrence of acute cardiovascular events such as myocardial infarction, unsta-
ble angina pectoris and sudden cardiac death. While the disease is still in a 
subclinical stage, however, the presence of atherosclerosis can be identified by 
several methods, including coronary angiography, intravascular ultrasonogra-
phy, B-mode ultrasonography, computed tomography and magnetic resonance 
imaging. Based on the results of imaging studies, statin therapy can slow, halt 
or even reverse the progression of atherosclerotic disease, depending on the 
intensity of treatment. Whether to screen and treat patients for subclinical ath-
erosclerosis remains controversial. Although atheroma plaque burden reduction 
has not yet been definitively correlated with significant decreases in risk for 
acute coronary events in asymptomatic patients, statin therapy contributes sig-
nificantly to the risk reduction observed in clinical trials in patients with and 
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without overt coronary disease [1]. High dose statin therapy is not only associ-
ated with decreased cardiovascular events and mortality, in intravascular ultra-
sound studies high-dose statins are associated with and mild decrease of 
atheroma volume, particularly in women [2].

Some guidelines have recommended that screening for subclinical atheroscle-
rosis, especially by CAC, might be appropriate in people at intermediate risk for 
heart disease (eg, 10-year estimate risk of 10–20%) but not for lower-risk general 
population screening or for people with preexisting heart disease or most other 
high–risk conditions. However, recent guidelines notes that those with diabetes 
mellitus who are ≥40 years of age may be suitable for screening or risk by coro-
nary calcium [3]. According to the latest ACC/AHA cholesterol management 
guidelines [4], when treatment decisions are uncertain after 10-year risk is esti-
mated, then the patient and clinician should take into consideration additional 
factors that modify the risk estimate, including an elevated CAC score or an ABI 
of >0.9. There are still limited data demonstrating whether screening with these 
and other imaging modalities can improve patient outcomes or whether it only 
increased downstream medical care costs. In part due to the complexity in defin-
ing the timing of therapy for the entire spectrum of the biologic effect of athero-
sclerosis—from subclinical to clinical manifestation of the disease, as shown in 
Fig. 2.1.

 The Agatston Score

The Agatston score is a semi-automated tool to calculate a score based on the extent 
of coronary artery calcification detected by an unenhanced low-dose CT scan, 
which is routinely performed in patients undergoing cardiac CT. Due to an extensive 
body of research, it allows for an early risk stratification as patients with a high 
Agatston score (>160) have an increased risk for a major adverse cardiac event 
(MACE) [5].

The Agatston Score is the calculation of the amount of calcification, which is 
present in the anatomic location of the heart. The measurement of calcification in 
the heart with the use of CT imaging has helped to define the extent of calcification, 
and also to define prognosis in this patient population. The presence of any CAC, 
which indicates that at least some atherosclerotic plaque is present, is defined by an 
Agatston Score ≥100 or a score ≥75th percentile for one’s age and sex; however, 
although they predict short-to intermediate-term risk, absolute CAC cutoffs offer 

Fig. 2.1 The progression of 
coronary artery atherosclerosis 
from subclinical to clinical 
disease

2 Coronary Artery Calcification



11

more prognostic information across all age groups in both males and females. An 
Agatston score ≥400 has been noted to be an indication for further diagnostic evalu-
ation (eg. exercise testing or myocardial perfusion imaging) for coronary artery 
disease (CAD). Further understanding of coronary calcification will help to under-
standing, the biology, risk to patients and future long-term clinical trials in this field 
to slow progression of disease [6].

 Method of Calculation Agatston Score

The calculation is based on the weighted density score given to the highest attenua-
tion value (HU) multiplied by area of the calcification speck. The calculation is 
based on the weighted density score given to the highest attenuation value (HU) 
multiplied by area of the calcification speck.

 Density Factor

130–199 HU: 1
200–299 HU: 2
300–399 HU: 3
400+ HU: 4

For example, if a calcified spec has a maximum attenuation value of 400 HU and 
occupies 8 mm2 area then its calcium score will be 32. The score of every calcified 
speck is summed up to give the total calcium score.

 Grading of Coronary Artery Disease (Based on Total Calcium 
Score)

no evidence of CAD: 0 calcium score
minimal: 1–10
mild: 11–100
moderate: 101–400
severe: >400

 Guidelines for Coronary Calcium Scoring by 2010 Task Force [3]

intermediate cardiovascular risk and asymptomatic adults (class IIa)
low-to-intermediate risk and asymptomatic adults (class IIb)
low risk and asymptomatic (class III)
asymptomatic adults with diabetes, 40 years of age and older (class IIa)

Method of Calculation Agatston Score
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 Prevalence of Coronary Artery Calcification

Coronary artery calcification (CAC) is highly prevalent in patients with coronary 
heart disease (CHD) and is associated with major adverse cardiovascular events. 
Further studies showed that the extent of coronary artery calcification (CAC) 
strongly correlated with the degree of atherosclerosis and the rate of future cardiac 
events [7]. The NHLBI’s MESA [8] measured CAC in 6814 participants 45–84 years 
of age, including Caucasian (n = 2619), African American (n = 1898), Hispanic 
(n = 1494), and Chinese (n = 803) males and females. The prevalence and 75th 
percentile levels of CAC were highest in white males and lowest in African American 
and Hispanic females. Significant ethnic differences persisted after adjustment for 
risk factors, with the RR of coronary calcium being 225 less in African Americans, 
15% less in Hispanics, and 8% less in Chinese than in whites.

In addition, a recent cost-effectiveness analysis based on data from MESA 
reported that CAC testing and statin treatment for those with CAC > 0 was cost 
effective in intermediate-risk scenarios (CV risk 5–10%) [9]. Furthermore, a recent 
MESA analysis compared these CAC-based treatment strategies to a “treat all” 
strategy and to treatment according to the ATPIII guidelines with clinical and eco-
nomic modeled over both 5- and 10-year time horizons. The results consistently 
demonstrated that it is both cost-saving and more effective to scan intermediate–risk 
patients for CAC and to treat those with CAC ≥ 1 that to use treatment based on 
established risk assessment guidelines.

Renal failure is a unique subset of patients with more aggressive coronary artery 
calcification and coronary atherosclerosis. This is impacted by not only increased 
cardiovascular risk factors of hypertension and diabetes, but abnormalities in cal-
cium and phosphorus metabolism contribute to intense calcific coronary disease 
seen. Coronary artery calcification even in the renal failure population continues to 
be a strong risk predictor for cardiovascular events [10]. This calcification in renal 
patients occurs not only in the intimal tissue as it does in non-renal patients but also 
occurs in the media, suggesting a unique mechanism of calcification in the renal 
failure population [11].

To date, effective medical treatment of CAC has not been identified. Several 
strategies of percutaneous coronary intervention have been applied to CHD patients 
with CAC, but with unsatisfactory results. Prognosis of CAC is still a major prob-
lem of CHD patients. Thus, more details about the mechanisms of CAC need to be 
elucidated in order to improve the understanding and treatment of CAC.

 MESA Defines CAC Profiles

Coronary artery calcium (CAC) has been demonstrated to be associated with the risk 
of coronary heart disease. The Multi-Ethnic Study of Atherosclerosis (MESA) pro-
vides a unique opportunity to examine the distribution of CAC on the basis of age, 
gender, and race/ethnicity in a cohort free of clinical cardiovascular disease and 
treated diabetes. MESA is a prospective cohort study designed to investigate 
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subclinical cardiovascular disease in a multiethnic cohort free of clinical cardiovas-
cular disease. The percentiles of the CAC distribution were estimated with nonpara-
metric techniques. Treated diabetics were excluded from analysis. There were 6110 
included in the analysis, with 53% female and an average age of 62 years. Men had 
greater calcium levels than women, and calcium amount and prevalence were steadily 
higher with increasing age. There were significant differences in calcium by race, 
and these associations differed across age and gender. For women, whites had the 
highest percentiles and Hispanics generally had the lowest; in the oldest age group, 
however, Chinese women had the lowest values. Overall, Chinese and black women 
were intermediate, with their order dependent on age. For men, whites consistently 
had the highest percentiles, and Hispanics had the second highest. Blacks were low-
est at the younger ages, and Chinese were lowest at the older ages. At the MESA 
public website (http://www.mesa-nhlbi.org), an interactive form allows one to enter 
an age, gender, race/ethnicity, and CAC score to obtain a corresponding estimated 
percentile. The information provided here can be used to examine whether a patient 
has a high CAC score relative to others with the same age, gender, and race/ethnicity 
who do not have clinical cardiovascular disease or treated diabetes [12].

MESA has defined the importance of measuring coronary artery calcium (CAC) 
in addition to traditional risk factors for coronary heart disease (CHD) risk predic-
tion. This database is the first to developing a risk score incorporating CAC levels. 
In 2015, MESA developed a novel risk score to estimate 10-year CHD risk using 
CAC and traditional risk factors. Investigators developed algorithms in the MESA 
(Multi-Ethnic Study of Atherosclerosis), a prospective community-based cohort 
study of 6814 participants age 45–84 years, who were free of clinical heart disease 
at baseline and followed for 10 years. Inclusion of CAC in the MESA risk score 
offered significant improvements in risk prediction. Additionally, the difference in 
estimated 10-year risk between events and non-events was approximately 8–9%. 
Investigators determined that an accurate estimate of 10-year CHD risk can be 
obtained using traditional risk factors and CAC. The MESA risk score, which is 
available online on the MESA web site for easy use, can be used to aid clinicians 
when communicating risk to patients and when determining risk-based treatment 
strategies [13].

Coronary Artery Calcium (CAC) Score Reference Values web tool will provide 
the estimated probability of non-zero calcium, and the 25th, 50th, 75th, and 90th 
percentiles of the calcium score distribution for a particular age, gender and race. 
Additionally, if an observed calcium score is entered the program will provide the 
estimated percentile for this particular score. These reference values are based on 
participants in the MESA study who were free of clinical cardiovascular disease and 
treated diabetes at baseline. These participants were between 45 and 84 years of 
age, and identified themselves as White, African-American, Hispanic, or Chinese. 
The current tool is thus applicable only for these four race/ethnicity categories and 
within this age range. At this time, the risk associated with a particular calcium 
score is unknown. Thus, the information in this tool cannot necessarily be used to 
conclude that a patient is “high risk”, but can indicate whether they have a high 
calcium score relative to others with the same age, gender, and race/ethnicity [13].

MESA Defines CAC Profiles

http://www.mesa-nhlbi.org
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 MESA in Coronary Artery Calcification Versus Calcific Aortic 
Valve Disease: The Role of Lp(a)

Of great mechanistic importance, the MESA dataset defined the role of Lp(a) in 
CAVD, but CAC was not associated with Lp(a). The inclusion of CAC into statisti-
cal models did not appreciably influence relations of Lp(a) and AVC in the sub- 
cohort or among races/ethnicities. The presence of existing coronary artery 
calcification did not affect these associations of Lp(a) and CAVD. There were no 
significant findings in Hispanics or Chinese. In contrast, CAC was only associated 
with CAVD in the sub-cohort using a regression model and adjusting for age, sex, 
education, diabetes, systolic blood pressure, hypertension meds, smoking, LDL, 
HDL, and triglycerides (p < 0.001). All of the traditional risk factors important in 
the development of CAVD [14].

 MESA Defines Gene Expression Profiles

The MESA database also defined gene expression profiles by measuring RNA 
expression extracted from peripheral blood leukocytes. Coronary artery calcium 
(CAC) is a strong indicator of total atherosclerosis burden. Epidemiological data 
have shown substantial differences in CAC prevalence and severity between African 
Americans and whites. Microarray gene expression profiling of peripheral blood 
leucocytes was performed from 119 healthy women aged 50 years or above in the 
Multi-Ethnic Study of Atherosclerosis cohort; 48 women had CAC score >100 and 
carotid intima-media thickness (IMT) >1 mm, while 71 had CAC <10 and IMT 
<0.65 mm. When 17 African Americans were compared with 41 whites in the low- 
CAC group, 409 differentially expressed genes were identified. In addition, 316 
differentially expressed genes were identified between the high- and low-CAC 
groups. Furthermore, genes expressed lower in African Americans also tend to 
express lower in individuals with low CAC. The data suggest a connection between 
immune response and vascular calcification and the result provides a potential 
mechanistic explanation for the lower prevalence and severity of CAC in African 
Americans compared with whites [15].

Furthermore, MESA demonstrated that low (<10%) to intermediate (10–20%) 
predicted Framingham risk; cases (N   =   48) had coronary artery calcium (CAC) 
score > 100 and carotid intima-media thickness (IMT) >1.0 mm, whereas controls 
(N  =  71) had CAC < 10 and IMT <0.65 mm. The RNA profiling study identified two 
major expression profiles significantly associated with significant atherosclerosis, 
among those with Framingham risk score <10%. Ontology analysis of the gene 
signature reveals activation of a major innate immune pathway, toll-like receptors 
and IL-1R signaling, in individuals with significant atherosclerosis. Gene expres-
sion profiles of peripheral blood may be a useful tool to identify individuals with 
significant burden of atherosclerosis, even among those with low predicted risk by 
clinical factors. Furthermore, the data suggest a critical association between 

2 Coronary Artery Calcification
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atherosclerosis and the innate immune system and inflammation via TLR signaling 
in lower risk individuals [16].

 Atherogenesis

Atherogenesis begins at sites of endothelial injury secondary to known risk factors 
for cardiovascular disease [3]. Early initiating events responsible for atherogenesis 
may result from a variety of factors, including increased local shear forces from 
hypertension, elevated plasma concentrations of LDL-C and remnant lipoprotein 
particles, cigarette smoke, low serum HDL-C and impaired reverse cholesterol 
transport, insulin resistance, and diabetes mellitus. These factors decrease endothe-
lial cell production of nitric oxide, thereby impairing vasodilatory capacity and the 
normal barrier and protective functions of the vascular endothelium [17, 18]. As a 
result, LDL-C infiltrates the subendothelial space, where it can be oxidatively modi-
fied to initiate abnormal atherogenesis in the vessel.

Abnormal endothelial function, secondary to oxidative stress initiates a cascade 
of steps including attachment of circulation monocytes, activation of growth factors 
and development of an atherosclerotic lesion, compose of lipid-laden foam cells, 
proliferating and synthetic vascular smooth muscle cells which are differentiating 
into an osteogenic phenotype for future calcification, or bone formation.

 The Molecular Biology of Vascular Calcification

The role of lipids in vascular calcification, have been the focus of intense investiga-
tion over the past 100 years. Lipids and other cardiovascular risk factors induce 
oxidative stress [19–21] in the aortic valve endothelium similar to vascular endothe-
lium [22] which in turn activates the secretion of cytokines and growth factors 
important in cell signaling as shown in Fig. 2.2. The early atherosclerotic and abnor-
mal oxidative stress environment also plays a role in the activation of the calcifica-
tion process in the myofibroblast cell. Cardiovascular risk factors, cell proliferation 
[23] and cyclic stretch [24] play a role in the activation of these cells to transition to 
a calcifying phenotype. There is also increasing evidence that these cells undergo 
specific differentiation steps towards the development of this bone phenotype as 
shown in in vitro studies [25–27]. The signaling molecules important in the devel-
opment of vascular atherosclerosis are also important in the development of valve 
calcification including: MMP [28, 29], Interleukin 1 [30], transforming growth 
factor-beta (TGF-beta) [31], purine nucleotides [32, 33], RANK [34], osteoproteg-
rin (OPG) [34], elastolytic cathepsins S, K, and V and their inhibitor Cystatin C in 
stenotic aortic valves [35] Toll-like receptors [36],TNF alpha [37], MAP Kinase 
[23] and the canonical Wnt pathway [38–40]. Similar to vascular atherosclerosis 
these events are potential cellular targets for pharmacologic agents to slow this dis-
ease process. HMG CoA Reductase agents, angiotensin converting enzyme (ACE) 

The Molecular Biology of Vascular Calcification
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inhibitors, and angiotensin receptor blockers (ARBs), provide an interesting 
approach for targeting in this disease.

 Interventional Therapy for CAC

CAC increases the likelihood of procedural failure and complications after balloon 
angioplasty [41]. Besides, the force applied from the balloon to the vessel wall 
might not be uniform across the length of the lesion, due to varying amounts of 
calcification, which increases the risk for dissection and acute vessel closure, MI, 
restenosis, and MACE [42]. Rotational atherectomy abrades hard tissue into smaller 
particles (<10 μm) while deflecting off softer elastic tissue [43]. Therefore, rota-
tional atherectomy has a selective effect on hard lesions, but not the soft tissues. In 
the pre-stent era, the use of rotational atherectomy alone was associated with 
increased neo-intimal hyperplasia, restenosis, and repeat revascularization, which 
was most likely due to platelet activation and thermal injury [44]. Excimer laser 
coronary atherectomy (ELCA) can dilate resistant lesions through a photoacoustic 
mechanism. In-stent restenosis can be treated by ELCA with similar outcomes as 
rotational atherectomy [45].

Fig. 2.2 Signaling pathways in the development of vascular atherosclerosis

2 Coronary Artery Calcification
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Similarly, it can facilitate stent expansion when high-pressure non-compliant 
balloon inflation fails to adequate expand a stent due to calcific or fibrotic coronary 
disease.

Orbital atherectomy is a newer form of atherectomy, which utilizes an orbit-
ing eccentric diamond-coated crown which removes plaque by creating increas-
ing debulked areas at the tip by an increasing size of an orbital field as the speed 
of the device is increased. (Diamondback 360° Orbital Atherectomy System, 
Cardiovascular Systems, Inc., St. Paul, MN). In ORBIT II this device was shown 
to facilitate stent delivery and improved outcomes compared with historic con-
trols [46]. While feasible, the specific role of orbital atherectomy in percutane-
ous coronary revascularization awaits prospective randomized trials to 
demonstrate benefit.

Coronary artery bypass graft surgery remains a viable option for revasculariza-
tion and has an increased role in patients with class III to IV CAC based on intravas-
cular ultrasound, as well as anticipated difficulty in performing percutaneous 
coronary revascularization. However, increased morbidity and mortality occurs 
from challenges in bypassing the coronary artery and increased embolic complica-
tions with cross-clamping a calcified and atherosclerotic aorta [47, 48].

Thus, coronary artery calcification remains not only a marker of early atheroscle-
rosis it is an end-stage manifestation of severe coronary atherosclerosis which chal-
lenges our ability for safe and successful revascularization. Determining how to 
balance the beneficial effects of calcification on plaque stability while gaining incite 
on how to safely influence this process and potentially reverse it to facilitate revas-
cularization will be needed to advance the treatment of coronary artery disease.

 Summary

Results from MESA [49] and the current guidelines of the treatment of cardiovas-
cular heart disease [3], have indicated that CAC screening is most useful for identi-
fying patients with early atherosclerosis, with the most powerful identifier is the 
patient with no CAC, who do not need therapy. The absence of subclinical athero-
sclerosis, indicates that patient who are at low risk have a better long-term survival 
[49].

References

 1. Weintraub WS, Pederson JP.  Atherosclerosis and restenosis: reflections on the Lovastatin 
Restenosis Trial and Scandinavian Simvastatin Survival Study. Am J Cardiol. 1996;78:1036–8.

 2. Nicholls SJ, Ballantyne CM, Barter PJ, et al. Effect of two intensive statin regimens on pro-
gression of coronary disease. N Engl J Med. 2011;365:2078–87.

 3. Greenland P, Alpert JS, Beller GA, et al. 2010 ACCF/AHA guideline for assessment of car-
diovascular risk in asymptomatic adults: a report of the American College of Cardiology 
Foundation/American Heart Association Task Force on Practice Guidelines. J Am Coll 
Cardiol. 2010;56:e50–103.

References



18

 4. Stone NJ, Robinson J, Lichtenstein AH, et al. ACC/AHA guideline on the treatment of blood 
cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of the American 
College of Cardiology/American Heart Association Task Force on Practice Guidelines. 
Circulation. 2013;2013. [Epub ahead of print]

 5. van der Bijl N, Joemai RM, Geleijns J, et  al. Assessment of Agatston coronary artery cal-
cium score using contrast-enhanced CT coronary angiography. AJR Am J Roentgenol. 
2010;195:1299–305.

 6. Benjamin EJ, Blaha MJ, Chiuve SE, et al. Heart disease and stroke statistics-2017 update: a 
report from the American Heart Association. Circulation. 2017;135:e146–603.

 7. Greenland P, LaBree L, Azen SP, Doherty TM, Detrano RC. Coronary artery calcium score 
combined with Framingham score for risk prediction in asymptomatic individuals. JAMA. 
2004;291:210–5.

 8. Detrano R, Guerci AD, Carr JJ, et al. Coronary calcium as a predictor of coronary events in 
four racial or ethnic groups. N Engl J Med. 2008;358:1336–45.

 9. Pletcher MJ, Pignone M, Earnshaw S, et al. Using the coronary artery calcium score to guide 
statin therapy: a cost-effectiveness analysis. Circ Cardiovasc Qual Outcomes. 2014;7:276–84.

 10. Goodman WG, Goldin J, Kuizon BD, et al. Coronary-artery calcification in young adults with 
end-stage renal disease who are undergoing dialysis. N Engl J Med. 2000;342:1478–83.

 11. Nakamura S, Ishibashi-Ueda H, Niizuma S, Yoshihara F, Horio T, Kawano Y. Coronary cal-
cification in patients with chronic kidney disease and coronary artery disease. Clin J Am Soc 
Nephrol. 2009;4:1892–900.

 12. McClelland RL, Chung H, Detrano R, Post W, Kronmal RA. Distribution of coronary artery 
calcium by race, gender, and age: results from the Multi-Ethnic Study of Atherosclerosis 
(MESA). Circulation. 2006;113:30–7.

 13. McClelland RL, Jorgensen NW, Budoff M, et al. 10-year coronary heart disease risk prediction 
using coronary artery calcium and traditional risk factors: derivation in the MESA (Multi- 
Ethnic Study of Atherosclerosis) with validation in the HNR (Heinz Nixdorf Recall) Study and 
the DHS (Dallas Heart Study). J Am Coll Cardiol. 2015;66:1643–53.

 14. Rajamannan NM, Evans FJ, Aikawa E, et  al. Calcific aortic valve disease: not simply a 
degenerative process: a review and agenda for research from the National Heart and Lung 
and Blood Institute Aortic Stenosis Working Group. Executive summary: calcific aortic valve 
disease-2011 update. Circulation. 2011;124:1783–91.

 15. Huang CC, Lloyd-Jones DM, Guo X, et  al. Gene expression variation between African 
Americans and whites is associated with coronary artery calcification: the multiethnic study of 
atherosclerosis. Physiol Genomics. 2011;43:836–43.

 16. Huang CC, Liu K, Pope RM, et al. Activated TLR signaling in atherosclerosis among women 
with lower Framingham risk score: the multi-ethnic study of atherosclerosis. PLoS One. 
2011;6:e21067.

 17. Best PJ, McKenna CJ, Hasdai D, Holmes DR Jr, Lerman A.  Chronic endothelin receptor 
antagonism preserves coronary endothelial function in experimental hypercholesterolemia. 
Circulation. 1999;99:1747–52.

 18. Best PJ, Lerman LO, Romero JC, Richardson D, Holmes DR Jr, Lerman A. Coronary endothe-
lial function is preserved with chronic endothelin receptor antagonism in experimental hyper-
cholesterolemia in vitro. Arterioscler Thromb Vasc Biol. 1999;19:2769–75.

 19. Rajamannan NM, Subramaniam M, Stock SR, et  al. Atorvastatin inhibits calcification and 
enhances nitric oxide synthase production in the hypercholesterolaemic aortic valve. Heart. 
2005;91:806–10.

 20. Weiss RM, Ohashi M, Miller JD, Young SG, Heistad DD. Calcific aortic valve stenosis in old 
hypercholesterolemic mice. Circulation. 2006;114:2065–9.

 21. Miller JD, Chu Y, Brooks RM, Richenbacher WE, Pena-Silva R, Heistad DD. Dysregulation 
of antioxidant mechanisms contributes to increased oxidative stress in calcific aortic valvular 
stenosis in humans. J Am Coll Cardiol. 2008;52:843–50.

 22. Wilcox JN, Subramanian RR, Sundell CL, et  al. Expression of multiple isoforms of nitric 
oxide synthase in normal and atherosclerotic vessels. Arterioscler Thromb Vasc Biol. 
1997;17:2479–88.

2 Coronary Artery Calcification



19

 23. Gu X, Masters KS. Role of the MAPK/ERK pathway in valvular interstitial cell calcification. 
Am J Physiol. 2009;296:H1748–57.

 24. Balachandran K, Sucosky P, Jo H, Yoganathan AP. Elevated cyclic stretch alters matrix remod-
eling in aortic valve cusps: implications for degenerative aortic valve disease. Am J Physiol. 
2009;296:H756–64.

 25. Blevins TL, Peterson SB, Lee EL, et al. Mitral valvular interstitial cells demonstrate regional, 
adhesional, and synthetic heterogeneity. Cells Tissues Organs. 2008;187:113–22.

 26. Liu AC, Joag VR, Gotlieb AI. The emerging role of valve interstitial cell phenotypes in regulat-
ing heart valve pathobiology. Am J Pathol. 2007;171:1407–18.

 27. Yip CY, Chen JH, Zhao R, Simmons CA. Calcification by valve interstitial cells is regu-
lated by the stiffness of the extracellular matrix. Arterioscler Thromb Vasc Biol. 2009;29: 
936–42.

 28. Kaden JJ, Vocke DC, Fischer CS, et al. Expression and activity of matrix metalloproteinase-
 2 in calcific aortic stenosis. Z Kardiol. 2004;93:124–30.

 29. Jian B, Jones PL, Li Q, Mohler ER 3rd, Schoen FJ, Levy RJ. Matrix metalloproteinase-2 is 
associated with tenascin-C in calcific aortic stenosis. Am J Pathol. 2001;159:321–7.

 30. Kaden JJ, Dempfle CE, Grobholz R, et  al. Interleukin-1 beta promotes matrix metallopro-
teinase expression and cell proliferation in calcific aortic valve stenosis. Atherosclerosis. 
2003;170:205–11.

 31. Jian B, Narula N, Li QY, Mohler ER 3rd, Levy RJ. Progression of aortic valve stenosis: TGF- 
beta1 is present in calcified aortic valve cusps and promotes aortic valve interstitial cell calci-
fication via apoptosis. Ann Thorac Surg. 2003;75:457–65. discussion 65–6

 32. Osman L, Chester AH, Amrani M, Yacoub MH, Smolenski RT.  A novel role of extracel-
lular nucleotides in valve calcification: a potential target for atorvastatin. Circulation. 
2006;114:I566–72.

 33. Osman L, Amrani M, Isley C, Yacoub MH, Smolenski RT. Stimulatory effects of atorvastatin 
on extracellular nucleotide degradation in human endothelial cells. Nucleosides Nucleotides 
Nucleic Acids. 2006;25:1125–8.

 34. Kaden JJ, Bickelhaupt S, Grobholz R, et al. Receptor activator of nuclear factor kappaB ligand 
and osteoprotegerin regulate aortic valve calcification. J Mol Cell Cardiol. 2004;36:57–66.

 35. Helske S, Syvaranta S, Lindstedt KA, et al. Increased expression of elastolytic cathepsins S, 
K, and V and their inhibitor cystatin C in stenotic aortic valves. Arterioscler Thromb Vasc Biol. 
2006;26:1791–8.

 36. Yang X, Fullerton DA, Su X, Ao L, Cleveland JC Jr, Meng X.  Pro-osteogenic phenotype 
of human aortic valve interstitial cells is associated with higher levels of Toll-like recep-
tors 2 and 4 and enhanced expression of bone morphogenetic protein 2. J Am Coll Cardiol. 
2009;53:491–500.

 37. Kaden JJ, Kilic R, Sarikoc A, et al. Tumor necrosis factor alpha promotes an osteoblast-like 
phenotype in human aortic valve myofibroblasts: a potential regulatory mechanism of valvular 
calcification. Int J Mol Med. 2005;16:869–72.

 38. Shao JS, Cheng SL, Pingsterhaus JM, Charlton-Kachigian N, Loewy AP, Towler DA. Msx2 
promotes cardiovascular calcification by activating paracrine Wnt signals. J Clin Invest. 
2005;115:1210–20.

 39. Rajamannan NM, Subramaniam M, Caira F, Stock SR, Spelsberg TC. Atorvastatin inhibits 
hypercholesterolemia-induced calcification in the aortic valves via the Lrp5 receptor pathway. 
Circulation. 2005;112:I229–34.

 40. Caira FC, Stock SR, Gleason TG, et al. Human degenerative valve disease is associated with 
up-regulation of low-density lipoprotein receptor-related protein 5 receptor-mediated bone 
formation. J Am Coll Cardiol. 2006;47:1707–12.

 41. Bourantas CV, Zhang YJ, Garg S, et al. Prognostic implications of coronary calcification in 
patients with obstructive coronary artery disease treated by percutaneous coronary interven-
tion: a patient-level pooled analysis of 7 contemporary stent trials. Heart. 2014;100:1158–64.

 42. Fitzgerald PJ, Ports TA, Yock PG.  Contribution of localized calcium deposits to dissec-
tion after angioplasty. An observational study using intravascular ultrasound. Circulation. 
1992;86:64–70.

References



20

 43. Zimarino M, Corcos T, Bramucci E, Tamburino C. Rotational atherectomy: a “survivor” in the 
drug-eluting stent era. Cardiovasc Revasc Med. 2012;13:185–92.

 44. MacIsaac AI, Bass TA, Buchbinder M, et al. High speed rotational atherectomy: outcome in 
calcified and noncalcified coronary artery lesions. J Am Coll Cardiol. 1995;26:731–6.

 45. Mehran R, Dangas G, Mintz GS, et  al. Treatment of in-stent restenosis with excimer laser 
coronary angioplasty versus rotational atherectomy: comparative mechanisms and results. 
Circulation. 2000;101:2484–9.

 46. Chambers JW, Feldman RL, Himmelstein SI, et al. Pivotal trial to evaluate the safety and effi-
cacy of the orbital atherectomy system in treating de novo, severely calcified coronary lesions 
(ORBIT II). JACC Cardiovasc Interv. 2014;7:510–8.

 47. Castagna MT, Mintz GS, Ohlmann P, et al. Incidence, location, magnitude, and clinical corre-
lates of saphenous vein graft calcification: an intravascular ultrasound and angiographic study. 
Circulation. 2005;111:1148–52.

 48. Roach GW, Kanchuger M, Mangano CM, et  al. Adverse cerebral outcomes after coronary 
bypass surgery. Multicenter Study of Perioperative Ischemia Research Group and the Ischemia 
Research and Education Foundation Investigators. N Engl J Med. 1996;335:1857–63.

 49. Budoff MJ, Nasir K, McClelland RL, et al. Coronary calcium predicts events better with abso-
lute calcium scores than age-sex-race/ethnicity percentiles: MESA (Multi-Ethnic Study of 
Atherosclerosis). J Am Coll Cardiol. 2009;53:345–52.

2 Coronary Artery Calcification



21© Springer International Publishing AG 2018
N.M. Rajamannan, Osteocardiology, DOI 10.1007/978-3-319-64994-8_3

3Osteocardiology: Calcific Aortic Valve 
Disease

 Introduction

Calcific aortic valve disease is the most common indication for valve intervention in 
the world [1]. The cellular mechanisms, cardiovascular risk factors and therapeutic 
interventions have been under intense investigation in the twenty-first Century. 
Calcific aortic valve disease (CAVD) covers a spectrum of disease from early initia-
tion stages, through cell differentiation, cell proliferation and extracellular matrix 
production, causing aortic sclerosis, progressive outflow obstruction and eventual 
decreased leaflet mobility and aortic stenosis. The different changes in the evolution 
of disease has been characterized by the advent of echocardiography, although for 
decades, clinical auscultation has provided an excellent approach to diagnosing 
severity of disease, from sclerosis to stenosis.

The key features of auscultation of CAVD include the classic auscultation find-
ing of an early systolic ejection click with a bicuspid aortic valve. Mild aortic valve 
sclerosis is associated with a soft early systolic murmer. Moderate aortic valve ste-
nosis is associated with a loud 2–3/6 mid systolic murmer. Severe aortic stenosis is 
associated with a late peaking systolic murmer, associated with Parvus and Tardus 
of the carotid pulse. The ACC/AHA 2014 Valvular Heart Disease guidelines clas-
sify aortic valve disease according to echocardiography hemodynamics using a four 
stage grading classification: STAGE A: At risk of AS, bicuspid aortic valve, Aortic 
Velocity <2 m/s, with mild aortic valve sclerosis; STAGE B: Progressive AS, Mild 
AS, Aortic Velocity 2–2.9 m/s or a change in pressure <20 mmHg, Moderate AS, 
Aortic Velocity 3.0–3.9 m/s, or a mean change in pressure 20–39 mmHg, with asso-
ciated mild-moderate leaflet calcification; STAGE C: Asymptomatic Severe AS, 
Aortic Velocity ≥4 m/s or a mean change in Pressure ≥40 mmHg, AVA typically is 
≤1.0 cm2, Very Severe AS is an aortic Velocity ≥5 m/s or a mean change in pressure 
≥60 mmHg, associated with severe leaflet calcification; STAGE D: Symptomatic 
severe AS, Aortic velocity ≥4 m/s or a mean change in pressure ≥40 mmHg, AVA 
typically ≤1.0 cm2, with associated severe leaflet calcification [2].
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The later stages of severe calcific aortic valve disease are characterized by cal-
cific thickening of the valve leaflets and the formation of neoangiogenesis [3] and 
calcium nodules—often including the formation of actual bone [4]—throughout the 
valve leaflets [5] but concentrated near the aortic surface of the valve and not the 
ventricular surface. For decades, CAVD was thought to be dues to a degenerative 
process, but now CAVD is an actively regulated disease process that cannot be char-
acterized simply as “senile” or “degenerative.” anymore [1].

Epidemiological studies show that some of the risk factors for CAVD are similar 
to those for vascular atherosclerosis [6] and osteoporosis [7]. Age, gender, hyperten-
sion, diabetes mellitus, gender, end-stage renal disease, are just a few of the associ-
ated with an increased risk of CAVD. The actual steps in the development of CAVD 
are still under intense investigation. With the emerging animal models, the stages of 
the cellular biology of CAVD will soon be elucidates in the research laboratory. 
CAVD may progress to a point-of-no-return, when no medical therapy will slow the 
progression of disease [8]. Whether a point-of-no-return or a “no go” stage really 
exists, and if so, whether it’s a fundamental aspect of CAVD biology- or the steps in 
the osteogenic cascade of bone formation are critical towards further elucidating 
these time points.

 Three Stages of Calcific Aortic Valve Disease

The histopathologic, epidemiologic, imaging, and experimental mechanistic studies 
have defined the three stages of CAVD, which include: The normal aortic valve, 
mild to moderate aortic valve stenosis, of the subclinical stage, and severe asymp-
tomatic to symptomatic aortic stenosis, or the clinical stage. Figure 3.1, demon-
strates the three stages and which will provide the reference point for this 
textbook—osteocardiology.

 The Role of CHS and MESA in Calcific Aortic Valve Disease 
(CAVD)

Calcific aortic valve disease is estimated to have a prevalence of 25% in individuals 
over 65 years of age [6]. Thought previously to be a degenerative disorder, the dis-
ease now is recognized to be an actively-regulated biological process sharing many 
epidemiologic [1], and histopathologic [1], similarities to coronary atherosclerosis. 

Fig. 3.1 MESA defines 
subclinical versus clinical 
disease as measured by 
valve calcium scores, and 
associations with 
traditional cardiovascular 
risk factors

3 Osteocardiology: Calcific Aortic Valve Disease
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In patients without known cardiovascular disease, aortic sclerosis (the presence of 
valve calcium without hemodynamic obstruction) from the Cardiovascular Health 
Study (CHS) showed that, among adults >65 years, echocardiographic detection of 
aortic valve sclerosis was associated with a 50% increased risk of cardiovascular 
mortality [9]. In that study, aortic sclerosis also was associated with a 42% increase 
in risk of MI [9]. However, these analyses were unable to control for the presence of 
subclinical atherosclerosis and systemic inflammation, plausible mediators of these 
associations.

It is well known that calcific aortic valve disease begins in midlife as a clinically 
latent but progressive disorder, and often is detected incidentally. Yet even in this 
latent, pre-obstructive phase, the presence of “aortic valve calcium” appears to be a 
marker of increased cardiovascular risk. However, these analyses were unable to 
control for the presence of subclinical atherosclerosis and systemic inflammation, 
plausible mediators of these associations.

To determine whether the presence of aortic valve calcium (AVC), detected from 
computed tomography scans, predicts cardiovascular events in a younger cohort, 
and to identify mechanisms underlying this association, the MESA database pro-
vides the foundation to determine the role of subclinical risk factors in younger 
people who do not have overt cardiovascular disease. MESA researchers performed 
several prospective analysis of the MESA cohort, as described in Chap. 1.

In 2010, MESA defined the association of subclinical risk factors and new diag-
nosis of CAVD and or it progression [10]. This study may be the most important in 
terms of diagnosing aortic valve disease in patients without symptoms. In the study, 
CAVD was quantified from serial computed tomographic images from 5880 partici-
pants (aged 45–84 years) in the Multi-Ethnic Study of Atherosclerosis cohort, using 
the Agatston method. During a mean follow-up of 2.4 ± 0.9 years, 210 subjects 
(4.1%) developed incident CAVD. The incidence rate (mean 1.7%/year) increased 
significantly with age (p < 0.001). The risk factors in MESA associated with the 
newly diagnosed CAVD, included age, male gender, body mass index, current 
smoking, and the use of lipid-lowering and antihypertensive medications. Among 
those with CAVD at baseline, the median rate calcification progression was 
2 Agatston units/year [10]. The baseline Agatston score was a strong, independent 
predictor of progression, especially among those with high calcium scores at base-
line. In conclusion, in this MESA, preclinical cohort, the rate of incident CAVD 
increased significantly with age. The incident CAVD risk was associated with sev-
eral traditional cardiovascular risk factors, specifically age, male gender, body mass 
index, current smoking, and the use of both antihypertensive and lipid-lowering 
medications. CAVD progression risk was associated with male gender and the base-
line Agatston score. Additional research is needed to determine whether age- and 
stage-specific mechanisms underlie the risk of CAVD progression.

The same group of investigators found in the MESA cohort, free of clinical car-
diovascular disease, that CAVD predicts cardiovascular and coronary event risk 
independent of traditional risk factors and inflammatory biomarkers, likely due to 
the strong correlation between CAVD and subclinical atherosclerosis [11]. 
Importantly, they found that aortic valve calcium independently predicts coronary 

The Role of CHS and MESA in Calcific Aortic Valve Disease (CAVD)
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and cardiovascular events in a primary prevention MESA population [11]. MESA is 
instrumental in defining the concept that calcific aortic valve disease begins in 
midlife as a clinically asymptomatic, but progressive disorder, and normally diag-
nosed as an incidental finding. Yet even in the long latent, pre-stenotic phase, the 
presence of aortic valve calcium appears to be a marker of increased cardiovascular 
risk.

 Lipoproteins as Novel Risk Factors in Calcific Aortic Valve 
Disease

Otto and O’Brien, are the first to publish studies to define the role of lipoproteins in 
ex vivo calcified aortic valves [12, 13]. Over the next 20 years, studies in the field of 
calcific aortic valve disease have determined that the calcific aortic valve disease is 
not a degenerative process, but an active cellular biology [1]. This hypothesis was 
confirmed using animal models, which tested the role of hypercholesterolemia as an 
initiating event for calcific aortic valve disease [14]. In 2009, NHLBI convened a 
working group on the cellular mechanisms of calcific aortic valve disease [1]. The 
working hypothesis for the development of calcific aortic valve disease emphasized 
the role of lipoproteins and oxidative stress in the initiation of the disease [15]. 
Calcification ensues over time as aortic valve myofibroblasts differentiate into an 
osteogenic phenotype [4, 5, 16].

 Lp(a) in Calcific Aortic Valve Disease

In 2013, Thanassoulis et al. [17] studied role of common genetic variation in valvu-
lar calcification. Genetic determinants of valvular calcification may help elucidate 
the mechanisms underlying valvular heart disease, and could identify new thera-
pies. The investigators performed a genome-wide association study of aortic-valve 
calcification and mitral annular calcification in three population-based cohorts. The 
results were confirmed in additional multiethnic cohorts by means of computed 
tomographic (CT) assessment of valvular calcification or identification of clinically 
apparent valvular heart disease.

The investigation was initiated within the Cohorts for Heart and Aging Research 
in Genome Epidemiology (CHARGE) consortium. They then performed a two- 
stage analysis to discover the associations of genetic loci with the presence of mitral 
annular calcification and aortic-valve calcification and to confirm the findings in the 
first cohort during the replication phase of the study the investigators used several 
databases including the FHS, the MESA database. The findings discovered the role 
of genetic variation in the LPA locus, mediated by Lp(a) levels, is associated with 
aortic-valve calcification across multiple ethnic groups and with incident clinical 
aortic stenosis. [17]

Thanassoulis has further proposed that targeted therapy of Lp(a) may be a novel 
target for treating calcific aortic valve disease, after confirming the genetics of Lp(a) 
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in patients with CAVD [18, 19]. MESA also confirmed the discovery of Lp(a) as a 
significant risk factor for CAVD [20]. MESA was designed to test subclinical ath-
erosclerosis markers, and measure calcification burden in the aortic valve using 
Computed Tomography (CT) measurements. The study group included individuals 
from age 45 to 84, who were free of any clinical cardiovascular disease and treated 
diabetes [21, 22].

Cao et al. [20], confirmed the role of Lp(a) in MESA as a risk factor or CAVD 
while sorting out the role of other traditional risk factors versus Lp(a). The 
MESA dataset, and the inclusion of CAC did not appreciably influence relations 
of Lp(a) and CAVD in the subcohort or among races/ethnicities. MESA has 
played an important role in studying the development of calcification and defin-
ing subclinical risk factors in aortic valve calcification and coronary artery cal-
cification [10, 23–25]. In a recent study [20], investigations define the cut-offs 
for Lp(a) and the effect of ethnicity in the development of CAVD. Lp(a) concen-
trations were measured using a turbidimetric immunoassay, and subclinical 
CAVD was measured by quantifying calcific aortic valve disease (CAVD) 
through computed tomography scanning in 4678 participants of the Multi-
Ethnic Study of Atherosclerosis. Relative risk (RR) and ordered logistic regres-
sion analysis determined cross-sectional associations of Lp(a) with CAVD and 
its severity, respectively. The conventional 30 mg/dL Lp(a) clinical cut-off was 
associated with CAVD in Caucasian and was borderline significant (p = 0.059) 
in African American study participants. Caucasians with levels ≥50 mg/dL also 
showed higher prevalence of CAVD than those below this level. Significant 
associations were observed between Lp(a) and degree of CAVD in both 
Caucasians and African American individuals. The degree of CAVD in Asians 
and Hispanic is not significant, but this could be due to the results being under-
powered in these populations tested. The finding in the aortic valve differenti-
ates the role of Lp(a) in the progression of aortic valve calcification, which is 
not related to the presence of CAC in the population. This may be due to the 
mechanism of coronary artery calcification [26] versus aortic valve calcification 
[4], versus the role of embryonic cell linage [27] in the mechanism of calcifica-
tion. Previous investigations have also defined the importance of Lp(a) in the 
development of CAVD in genetic studies [19].

The role of multiple lipoproteins in the progression of CAVD, may further aid in 
understanding the outcomes of the clinical trials in CAVD [8, 28–30] designed to 
lower lipids in calcific aortic valve disease. ASTRONOMER specifically addressed 
this question by determining the role of oxidized phospholipids and Lp(a) in the 
progression of calcific aortic valve disease [31]. It is well known that traditional risk 
factors play a role in the majority of patients with CAVD [1], however, genetics [32] 
and lipoprotein Lp(a) [20] are also critical in the development of CAVD. Figure 3.2, 
demonstrates cardiovascular risk factors, genetic factors, and the final calcification 
phenotype critical in the development of calcific aortic valve disease. Future studies 
evaluating the role of Lp(a) in patients in with CAVD may help to further under-
stand the role of lipoprotein driving early atherosclerosis and eventual calcification 
in the aortic valve.

Lp(a) in Calcific Aortic Valve Disease
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 Bicuspid Aortic Valve Disease

Although aortic stenosis may occur in individuals with otherwise anatomically 
normal aortic valves, congenital valve abnormalities markedly increase the risk. 
Nearly half of the individuals with aortic stenosis have a bicuspid aortic valve 
(BAV) [33], an aortic valve that developed with two functional leaflets instead of 
the normal three. BAV occurs in about 0.6% of the population and is the most 
common congenital cardiac malformation. Although the causes of BAV are 
unclear, genetic factors have been identified in some cases. CAVD tends to develop 
at an earlier age in individuals with BAV and to progress more rapidly for reasons 
that have been poorly understood until recent in vivo animal models have clearly 
demonstrate the rapid progression of the BAV versus TAV, in hyperlipidemic 
eNOS null mouse [15]. Furthermore, studies have shown that the eNOS−/− mouse 
is a novel mouse model, which develops anatomic bicuspid aortic valves (BAV) in 
approximately 25% of the eNOS null mouse population [15, 34]. Genetic muta-
tions associated with BAV that cause cellular dysfunction may also predispose an 
individual to other congenital heart defects or to dilation and dissection of the 
ascending aorta.

 Mitral Annular Calcification (MAC)

Several similarities exist between atherosclerosis in the vasculature and chronic 
degenerative changes in valvular structures. It has been suggested that aortic valve 
sclerosis (AVS) and mitral annulus calcification (MAC) are manifestations of a 
generalized atherosclerosis, have similar pathogenesis, share common risk factors 
and are observed with higher prevalence in patients with different forms of 

Fig. 3.2 This figure describes the role of atherosclerotic risk factors published to date in the field 
of CAVD, traditional and non-traditional risk factors (Lp(a)), the role of genetics and defining the 
signaling pathways upregulated in the final common pathway in the development of calcific aortic 
valve disease [81] (Permission obtained to reproduce the figure)
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atherosclerotic vascular disease including carotid artery disease, coronary artery 
disease, and aortic atheroma. Moreover, recent studies have shown a close relation 
of MAC and CAVD with adverse cardiovascular and cerebrovascular outcomes. 
However, many patients with CAVD or MAC do not have coexisting peripheral 
vascular atherosclerosis and vice versa. Thus, whether valve calcifications are the 
result of a more generalized atherosclerosis, or reflect a primary degenerative 
process, progressing with advancing age, still remains. From a clinical point of 
view it is of great importance to identify common links between valve calcifica-
tion and vascular atherosclerosis with a view to assess whether the detection of 
AVS, MAC or both is indicative of subclinical atherosclerosis and predicts cardio-
vascular or cerebrovascular events [35].

 Overview of the NHLBI Working Group Consensus Panel

 Normal Aortic Valve Function and Anatomy

The normal function of the heart valve is to permit unidirectional forward flow 
through the cardiovascular circulation. The valve components must accomplish the 
second-to-second movements necessitated by the cardiac cycle and must maintain 
strength and durability to withstand repetitive mechanical stress and strain over 
many years. The movement through the cardiac cycle, and the ability to endure the 
stress imposed on the valve over the lifetime is accomplished by a specific cellular 
architecture [36].

The aortic valve (AV) as viewed by echocardiography and bioreactor models 
(Fig. 3.3, Panel a). The direction of flow during systole is allowing the valve cusps 
to open as the blood flows across the open aortic valve leaflets. The inflow surface 
is the located along the direction of flow as indicated in Fig. 3.3, Panel a. The out-
flow surface is demonstrated in the diastole figure as the valves are closed and there 
is end diastolic pressure closing the valve leaflets along the outflow surface. During 
diastole, the tissue of the cusps is stretched via a backpressure; during systole, the 
cusp tissue becomes relaxed and shortens owing to recoil of elastin, which was 
elongated during diastole.

All four cardiac valves have a similar layered architectural pattern composed of 
cells, including the valvular endothelial cells, the deep valvular interstitial cell 
(VICs), and valvular extracellular matrix, including collagen, elastin and glycos-
aminoglycans. The outflow surface provides strength: the fibrosa; a central core of 
loose connective tissue: the spongiosa rich in glycosaminoglycans (GAGs); and a 
layer rich in elastin below the inflow surface: the ventricularis as shown in (Fig. 3.3, 
Panel b). Research has developed specific culture techniques to isolate interstitial 
cells, which have been used to demonstrate that discrete valvular cell subpopula-
tions have unique morphological characteristics, synthesis of ECM, potential for 
calcification and ossification, and potential for promoting angiogenesis [3]. All 
characteristics important in the development of calcific valve disease, and the devel-
opment of the progression of disease, which is the calcified valve leaflet as depicted 
in (Fig. 3.3, Panel c).
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 Cardiac Valve Cell Types: Valvular Interstitial Cells

VICs are abundant in all layers of the heart valves and are crucial to function. VICs 
synthesize extracellular matrix proteins, and express matrix degrading enzymes, 
which regulate remodeling of collagen and other matrix components [37]. They 
modulate function among phenotypes in response to changes in stimulation by the 
mechanical environment or by certain chemicals, during valvular homeostasis, 
adaptation, and pathology [38].

 Valvular Endothelial Cells

VECs resemble endothelial cells elsewhere in the circulation in some respects. 
However, they are phenotypically different from vascular endothelial cells in the 
adjacent aorta and elsewhere in the circulation secondary to embryologic origin 
[39]. VECs likely interact with VICs to maintain the integrity of valve tissues and 
potentially mediate disease. Evidence indicates that different transcriptional profiles 
are expressed by VECs on the opposite (i.e., aortic and ventricular) faces of a 

a

b c

Fig. 3.3 Echocardiographic and Bioengineering and Hemodynamic Force Perspective of the dias-
tole and systole in the aortic root affecting aortic valve leaflet cell and function Panel a. Panel b, 
demonstrates the cellular architecture of a normal aortic valve. Panel c, demonstrates the osteo-
genic phenotype of the calcified aortic valve [1] (Permission obtained to reproduce the figure)
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normal adult pig aortic valve, and some investigators have hypothesized that these 
differences may contribute to the typical localization of early pathologic aortic 
valve calcification predominantly near the outflow surface secondary to inhibitors 
along the inflow surface [40]. Studies indicate that abnormal hemodynamic forces 
(such as hypertension [41], elevated stretch [42], or shear stresses [42]) experienced 
by the valve leaflets can cause tissue remodeling and inflammation, which may lead 
to calcification, stenosis, and ultimate valve failure.

 Osteogenic Phenotype

Calcific aortic valve stenosis has characteristic pathological features [4]. The cal-
cific process begins deep in the valvular tissue, near the margins of attachment. 
Over time nodules develop over the aortic surface of the valve leaflet. Lipids also 
play a role in the cell signaling of vascular calcification [43]. Studies in the field of 
vascular calcification have played an important role in recent experimental studies 
in valvular heart disease. Surgical pathological studies have shown the presence of 
oxidized LDL in calcified valves [12, 44]. Patients with homozygous familial hyper-
cholesterolemia (FH) provide an opportunity to test the hypothesis that lipids play a 
role in the development of calcific aortic stenosis because these patients have 
extremely elevated levels of low-density lipoprotein cholesterol (LDL) without 
other traditional risk factors for coronary artery disease [45–48]. Angiotensin con-
verting enzyme (ACE) is expressed and colocalizes with LDL in calcified aortic 
valves [49], and slows progression in a small observational study [50].

 Initiating Events: Oxidative Stress

In the presence of cardiovascular risk factors, similar to vascular atherosclerosis, an 
early event is abnormalities in oxidative stress. This has been demonstrated in abnor-
mal endothelial nitric oxide synthase function, which decreases normal physiologic 
levels of nitric oxide along the valve endothelium [51]. In atherosclerotic plaques, 
increased oxidative stress, causes an increase in NAD(P)H oxidase activity, similar to 
vascular atherosclerosis [52]. In calcified stenotic human [53] and mouse aortic valves 
[54], levels of superoxide and hydrogen peroxide are markedly increased. In addition, 
uncoupling of nitric oxide synthase [51] may play an important role in generation of 
superoxide in calcified aortic valves similar to the vasculature.

 Calcifying Phenotype: Myofibroblast Differentiation to Bone

The initial confirmation of pathologic bone in the aortic valve was demonstrated by 
bone histomorphometry [5] and osteogenic gene expression [4] in diseased human 
valves. The likely sources of the myofibroblasts and osteoblasts that appear and 
persist in CAVD include native VICs, which contain mesenchymal progenitor-like 
cells that are highly plastic [55], and small numbers of circulating progenitors [56] 
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and mesenchymal cells that transition from endothelial cells [57]. Statins represent 
a particularly intriguing avenue to pursue in regulating VIC function, as these drugs 
have demonstrated clinical but controversial slowing the progression of CAVD [58].

 Cell-Cell Signaling in Calcific Aortic Valve Disease

The cell biology of the aortic valve is regulated by cell-cell communication 
between valve endothelial cells and valve interstitial cells (VICs). This specific 
cell communication, maintains the health of the valve and also is responsible for 
mediating valve disease. The “stem cell niche”. provides a cellular architecture 
and also a gradient secondary to abnormal oxidative stress to initiate osteogenesis 
in the aortic valve [15] Potential triggers for VIC differentiation secondary to 
endothelial dysfunction include: hemodynamic shear stress, solid tissue stresses, 
reactive oxygen species, inflammatory cytokines and growth factors, and the cel-
lular environment caused by other disease states, such as metabolic syndrome, 
diabetes mellitus, hypercholesterolemia, chronic renal disease, and disorders of 
calcium or phosphate metabolism. Once activated, VICs can differentiate into a 
variety of other cell types, including myofibroblasts and osteoblasts, although 
valve osteoblasts may respond to cellular signals differently than skeletal osteo-
blasts [15, 53, 54].

Garg et al. [32], discovered that a loss of function mutation in Notch1 was associ-
ated with accelerated aortic valve calcification and a number of congenital heart 
abnormalities. Normal Notch1 receptor regulates inhibition of osteoblastogenesis 
[59, 60]. The Notch1 splicing may be the regulatory switch important for the activa-
tion of the Wnt pathway and downstream calcification in these diseased valves [60–
62]. The concept that cell-cell communication within a stem cell niche is necessary 
for the development of valvular heart disease, provides a foundation for the cell 
architecture, risk factors and the gradient involved during the initiation phase of 
oxidative stress in the aortic valve. The two corollaries necessary for an adult stem 
cell niche is to first define the physical architecture of the stem-cell niche and sec-
ond is to define the gradient of proliferation to differentiation within the stem-cell 
niche. The endothelial lining cell located along the aortic surface is responsible for 
the secretion of a growth factors [63]. These cells interact with the subendothelial 
cells that are resident below the endothelial layer of cells. These cells have been 
characterized as myofibroblast cells [64–66].

In the aortic valve the communication for the stem cell niche is between the aor-
tic valve endothelial cell and the adjacent myofibroblast cell located below the aor-
tic lining endothelial cell as shown in Fig. 3.4. A Wnt3a which is secreted from the 
aortic valve endothelial cells binds to the Lrp5 receptor on the responding mesen-
chymal cell, the cardiac valve myofibroblast [15, 64, 67]. This system is appealing 
because the responding mesenchymal cell is isolated from the anatomic region adja-
cent and immediately below that of the endothelial cells producing the growth fac-
tor activity along the fibrosa surface. Similar to the vascular biology of the 
vasculature, which also has an endothelial cell lining which communicates with the 
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vascular smooth muscle cells, such as the release of nitric oxide in the activation of 
c-GMP in vascular smooth muscle relaxation as shown in Fig. 3.4. The second cor-
ollary for identifying a stem cell niche is to define the gradient responsible for the 
proliferation to differentiation process. The main postulate for this corollary stems 
from the risk factor hypothesis for the development of aortic valve disease. If tradi-
tional atherosclerotic risk factors are necessary for the initiation of disease, then 
these risk factors are responsible for the gradient necessary for the differentiation of 
myofibroblast cells to become an osteoblast calcifying phenotype [26, 61, 62, 65, 
66, 68, 69]. If traditional risk factors are responsible for the development of valvular 
heart disease, then an oxidative stress mechanism is important for the development 
of a gradient in this niche.

Fig. 3.4 Cell-Cell Signaling in CAVD. The top cell layer of the aortic valve is the endothelial 
layer of the aortic valve: Effects of Oxidative Stress induces the secretion of Wnt3a. The second 
cell layer along the Aortic Valve fibrosa surface is the valve myofibroblast where calcified nodules 
develop. In the presence of oxidative stress secondary to traditional cardiovascular risk factors, 
Secretion of Wnt3a from the endothelium binds to the Lrp5 receptor. Formation of the Lrp5/
Wnt3a/Frizzled trimeric receptor complex along the surface of the myofibroblast extracellular 
membrane then activates Wnt Signaling. Once Beta-catenin translocates to the nucleus, then tran-
scriptional activation of the transcription factors: Cbfa1/Sox9/TIEG1  in the nucleus to regulate 
osteogenesis in the valve myofibroblast
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The stem cell niche in combination with previously published data [61, 62, 69] 
indicates that the Wnt/Lrp5 pathway is implicated in the bone differentiation pro-
cess and HMG CoA Reductase agents can slow the progression of this disease by 
inhibiting Lrp5 expression. Adult tissues stem cells are a population of functionally 
undifferentiated cells, capable of (1) homing (2) proliferation, (3) producing dif-
ferentiated progeny, (4) self-renewing, (5) regeneration, and (6) reversibility in the 
use of these options. Within this definition, stem cells are defined by virtue of their 
functional potential and not by a specific observable characteristic. Lrp5 is impor-
tant in normal valve development [70], in this stem cell niche, reactivation of latent 
Lrp5 expression [61, 71], regulates osteoblastogenesis in these mesenchymal cells. 
The two corollary requirements necessary for an adult stem cell niche is to first 
define the physical architecture of the stem-cell niche and second is to define the 
gradient of proliferation to differentiation within the stem-cell niche. The aortic 
valve endothelial cell communicates with the myofibroblast cell to activate the myo-
fibroblast to differentiate to form an osteoblast-like phenotype [4]. This concept is 
similar to the endothelial/mesenchymal transition critical in normal valve develop-
ment [72].

 Mouse Models of CAVD

Mouse models of hypercholesterolemia demonstrate various features of human 
CAVD at the molecular and organ levels, and at least one develops stenosis [15, 54, 
73, 74]. But hypercholesterolemia is only one of several conditions, including other 
risk factors for atherosclerosis, and specific genetic mutations [32]—that contrib-
utes to aortic stenosis, and may not be the most common. Therapies developed in 
high-cholesterol animal models [61, 73, 75, 76] may fail in human clinical trials [8], 
unless the therapies target final common pathways leading to CAVD, which remain 
to be elucidated. The implications are important for the design of future clinical tri-
als. [77]

Elevated LDL and its oxidative modification represent one of the major factors 
of CAVD in the clinical settings. Therefore, addressing the mechanisms of CAVD 
in hypercholesterolemic animal models is a reasonable and essential approach. 
Development of CAVD has been shown in both apoE and LDL receptor deficient 
mice [54, 56, 78]. Aortic valves in hypercholesterolemic mice and rabbits [51, 61, 
76], characterized by thickened leaflets with macrophage-rich subendothelial 
lesions in early stages and formation of calcific deposits on the aortic site of the 
valve in late stages, reproduce key pathologic features found in human valve dis-
ease. In addition, clinicopathological studies of stenotic aortic valves in humans 
identified lesions similar to those in inflamed atherosclerotic plaques [12, 44]. 
Cholesterol lowering in such models improves various features associated with ath-
erogenesis and aortic valve disease [51, 61, 76] [79]. These animal models are 
extremely important and need to be characterized further in regards to 
CAVD. However, these models also have limitations in that no one model recapitu-
lates the human disease process but each published model to date provides informa-
tion which points towards the studies in the human disease process.
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 Clinical Trials: HMG CoA-Reductase Pathway

The first randomized prospective study testing the effects of HMG CoA reductase 
inhibitors in aortic valve disease was published in 2005 [8]. In this double-blind, 
placebo-controlled trial, patients with calcific aortic stenosis were randomly 
assigned to receive either 80 mg of atorvastatin daily or a matched placebo. Aortic- 
valve stenosis and calcification were assessed with the use of Doppler echocardiog-
raphy and helical computed tomography, respectively. The SALTIRE investigators 
demonstrated a trend in slowing the progression of the aortic valve stenosis but not 
a statistically significant study for primary end-points. The SALTIRE investigators 
concluded that intensive lipid-lowering therapy does not halt the progression of 
calcific aortic stenosis or induce its regression [8], and the reason for this negative 
trial might be the timing of therapy [80]

In the RAAVE trial, Moura et al. [28], performed a prospective trial of AS with 
Rosuvastatin targeting serum LDL, slowed progression of echo hemodynamic mea-
surements, and improved inflammatory biomarkers providing the first clinical evi-
dence for targeted therapy using an HMG CoA reductase inhibitors in patients with 
asymptomatic moderate AS [28]. The next clinical trial, SEAS, examined intensive 
lipid lowering with Simvastatin and Ezetimibe in Aortic Stenosis [30]. This trial 
was a randomized, double-blind trial involving 1873 patients with mild-to- moderate, 
asymptomatic aortic stenosis. Again, the investigators concluded that the medica-
tion did not reduce the composite outcome of combined aortic-valve events in 
patient with aortic stenosis including echo progression and vascular end-points. 
Finally, the most recent trial, Astronomer, randomized patients to Rosuvastatin ver-
sus placebo in patients with moderate aortic valve disease and bicuspid aortic valve 
disease. This study also did not demonstrate slowing of progression of this disease 
[29]. These four clinical trials have different results, which may be due a number of 
reasons including differences in trial designs, differences in enrollment criteria, dif-
ferences in statin medication, or timing of therapy [77]. The future of clinical valve 
trials may need further analysis of the trial design, the type of medications and the 
duration of the trials, but for now there is no indication for statin therapy in patients 
with valvular heart disease to slow progression of this disease. However, treatment 
of all cardiovascular patients with risk factors remains appropriate according to the 
guidelines as described by the American Heart Association and American College 
of Cardiology.

Prospective clinical studies of CAVD are hampered by the typically slow and 
variable progression of the disease. Patients who present with aortic stenosis are 
already in the later stages of the disease. Echocardiography is the standard for eval-
uating the severity of aortic stenosis and is a useful surrogate endpoint for clinical 
studies in the later stages. CT is a relatively high-resolution and high-sensitivity 
technique for evaluating aortic valve calcium and is a useful endpoint for clinical 
studies in the earlier stages. However, molecular imaging, with sub-millimeter reso-
lution, may be able to identify and study the mechanisms of even earlier subclinical 
aortic valve calcification. Current information does not yet support a specific phar-
macological target or design of a large CAVD treatment clinical trial. Recent studies 
showing lipid reduction to be ineffective may have been limited by the late stage of 
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the disease or by an insensitive measure of effect. Whether patients at an earlier 
stage, e.g., with aortic sclerosis, or with specific known risk factors such as BAV, 
should be treated with lipid lowering therapy, angiotensin converting enzyme inhib-
itors, or novel pharmacological interventions—even if they don’t meet the current 
criteria for therapy—remains an open question.

 NHLBI Recommendations for CAVD

Based on this review of the current state of knowledge as summarized in this paper, the 
Working Group made the following recommendations for future research on CAVD [1].

 1. Identify genetic, anatomic, and clinical risk factors for the distinct phases of 
initiation and progression of CAVD, to identify individuals at higher risk, to 
determine interactions between risk factors, and to determine whether the sever-
ity of aortic stenosis is a risk factor for surgical aortic valve replacement. These 
factors should encompass the unique contributions of atherosclerosis, metabolic 
syndrome, hypercholesterolemia, type II diabetes, and chronic kidney disease. 
New, larger epidemiological studies and existing epidemiological datasets in 
which CT scans, echocardiograms, or possibly magnetic resonance imaging 
scans have been obtained, could be used in this effort.

 2. Develop high-resolution and high-sensitivity imaging modalities that can iden-
tify early and subclinical CAVD, including molecular imaging and other innova-
tive imaging approaches. Continue research to define the state-of-the-art for 
detecting early calcification not identified by traditional echocardiographic 
imaging.

 3. Understand the pathogenesis and pathophysiology of bicuspid aortic valve, espe-
cially to establish correlations between phenotype and genotype, and to clarify 
the key features of this disease process that potentiate calcification.

 4. Understand the basic valve biology (e.g., early events, mechanisms and regula-
tory effects) of CAVD, including signaling pathways and the roles of valve inter-
stitial and endothelial cells and the autocrine and paracrine signaling between 
them, the extracellular matrix and matrix stiffness, the role of age-related changes 
in both valve cells and extracellular matrix, the interacting mechanisms of car-
diovascular calcification and physiologic bone mineralization, and micro-scale 
mechanotransduction and macro-scale hemodynamics.

 5. Develop and validate suitable multi-scale in vitro, ex vivo, and animal models. 
Improved models are needed that realistically duplicate the conditions in which 
human CAVD develops. Metabolic studies are needed, from the cellular level 
through the patient level, to define those conditions.

 6. Identify the relationship between calcification of the aortic valve and bone and 
the reciprocal regulation of these processes.

 7. Encourage, promote, or establish tissue banks that make valve tissue from sur-
gery, pathology, and autopsy unsuitable or unneeded for transplantation—with 
and without CAVD—available for research. Human valve cell lines should be 
derived including immortalized VICs.
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 8. Conduct clinical studies specific to CAVD to determine the feasibility of earlier 
pharmacological intervention and to determine the risk factors and optimal tim-
ing of surgical valve replacement.

 Summary

In Summary, Calcific Aortic Valve Disease is the number one indication for cardiac 
valve replacement. The cellular mechanisms are complex and evolving rapidly. 
There are no medical therapies established to slow the progression of this disease, 
but continued research into the cellular mechanisms will provide the foundation for 
future clinical trials to slow progression and delay surgical valve replacement.
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4Osteocardiology: Calcific Aortic Disease

 Introduction

Diseases of the aorta include aneurysms, dissection, and atheroma calcification. The 
incidence is increasing with the aging global population and the increase sensitivity 
of diagnostic imaging. Understanding the risk factors associated with the develop-
ment of calcific aortic disease, will help to identify future patients at risk and also 
slow progression of this disease before it is too late. Atherosclerosis plays a major 
role in the diseases of the thoracic ascending and descending, and the abdominal 
aorta. Atherosclerosis can result in weakening of the abdominal wall making it 
prone to aneurysm formation, dissection or chronic calcification in the aortic wall. 
The development of aortic atherosclerosis is associated with traditional cardiovas-
cular risk factors including smoking, hypertension, diabetes, and elevated choles-
terol levels. Atherosclerosis of the aorta can lead to formation of complex atheroma 
plaques, which can result in embolization causing cerebral and peripheral artery 
occlusive events. Other causes of aortic diseases include inflammatory, genetic, 
trauma and dissection, are important causes of aortic diseases. Similar to coronary 
artery calcification and calcific aortic valve disease, this chapter will focus on ath-
erosclerotic calcification.

 MESA and Calcific Aortic Disease (CAD)

In 2008, Investigators measured the calcific aortic disease (CAD) including ascend-
ing and descending thoracic aortic calcification in the MESA cohort. To determine 
which of cardiovascular risk and ethnicity variables are independently associated 
with thoracic calcium [1].

The Multi-Ethnic Study of Atherosclerosis (MESA) study population included a 
population based sample of four ethnic groups (12% Chinese, 38% White, 22% 
Hispanic and 28% black) of 6814 women and men ages 45–84 years old. In this 
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study, the investigators quantified CAD, which ranged from the lower edge of the 
pulmonary artery bifurcation to the cardiac apex.

The overall prevalence of CAD was 28.0%. In the ethnic groups, prevalence 
of CAD was 32.4% Chinese, 32.4% White, 24.9% Hispanic and 22.4% Black. 
All age categories of females had a higher prevalence of thoracic calcification 
than males (total age prevalence: 29.1% and 26.8%, respectively). CAD were 
most strongly associated with hypertension and current smoking. In addition, 
diabetes, hypercholesterolemia, high LDL, low HDL, family history of heart 
attack and high CRP were all associated with increased CAD. Overall p-value 
for difference between genders for prevalence of CAD = 0.037. Overall p-value 
for difference between race for prevalence of CAD <0.001. The only significant 
gender differences distributed by race were for Chinese (p = 0.035) and Hispanic 
(p = 0.042) participants. The investigators concluded that factors for aortic cal-
cification were similar to cardiovascular risk factors in a large population based 
cohort [1]. This study is the first to determine parallel risk factors for traditional 
cardiovascular risk factors and risk factors for CAD, with a long term subclini-
cal phase until it reaches clinical overt disease as shown in Fig. 4.1.

In 2010, the Investigators took the study one step further, and compared the cal-
cification in the thoracic aorta to the coronary arteries in the MESA cohort [2]. The 
study indicates that CAD is a significant predictor of future coronary events only in 
women, independent of coronary artery calcification (CAC). The mean age of the 
study population (n = 6807) was 62 ± 10 years (47% males). At baseline, the preva-
lence of CAD and CAC was 28% (1904/6809) and 50% (3393/6809), respectively. 
Over 4.5 ± 0.9 years, a total of 232 participants (3.41%) had CHD events, of which 
132 (1.94%) had a hard event (myocardial infarction, resuscitated cardiac arrest, or 
CHD death). There was a significant interaction between gender and CAD for car-
diovascular heart disease CHD events (p < 0.05). Specifically, in women, the risk of 
all CHD event was nearly threefold greater among those with CAD (hazard ratio: 
3.04, 95% CI; 1.60–5.76).

Fig. 4.1 Progression of calcific aortic disease
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 MESA Defines Calcific Aortic Disease and Bone Disease

Over the past 20 years, studies have shown that there are parallel risk factors associ-
ated with atherosclerosis and osteoporosis, including gender, lipids, hypertension, 
smoking etc. The MESA study, in 2008 [3], confirmed the independent association 
between volumetric trabecular bone mineral density (vBMD) of the lumbar spine 
and coronary artery calcification (CAC) and calcific aortic disease (CAD). Women 
had a prevalence of CAC of 47% as compared to men who had 68% coronary calci-
fication. There was lower vBMD and greater CAC in women (p < 0.002) and greater 
CAD among women (p = 0.004) and men (p < 0.001). After adjustment, vBMD was 
inversely associated with CAC prevalence in women and CAD prevalence in men. 
The authors concluded that the results were modest, but significant to demonstrate 
an independent association between atherosclerosis and bone loss and that the two 
may be related.

 Familial Hypercholesterolemia and Calcific Aortic Disease

Familial hypercholesterolemia (FH) is the most common monogenic disorder asso-
ciated with premature atherosclerotic cardiovascular disease, calcific aortic valve 
disease, and cerebrovascular disease. Aortic calcification is a long-term complica-
tion secondary to FH. There are three types of calcification process which have been 
described (1), atherosclerosis associated intimal calcification of the intima (2), 
medial calcification/Monckeberg type of sclerosis, and (3) genetic disorder related 
calcification [4]. For centuries, pathologists have described the presence of bone in 
the histopathologic description of calcified arteries and valves. However, it is not 
until the last 20 years that the risk factors, and cellular mechanisms have revealed 
that this bone formation process is an active biology and not passive degeneration.

 Defining Aorta Calcification in Familial Hypercholesterolemia

McGill University has defined calcification in the aorta in their cohort of patients 
with the diagnosis of Familial Hypercholesterolemia. They measure the degree of 
aortic calcification in heterozygous FH (heterozygote FH) compared to both (homo-
zygote FH) and controls. They demonstrated that LDLR gene contributes to aortic 
calcifications in a gene-dosage effect [5].

In a recent study by Kindi et al. [6], the investigators sought to determine the rate 
of progression of aorta calcification in patients with HeFH. Sixteen HeFH patients, 
all with the null LDLR DEL15Kb mutation were studied using thoraco-abdominal 
CT scans and quantification scores. Patients were scanned at baseline and rescanned 
an average of 8.2 ± 0.8 years after the first scan. Mean LDL-C was 2.53 mmol/L on 
medical therapies. Aortic calcification increased in all patients in an exponential 
fashion with respect to age. Age was the strongest correlate of AoCa score. 
Investigators studied only patients heterozygous for FH and analyzed the data using 

Defining Aorta Calcification in Familial Hypercholesterolemia
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age statistical analysis scores. The effect of age demonstrated a fivefold increase in 
the progression in the HeFH patient population with an exponential increase only 
correlating with age as a risk factor. Despite the known defect in lipid metabolism 
in this subset of FH patients, traditional risk factor of lipids did not play a role in the 
progression of the calcification process in this patient population. Furthermore, the 
effect of lipid lowering of 65% reduction in the LDL-C from the baseline values, 
medical therapy did not attenuate the process. The results of this study indicate that 
patients who have the diagnosis of HeFH, and are delayed to the time of diagnosis, 
the calcification process will progress even on optimal medical therapy to lower 
lipids.

To further understand this important scientific finding, the role of cellular mecha-
nism of calcification can begin to help to determine future approaches for this 
patient population. Calcification in the heart has been described as an osteogenic 
bone formation process [4, 7]. The discovery of the Lrp5 receptor in the gain of 
function [8] and loss of function [9] mutations in bone diseases, resulted in a num-
ber of studies which have shown that activation of the canonical Wnt pathway is 
important in osteoblastogenesis [10–13]. Studies in the field of cardiovascular med-
icine have also demonstrated that Lrp5 pathway is active in the calcification of arter-
ies [14] and valves [15], and that the LDLR null mouse model expression of Lrp5 in 
calcifying valves [16] and arteries [14], which translates to the bone and lipid biol-
ogy in patients with Familial Hypercholesterolemia [17, 18].

In Fig. 4.2, demonstrates calcification in the valve and in the aorta in patients 
with HeFH, Panel a, Control, Panel b HeFH. The mechanism evaluated in the LDLR 

a b c

Fig. 4.2 Signaling mechanism in calcific aortic disease [24]. (Permission obtained to reproduce 
Figure). Panel a: Control Aorta in patients with normal cholesterol. Panel b: Calcified aorta and 
aortic valve in heterozygous FH patients. Panel c: Potential cellular mechanism of Lrp5/Wnt medi-
ated bone formation in the valve and in the aorta
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null mouse model, implicating the role of Lrp5 bone formation in the valve and in 
the aorta as shown in Panel c. The role of lipids in this disease process is critical in 
the initiating events for the disease process. Initiation of early atherosclerosis 
involves abnormal oxidative stress and release of Wnt [19]. Wnt then binds to Lrp5 
to activate differentiation of the valve and vascular interstitial cells to become osteo-
genic bone forming cells [19], which over time calcifies and forms bone. In this 
study, the investigators have identified patients with HeFH as early as possible in the 
disease process and obtained baseline lipid levels, scans and initiated aggressive 
medical therapy to optimized lipid levels. However, identifying heterozygous 
patients with FH is not as easy as most patients are asymptomatic early in life. The 
age range at presentation indicates that exposure to high lipids over the lifetime of 
this patient population may be critical in the early initiation of the bone formation 
process, and once the process has occurred the effects of lipids and or statin thera-
pies on the already formed bone have proven non consequential, or the point of no 
return in terms of modifying the disease process [20, 21]. The current treatment 
strategy for severe aortic calcification is surgery, which is a difficult surgical proce-
dure especially when patients have developed porcelain aortic calcification [22].

 Summary

The current Canadian Cardiovascular Society Guidelines [23] have recommended 
aggressive screening for patients with HeFH, including (1) increasing awareness of 
FH among health care providers and patients; (2) creating a national registry for FH 
individuals; (3) setting standards for screening, including cascade screening in 
affected families; (4) ensuring availability of standard-of-care therapies, in particu-
lar optimization of plasma low-density lipoprotein cholesterol levels and timely 
access to future validated therapies; (5) promoting patient-based support and advo-
cacy groups; and (6) forming alliances with international colleagues, resources, and 
initiatives that focus on FH. These guidelines will set an aggressive foundation for 
the future clinical approach for Familial Hypercholesterolemia, and will help to act 
early to diagnose, treat, and slow progression of the complications of chronic hyper-
lipidemia, including calcific aortic disease.
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5Osteocardiology: Endochondral Bone 
Formation

 Introduction

Bone the major component of the skeleton, is formed by two distinct ossification 
processes, intramembranous and endochondral. Intramembranous bone develops 
directly from mesenchymal cells condensing at ossification centers and differen-
tiating directly into an osteoblast cell. The osteoblast cell is defined as a cell, 
which secretes matrix specific for bone formation. This ossification process gives 
rise to the flat bones of the skull, parts of the clavicle, and the periosteal surface 
of long bones. Endochondral ossification differs from the intramembranous com-
ponent in that it is formed in the presence of a cartilaginous blastema. The carti-
lage blastema is well known as the formation critical for the development of 
mature cartilage cells.

The formation of mature cartilage is a complex multistep process requiring 
the sequential formation and degradation of cartilaginous structures, which 
serve as templates for the developing axial skeleton and appendicular bones. 
This formation of calcified bone on a cartilage scaffold occurs not only during 
skeletogenesis, but is an integral part of postnatal grown and fracture repair. In 
the early onset of skeletal development, undifferentiated mesenchymal cells 
come together to form condensations which have the shape of the skeletal ele-
ments that they will eventual configure. The next stage is followed by specific 
differential along either the osteoblastic (intramembranous) or the chondrocytic 
(endochondral pathway), See Fig. 5.1. Chondrocytes deposit specific extracel-
lular matrix composes of various collagens, such as Type IIb, IX, and XI, which 
are cartilage-specific. Osteoblasts secrete proteins, which are osteoblast specific 
such as osteopontin, osteonectin, Type I collagen, with the cartilage matrix used 
as a scaffold for the bone formation.
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 The Molecular Regulation of Mesenchymal Chondrogenesis 
to Osteogenesis

 The Stages of Bone Formation

The initial stage is cell proliferation, as these cells exit the cell cycle and undergo 
further differentiation to a hypertrophic form, characterized by decreased expres-
sion of the cartilage proteins and increased expression of the calcification proteins, 
and apoptosis of the cells. Formation of the mineralized cartilage is vital as it favors 
the vascular invasion of the previously avascular cartilaginous condensations from 
the perichondrium. Osteoblasts, which originate from mesenchymal precursors, and 
osteoclasts, which are derived from the hematopoietic compartment, also enter the 
zone of cartilaginous hypertrophy, along with neoangiogenesis. The osteoclasts pro-
ceed to degrade the calcified cartilage matrix, while osteoblasts begin depositing the 
bone matrix, which consists of type I collagen, with the cartilage matrix being used 
as a scaffold, See Fig. 5.2.

 The Osteoblast Cell

In the past, research surrounding the mechanism for bone formation focused on 
skeletal patterning. Recently, the focus of the signaling pathway has been on 

a

b

Fig. 5.1 Osteogenic Cascade demonstrates the differentiation pathway of mesenchymal cells to 
form bone

5 Osteocardiology: Endochondral Bone Formation
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osteoblast cell biology and gene expression. Differentiation of the mesenchymal 
progenitor cells, chondrocytes and osteoblasts are critical towards understanding 
bone formation. Early progenitors are the skeletal cells derived from three distinct 
embryonic cell lineages: neural crest cells contribute to the craniofacial skeleton; 
sclerotome cells from somites give rise to the axial skeleton; and lateral plate meso-
derm cells form the appendicular skeleton. Osteoblasts originate from immature 
mesenchymal cells, which could also give rise to chondrocytes, muscle, fat, liga-
ment, and tendon cells.

These mesenchymal cells need to undergo transitional steps to becoming 
mature osteoblast cells. Figure  5.2, demonstrates a simplified progression to 
osteoblast differentiation. The transition, requires the activation or suppression of 
critical molecular elements for the progression of differentiation to occur. The key 
molecular switch for the induction of osteoblast formation is the activation of 
Cbfa1, (core binding factor 1; Runx 2). Cbfa1 is a transcription factors specific for 
osteogenesis. The expression and function is tightly controlled since appropriate 
activation and repression of its transcription during osteoblast differentiation 
would be essential for the regulation of the osteogenic gene cascade. Regulation 
of this master switch Cbfa1, have been reported to be due to three genes critical in 
the regulation of Cbfa1 expression: Msx2, when inactivated in mice leads to a 
down-regulation of Cbfa1; Bapx, a gene encoding a homeobox protein required 
for axial skeleton formation, which may activate Cbfa1, and Hoxa-2, another 
homeobox protein which inhibits Cbfa1 expression in the second branchial arch. 
Once activated these transcription factors are responsible for extracellular matrix 
production for the transition from Stage I to Stage II of the endochondral bone 
process.

Fig. 5.2 Three stages of bone formation, which include cell proliferation, extracellular matrix 
production and osteogenic calcification

The Molecular Regulation of Mesenchymal Chondrogenesis to Osteogenesis
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During development of the long bone, growth plates localize either end of the 
skeletal element and the region of the cartilage is surrounded by perichondrium, 
which is composed of undifferentiated mesenchymal cells. The chondrocytes 
undergo several stages of differentiation. One transition from cell proliferation 
Stage I to hypertrophy, an event that precedes stage III. During chondrocyte hyper-
trophy us characterized by profound physical and biochemical changes, secondary 
to production of cartilage specific proteins critical for the enlargement of these cells.

Regulation of endochondral ossification occurs as the transition from Stage II to 
Stage III, critical in the osteogenesis phase of bone formation. Matrix vesicles are 
the initial sites of mineralization in the hypertrophic region of the growth plate and 
are critical components of the calcification process. The calcified matrix subse-
quently serves as a template for primary bone formation. Primary bone formation is 
initiated at the center of the cartilage template and results in the subsequent forma-
tion of two separate regions of endochondral bone, which develop at either end of 
the long bone. The growth plate is responsible for longitudinal growth of bones. 
Both chondrocyte proliferation and hypertrophy contribute to the lengthening of the 
limb. Because terminally differentiated hypertrophic cartilage is continuously 
replaced by bone, the tight regulation of the various steps of chondrocyte differen-
tiation, particularly proliferation and hypertrophy, is critical for balancing the 
growth and ossification of the skeletal elements.

 The Molecular Basis of Bone Formation in the Heart

Calcification is largely responsible for hemodynamic progression of aortic valve 
stenosis. Recent descriptive studies from patient specimens have demonstrated the 
cell changes associated with aortic valve calcification, including osteoblast expres-
sion, cell proliferation, and atherosclerosis [1–4]. Furthermore, these studies have 
also shown that specific bone cell phenotypes present in calcifying valve tissue from 
human specimens [5–9] demonstrate the potential for vascular cells to differentiate 
into calcifying phenotypes.

Recent observations in ex vivo human tissue suggest that rapid advancement in 
our understanding of the basic mechanisms involved in the initiation and progres-
sion of vascular and valvular calcification is now possible. If an osteoblast pheno-
type is present, then the factors important in the regulation of bone development and 
regeneration must be considered in the understanding of calcification of the aortic 
valve. It is well known that cardiovascular calcification is composed of hydroxyapa-
tite deposited on a bone-like matrix of collagen, osteopontin (OP), and other minor 
bone matrix proteins [2, 10, 11], and regulation occurs via activation of specific 
transcription factors including MSX2 [12], Runx2 [5], and Sox9 [5]. Calcified aor-
tic valves removed from surgical valve replacement show bone formation (osseous 
metaplasia) [2, 3, 5]. Further characterization of this phenotype has proven, in calci-
fied bicuspid aortic valves, that immunohistochemistry staining shows the expres-
sion of osteopontin [10]. In addition, osteopontin expression has been demonstrated 
in the mineralization zones of heavily calcified aortic valves obtained at autopsy and 
surgery [1–3, 5].

5 Osteocardiology: Endochondral Bone Formation
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 Aortic Valve Bone Phenotype

The osteogenic phenotype in the aortic valve has been confirmed utilizing multiple 
modalities [3]. Contact microradiography and micro-computerized tomography 
were used to assess the 2-dimensional and 3-dimensional extent of mineralization. 
Mineralization borders were identified with von Kossa and Goldner’s stains. 
Electron microscopy and energy-dispersive spectroscopy were performed for iden-
tification of bone ultrastructure and CaPO4 composition. To analyze for the osteo-
blast and bone markers, reverse transcriptase-polymerase chain reaction was 
performed on calcified versus normal human valves for osteopontin, bone sialopro-
tein, osteocalcin, alkaline phosphatase, and the osteoblast-specific transcription fac-
tor Cbfa1. Microradiography and micro-computerized tomography confirmed the 
presence of calcification in the valve. Special stains for hydroxyapatite and CaPO4 
were positive in calcification margins. Electron microscopy identified mineraliza-
tion, whereas energy-dispersive spectroscopy confirmed the presence of elemental 
CaPO4. Reverse transcriptase-polymerase chain reaction revealed increased mRNA 
levels of osteopontin, bone sialoprotein, osteocalcin, and Cbfa1  in the calcified 
valves. This study is the first to determine the osteogenic gene expression profile in 
calcifying aortic valves, which confirmed the role of bone transcription factors regu-
lating the disease mechanism [3]. Mohler et  al., defined heterotopic ossification 
consisting of mature lamellar bone formation and active bone remodeling is a rela-
tively common and unexpected finding in end-stage valvular heart disease and may 
be associated with repair of pathological microfractures in calcified cardiac valves 
[2]. Figure 5.3, shows the calcification in the aortic valve and mitral annulus.

Fig. 5.3 Osteogenic phenotype 
demonstrating calcification in  
the valve, coronary artery  
and aorta
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 Coronary Artery Bone Phenotype

Early atherosclerosis begins with abnormal oxidative stress. Studies in  vitro and 
in vivo have demonstrated that the role of oxidative stress is critical towards develop-
ing bone in the heart and osteoporosis in the femur. Studies have determined the role 
of lipoproteins in both processes, by examining the effect of minimally oxidized 
low-density lipoprotein, and several other lipid oxidation products on calcifying vas-
cular cells and bone-derived preosteoblasts [9]. The investigators demonstrated that 
calcifying vascular cells developed cell proliferation and increase in bone matrix 
synthesis, a marker of osteoblast differentiation in the presence of oxidized lipopro-
teins. However, the oxidized lipoproteins inhibited the osteogenesis in the bone cells, 
confirming in vitro the hypothesis of the bone paradox [9, 13]. Studies determined 
whether these cells modulate vascular calcification in vitro, calcifying vascular cells 
(CVCs), a subpopulation of osteoblast-like cells derived from the artery wall, were 
cocultured with human peripheral blood monocytes for 5 days [13]. Results showed 
that alkaline phosphatase (ALP) activity, a marker of osteoblastic differentiation, was 
significantly greater in cocultures than in cultures of CVCs or monocytes alone. Both 
ALP activity and matrix mineralization increased in proportion to the number of 
monocytes added. Activation of monocyte/macrophages (M/Ms) by oxidized LDL 
further increased ALP activity in co-cultures, confirming the hypothesis in vitro of 
the bone paradox. In CVCs, MM-LDL but not native LDL inhibited proliferation, 
caused a dose-dependent increase in alkaline phosphatase activity, which is a marker 
of osteoblastic differentiation, and induced the formation of extensive areas of calci-
fication. Similar to MM-LDL, oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-
3-phosphorylcholine (ox-PAPC) and the isoprostane 8-iso prostaglandin E2 but not 
PAPC or isoprostane 8-iso prostaglandin F2 alpha induced alkaline phosphatase 
activity and differentiation of CVCs. In contrast, MM-LDL and the above oxidized 
lipids inhibited differentiation of the MC3T3-E1 bone cells, as evidenced by their 
stimulatory effect on proliferation and their inhibitory effect on the induction of alka-
line phosphatase and calcium uptake. Data suggest that specific oxidized lipids may 
be the common factors underlying the pathogenesis of both atherosclerotic calcifica-
tion and osteoporosis [9, 14].

Figure 5.3, shows the calcification in the coronary artery.

 Calcific Aortic Bone Phenotype

To further understand this important scientific finding, the role of cellular mecha-
nism of calcification can begin to help to determine future approaches for this 
patient population. Calcification in the heart has been described as an osteogenic 
bone formation process [3, 15]. The discovery of the Lrp5 receptor in the gain of 
function [16] and loss of function [17] mutations in bone diseases, resulted in a 
number of studies which have shown that activation of the canonical Wnt pathway 
is important in osteoblastogenesis [18–21]. Studies in the field of cardiovascular 
medicine have also demonstrated that Lrp5 pathway is active in the calcification of 
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arteries [22] and valves [23], and that the LDLR null mouse model expression of 
Lrp5 in calcifying valves [24] and arteries [22], which translates to the bone and 
lipid biology in patients with Familial Hypercholesterolemia [25, 26]. Figure 5.3, 
shows the calcification in the aorta.

 The Bone-Heart Paradox: Atherosclerosis in the Heart and in   
the Bone

Atherosclerosis and osteoporosis are common medical conditions, which increases 
in prevalence with the aging population. Recent studies are demonstrate parallel 
risk factors for the development of these disease processes [27]; however, the phe-
notypic expression of experimental hypercholesterolemia in the aortic valves and 
femurs were recently defined in the LDLR null mouse model [24].

Atherosclerosis is characterized as complex inflammatory disease which devel-
ops secondary to risk factors such as elevated cholesterol, hypertension, smoking, 
male gender and postmenopausal women [28–30]. The initial atherosclerotic event 
has been characterized as the fatty streak lesion, which represents a complex series 
of signaling events and inflammatory cells accumulating along the vascular and 
valvular surfaces [3, 23, 31–40]. There are increasing number of studies which cor-
relate osteoporosis with cardiovascular risk factors [27, 41, 42].

Osteoporosis continues to be the leading cause of bone fractures in post- 
menopausal women, leading to a high morbidity and mortality [28, 43, 44]. There is 
increasing evidence that both of these disease processes develop in parallel, with an 
associated phenotype of decrease bone formation in the bones and increased bone 
formation in the cardiovascular system [44]. For years lipids have been hypothe-
sized as a mechanism of both disease processes but cellular processes are not well 
known.

Cardiovascular calcification and osteoporosis are the most common causes of 
morbidity and mortality in the USA. The spectrum of degenerative valve lesions 
have traditionally been thought to be due to a passive disease process developing 
rapidly within the valve leaflets. The most common location of calcific aortic valve 
disease is the left side of the heart [23, 45]. Recently, the biology of the heart valve 
has changed from degeneration of the valve to an active biologic disease process in 
the heart valve [46]. Despite the high incidence of valvular heart disease, the signal-
ing pathways in human valve disease are still under intense investigation [3, 5, 23, 
33, 45–47]. Understanding the parallel role of bone in the heart and femurs is 
becoming increasing important, since the phenotype of calcification in the valve has 
a similar osteogenic mechanism to that of endochondral bone formation [3].

The roles of lipids in regulating the osteogenic mechanism via the Lrp5/Wnt path-
way are evolving [48, 49]. These studies are providing more evidence for the lipid 
hypothesis in bones as well as the heart. Previously studies have shown in the experi-
mental hypercholesterolemic rabbit model that the aortic valve expresses atherosclero-
sis, calcification, attenuation of eNOS expression, regulation of Cbfa1 and upregulation 
of Lrp5 receptor in the calcifying aortic valve [4, 38, 50–52]. Recently, a similar effect 
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was shown using molecular imaging in the eNOS−/− mouse model of experimental 
hypercholesterolemia [49].

Studies have demonstrated in the past, that vascular smooth muscle cell is 
responsible for the calcifying phenotype within the vessel [7, 53–61] and has devel-
oped a similar hypothesis in the vasculature. Our laboratory has shown a similar 
effect in the aortic valve in the presence of hypercholesterolemia [4, 36, 37, 40, 49, 
62]. A recent report determines if there is an increase in mineralization in the heart 
and a decrease in the skeleton, using an experimental hypercholesterolemic LDLR−/− 
mouse model with and without atorvastatin [24]. This study is the first to test in vivo 
the effects of a lipid diet in the LDLR−/− mouse model. Figure 5.4, shows the ath-
erosclerotic mechanism in the bone and in the heart.

The LDLR−/− mice develop similar findings using histology, calcein incorporation 
and MicroCT as the valves calcify the bones develop decrease mineralization in the 
presence of elevated cholesterol diet. This study also demonstrates that calcein incor-
poration in the valves and the bones of the hypercholesterolemic model indicates an 
active process of bone turnover with increases in macrophage cells in both the valve 
and femur. The MicroCT results demonstrate that as the valves mineralize the bones 
develop less mineralization. The phenotypic characteristics of the hypercholesterol-
emic valves and femurs demonstrate (1) increase in macrophage cells in the valves 
and the femurs, (2) increase in calcein incorporation in the valves and the femurs, (3) 
increase in calcification in the valves and decrease in the calcification in the femurs.

The foam cell lesion along the surface of the aortic valve leaflet, is similar to 
previously published data of foam cells accumulating in the atherosclerotic aortic 
valve in the presence of cholesterol diet [34, 36, 39, 40].These histologic findings 
demonstrate the potential atherosclerotic connection between these two disease 

Fig. 5.4 The bone paradox demonstrates the calcification in the heart and the osteoporosis in  
the bone
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processes which includes cellular activation, lipid accumulation, calcein incorpora-
tion and change in the mineralization process simultaneously in the two different 
target organs. The change in mineralization is the critical paradox in the field of 
atherosclerosis and osteoporosis. The movement of the calcium mineral from the 
femurs to the heart has been hypothesized over the last decades. The role of statins 
reverses this paradox, potentially via Wnt/Lrp5 [38] mechanism, versus BMP [63, 
64] mechanisms. Further studies testing the roles of HMG CoA reductase agents are 
critical for the future therapy for this patient population.

This mouse model is the provide evidence for this paradoxical role of bone in 
the aortic valve and the femur in an experimental hypercholesterolemic LDLR−/− 
mouse model. The presence of elevated cholesterol induces inflammatory cells to 
infiltrate and activate the classical histologic findings of atherosclerosis in the 
heart valve. In the femur the presence of decrease bone formation by MicroCT, 
active bone turnover, and the presence of macrophage cells indicates a parallel 
process in this organ. As the mineralization process is increased in the heart, it is 
decreased in the femurs, which chronically leads to progressive decrease in the 
bone thickness and over time potential osteoporotic changes, simultaneously 
causing aortic valve stenosis.

 Summary

Endochondral bone formation in the heart and in the bone has parallel cellular 
mechanisms. Risk factors for the development of atherosclerosis in the bone and in 
the heart are similar and contribute to the bone-heart paradox. The clinical manifes-
tations of these two disease processes are long-term osteoporosis and cardiovascular 
calcification. Identifying the role of osteocardiology risk factors and subclinical 
disease will in the future help to identify therapeutic approaches to slow the pro-
gression of these disease processes in the future.
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6Osteocardiology: The Atherosclerotic 
Bone Paradox

 Introduction

The discovery of the Lrp5 receptor in the gain-of-function [6], and loss-of-func-
tion [7] mutations in bone diseases led to several studies showing that activation 
of the canonical Wnt pathway is important in osteoblastogenesis [5, 8, 9]. For 
years, the signaling mechanisms important on osteogenesis include BMP, TGFβ, 
SMAD signaling, etc., which have led the field in determining bone formation and 
osteoporosis, however, the discovery of Wnt Signaling in bone homeostasis has 
become a major mechanism in osteogenesis in the heart and in the bone. The 
bone-heart paradox, has helped to identify specific genes that may contribute to 
the development of osteoporosis and cardiovascular calcification through the use 
of transgenic and knockout mouse models. These studies have identified a handful 
of master genes, including Runx2 and osterix, which are absolutely necessary for 
ossification as deletion of these genes in mice completely ablates bone formation 
[1, 2]. An additional set of genes, known as modulators of skeletal development 
and bone homeostasis, have also been revealed which in some cases regulate the 
activity of these master genes, including Sox9 and Msx2. Wnt signaling activates 
these master genes from the extracellular membrane activation of the trimeric 
complex which includes: Lrp5, Wnt, and Frizzled. Downstream of this complex, 
in the nucleus, a series of steps regulates transcriptional activation of the osteo-
genic cascade.

Recently, TGFβ Inducible Early Gene-1 (TIEG) [3] has played a crucial roles for 
TIEG1 in regulating Wnt Signaling a wide variety of cellular processes and molecu-
lar functions important for bone biology. These include modulation of the TGFβ, 
BMP, and estrogen signaling pathways [4–15], osteoblast and osteoclast functions 
[16–19] as well as regulation of skeletal development and homeostasis [12, 20, 21]. 
Recently, allelic variations in the TIEG1 gene [22] and altered TIEG1 expression 
levels [23] have been identified in patients with osteoporosis. These studies, have 
implicated a central role for TIEG1  in mediating bone growth and homeostasis. 
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Ongoing studies have now revealed an important role for TIEG1 in regulating the 
activity of the canonical Wnt pathway in bone. This is of significant interest given 
that Wnt signaling is essential for bone formation and bone related diseases. 
Recently, the role of TIEG1 in downstream regulation of Wnt signaling at the level 
of transcription in bone [24] and in the heart has been established.

 The Role of TIEG1 in Wnt Signaling in Bone

A recent study demonstrates that loss of TIEG1 expression is associated with altera-
tions in the expression levels of multiple Wnt ligands and downstream mediators of 
the pathway resulting in suppression of Wnt signaling in osteoblast cells and 
throughout the mouse skeleton [24]. TIEG1 is shown to enhance Wnt signaling 
through at least two different mechanisms; one by suppressing GSK-3β activity and 
inducing β-catenin nuclear localization, and two by serving as a co-activator for 
Lef1 and β-catenin transcriptional activity. The data link the critical role for 
TIEG1  in mediating cross-talk between the TGFβ/BMP and Wnt signaling path-
ways. Given the importance of Wnt signaling for skeletal development and bone 
homeostasis, and the present data linking a role for TIEG1 in mediating this path-
way, it is likely that alterations in Wnt signaling contribute to the observed osteope-
nic phenotype of TIEG1 KO mice. It is possible that future therapies would also be 
relevant for the treatment of osteoporosis in individuals with TIEG1 polymorphisms 
or altered TIEG1 expression levels as has been previously reported.

 The Role of TIEG1 in Wnt Signaling in the Heart

Atherosclerosis and osteoporosis are common medical conditions, which are 
increasing in prevalence as the population is aging throughout the world. Recently, 
studies demonstrate that atherosclerosis is present in hyperlipidemic bones and 
valves as characterized by macrophage and osteoclast infiltration, which is attenu-
ated by atorvastatin [25]. A recent report tested the role of Wnt Signaling in the 
LDLR−/− mouse model, which is a clinical surrogate for familial hypercholesterol-
emia the genetic disorder of lipid abnormalities in patients as related to lack of 
functioning LDLR receptor. The study confirmed that LiCl, a known activator of 
Wnt Signaling is active in the development of atherosclerosis in the heart and in the 
femur [26].

For decades, CAVD was thought to be due to degenerative process [27]. Studies 
demonstrate that the Wnt pathway plays important roles in valve calcification associ-
ated with a specific osteogenic phenotype [28] defined by increased bone mineral 
content. Furthermore, recent studies demonstrate the role of Wnt Signaling in the 
development of calcific aortic valve disease including the role of Lrp5 and Lrp6, 
which both play a role in the mineralizing valve secondary to chronic hypercholester-
olemia. [29–33] The most recent discovery of the role of TIEG1, a transcription factor 
known to play critical roles in osteoblast differentiation and bone mineralization bone 
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[3, 34], is also be involved in mediating the Wnt signaling pathway in the skeleton and 
in the heart [24].

Finally, the role of TIEG1 is also critical in the transcriptional regulation of 
Wnt signaling in aortic valve interstitial cells, which provides proof of principle 
that the atherosclerotic hypothesis of Wnt Signaling in the aortic valve is medi-
ated via TIEG1 signaling down stream in the nucleus. To further understand the 
mechanisms of Wnt signaling in the development of calcification in the aortic 
valve, the recent discovery that TIEG1 enhances Wnt signaling by regulating 
β-catenin nuclear localization and by serving as a co-activator for Lef1 and 
β-catenin transcriptional activity [24]. Known activators of Wnt signaling, Wnt3a, 
TGF β and BMP-4 a member of the TGF superfamily demonstrated VIC prolifera-
tion and VIC alkaline phosphatase synthesis [26]. This is the first evidence to 
demonstrate the role of TIEG1 signaling in the cardiac valve [26] and in the bone 
[24]. Taken together, these data implicate an important role for TIEG1 in mediat-
ing Wnt signaling and LEF transcriptional activity in VICs. In the future, this 
signaling pathway may be a potential target for medical therapy in the future to 
slow the progression of CAVD [27].

 Wnt Signaling in Atherosclerosis

The low density lipoprotein co-receptor Lrp5/6 is a member of the family of struc-
turally closely related cell surface low density lipoprotein receptors that have diverse 
biological functions in different organs, tissues and cell types which are important 
in development and disease mechanisms. The most prominent role in this evolution-
ary ancient family is cholesterol homeostasis. The LRP5 pathway regulates bone 
formation in different diseases of bone [35, 36]. The discovery of the LRP5 receptor 
in the gain of function [36] and loss of function [35] mutations in the development 
of bone diseases, resulted in a number of studies which have shown that activation 
of the canonical Wnt pathway is important in osteoblastogenesis [37–40]. Three 
studies to date have confirmed the regulation of the LRP5/Wnt pathway for cardio-
vascular calcification in vivo and ex vivo [29–31]. Lrp5 has been shown to have an 
effect on bone mass via the mechanostat effect on regulating bone formation. The 
findings in the human of the high bone mass gain of function mutation [41], led to 
a series of discoveries that Lrp5 regulates bone mass via the mechanical force effect 
on the receptor [42–44]. Lrp6 also regulates bone but has been found to have a low 
bone mass effect in patients in which a putative partial loss-of-function mutation in 
LRP6 was identified to early cardiovascular-related death associated with increased 
plasma LDL, triglycerides, hypertension, diabetes and osteoporosis [45]. This data 
is the first to demonstrate in the genetic mice to demonstrate that experimental cho-
lesterol diet can upregulate Lrp5 and Lrp6 with varying degrees of calcification. The 
ApoE−/− demonstrated marked increase in the calcification which is consistent with 
the lipid and pressure effect of Lrp5 on the aortic valves. The Lrp5−/− had no calci-
fication in the valves. The Lrp5−/− single gene KO demonstrates the role of Lrp5  
for calcification and the ApoE−/− single gene knockout to demonstrate the role 
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cholesterol to activate the Lrp5/6 receptors. The double knockout mice ApoE−/−: 
Lrp5−/− were tested to show that in the elevated lipids secondary to the lack of the 
ApoE receptor as compared to the Lrp5−/− mice caused some mild calcification via 
the upregulation of the Lrp6 gene expression in the mice (Fig. 6.1).

The right-sided valves in all of the specific mice did not develop any calcifica-
tion, which further demonstrates the role of the higher pressures in the left side of 
the heart to activate the Lrp5/6 receptor in the valve. LRP5 binds apoE-containing 
lipoproteins in vitro and is widely expressed in many tissues including hepatocytes, 
adrenal gland and pancreas [46]. The production of mice lacking LRP5 revealed 
that LRP5 deficiency led to increased plasma cholesterol levels in mice fed a high- 
fat diet, secondary to decreased hepatic clearance of chylomicron remnants and also 

Fig. 6.1 Wnt Signaling in Atherosclerosis: Osteocardiology, the presence of LiCl, GSK9 is inhib-
ited and β-Catenin translocates to the nucleus to activate osteogenesis via TIEG1, Cbfa1 and LEF/
TCF in the valve and in the femur [26]
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marked impaired glucose tolerance [37]. In the LRP5 mice that were not fed the 
high cholesterol diet, the mice did not develop high cholesterol levels [47]. The 
investigators went on to define the role of LRP5 in the lipoprotein metabolism by 
developing a double knockout mouse for ApoE:LRP5. They found that the double 
KO mouse had approx 60% higher cholesterol levels compared with the age matched 
apoE knockout mice. High performance liquid chromatography analysis of plasma 
lipoproteins revealed that no difference in the apoproteins but the cholesterol levels 
in the very low density and low density lipoprotein fractions were markedly 
increased in the apoE:Lrp5 double KO mice. There was threefold increase in the 
atherosclerosis indicating that the Lrp5 mediates both apoE-dependent and apoE- 
independent catabolism of lipoproteins. In this current study performed the serum 
cholesterol levels and demonstrated marked increase in the cholesterol in both of 
the ApoE−/− and the ApoE:Lrp5 double KO mice further confirming the association 
of elevated cholesterol and the mineralization process.

 In Summary

Atherosclerotic mechanisms of the bone-heart paradox, in the presence of osteocar-
diology risk factors atherosclerosis ensues in the heart and in the bone to develop 
calcification in the heart and osteoporosis in the bone as shown in Fig. 6.2, in which 
lipids and mechanical pressure activate Lrp5/Wnt signaling in the heart and in the 
bone to initiate the atherosclerotic bone paradox.

Fig. 6.2 Atherosclerotic mechanisms of the bone-heart paradox, in the presence of osteocardiol-
ogy risk factors atherosclerosis ensues in the heart and in the bone to develop calcification in the 
heart and osteoporosis in the bone

In Summary
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7Osteocardiology: Cellular Origins 
of Cardiac Calcification

 Introduction

For years cardiac calcification was thought to be a passive degenerative phenome-
non. The cellular origins of cardiac calcification are under intense investigation. 
Understanding of the cellular mechanisms of this valve lesion will present new cel-
lular therapeutic options to slow disease progression. VICs are the most common 
cells in the valve and are distinct from other mesenchymal cell types in other organs. 
Native valve interstitial cells are the primary cell responsible for the development of 
valve calcification [1]. There are five phenotypes best represent the VIC family of 
cells because each of these phenotypes exhibits specific cellular functions essential 
in normal valve physiology and in pathological processes [1]. The phenotypes as 
embryonic progenitor endothelial/mesenchymal cells, quiescent VICs (qVICs), 
activated VICs (aVICs), progenitor VICs (pVICs), and osteoblastic VICs (obVICs) 
[1]. The categories of cell types identify the cellular phenotype, localization and 
stage of development of the cell [1]. Mesenchymal progenitor cells in the peripheral 
blood have been identified as circulating osteoblast-lineage cells that give rise to 
cells with characteristics of adipocytes, osteoclasts, fibroblasts, or osteoblasts [2–4]. 
Figure 7.1, describes the two major categories of cells, circulating osteogenic pro-
genitor cell, and the native interstitial cell.

Previously, several studies have demonstrated that aortic valve calcification is 
associated with endochondral bone formation and an osteoblast bone-like pheno-
type. Bone and cartilage are major tissues in the vertebrate skeletal system, which is 
primarily composed of three cell types: osteoblasts, chondrocytes, and osteoclasts. 
In the developing embryo, osteoblast and chondrocytes both differentiate from com-
mon mesenchymal progenitors in situ, whereas osteoclasts are of hematopoietic 
origin and brought in later by invading blood vessels. Osteoblast differentiation and 
maturation lead to bone formation controlled by two distinct mechanisms: intra-
membranous and endochondral ossification, both starting from mesenchymal con-
densations as described in Chap. 5.
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Two osteoblast-specific transcripts have been identified: (1) Cbfa1 and (2) osteo-
calcin. The transcription factor Cbfa1 has all the attributes of a “master gene” differ-
entiation factor for the osteoblast lineage and bone matrix gene expression. During 
embryonic development, Cbfa1 expression precedes osteoblast differentiation and is 
restricted to mesenchymal cells destined to become osteoblast. In addition to its criti-
cal role in osteoblast commitment and differentiation, Cbfa1 appears to control osteo-
blast activity, ie, the rate of bone formation by differentiated osteoblasts TIEG1 has 
recently been linked to Wnt signaling in the heart and bone [5, 6]. The regulatory 
mechanism of osteoblast differentiation from osteoblast progenitor cells as shown in 
described in Chap. 5, Fig. 7.1, into terminally differentiated cells is via a well-orches-
trated and well-studied pathway that involves initial cellular proliferation events and 
then synthesis of bone matrix proteins, which requires the actions of specific para-
crine/hormonal factors/BMP and the activation of the canonical Wnt pathway. In a 
previous study by Suda et al. [7], they have shown that these isolated COP cells can 
express BMP and can form bone in vivo. Confirming the hypothesis that these COP 
cells are capable of homing to sites of valve calcification and neovascularization and 
form bone. The studies to date indicate that the cellular origins of bone forming cells 

a

b

Fig. 7.1 Cellular origins of cardiac calcification demonstrates the calcific aortic valve disease: 
cellular origins of valves calcification and the mechanisms of osteogenesis in these cell types. (a) 
The potential cellular phenotypes for mesenchymal derived cells. (b) The two different cell origins 
for valve calcification: the COP cell and the native interstitial cell both contributing to the hypoth-
esis of osteogenesis in calcific aortic valve disease. COP indicates circulating osteogenic precursor 
cells [8] (Permissions obtained for reproduction)
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in the calcifying aortic valve have two distinct pathways as shown in Fig. 7.1 [8]. The 
cells can either be the COP cell capable of differentiating to bone at the site of calcifi-
cation and disease [9], or the interstitial aortic valve cell that is capable of differentiat-
ing to bone in vivo, as described in the most recent National Heart and Lung and 
Blood Institute Working Group paper on calcific aortic valve disease.

Further evidence for the circulating stem cell was published in a study by Tanaka 
et al., which demonstrated using transplanted bone marrow cells composed of 17% 
of the population of calcifying cells in the native atherosclerotic valve in ApoE null 
mice [10]. The presence of variable depths of the COP cell in the calcific valve is 
consistent with the hypothesis that these cells can home to the diseased valve, but 
are not responsible for the entire bone formation process. The native interstitial cells 
also have the potential to differentiate to bone in situ and contribute to the calcifying 
cells in the native valve. The contribution of these two cell types toward the devel-
opment of calcification in the aortic valve requires further ongoing investigation.

In the Mayo Clinic study, circulating mesenchymal osteoblast cells are isolated 
from peripheral blood via flow cytometry methods [4]. Bone specific antibodies 
were used to isolate osteopontin and alkaline phosphatase positive cells and then 
measured functional significance of the cells in young versus old male patients to 
determine the potential for osteogenesis [4]. The study investigators isolated osteo-
blast progenitor cells, and hypothesized the role of these cells in fracture healing 
and heterotopic bone formation in disease mechanisms [4]. In a study by Egan et al. 
[9], they identify for the first time in human calcifying aortic valves a population of 
circulating osteogenic precursor cells (COP) in calcified human aortic valves. Their 
finding of these CD45+ OCN+ COP cells in areas of calcification, and not in the 
unaffected calcified tissues provides another level of evidence that mesenchymal 
derived cell populations are responsible for the development of osteogenesis in the 
calcified aortic valve. Specifically, the study demonstrated that these cells were 
localized to areas of confirmed endochondral ossification and bone formation. 
Within the regions of interest there were areas of mature bone with the characteristic 
architecture including osteocytes and bone lining cells. However, within the limits 
of the study there was no consistent involvement of the valve leaflet layers as the 
areas of endochondral ossification were found to extend to variable depths. The 
conclusions from this study provides the first evidence in human calcifying aortic 
valve tissue that a novel cellular origin is found on the calcific aortic valve and that 
these COP cells play a role in the cellular mechanisms of osteogenesis.

 Embryonic Implications of Cellular Origin of Precursor Cells

The low-density lipoprotein-related receptor 5 and 6 (Lrp5 and Lrp6) genes were 
cloned in 1998 based on their homology with the low-density lipoprotein receptor 
(LDLR) [11, 12–14]. Mutations in either LRP5 or LRP6 proteins have caused a num-
ber of disease processes in the field of bone [15, 16], and have been associated with 
cardiovascular disease [14, 17–19]. In the study by Borrell-Pages et al. [20] the authors 
confirm the novel finding that Lrp5 plays an atheroprotective role in the vascular 

Embryonic Implications of Cellular Origin of Precursor Cells



68

aorta. In the wildtype (WT) versus the Lrp5−/− mice there are larger atheromatous 
lesions in the Lrp5−/− mice as compared to WT littermates, with an upregulation of the 
LDLR family members including VLDR, Lrp6 and Lrp2. The mechanism postulated 
by the authors implicates higher plasma cholesterol levels in the Lrp5−/− mice as com-
pared to the WT littermates as the driving factor for the significant increase in ather-
oma in the thoracic aortas. The production of mice lacking Lrp5 revealed that Lrp5 
deficiency led to increased plasma cholesterol levels in mice fed a high-fat diet, sec-
ondary to decreased hepatic clearance of chylomicron remnants and also marked 
impaired glucose tolerance [17]. Lrp6 also regulates bone, but has been found to have 
a low bone mass effect in patients in which a putative partial loss-of-function mutation 
in Lrp6 was identified to lead to early cardiovascular- related death associated with 
increased plasma LDL, triglycerides, hypertension, diabetes and osteoporosis [21]. 
This background studies are the foundation for the results in the novel study by 
Borrell-Pages et al., implicating the role of Lrp6, CLDR and Lrp2 in lipid metabolism 
and progression of aorta atherosclerosis [20].

Previous studies testing experimental hypercholesterolemia in mouse and rabbit 
models demonstrated an upregulation of Lrp5 receptor expression and activation of 
cell proliferation and extracellular matrix production critical in bone formation in 
the aortic valve in vivo and ex vivo [18, 19, 22]. Specificity for the role of Lrp5 in 
aortic valve calcification was tested in the previous study using a high cholesterol 
diet in the Lrp5 null mice, which demonstrated opposite results in the aortic valve: 
no evidence of atherosclerosis or valve calcification [23].

The Lrp5 pathway also regulates bone formation in different diseases of bone 
[15, 24]. The discovery that the Lrp5 receptor carries the gain of function [24] and 
loss of function [15] mutations in the development of bone diseases, resulted in a 
number of studies which have shown that activation of the canonical Wnt pathway 
is important in osteoblastogenesis [17, 25–27]. Three studies to date have confirmed 
the regulation of the Lrp5/Wnt pathway for cardiovascular calcification in vivo and 
ex vivo [18, 19, 22]. In this pathway, Wnt proteins bind to receptors composed of a 
frizzled protein and either of the low-density lipoprotein receptor-related proteins 
Lrp5 or Lrp6. Signaling via Disheveled and/or Axin then results in inactivation of a 
multiprotein complex including Axin, adenomatous polyposis coli (APC), and gly-
cogen synthase kinase-3ß that normally renders ß-catenin unstable. By inhibiting 
this complex, Wnt signals lead to accumulation of ß-catenin in the cytosol and its 
entry into the nucleus. Once in the nucleus, ß-catenin binds to proteins of the T-cell 
factor/lymphoid enhancer factor-1 family and modulates the expression of several 
target genes which include Cyclin D, Cbfa1, and Sox9. Bone and cartilage are major 
tissues in the vertebrate skeletal system, which is primarily composed of three cell 
types: osteoblasts, chondrocytes, and osteoclasts. In the developing embryo, osteo-
blast and chondrocytes both differentiate from common mesenchymal progenitors 
in situ, whereas osteoclasts are of hematopoietic origin and brought in later by 
invading blood vessels. Osteoblast differentiation and maturation lead to bone for-
mation controlled by two distinct mechanisms: intramembranous and endochondral 
ossification, both starting from mesenchymal condensations.

The role of lipid signaling of the Lrp5 receptor has been defined in experimental in 
vitro and in vivo lipid models of vascular atherosclerosis. Lrp5, which binds 
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apoE-containing lipoproteins in vitro, is widely expressed in many tissues including 
hepatocytes, adrenal gland and pancreas [14]. The production of mice lacking Lrp5 
revealed that Lrp5 deficiency led to increased plasma cholesterol levels in mice fed a 
high-fat diet, secondary to decreased hepatic clearance of chylomicron remnants, and 
also marked impaired glucose tolerance [17]. The Lrp5 deficient islets also demon-
strated a reduction of intracellular ATP and Calcium in response to glucose, thereby 
decreasing glucose induced insulin secretion [17]. Furthermore, experimental hyper-
cholesterolemia is associated with the increase in Lrp5 receptor expression and activa-
tion of cell proliferation and extracellular matrix production critical in bone formation 
[18]. These studies provide evidence that lipoprotein metabolism is regulated by the fifth 
family member of the LDL co-receptor family Lrp5 in these knockout mouse studies.

Embryonically, Wnt proteins bind to receptors composed of a frizzled protein 
and either of the low-density lipoprotein receptor-related proteins Lrp5 or Lrp6. In 
the developing embryo, osteoblast and chondrocytes, both differentiate from com-
mon mesenchymal progenitors, and neural crest cells. The role of Wnt and Lrp5 
coreceptors in embryogenesis, have been the most detailed studies in the field to 
date [28]. Studies have demonstrated that the neural crest cells are specific to the 
aortic valve [28] and mesodermal cells are specific to the descending aorta [29]. 
Furthermore, a recent study in the proximal ascending aorta where neural crest cells 
reside, versus the descending aorta, indicate proximal aorta calcifies at an acceler-
ated rate than the descending aorta in the presence of hyperphosphatemia [30].

Figure 7.2, demonstrates the role of hypercholesterolemia and the role of the 
Lrp5 receptor in the aortic valve and the aorta. The embryonic cell origin may 

Fig. 7.2 Lrp5 is atheroprotective in the vascular aorta and osteogenic in the aortic valve in the 
presence of experimental hypercholesterolemia [37] (Permission obtained for reproduction)
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provide another clue for why the hypercholesterolemic Lrp5 null mouse develops 
excessive atherosclerosis in the aorta that has mesodermal derived cells [20], but 
does not develop calcifying valve lesion in the aortic valve [23]. The novel finding 
by Borrell-Pages et al. [20], in this issue of Atherosclerosis that Lrp5 plays an ath-
eroprotective role in the vascular aorta, is unique in the field and will help to further 
define the complex role of Lrp5 co-receptors in the field of embryogenesis, athero-
sclerosis, cell differentiation and bone biology.

 Stem Cell Hypothesis in Bioprosthetic Valve Calcification

In an experimental hypercholesterolemic model, as the environment of hypercho-
lesterolemia induces inflammation, mesenchymal stem cells mobilize and home to 
the implanted bioprosthetic valve. Atorvastatin attenuates these markers in the rab-
bit model. Bioprosthetic valve calcification is a unique model to study the role of 
stem cells in valve calcification as shown in Fig. 7.3 [31]. The finding of cKit mes-
enchymal expression, in atherosclerotic bioprosthetic valves provides a mechanism 
by which calcification can develop. [32] Tanaka et al. [10], have demonstrated in 
native aortic valves in hypercholesterolemic mice that 10% of cells are bone mar-
row derived cells within the atherosclerotic lesion. The rest of the cells are native 

Fig. 7.3 Mechanisms of Heterotopic bone formation in heterotopic calcification in bioprosthetic 
heart valves [31]
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myofibroblasts differentiating into an osteoblast phenotype as implicated in other 
studies of aortic valve disease [18, 33–36].

 In Summary

In summary, this chapter provides incremental understanding into the role of cellu-
lar origins of cardiovascular calcification. In the future, these studies will provide 
the roadmap for targeted specific cellular phenotypes in slowing progression of cal-
cification in the heart.
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8Osteocardiology: LDL-Density-Gene 
Theory

 Introduction

Cardiovascular calcification is the end stage phenotype after years of subclinical 
atherosclerosis in the heart. For years, the mechanism for this calcification was 
thought to be due to a passive degenerative process. However, in the twenty-first 
century, the National Heart Lung and Blood Institute of the NIH, recognizes that 
calcific aortic valve disease, is an active biologic process [1]. The risk factors for the 
initiation event in calcific aortic valve disease, have been identified as traditional 
atherosclerotic risk factor well known to promote coronary artery disease (CAD) as 
well as CAVD. The calcification process involves normal valve interstitial cells dif-
ferentiating via an osteogenic gene activation, which results in a calcified osteoblast 
like phenotype [2].

 Familial Hypercholesterolemia Genetics and Cholesterol 
Metabolism

In 1985, Brown and Goldstein, received the Nobel Prize in Medicine for “their dis-
coveries concerning the regulation of cholesterol metabolism.” Their discovery 
defined the role of the LDL receptor in cholesterol metabolism and homozygous 
defect in patients is the mechanism for severe hypercholesterolemia [3]. In 2017, 
the clinical recognition and diagnosis of the homozygous hypercholesterolemia 
remains under diagnosed globally. The manifestations of chronic exposure to ele-
vated cholesterol, is the initial event in abnormal oxidative stress, abnormal endo-
thelial nitric oxide synthase function and eventual atherosclerosis and calcification 
in the cardiovascular system.

Since the initial discoveries in the field of FH genetics, several gene defects have 
been identified including a defective apoB100 component of LDL, known as famil-
ial defective apoB-100, clinically indistinguishable from heterozygous LDLR 
mutation [4]. The third identifiable genetic gain of function mutation identified 
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affects the proprotein convertase subtilisin/kexin 9 (PCSK9) encoded by chromo-
some 1 has also been shown to initiate FH by negatively regulating the LDL recep-
tor expression [5]. The genetics, diagnosis and clinical manifestations have been the 
subject of intense investigation and continued discoveries in the evolution of thera-
peutic interventions for this patient population.

 Familial Hypercholesterolemia as a Genetic Model for CAC, 
CAVD, CAD

Familial hypercholesterolemia (FH) is a genetic disorder of lipoprotein metabolism 
resulting in elevated serum low-density lipoprotein (LDL) cholesterol levels leading 
to increased risk for premature cardiovascular calcification [6, 7]. The diagnosis of 
this condition is based on clinical features, family history, and elevated LDL- 
cholesterol levels aided more recently by genetic testing. As the atherosclerotic bur-
den is dependent on the degree and duration of exposure to raised LDL-cholesterol 
levels, early diagnosis and initiation of treatment is critical. Statins are presently the 
mainstay in the management of these patients, although newer drugs, LDL aphere-
sis, and other novel rapidly established therapies in recent clinical trials [8, 9], such 
as PCSK9 inhibition, will play a role in certain subsets of FH. Together these novel 
treatments have notably improved the prognosis of FH, especially that of the hetero-
zygous patients. Despite these achievements, a majority of children fail to attain 
targeted lipid goals owing to persistent shortcomings in diagnosis, monitoring, and 
treatment [10].

 FH and CAVD in MESA

In a recent study by ten Kate et al. [11], the objective was to investigate the preva-
lence, extent and risk modifiers of CAVD in heterozygous FH (he-FH) patients. 
Clinically, the heterozygous FH phenotype is encountered most often while the 
homozygous phenotype is has much worse clinical consequences, including prema-
ture CAD. The investigators sought to determine the prevalence of calcific aortic 
valve disease in patients with the more common finding of heterozygous FH, by 
performing and analysis which measured the amount of calcification burden via CT 
measurements and Agatston score of the coronary artery and aortic valve and to 
compare lipid levels to the amount of functional LDL receptor gene, and traditional 
cardiovascular risk factors in this patient population.

The results demonstrated the prevalence and Aortic valve calcium score (CAVD- 
score) were higher in the he-FH patients than in controls: 41% 51 (9–117);and 21% 
(3–49) (p < 0.001 and p = 0.007). Age, untreated maxLDL, CAC and diastolic blood 
pressure were independently associated with CAVD. LDLR-negative mutational he-FH 
was the strongest predictor of the CAVD-score (OR: 4.81; 95% CI: 2.22–1040; 
p < 0.001). Compared to controls, he-FH is associated with a high prevalence and a large 
extent of subclinical CAVD, especially in patients with LDLR-negative mutations.
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Among the variables, LDLR-negative mutation carrier status was a strong pre-
dictor of the extent of the CAVD. Association between coronary and aortic valve 
calcification with the presence of CAC was associated with a higher prevalence of 
CAVD, both in he-FH and control patients. Compared to he-FH patients with 
LDLR-defective mutations, LDLR-negative mutational he-FH was associated with 
higher total cholesterol and untreated maxLDL, in addition he-FH patients with 
LDLR-negative mutations were younger started using statins at a younger age and 
used statins for a longer period of time. He-FH patients were LDLR-negative muta-
tions had higher prevalence of CAVD as compared to LDLR-defective mutations 
and controls. The difference in CAVD prevalence between LDLR-defective muta-
tional he-FH and the controls was also significant additionally CAVD scores 
increase faster with age in LDLR-negative he-FH than in the LDLR-defective 
he-FH. Figure 8.1, demonstrates the effect of the density of functional LDL recep-
tors and proportional increases in cholesterol with the degree of aortic valve calcifi-
cations, coronary artery calcification and calcific aortic disease as described by the 
Montreal group and the identification of a gene dosage effect in homozygote versus 
heterozygote FH patients [12].

 Familial Hypercholesterolemia and Calcific Aortic Disease

In a recent study by Kindi et al. [13], the investigators sought to determine the rate of 
progression of aorta calcification in patients with HeFH. Sixteen HeFH patients, all 
with the null LDLR DEL15Kb mutation were studied using thoraco-abdominal CT 
scans and quantification scores. Patients were scanned at baseline and rescanned an 
average of 8.2 ± 0.8 years after the first scan. Mean LDL-C was 2.53 mmol/L on 
medical therapies. Aortic calcification increased in all patients in an exponential 

Fig. 8.1 LDL-Density-Gene Theory in cardiovascular calcification. The amount of functional 
LDLR correlates with the amount of calcification in the artery, valve and the aorta [6] (Permission 
obtained to reproduce)

Familial Hypercholesterolemia and Calcific Aortic Disease
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fashion with respect to age. Age was the strongest correlate of AoCa score. Investigators 
studied only patients heterozygous for FH and analyzed the data using age statistical 
analysis scores. The effect of age demonstrated a fivefold increase in the progression 
in the HeFH patient population with an exponential increase only correlating with age 
as a risk factor. Despite the known defect in lipid metabolism in this subset of FH 
patients, traditional risk factor of lipids did not play a role in the progression of the 
calcification process in this patient population. Furthermore, the effect of lipid lower-
ing of 65% reduction in the LDL-C from the baseline values, medical therapy did not 
attenuate the process. The results of this study indicate that patients who have the 
diagnosis of HeFH, and are delayed to the time of diagnosis, the calcification process 
will progress even on optimal medical therapy to lower lipids.

 Phenotypic Expression of Calcification in the Heart: 
The Bernoulli Equation

Results from this study demonstrate the first correlation of the role of LDL, genetic 
contribution of LDL in terms of function and phenotypic expression of calcification 
in the valve and in the coronary arteries. Fluid hemodynamics in the heart is depen-
dent on multiple factors as derived by the Bernoulli’s equation for fluid flow [14]. 
Bernoulli described flow through a column is directly proportional to the change in 
pressure across the column and indirectly proportional to the resistance. The formula 
for flow through the heart, is similar to Ohm’s law for electricity as shown in Eq. 8.1.

 
Q

R
=
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 (8.1)

The entire formula for resistance for steady state flow through a circular tube, is 
shown in Eq. 8.2, where η = viscosity, r = radius of the tube.
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Equations 8.1 and 8.2 can be combined to give the flow rate through a circular 
tube in terms of a pressure drop which is described as Poiseuille’s law:
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The differences in the rate of fluid flow are dependent on the radius of the ana-
tomic structure, which is inversely proportional to the resistance. In addition, it is 
important to note the inverse r4 dependence of the resistance to fluid flow. If the 
radius of the tube is halved, the pressure drop for a given flow rate and viscosity is 
increased by a factor of 16. Since the flow rate is then proportional to the fourth 
power of the radius. The size of the radius becomes important as blood flows through 
the heart.
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 Summary

The LDL-Density-Radius Theory [15] and the LDL-Density-Pressure Theory [16] 
hypothesize the role of lipids in the differentiation of valve myofibroblasts into 
osteoblast like cells responsible for the calcifying phenotype. The LDL-Density- 
Gene Theory correlates the role of functional gene receptor in the development of 
cardiovascular calcification.
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9Osteocardiology: The LDL-Density- 
Mechanostat Theory

 Introduction

Left-sided valvular heart disease is the number one indication for valve interven-
tions in the world. The cellular mechanisms of the most common left sided valve 
lesions from calcific aortic valve disease and to myxomatous mitral valve disease 
are under intense investigation. The signaling pathways described in left sided val-
vular heart disease have increased our understanding of this active biology. An 
understanding of these pathways may provide a basis towards understanding the 
disease process, the disease progression and the design of future clinical trials 
towards slowing the progression of disease. This unique hypothesis may help to 
define future clinical trials in this field of osteocardiology.

Left sided valve lesions are the most common indication for heart valve disease 
in the world. For years, this disease process was thought to be due to a passive 
degeneration of the heart valve. However, the cellular mechanisms have been under 
intense investigation in the twenty-first century. Recent studies have demonstrated 
that left-sided valve lesions develop aortic valve calcification and mitral valve myx-
omatous changes secondary to oxidative stress. Experimental models have demon-
strated the phenotype associated with this hypothesis, with calcification in the aortic 
valve and cartilage formation in the mitral position. This chapter will review the 
common signaling and hemodynamic mechanisms, which will define the pheno-
typic expression of bone formation in the heart.

 Osteocardiology Risk Factors

Over the past century, risk factors in the development of cardiovascular disease have 
become the central focus of experimental models translating to clinical therapies to 
treat the progression of cardiovascular disease including: vascular atherosclerosis 
[1], calcific aortic valve disease [2] and myxomatous mitral valve disease [3]. 
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Therapeutic options for lipid related cardiovascular disease include statin therapy 
[4], PSK9 antibody therapy [5], and other lipid lowering options.

 Cellular Mechanisms of Left-Sided Valve Disease: 
The Osteogenic Phenotype

The hallmark of aortic valve stenosis is calcification, which for years was thought to 
be due to a passive phenomenon, but currently is defined as a bone formation pro-
cess. The hallmark of myxomatous mitral valve disease was thought to be due to a 
passive mechanism, but currently is defined as a cartilage formation process. The 
traditional cardiovascular risk factors [1, 6–21] are important in the development of 
the final common pathway: the osteogenic phenotype [22, 23]. These studies show 
that there are evolving mechanisms for aortic valve calcification and myxomatous 
mitral valve disease, include cardiovascular risk factors and genetics to active spe-
cific cell signaling pathways in this disease process.

 Experimental Mouse Model of Aortic Valve Calcification 
and Femur Osteoporosis

Chronic experimental hypercholesterolemia models develop aortic valve athero-
sclerosis and eventual calcification secondary to myofibroblast differentiation, 
which provides further direction for the understanding of the initiating events in the 
disease development [2, 24–35]. To test the hypothesis if LDLR−/− mice were treated 
a cholesterol diet. The valves developed atherosclerosis in the valve and osteoporo-
sis in the bone via cholesterol activation of the Lrp5 pathway. LDLR−/− mice were 
given a cholesterol diet versus cholesterol and atorvastatin [36]. Atorvastatin modi-
fies this process [36]. In the presence of cardiovascular risk factors as calcification 
develops in the aortic valve and the mineralization decreases in the femur.

 Experimental Model of Mitral Valve Cartilage Formation 
and Regurgitation

Chronic experimental hypercholesterolemia models develop mitral valve athero-
sclerosis and eventual chondrocyte formation, which provide further direction for 
the understanding of the initiating events in the disease development [3, 37, 38]. To 
test the hypothesis if LDLR−/− rabbits would develop mitral regurgitation, the rab-
bits were given a cholesterol diet [39]. The mitral valves develop atherosclerosis in 
the mitral valve and regurgitation via cholesterol activation of the Lrp5 pathway, 
which is attenuated with atorvastatin.

9 Osteocardiology: The LDL-Density-Mechanostat Theory
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 Lrp5 Mechanostat Theory: The Role of Lrp5 in the  
Bone and Heart

The Lrp5 pathway regulates bone formation in different diseases of bone [40, 41]. 
The discovery of the Lrp5 receptor in the gain of function [41] and loss of function 
[40] mutations in the development of bone diseases, resulted in a number of studies 
which have shown that activation of the canonical Wnt pathway is important in 
osteoblastogenesis [42–45]. Several studies to date have confirmed the regulation of 
the Lrp5/Wnt pathway for cardiovascular calcification in vivo and ex vivo [34, 38, 
46–52]. The concept of the mechanostat theory in the role of the Lrp5 bone receptor 
in the development of valve disease and bone disease is the paradox in the under-
standing of lipids in osteoporosis and valve disease. Global deletion of Lrp5 in mice 
results in significantly lower bone mineral density. Since osteocytes are proposed to 
act as a mechanosensor in the bone, investigators [53] addressed a question whether 
a conditional loss-of-function mutation of the Lrp5 receptor specific to osteocytes 
(Dmp1-Cre;Lrp5(f/f)) would alter responses to bone loading. In this experimental 
study, investigators tested loading to the right ulna for 3  min at a peak force of 
2.65 N for 3 consecutive days, and the contralateral ulna was used as a non-loaded 
control. Young’s modulus was determined using a section of the femur a common 
approach to measure load in bone biologic studies. The results showed that com-
pared to age-matched littermate controls, mice lacking Lrp5 in osteocytes exhibited 
smaller skeletal size with reduced bone mineral density and content. Further prov-
ing the role of force on the Lrp5 receptor in the development of bone formation. 
Moreover, the results support the concept that the loss-of-function mutation of Lrp5 
causing reduction of mechano-responsiveness and reduces bone mass and Young’s 
modulus, and further supports the role of force in the biologic regulation of the Lrp5 
receptor.

 Phenotypic Expression of Calcification in the Heart: 
The Bernoulli Equation

A recent study [54] is the first to correlate the role of LDL and the effect of the LDL 
receptor genetic contribution in terms of phenotypic expression of calcification in 
the valve and in the coronary arteries. The LDL-Density theories [50, 55, 56] pro-
vide a hemodynamic explanation for why abnormal calcification develops second-
ary to high LDL density concentration up-regulating osteogenesis. The modulation 
of the hemodynamics by the variation of the vasculature radius is hypothesized to 
be responsible for the variable phenotype expression along the vasculature. This 
hypothesis may explain the reason why the aortic valve (high-pressure valve) and 
mitral valve (low-pressure valve) follow fundamentally different disease pathways 
namely, calcification and chondrocyte formation, respectively [38].

Phenotypic Expression of Calcification in the Heart: The Bernoulli Equation
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Hemodynamics in the heart is dependent on multiple factors, as derived by the 
Bernoulli’s equation for fluid flow [57]. Bernoulli described that the flow through a 
cylinder is directly proportional to the change in pressure across the cylinder and 
indirectly proportional to the resistance as shown in Eq. 9.1.

 
Q

R
=
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 (9.1)

The entire formula for resistance for steady state flow through a circular tube, is 
shown in Eq. 9.2, where η = viscosity, r = radius of the tube.
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Equations 9.1 and 9.2 can be combined to give the flow rate through a circular 
tube in terms of a pressure drop, which is described as Poiseuille’s law:
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The differences in the rate of fluid flow are dependent on the radius of the ana-
tomic structure, which is inversely proportional to the resistance. In addition, it is 
important to note the inverse r4 dependence of the resistance to fluid flow. If the 
radius of the tube is halved, the pressure drop for a given flow rate and viscosity is 
increased by a factor of 16. The LDL-Density-Radius Theory [55] and the LDL- 
Density- Pressure Theory [50] provide the molecular hypothesis for the role of lipids 
in the differentiation of valve myofibroblasts into osteoblast-like cells responsible for 
the calcifying phenotype. These theories also provide the fundamental basis for the 
faster rate of calcification observed in the coronary artery than in the aortic valve, 
based on the difference of radius at these two anatomic locations in the heart [58].

 Role of Oxidative Stress in Left Sided Heart Valve Disease

Jiang et al. [59], published a careful examination of a surgical database of patients 
who underwent cardiac valve replacement. In the study, 400 patients with valvular 
heart disease, who received valve replacement, were found to have primarily left 
sided valve lesions. The investigators identified 77 of the patients in the entire surgi-
cal group with pathologic diagnosis of calcification, and the other 323 patients 
pathologic diagnosis without calcification.

In the calcification group, the majority of the valve replacements were aortic 
valve as compared to the mitral valve (25.9% vs 12.7%). The pathologic diagnosis 
for the patients in both the calcification and non-calcification group was rheumatic 
valve disease, with a higher incidence of congenital, degenerative and undefined 
valvular heart disease in the non-calcification group. In the calcified group the 
majority of the patients required aortic valve replacement, as compared to the 
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non- calcified group, which the majority of patients with valve replacement were 
rheumatic mitral valve disease. The findings of increased calcification in the aortic 
valve versus mitral valve rheumatic patients, corresponds with a gradient of the 
calcified lesions developing on the left side. The final calcified phenotype develops 
at a greater amount in the aortic valve, which hemodynamically sustains higher 
pressures versus the lower pressure mitral valve in the cardiac chambers.

In terms of serum markers, the serum levels of alanine aminotransferase, aspar-
tate aminotransferase, total bilirubin, total cholesterol, triglycerides, albumin, and 
serum creatinine were comparable. The serum BUN level was higher than in the 
control group. Age, calcium Gamma-glutamyl transferase (GGT), Retinol Binding 
Protein (RBP), and UA levels was chosen as factors for valve calcification and strat-
ified for logistic regression analysis. Older age was tested as a risk factor age greater 
than 60 years Serum GGT and RBP were associated with increased valve calcifica-
tion. Serum GGT between 30 and 46 IU/L showed a significant odds ratio for valve 
calcification (OR 2.771, 95% CI 1.333–5.759, p = 0.0063). The relative risk ratio 
for RBP for valve calcification was concentration-dependent but only serum RBP 
levels larger than 70 mg/mL showed a statistically significant difference (OR 4.110, 
95% CI 1.452–11.637, p = 0.0078).

Interestingly serum calcium levels appeared to have a protective association with 
valve calcification. Calcium levels between 2.3 and 2.4 mmol/L showed the signifi-
cantly protective effects on valve calcification (OR 0.270, 95% CI 0.082–0.889, 
p = 0.313). Serum ALP levels was negatively association with valve calcification. 
Finally, UA had no association with the calcification in the valves. Investigators 
have utilized experimental models to understanding the cellular mechanisms of cal-
cific aortic valve disease [60]. These models test the role of oxidative stress in the 
development of aortic valve disease similar to those of vascular atherosclerosis [51]. 
The end-stage phenotype of this disease is an osteoblast calcifying phenotype. 
Candidate gene studies identified the role of Lrp5/6 co-receptors and Wnt signaling 
in the regulation of osteoblastogenesis in the bone, metabolic risk factors and lipid 
metabolism. Recent studies have demonstrated that Lrp5/6 plays a role in the devel-
opment of valvular heart disease [34, 48, 50].

Stewart et al. [1, 19], described the risk factors for calcific aortic valve disease 
identified in the Cardiovascular Health Study. The investigators demonstrated that 
the clinical risk factors important for the development of atherosclerosis are also the 
independent risk factors for aortic valve stenosis including age, male gender, height 
(inverse relationship), history of hypertension, smoking and elevated serum levels 
of lipoprotein(a) and LDL levels [1]. Lipids and other cardiovascular risk factors 
induce oxidative stress [34] in the aortic valve endothelium similar to vascular 
endothelium [61] which in turn activates the secretion of cytokines and growth fac-
tors important in cell signaling. The early atherosclerotic and abnormal oxidative 
stress environment also plays a role in the activation of the calcification process in 
the myofibroblast cell via the Lrp5 receptor.

In the development of calcification in the left sided cardiac valves, a cascade of 
events similar to atherosclerosis must develop. In the presence of oxidative stress 
the aortic valve endothelium is activated and abnormal oxidation states develop. 

Role of Oxidative Stress in Left Sided Heart Valve Disease
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The myofibroblast cells then begin to proliferate and synthesize extracellular bone 
matrix proteins with the upregulation of the Wnt/Lrp5 activation [34, 46]. These 
proteins overtime mineralize and calcify and a calcified aortic valve develops. The 
LDL-Density-Pressure theory provides the hemodynamic and embryologic basis 
for the role of Lrp5/6 signaling in calcific aortic valve disease.

 LDL-Density-Pressure Theory: The Role of Oxidative Stress 
in the Left Sided Valve Lesions

This study confirms the hypothesis proposed in the LDL-Density-Pressure Theory, 
[50] that oxidative stress promotes the development of valve calcification in the 
aortic valve greater than the mitral valve. The effect of pressure in the development 
of calcification is dependent on two axioms, biology and hemodynamics. The clini-
cal data demonstrates that oxidative stress activates the bone differentiation [34] in 
the valve. The initiating event of oxidative stress affects the left sided heart valves, 
as shown in Fig. 9.1. In the presence of oxidative stress only manifests disease in the 
left sided valves where the pressure in the heart is Overtime, the leaflets fuse which 
to occlude the aortic valve greater than the mitral valve. Furthermore, in the pres-
ence of elevated serum biomarkers of oxidative stress as defined in this study GGT 
and RBP, the development of calcification occurs in the aortic valve greater than the 
mitral valve. Furthermore, in this study, the rheumatic and degenerative valve 

Fig. 9.1 The role of lipids and force on the regulation of Lrp5 in the development of calcification 
on the left side of the heart
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population demonstrated a propensity of aortic valve calcification greater than 
mitral valve calcification in the rheumatic patients. Finally, these patients did not 
develop right-sided valve lesions.

For the past 40 years, catheter hemodynamics, echocardiography and timing of 
surgery have evolved as the diagnostic and therapeutic approach for calcific aortic 
stenosis. In the past decade, with the advent of experimental models and genetic 
testing, recognition that the aortic valve has an active cellular biology which 
incorporates three main processes for the development of calcific aortic stenosis, 
which include traditional cardiovascular risk factors, genetics and cellular signal-
ing pathways to differentiate the valve into the osteoblast phenotype. The future 
management of this disease process will include the understanding of these differ-
ent mechanisms for future medical therapy of this disease. If the physician can 
measure the novel risk factors such as GGT and RBP, in patients who present with 
an aortic valve murmur then targeting these risk factors may slow progression. 
The stethoscope can become an inexpensive screening tool for this pathologic 
process and possible preclinical atherosclerosis. If there are no identifiable risk 
factors then genetic considerations may play a role. Progress in this field, will 
make a difference for the future delay in the timing of surgery for these patients 
in the future.

 Summary

The understanding of these signaling pathway and atherosclerotic risk factors and 
the role of blood pressure, is shown in Fig. 9.1, which outlines the interactions of the 
interrelated concept of traditional cardiovascular risk factors, and identified cellular 
targets for the treatment of left sided valve disease with increase activation of Lrp5 
receptor complex in the presence of lipids with an increase in activation with higher 
pressures. Fig. 9.1, demonstrates the normal valve endothelial cells is located at the 
top of the figure. In the presence of lipids, the valve endothelium is activated and 
abnormal oxidation states develop. The myofibroblast cells then begin to proliferate 
and synthesize extracellular bone matrix proteins with the upregulation of the Wnt/
Lrp5 activation [34, 46, 47]. These proteins overtime mineralize and calcify and a 
calcified aortic valve develops as shown at the bottom of the figure. The changes in 
pressure is a gradient in the heart, as the pressure increases in the left sided of the 
heart the force on the Lrp5 receptor increases to upregulate over time more calcifi-
cation in the aortic valve and cartilage in the mitral valve and no evidence of disease 
in the right sided valves due to low pressures.
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10Osteocardiology: The Go/No Go Theory 
for Clinical Trials

 Introduction

Recent epidemiological studies have revealed the risk factors associated for vas-
cular atherosclerosis, including male gender, smoking, hypertension and elevated 
serum cholesterol, are similar to the risk factors associated with development of 
calcific aortic valve disease (CAVD), calcific aortic disease (CAD) and coronary 
artery calcification (CAC). The results of the experimental and clinical studies 
demonstrate that traditional risk factors initiate early atherosclerosis which over 
time differentiates to form bone in the heart causing, clinical CAVD, CAD, and 
CAC. It is critical to understand the cellular mechanisms of cardiovascular calci-
fication, the end stage process of the atherosclerosis, to define the critical time 
point to modify this cellular process before it is too late. Experimental models 
suggest that medical therapies may have a potential role in patients in the early 
stages of this disease process to slow the progression of disease. To date, random-
ized clinical trials in this field have not demonstrated medical therapy can slow 
progression. Therefore, ongoing studies are necessary to translate cellular biology 
to turn basic science into future clinical success. This review will summarize the 
role of Wnt Signaling in osteocardiology to unravel the dilemma of the proper 
timing of therapy—the Go/No Go time point to slow progression of cardiovascu-
lar calcification.

As the global population ages, due to advances in medical therapies, calcific 
atherosclerotic disease is emerging as a common clinical diagnosis. For years car-
diovascular calcification was thought to be due to a degenerative phenomenon by 
which calcium attaches to the surface of the aortic valve leaflet and the lumen of the 
vasculature. In 2011, NHLBI recognized that CAVD is an active biologic osteo-
genic process [1]. Numerous epidemiologic studies were first identified by the 
Framingham study [2]. The traditional atherosclerotic risk factors include: smoking, 
male gender, body mass index, hypertension, elevated lipid and inflammatory mark-
ers, metabolic syndrome and renal failure [3–16].
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For decades, diagnosing calcification in the heart has been elusive. The advent of 
computed tomography has opened the window to diagnosing calcification, and cal-
culating the amount of calcification using the Agatston Score [16–18]. Understanding 
why calcification develops secondary to atherosclerosis in specific locations in the 
heart which include the coronary artery, left-sided cardiac valves, and the aorta has 
not been well defined until recently [19]. Understanding the hemodynamic and 
molecular mechanisms of calcification is critical towards understanding the end-
stage calcified phenotype of atherosclerosis or osteocardiology provides the foun-
dation for defining the timing and phenotype expression of bone formation in the 
heart. The osteocardiology theory correlates experimental evidence with hemody-
namic calculations to define the cellular mechanisms of calcification to turn basic 
science into future clinical success.

 Osteocardiology Risk Factors: The Bone-Heart Paradox

For decades, scientific investigations such as the Framingham Heart Study, the 
Cardiovascular Health Study, and Multi-Ethnic Study of Atherosclerosis, have stud-
ied risk factors, which contribute to the pathogenesis of atherosclerosis in the devel-
opment of cardiovascular disease. Atherosclerosis is a disease in which plaque 
builds up inside the artery over time. Investigators have determined the risk factors 
for atherosclerosis utilizing large databases of patients and analyzing the risks asso-
ciated with specific diagnosis of cardiovascular disease. Over the past 50  years, 
these large databases have helped to answer several questions important in the 
understanding of the risk factors and the calcium burden as it relates to, CAVD [20], 
CAC [21], and CAD [22].

The Multi-Ethnic Study of Atherosclerosis (MESA) study has been instrumental 
in defining the amount of calcium in the heart, and the associated subclinical risk 
factors associated with calcification in the heart. Recently, mitral annular calcifica-
tion (MAC) was also defined in the MESA database [23], as independently associ-
ated with cardiovascular risk factors including age, gender, diabetes mellitus, body 
mass index, status of current smoking and use of lipid lowering therapy. These 
important databases, in addition to defining the calcium burden in the heart as mea-
sured by CT scan, have identified novel risk factors such as Lp(a), which is specific 
to causing CAVD [20, 24]. All of these studies, have demonstrated that traditional 
atherosclerotic risk factors are in part responsible for the development of CAVD, 
CAD, CAC, and MAC, associated with variable calcification expression depending 
on the anatomic location. Defining the osteocardiology phenotype recognizes that 
in the presence of these traditional risk factors, calcification can develop in specific 
locations in the heart which include: the left-sided heart valves, the aorta, and the 
coronary artery.

In addition, large epidemiologic databases have further developed the con-
cept that atherosclerosis and osteoporosis develops simultaneously secondary to 
traditional cardiovascular risk factors [25]. Calcification in the heart and osteo-
porosis in the bone is a common diagnosis in the aging population. The paradox 
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of bone formation in the heart and thinning bone in the femur secondary to 
atherosclerosis has been confirmed in a LDLR null mouse model [26]. 
Understanding of the parallel role of bone in the heart is becoming increasing 
important since the phenotype of calcification in the valve is similar to an osteo-
genic process [27]. This paradox provides a foundation for the theory correlat-
ing risk factors, epidemiology, disease mechanisms and possibility for medical 
therapy.

 Translating Experimental Studies into Understanding 
Osteocardiology: The LDL-Density-Radius Theory

Lessons from the experimental studies have evolved into a series of clinical param-
eters, which provide the foundation for an algorithm to treat CAVD, CAC and CAD: 
the LDL-Density-Radius Theory [28]. From a valve and vascular biologist perspec-
tive, the possibility for medical therapy for osteocardiology resides in two funda-
mental differences in vascular versus valvular biology: first is calculating the 
magnitude of LDL lowering necessary to treat the process, and second is the differ-
ence in the radius between the aortic valve and that of the vessel. These differences 
are important to understand for the final analysis of these trials, and for the future 
trial design for osteocardiology.

The hypothesis to measure the effects of lipid lowering in slowing the progres-
sion of osteocardiology is dependent on two axioms, biology and hemodynamics. 
The experimental data demonstrates that lipids activate the bone differentiation 
within atheroma in the valve and in the vessel. The first axiom is the LDL density 
theory. The first axiom accounts for the effect of low-density lipoprotein (LDL) 
biology in atherosclerosis. If the risk factors of elevated cholesterol and LDL are 
important in this disease then measuring lipid lowering using standard established 
assays for LDL in the treatment of valve disease becomes necessary. This approach 
does not take into account the effect of other inflammatory contributors to this dis-
ease including Lp(a) [20, 24], and other inflammatory markers, which also contrib-
ute to the pathogenesis of valvular and vascular disease but are not routinely 
measured in everyday clinical practice.

The direction of the LDL affects the vascular lumen in an inward direction caus-
ing occlusion overtime, as shown in Fig. 10.1, Panel a. The direction of this LDL 
affects the valve is an upward direction along the y-axis along the aortic surface of 
the valvular fibrosa. Overtime, the leaflets stiffen and can fuse in some valves. The 
overall effect on the radius is a reduction in the aortic valve opening and obstruction 
which leads to progressive stenosis of the valve and calcification of the aorta as 
shown in Fig. 10.1, Panel b. Figure 10.1, Panel c, demonstrates a formula to calcu-
late the percent reduction of the LDL density before and after therapy similar to the 
calculation derived in the Reversal trial measuring reductions in atheroma volume 
in coronary artery disease [29]. Calculation of the percent lowering of LDL density 
in a valve trial allows for the potential to calculate the improvement on the biologic 
effect of LDL on this disease.

Translating Experimental Studies into Understanding Osteocardiology



92

a

b

c

d1

e

f1 f2 f3

d2

Fig. 10.1 The LDL-Density-Radius Theory [44] (Permission obtained for reproduction). Panel a 
vascular lumen and radial direction of disease. Panel b aortic valve leaflet and Y-axis direction of 
disease. Panel c axiom one: LDL-density theory. Panel d1 Bernoulli equation. Panel d2 modified 
continuity equation for aortic valve area. Panel e Resistance for Fluid Flow. Panel f axiom two: 
radius theory, f1 FFR in CAC; f2 AVA in CAVD; f3 AG score in CAD

The second axiom for the theory is the radius theory. This hemodynamic radius 
principle is based on the biologic direction of this disease. The second axiom calcu-
lates the biologic effect of the changes in the radius for specific the anatomic loca-
tion in the heart. Fig. 10.1, Panel d1, the formula for Bernoulli flow through a pipe, 
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as modified [30] for echocardiography. Figure  10.1, Panel d2, is the formula to 
calculate aortic valve areas by echocardiography using the doppler technique [31]. 
The derivation of the Bernoulli Principal for this equation includes the drop of the 
calculation for the flow acceleration and the viscous friction because the velocity 
profile in the center of the lumen is usually so low that the effect of viscous friction 
becomes insignificant and not necessary to calculate. Clinically, the viscous friction 
factor has been ignored as part of the continuity equation in aortic valve disease as 
defined by the echocardiography physiologists [32].

However, the concept of viscous friction becomes important when comparing 
vascular trials to valvular trials. The size of the radius plays a very important role in 
the time to see treatment effects, which are defined by vascular clinical end-points 
such as ischemia and acute myocardial infarction. Clinical results from the trial 
entitled FAME [33], revealed the most stringent results for the role of Fractional 
Flow Reserve (FFR) in the diagnosis of physiologic critical stenosis in coronary 
artery disease in lesions. FFR as the continuity equation measure flow via pressure 
differential versus velocity differential as derived from the Bernoulli Equation. In 
20 centers in Europe and the United States, 1005 patients undergoing percutaneous 
coronary intervention with stent implantation, were randomized based on angiogra-
phy or based on FFR in addition to angiography. Results demonstrated that improved 
endpoints in the FFR group with less stent use in patients with angiographic signifi-
cant lesions and a FFR less than 0.80.

To date SEAS and SALTIRE, randomized clinical trials in valvular heart disease, 
were designed using the vascular trialists approach, which resulted in negative 
results in slowing progression of CAVD [34]. However, because the flow in the 
lumen of the vasculature is not flat due to a smaller radius [35], the viscous friction 
factor must be taken into account in evaluating the treatment effects within the vas-
culature as derived by Bernoulli’s original equation [35]. Therefore, the treatment 
effect of LDL lowering will have a more rapid effect on the vasculature as compared 
to the heart valve.

The importance of the smaller radius is shown in Fig. 10.1, Panel e, which is the 
calculation of resistance of fluid through a pipe. If the size of the radius(r) is signifi-
cant in the calculation of flow, then the inverse r4 dependence of the resistance 
becomes important in the treatment a smaller radius versus a larger radius in the 
aortic valve area as viscosity increases by a factor of 16. Therefore, comparing the 
rates of improvement in a vascular trial versus a valvular trial will be different due 
the differences in the size of the radius and the derivation of the modified Bernoulli 
equation for the echocardiographic formula for valve areas. The Continuity Equation 
drops the calculation of viscous friction due to the large size of the radius of the 
outflow tract of the left ventricle.

To measure the treatment effect for coronary artery disease: Fig. 10.1, Panel f1, 
is the calculation for the percent improvement for the FFR. To measure the treat-
ment effect for aortic valve disease: Fig. 10.1, Panel f2, is the calculation for percent 
improvement for AVA. To measure the treatment effect for aortic disease: Fig. 10.1, 
Panel f3, is the calculation for the percent improvement for aortic disease. 
Mathematically and biologically, clinical trials for aortic valve disease may con-
sider the following two axioms for targeting the disease biology in terms of the 
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radial direction of disease and the magnitude of the LDL density to activate the 
atherosclerotic process according to Bernoulli’s original formula and the effect on 
resistance and fluid flow. The effect will require a longer period of time to see slow-
ing of progression in the Aortic valve area for the reasons described in the LDL- 
Density- Radius Theory. Furthermore, the effect may be masked in the results of the 
published trials as the patients were randomized to treatment and the 2 axioms 
described in this theory are not accounted for in the randomization protocol.

 Timing of Therapy: Osteocardiology Go/No Go Theory

The timing of treatment to slow progression of calcification in the heart has 
been difficult to achieve with randomized clinical trials. Clinical trials targeting 
calcification in the coronary artery, aortic valve and aorta have been variable, 
but for the most part negative in part for several reasons. First for years this 
disease was thought to be due to a degenerative process secondary to passive 
calcification in the heart. A full understanding of the biology of atherosclerotic 
calcification in the heart will help to understand the initiation, early atheroscle-
rosis manifesting in subclinical disease, and late calcification manifesting in 
severe clinical disease. The concept of identifying and treating early pre-clinical 
atherosclerosis-versus late calcification defines the principle of go/no go binary 
classification of the disease compendium. Figure 10.2, demonstrates from a bio-
logic and clinical perspective the Go/No Go timing for the treatment of calcifi-
cation in the cardiovascular system. Treat the modifiable disease while it is 
treatable in a “Go” state, versus working on treatments before it is too late—
severe calcification or the “No Go” state. The trial will be positive only when the 
Go condition is met, and also when the No Go condition fails such as the ran-
domized control trials in aortic valve disease [36–38]. In the future, the design 
of clinical trials in atherosclerotic heart disease, needs to focus on the early 
subclinical phase of atherosclerosis—the Go phase of disease, to try and reverse 
atherosclerosis as found in the Reversal Trial.51 Once calcification starts then 
medical therapies may have the possibility of halting progression, but the clini-
cal trials in calcific aortic valve disease, demonstrate that the disease progressed 
despite intensive lipid lowering therapy [36–38].

 MESA Predictions

MESA has become invaluable in describing subclinical risk factors and the associa-
tion of calcification in the heart. In summary, there have been over 1200 publica-
tions from MESA research, however, the critical discoveries in the role of 
calcification and the timing, risk factor in subclinical atherosclerosis will provide 
the foundation for the timing of the Go/No Go theory of clinical trials in the field of 
osteocardiology.
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 CAC

 1) The prevalence and 75th percentile levels of CAC were highest in white males 
and lowest in African American and Hispanic females.

 2) In addition, a recent cost-effectiveness analysis based on data from MESA 
reported that CAC testing and statin treatment for those with CAC > 0 was cost 
effective in intermediate-risk scenarios.

 3) Furthermore, a recent MESA analysis compared these CAC-based treatment 
strategies to a “treat all” strategy and to treatment according to the ATPIII guide-
lines with clinical and economic modeled over both 5- and 10-year time hori-
zons. The results consistently demonstrated that it is both cost-saving and more 
effective to scan intermediate-risk patients for CAC and to treat those with 
CAC ≥ 1 that to use treatment based on established risk assessment guidelines.

 4) Atherosclerosis is a chronic, progressive, inflammatory disease with a long 
asymptomatic phase. The long asymptomatic phase of the disease process, is a 

Fig. 10.2 The Go/No Go Osteocardiology Theory: Timing to treat calcification in the cardiovas-
cular system while the disease process is in the subclinical stage of atherosclerosis prior to the 
development of severe disease and calcification [44] (Permission obtained for reproduction)

Timing of Therapy: Osteocardiology Go/No Go Theory
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critical time point for identifying risk factors, initial stages of disease and any 
sign of early calcification to treat, modify and try to halt, slow or reverse pro-
gression. race/ethnicity [39].

 5) The presence of existing coronary artery calcification did not affect these asso-
ciations of Lp(a) and CAVD.

 CAVD

 1) The risk factors in MESA associated with the newly diagnosed CAVD, included 
age, male gender, body mass index, current smoking, and the use of lipid- 
lowering and antihypertensive medications.

 2) Among those with CAVD at baseline, the median rate calcification progression 
was 2 Agatston units/year [40]. The baseline Agatston score was a strong, inde-
pendent predictor of progression, especially among those with high calcium 
scores at baseline.

 3) In conclusion, in this MESA, preclinical cohort, the rate of incident CAVD 
increased significantly with age.

 4) MESA also confirmed the discovery of Lp(a) as a significant risk factor for 
CAVD [20].

 5) Importantly, they found that aortic valve calcium independently predicts coro-
nary and cardiovascular events in a primary prevention MESA population [41].

 CAD

 1) MESA is the first to determine parallel risk factors for traditional cardiovascular 
risk factors and risk factors for CAD, with a long term subclinical phase until it 
reaches clinical overt disease.

 2) The study indicates that CAD is a significant predictor of future coronary events 
only in women, independent of coronary artery calcification (CAC) [42].

 3) MESA confirmed the independent association between volumetric trabecular 
bone mineral density (vBMD) of the lumbar spine and coronary artery calcifica-
tion (CAC) and calcific aortic disease (CAD) [43].

 4) The Montreal Group also defined the extent of calcific aortic disease in the FH 
population, including the first to describe a gene dosage effect [22] and an asso-
ciation with age for progression.

 Summary

For the past 50 years, catheter hemodynamics, echocardiography, angiography, 
CT imaging and timing of surgery have evolved as the diagnostic and therapeu-
tic approach for CAVD, CAC, MAC and CAD.  In the past decade, with the 
advent of experimental models and genetic testing, recognition that the aortic 
valve has an active cellular biology which incorporates risk factors, osteogenic 
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phenotype and the potential for medical therapy to slow progression. The Wnt 
signaling pathway activates mesenchymal cell differentiation in the valve and 
vasculature for the development of an osteoblast phenotype. The future manage-
ment of this disease process will include the understanding of these different 
mechanisms for future medical therapy of this disease. If the physician can 
define the traditional risk factors in patients who present with an aortic valve 
murmur then targeting these risk factors may slow progression. The stethoscope 
can become an inexpensive screening tool for this pathologic process and pos-
sible subclinical atherosclerosis. If there are no identifiable risk factors then 
genetic considerations may play a role. Progress in this field, will make a differ-
ence for the future delay in the timing of surgery for these patients in the future. 
In 2017, incorporation of risk factor evaluation, diagnosis of subclinical and 
clinical disease, and the overall health of the patient in future cardiovascular 
risk management will be the most important clinical and scientific approach 
towards treatment of our patients. Understanding the biology of calcification 
will help to understand the timing, the future clinical trial design and duration 
of therapy to achieve success in treating osteocardiology secondary to 
atherosclerosis.
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