
Series Editor: Peter P. Toth
Contemporary Cardiology

Elena Aikawa
Joshua D. Hutcheson   Editors

Cardiovascular 
Calcification 
and Bone 
Mineralization



Contemporary Cardiology

Series Editor

Peter P. Toth
Ciccarone Center for the Prevention of Cardiovascular Disease
Johns Hopkins University School of Medicine
Baltimore, MD, USA



For more than a decade, cardiologists have relied on the Contemporary Cardiology 
series to provide them with forefront medical references on all aspects of cardiology. 
Each title is carefully crafted by world-renown cardiologists who comprehensively 
cover the most important topics in this rapidly advancing field. With more than 75 
titles in print covering everything from diabetes and cardiovascular disease to the 
management of acute coronary syndromes, the Contemporary Cardiology series has 
become the leading reference source for the practice of cardiac care.

More information about this series at http://www.springer.com/series/7677

http://www.springer.com/series/7677


Elena Aikawa • Joshua D. Hutcheson
Editors

Cardiovascular Calcification 
and Bone Mineralization



ISSN 2196-8969     ISSN 2196-8977 (electronic)
Contemporary Cardiology
ISBN 978-3-030-46724-1    ISBN 978-3-030-46725-8 (eBook)
https://doi.org/10.1007/978-3-030-46725-8

© Springer Nature Switzerland AG 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

This Humana imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editors
Elena Aikawa
Department of Medicine
Brigham and Women’s Hospital
Harvard Medical School
Boston, MA 
USA

Joshua D. Hutcheson
Department of Biomedical Engineering
Florida International University
Miami, FL 
USA

https://doi.org/10.1007/978-3-030-46725-8


v

Foreword

Cardiovascular calcification is the most common type of ectopic calcification. It is 
a frequent complication of vascular disease such as atherosclerosis and constitutes 
an important vascular aspect of systemic disorders including diabetes, renal failure, 
premature aging, and inflammatory disease. Furthermore, calcific aortic valve dis-
ease, considered a distinct type of cardiovascular calcification, is the most prevalent 
form of heart valve disease in the developed world and is projected to steadily 
increase during the next few decades. The calcific changes augment morbidity and 
mortality in cardiovascular disease and create significant obstacles during vascular 
interventions and surgeries such as coronary artery bypass grafting and heart valve 
replacement. Overall, the number of patients with complications of cardiovascular 
calcification and the cost in terms of human suffering and healthcare costs are rising.

Historically, the interest in cardiovascular calcification was triggered by a num-
ber of observations by early pathologists, who reported the resemblance of the cal-
cification to bona fide bone as well as associations between calcification and 
vascular disease. As early as 1863 Rudolph L.C. Virchow, “the father of modern 
pathology,” noted that “we have really to do with an ossification” and “the plates, 
which pervade the inner wall of the vessel, are real plates of bone.”

The descriptions of the cardiovascular calcification involved elements of bone, 
cartilage, and even bone marrow-like tissues and fat. In light of these observations 
together with the more recent findings of bone-regulatory factors, our perception of 
calcification as something irreversible and unregulated changed. The prospects of 
prevention and treatment became tangible as we realized that the trajectory of car-
diovascular calcification could indeed be modified. This realization coincided with 
the emergence of new approaches in cell and molecular biology and improved clini-
cal imaging for quantification of calcification and percutaneous vascular and valvu-
lar interventions. The discovery of osteochondrogenic differentiation in vascular 
cells could also be seen as a precursor to the subsequent rise of the stem cell field, 
all of which contributed to the establishment of cardiovascular calcification as a 
highly translational, evolving, and dynamic research field.

The integration of the different aspects of calcification led to a greater under-
standing of how mineralization impairs the physiology of the cardiovascular 
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system. We know that calcified regions can influence the stability of atherosclerotic 
lesions depending on the size, shape, and location of the mineral. We have examined 
how vascular cells derived from the endothelium, vascular media, or adventitia turn 
normally compliant vessels into bone and cartilage and how extensive mineraliza-
tion alters the elasticity of the arteries. As a consequence, blood pressure regulation 
and organ perfusion will suffer. We are also familiar with the deleterious effects of 
calcific build-up on the aortic valve that results in aortic stenosis, impaired coronary 
blood flow, and ultimately heart failure.

We later discovered how essential signaling in bone growth is re-purposed to 
promote cardiovascular calcification. Enhanced levels of phosphate, glucose, and 
lipids resulting from kidney disease, diabetes, and atherosclerosis have powerful 
effects on mineral precipitation and the reactivation of developmental factors. Bone-
promoting factors such as the bone morphogenetic proteins, Wnt signaling, and 
alkaline phosphatase are activated in the vessels, but can also be counteracted by an 
array of calcification inhibitors. The formation of osteoclasts, central in bone resorp-
tion, is activated in the calcified vessels through osteoprotegerin and its ligands. 
This has allowed for an understanding of the role of bone-remodeling in shaping 
vascular calcification, a process that could be exploited for therapeutic aims. The 
emergence of new tools such as single cell sequencing and “omics” approaches will 
enable us to further characterize the individual calcifying cells and their signaling 
patterns, and thereby enhance our understanding of their unique features. We should 
also be able to better examine cell responses elicited by the surrounding matrix and 
how modifications of matrix components such as elastin would alter the course of 
calcification.

The similarities between arteries and bone also extend to extracellular vesicles. 
These bone-related mediators of mineral precipitation have similarly been shown to 
drive smooth muscle cell mineralization in the vascular wall. Moreover, we have 
gained insight into the interactions between biomechanical factors, oxidative stress, 
and inflammation that are able to create “perfect storms” that can further cardiovas-
cular calcification. This is especially notable in the aortic valves where the two sides 
of the valves experience striking differences in flow conditions and calcific changes. 
Simultaneously, biomineralization of prosthetic valves is continuing to gain in 
importance given the growing number of valve replacement and the effects of calci-
fication on the integrity and longevity of the prosthetic valves.

In order to address the differences between the cardiovascular calcification and 
normal bone mineralization, new bridges had to be created between vascular, valvu-
lar, and bone biology. Paradoxes were found in these comparisons between bones 
and arteries, allowing us to obtain information that will eventually assist in the tar-
geting of anti-calcific treatments to the vessels while sparing the bones. This is a 
critical point since cardiovascular calcification frequently coexists with bone disor-
ders, which are characterized by deficiencies in mineralized bone such as 
osteoporosis.

The last few decades have radically changed our view of cardiovascular calcifi-
cation, and this newfound awareness is finding its way into day-to-day patient care. 
The underlying basic science of cardiovascular calcification is moving swiftly to 
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suggest new treatment strategies. The clinical sciences are continuously enhancing 
the imaging modalities used to detect and monitor calcification over time. There is 
a clear expectation that our expanding knowledge will ultimately be translated to 
new and better strategies for prevention and treatment of clinical calcific disease. It 
will be greatly supported by the effort to summarize the present understanding of 
cardiovascular calcification in this comprehensive scientific work. This volume is 
written and edited by experts in different areas of cardiovascular calcification, sev-
eral of which have made ground-breaking discoveries and created new perspectives 
on calcification. Their combined efforts are certain to prove useful to trainees and 
experts at all levels who wish to broaden their knowledge base in cardiovascular 
calcification.

Kristina I. Boström, MD, PhD
Division of Cardiology,  

David Geffen School of Medicine, UCLA
Los Angeles, CA, USA
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Calcification—the formation of calcium-based minerals—is an integral part of 
human physiology and disease. Calcium mineral in bones provides the structural 
support required for uprightness and locomotion, and interacts with other tissues to 
maintain whole body homeostasis. Bone is remarkably dynamic with active turn-
over governed by precise cellular and molecular mechanisms that adapt the skeleton 
in response to cues such as mechanical loading, fracture, and inflammation. The 
underlying mechanisms remain poorly understood and constitute active areas of 
research that seek to develop therapeutics and engineered tissues to promote miner-
alization, treat bone disorders, and restore normal skeletal function.

Humans have long recognized, however, the harmful effects of excessive miner-
alization. In Greek mythology, the sheer sight of the monster Medusa turned onlook-
ers to stone. Christianity, Judaism, and Islam all describe the fate of Lot’s wife, who 
turned to salt after looking back on the condemned city of Sodom. As bones provide 
mechanical rigidity and structure for the body, the function of all other organs relies 
on varying degrees of compliance. Pathological mineral formation in soft tissues—
known as ectopic calcification—compromises organs’ biomechanical integrity and 
function. This is perhaps most apparent and widely studied in the context of cardio-
vascular disease. Calcification of arteries and the aortic valve increases the resis-
tance to blood flow from the heart. The resultant increase in cardiac work can lead 
to heart failure. The presence of small calcium mineral deposits—known as micro-
calcification—in atherosclerotic plaques causes mechanical stress. Elevated 
mechanical stress can result in plaque rupture, the most common cause of acute 
heart attacks and strokes. The recognition that many of the mechanisms that lead to 
cardiovascular calcification mirror the active processes that regulate bone remodel-
ing has led to hope that therapeutics could prevent or reverse this pathology in at-
risk individuals. To date, however, treatment strategies do not exist, and ongoing 
research continues to fill critical knowledge gaps in cardiovascular calcification.

Likely due to the appreciation that aortic valve and arterial calcification are the 
best predictors of and direct contributors to general morbidity and mortality, cardio-
vascular calcification is the most commonly reported form of ectopic calcification. 
Mineralization, however, has been noted in a myriad of tissues and pathologies, 

Preface



x

including degenerative brain diseases, cancers, the placenta, and traumatic injuries, 
and ongoing studies seek to understand the associated mechanisms and significance 
of calcification in these contexts. Calcification studies, including those on cardio-
vascular and bone mineral, often exist within field-specific silos. Even within a 
given field, such as cardiovascular calcification, communication barriers often occur 
between scientists who focus on specific topics such as calcific aortic valve disease, 
atherosclerotic calcification, diabetes or chronic kidney disease-mediated calcifica-
tion, and peripheral artery disease. The disease context frequently takes precedence 
over calcification when researchers seek the most appropriate audience at confer-
ences or through journal publications. The unique goal of this book is to break these 
silos and aggregate knowledge and research techniques from across various fields of 
calcification into a single source. This will provide a resource to researchers, clini-
cians, and other medical professionals and promote interdisciplinary dialogue, 
potentially leading to solutions to problems within fields through cross-disciplinary 
knowledge transfer.

Reflecting both the expertise of the editors and the large associated clinical sig-
nificance, discussions on cardiovascular calcification comprise a majority of the 
text. The associated chapters, written by renowned experts from across cardiovascu-
lar research and medicine, discuss the current mechanistic hypotheses in various 
vascular beds and disease contexts. The contributions conclude with chapters that 
provide a translational view that describe how mechanistic insight from basic 
research has begun to transform cardiovascular diagnostics and clinical decision-
making, including potential forthcoming therapeutic approaches. Between the car-
diovascular-focused sections, experts in bone mineralization and non-cardiovascular 
forms of ectopic calcification provide insight into current paradigms from across the 
spectrum of calcification. Being the most mature of these fields, bone research has 
informed many of the mechanistic pathways and methodologies utilized in other 
calcification studies. The section on bone mineralization may continue to serve as a 
useful reference for investigators in ectopic calcification, but as these fields continue 
to mature, bone researchers may begin to learn from approaches developed to 
address pathological mineral formation.

The mechanisms, experimental methods, and clinical insight presented in the 
following chapters provide a starting point for future conversations and collabora-
tions to advance all areas of calcification research. Initiating interdisciplinary con-
versations can often be a daunting task, and much credit goes to the authors who 
contributed chapters to this book for their enthusiasm to participate in this effort. 
The contributions were written with a goal of appealing to all interested readers. 
The authors elegantly delivered on this goal without sacrificing depth. Where pos-
sible, the chapters are cross-referenced within the text such that the interested read-
ers can take their own starting point and allow the material to suggest the next 
relevant chapter—a choose your own adventure approach! We (not completely 
objectively), however, suggest starting with The History of Cardiovascular 
Calcification, which provides some historical context to frame the subsequent 
chapters.
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Chapter 1
The History of Cardiovascular 
Calcification

Joshua D. Hutcheson and Elena Aikawa

 Introduction to the History of Cardiovascular Calcification

Despite the critical role of calcium-based mineral in human locomotion, food inges-
tion, and determination of morbidity, our understanding of mineralization mecha-
nisms continues to evolve. Recognition of the structural integrity and biomechanical 
strength of bones goes back to Neanderthal populations, which used bones to 
develop tools and weapons [1]. The recognition of bone as an active tissue that 
continuously remodels has developed over the past century [2], and research into 
the mechanisms that regulate bone turnover remain ongoing. More recently, calcifi-
cation has gained recognition as an indicator of pathological remodeling in soft 
tissues, and many of the associated mechanisms appear to mirror active bone min-
eral deposition. Much like bone, ectopic calcification in soft tissues remains an 
active area of research with many efforts focused on therapeutics that can stop or 
reverse the pathological mineralization without affecting bone mineral. Our pur-
pose in this chapter is to briefly review the history of calcific mineral research and 
the history of calcification in human health and disease, which we hope will serve 
as an introduction to the other chapters in this section. A full history of the tremen-
dous amount of work that has gone into the study of cardiovascular calcification 
could fill an entire textbook. The subsequent chapters include literature reviews and 
historical records to orient the reader on the subject matter discussed in each. This 
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chapter provides a short, high-level overview to demonstrate the evolution in our 
understanding of the formation, regulation, and implication of calcific mineral in 
cardiovascular disease.

 Pathological Mineralization: Marker and Maker 
of Cardiovascular Morbidity

Due to the ability to identify mineral with high contrast using computed tomogra-
phy, vascular calcification has become a reliable marker to determine the presence 
of atherosclerotic plaques [3, 4]. The presence of mineral in mummified human 
remains has shown that atherosclerotic plaque development is not a unique conse-
quence of modern life [5, 6]. While our relatively sedentary modern lifestyle and 
abundance of high-energy food sources can exacerbate arterial remodeling, whole 
body computed tomography scans of mummies from four geographical populations 
showed a positive correlation between the degree of calcification and estimated age 
at the time of death [5]. One quarter of the mummies exhibited calcification in at 
least one vascular bed, and 9% had calcification in three or more beds. The preva-
lence of vascular calcification across geographic distinct populations, even in Inuit 
mummies who likely led an active lifestyle with a heart-healthy marine-based diet 
[6], suggests a basic human predisposition for atherosclerosis regardless of diet and 
lifestyle.

Given the clear association between calcification and atherosclerosis, coronary 
artery calcium scores have emerged as the most reliable tool to stratify individual 
risk of future cardiovascular morbidity and mortality [7, 8]. Higher calcium min-
eral in the coronary arteries associates with elevated risk of major acute cardiovas-
cular events, and individuals with a coronary artery calcium score of zero have 
exceedingly low cardiovascular event risk. In a complete reversal from recent 
dogma in aggressive use of lipid-lowering statin therapeutics, the American Heart 
Association now suggests that doctors may consider foregoing lipid-lowering statin 
treatment of patients with moderately high “bad” cholesterol levels but no detect-
able vascular mineral [9]. Atherosclerosis leads to narrowing of the arterial wall as 
noted by Leonardo da Vinci in the early 1500s [10]. The resultant reduced blood 
flow can result in tissue necrosis. The advent of catheter-based interventions and 
bypass procedures allows clinicians to intervene—although not always without 
complications—inpatients who present with conditions such as stable angina. 
Acute events, however, caused by the sudden rupture of atherosclerotic plaques and 
subsequent artery-occluding thrombosis remain a major unmet problem in cardio-
vascular medicine.

The association between calcification and acute cardiovascular event risk has 
challenged previous notions that the presence of mineral provides mechanical sta-
bility in atherosclerosis [11, 12]. Computational analyses have shown that microcal-
cifications embedded in the fibrous cap of atherosclerotic plaques can exacerbate 
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mechanical stress and potentiate plaque rupture—the leading cause of thrombotic 
events that result in heart attacks [13–15]. These computational predictions that 
associate mineral morphology with plaque instability support clinical observations 
that the presence of “spotty” calcification in coronary arteries associates with ele-
vated risk compared to dense calcification [16–18]. Though computed tomography 
does not provide the spatial resolution necessary to image small plaque- destabilizing 
microcalcifications (~5–15 μm), the “spotty” calcification (>30 μm), features may 
indicate ongoing calcification remodeling and a higher likelihood of the presence of 
microcalcifications. Positron emission tomography (PET) can detect 18F-sodium 
fluoride tracer, which binds hydroxyapatite mineral [19]. The high mineral surface 
area in regions of microcalcifications amplifies the PET signal [20], offering a 
potential diagnostic technique to identify vulnerable plaque [21].

Atherosclerotic calcification occurs in plaques that form in the intima of the 
arteries, but mineral can also form in the medial layer independent of the presence 
of plaques. Widespread medial calcification is also known as Monckeberg’s arte-
riosclerosis. First described by J. G. Monckeberg in 1903 [22], calcification of the 
elastin-rich medial layer of large- and medium-sized arteries reduces elasticity 
important in blood flow and increases system resistance. The resultant increase in 
cardiac work required to move blood through the body can lead to heart failure 
[23]. Unlike atherosclerotic calcification, Monckeberg’s arteriosclerosis associates 
with worse outcomes as the mineralization progresses and becomes larger. The 
clinical outcomes associated with medial calcification, such as Monckeberg’s arte-
riosclerosis, are similar to those for calcific aortic valve disease. Thin, membra-
nous aortic valve leaflets respond to changes in cardiac pressure to ensure 
unidirectional blood flow from the heart to the rest of the body. When mineral 
deposition hinders the motion of these leaflets, the heart must generate higher pres-
sure during systolic contraction to eject blood, ultimately resulting in ventricular 
remodeling and heart failure if the valve is not replaced [24]. The resultant aortic 
stenosis was first reported by Lazare Riviere in 1663 [25, 26], and in 1904, 
Monckeberg—of the medial calcification fame discussed above—noted the impor-
tance of calcific mineral in aortic valve leaflet degeneration in the aged and patients 
with rheumatic fever [27]. In the developing world, rheumatic fever remains a 
major contributor to calcific aortic valve disease and aortic stenosis. Both 
Monckeberg’s arteriosclerosis and calcific aortic valve disease are prevalent in dia-
betics and individuals with chronic kidney disease [28], which may be due to an 
imbalance of factors that inhibit and promote mineralization in these individuals. 
Calcific aortic valve disease can also result from aging and inflammatory-driven 
remodeling similar to those that mediate plaque formation during atherosclerosis 
[29]. Inflammation-derived calcification in arteries and valves was first compre-
hensively investigated using in vivo and ex vivo molecular imaging in mouse mod-
els [29, 30], and more recently this phenomenon has been confirmed in humans 
[31, 32]. Mineralization caused by mineral imbalance and inflammatory cues share 
similarities, but many of the factors controlling mineral deposition appear distinct 
[33, 34].

1 The History of Cardiovascular Calcification
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 The Tangled History of Physiological 
and Pathological Calcification

Regardless of the drivers of the mineralization in cardiovascular tissues, calcifica-
tion of arterial beds and aortic valve leaflets contributes significantly to morbidity 
and mortality, which begs the question: how does the mineral arise? Current mecha-
nistic understanding of cellular phenotypes and mineral formation in cardiovascular 
calcification is discussed more thoroughly in subsequent chapters, but it is now clear 
that mineralization often begins through active and controlled cellular processes. 
Cardiovascular mineralization was once thought to solely arise from cell death by 
necrosis or apoptosis. However, in response to pathological cues, resident cells 
within valve and vascular tissues can adopt phenotypic markers that mirror those 
observed in bone [35–37]. The associated mechanisms remain active areas of 
research, but early electron microscopy studies observed that the mineral formation 
resembles calcification of cartilage in the epiphyseal plate during bone develop-
ment. First reported by H. Clarke Anderson in the late 1960s [38], cartilage cells 
release specialized extracellular vesicles named as matrix vesicles, which sequester 
calcium and phosphate ions to form a nucleation core [39–41]. In 1976, Kook 
M. Kim, who performed early seminal research also using electron microscopy in 
aortic valve calcium mineral morphology and composition [42], noted the presence 
of matrix vesicles in association with calcification in human aortic valve leaflets and 
aortae [43]. In 1983, Anderson and colleagues extended their earlier work on 
vesicle- driven mineral formation to pathological vascular calcification, noting that 
“matrix vesicle-like structures are involved in the calcification of atherosclerotic 
lesions, as well as in arterial medial calcification” derived from vascular smooth 
muscle cells [44]. Subsequent studies have shown that the vesicles in vascular cal-
cification can also derive from other cells involved in arterial wall remodeling [45] 
and arise from intracellular trafficking mechanisms that appear different than those 
reported in bone [46, 47].

Also in a somewhat distorted mirror image of bone, cardiovascular calcification 
is influenced by mechanical forces. Leonardo Da Vinci recognized the importance 
of vascular geometry and altered blood flow patterns in cardiovascular function 
(i.e., blood does not follow laminar, unidirectional flow patterns) [10]. 
Atherosclerotic plaques do not form in random locations throughout the vascula-
ture. Studies in the mid-1970s led by Margot Roach and others showed that plaques 
develop in regions of altered shear stress [48]. Lipid deposition, arterial remodel-
ing, and subsequent calcification tend to localize to regions of disturbed, oscilla-
tory blood flow or eddies. Similarly, aortic valve calcification begins on the aortic 
aspect of the leaflets, in regions exposed to high blood oscillations during the car-
diac cycle [49, 50]. Leonardo Da Vinci was the first to describe the disturbed flow 
and its application to the cardiovascular system. Perhaps the greatest achievement 
in his anatomical work was the discovery of the way aortic valve works. For his 
entire life, Leonardo was fascinated by eddies of water and wind currents. He 
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employed his knowledge to determine that blood flow through the part of the aorta 
known as sinus of Valsalva produces eddies that contribute to valve closure. The 
sinuses of Valsalva are named after the Italian anatomist Antonio Valsalva, who 
published his study in the early 1700s. These structures could more correctly be 
called the sinuses of Leonardo, if Leonardo Da Vinci had published his discoveries 
two centuries before Valsalva [51]. The oscillatory shear stress induced in these 
regions of disturbed flow can alter endothelial cell phenotypes, which direct under-
lying remodeling within the tissue and may result in ectopic calcification. 
Analogous to bone, this behavior is reminiscent of osteocytes that sense oscillatory 
shear as interstitial fluid moves within bone during cyclic loading. As first reported 
in the mid-1990s [52], the resultant mechanotransduction and paracrine signaling 
increase mineralization by osteoblasts within the bone. The compressive deforma-
tion of bone tissue may also induce remodeling independent of fluid shear (though 
the two are difficult to decouple). In contradistinction, tensile mechanical loading 
and deformation can induce remodeling and calcification in valve [53] and vascu-
lar tissues [54].

The similar, though not always overlapping, features of physiological bone min-
eralization and cardiovascular calcification belie the common clinical observation 
that increased cardiovascular mineral coexists with osteoporotic bone loss in 
patients. Termed the “calcification paradox” by Linda Demer and others in the late 
1990s [55], studies have shown that bone and vascular cells respond in an opposite 
manner to stimuli such as pro-inflammatory oxidized LDL [55] and retinoids [56]. 
The basis of the divergent responses, however, remains poorly understood. Further 
studies are needed to better comprehend the similarities and differences between 
physiological and pathological mineral formation in order to develop therapeutics 
that modulate these processes independently.

 Concluding Remarks

Despite the fact that calcification has contributed to morbidity and mortality as far 
back as ancient civilizations and has been widely studied for centuries, therapeu-
tic approaches to prevent or treat ectopic calcification remain elusive. As dis-
cussed in subsequent chapters, our understanding of the molecular and material 
mechanisms of pathological mineral formation continues to evolve. The overarch-
ing goal of the following text is to aggregate calcification knowledge from across 
a variety of fields/tissues/diseases. Filling lingering knowledge gaps in mineral-
ization will require multidisciplinary expertise in molecular biology, biochemis-
try, medicine, engineering, and materials science among others. Breaking research 
silos will be an important part of overcoming remaining challenges. The history 
of cardiovascular calcification and other types of ectopic calcification is still being 
written.

1 The History of Cardiovascular Calcification
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Chapter 2
Basic Pathology of Arterial and Valvular 
Calcification in Humans

Atsushi Sakamoto, Yu Sato, Aloke V. Finn, and Renu Virmani

 Introduction

The presence of vascular calcium is synonymous with the development of athero-
sclerosis and has long been used as a surrogate marker for the presence of vascular 
disease. Population-based imaging studies suggested that coronary artery calcifica-
tion associates with the extent of atherosclerotic plaque burden and is an established 
predictor of future cardiac events [1]. However, at the pathological level, the rela-
tionship between coronary artery calcification and plaque instability is complex and 
is not fully understood. Moreover, peripheral arteries such as the lower extremity 
have distinct characteristics, since both intimal and medial calcifications are com-
monly observed, whereas coronary artery calcification is predominantly intimal. 
Carotid artery disease is limited to the unique anatomic location at the bulb of the 
carotid bifurcation where blood flow disturbance contributes to the acceleration of 
the atherosclerotic process.

Valvular calcification including degenerative aortic valve and mitral annular cal-
cification is commonly observed in the elderly population due to population aging 
especially in the developed nations. Pathologic and clinical studies have suggested 
a link between risk factors of atherosclerosis and valvular calcification, while the 
mechanisms of vascular and valvular calcification are not necessarily overlapping. 
Some of the congenital and acquired valvular heart diseases are often associated 
with valvular calcification; examples of the latter include bicuspid/unicuspid aortic 
valve, mitral valve prolapse, and rheumatic heart disease.

In this chapter, we will focus on calcification regarding human coronary and 
peripheral artery disease as well as aortic and mitral valvular calcification from a 
pathologic perspective.
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 Classification of Vascular Calcification

Arterial wall calcification is categorized into three distinct types: (1) inflammatory 
(atherosclerotic, mostly intimal), (2) metabolic (chronic kidney disease [CKD] and 
diabetes mellitus [DM], which include intimal and medial), and (3) genetic causes, 
e.g., pseudoxanthoma elasticum, generalized arterial calcification of infancy, arte-
rial calcifications attributable to deficiency in CD73, and others (Table  2.1) [2]. 
Atherosclerotic intimal calcification and medial calcification are thought to occur 
through different mechanisms (e.g., intimal calcification is related to lipid deposi-
tion or inflammation, while medial calcification is associated with specific location 
and is considered mostly a metabolic process although some overlap exists with 
intimal. A combination of risk factors such as hyperlipidemia, DM, and CKD all are 
associated with calcification of both the intimal and medial wall of particular blood 
vessels. Medial calcification is believed to originate from the conversion of smooth 
muscle cells (SMC) to osteochondrogenic-like cells due to upregulation of specific 

Table 2.1 Proposed categorization of common disease-associated pathological calcification

Category I Category II Category III

Mediators Inflammatory Metabolic Genetic
Commonly 
associated 
diseases

Atherosclerosis Chronic kidney disease; 
diabetes mellitus

Genetic disorders, e.g., 
PXE, GACI, ACDC, 
Marfan syndrome

Arterial site Intima Media Usually media
Regulatory 
manner

Gain of activators; loss 
of inhibitors

Loss of inhibitors; gain 
of activators

Loss of inhibitors; gain of 
activators

Molecular 
aspects

Osteogenesis and/or 
chondrogenesis; matrix 
vesicle release

Nucleation in vesicles 
or elastin; osteogenesis

Defects in various genes, 
e.g., ENPP1, ABCC6, 
NT5E, SLC20A2, MGP, 
OPG, Ank

Circulating 
factors

Lipids; cytokines; fetuin Phosphate; uremic 
toxins; glucose; soluble 
RAGE; fetuin

Various, e.g., ATP, 
pyrophosphate, adenosine, 
inorganic phosphate

Example local 
factors

Oxidized lipids; 
cytokines; matrix 
metalloproteinases

Elastin; proteases; 
AGEs; RAGE; 
transglutaminase; MGP

Elastin; fibrillin; 
pyrophosphate

Functional 
effect

Vascular stiffness; plaque 
vulnerability

Vascular stiffness Vascular stiffness

Possible 
analogous 
ossification

Endochondral 
ossification

Intramembranous 
ossification

Variable

Permission from Demer and Tintut [2]
PXE pseudoxanthoma elasticum, GACI generalized arterial calcification of infancy, ACDC arterial 
calcifications due to deficiency in CD73, miRs micro RNAs, ENPP1 ectonucleotidase pyrophos-
phate phosphodiesterase, ABCC6 ATP-binding cassette subfamily C member 6, NT5E 5′-nucleo-
tidase, ecto (CD73), SLC20A2 solute carrier family 20 (phosphate transporter), member 2, AGEs 
advanced glycation end products, RAGE receptor for AGEs, MGP matrix gamma-carboxyglutamic 
acid protein, OPG osteoprotegerin, Ank ankylosis protein
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osteogenic biomarkers [3]. Additionally, metabolic mediators may be involved 
along with genetic predisposition, which can lead to medial as well as intimal calci-
fication in the arterial wall. Thus, although we classified calcification into three 
broad categories, it must be recognized that a considerable overlap of mechanisms 
likely exists. More detailed mechanisms of vascular calcification are provided in 
Chap. 6.

 Pathology of Coronary Artery Calcification

 Natural History of Atherosclerosis Progression

The natural history of atherosclerosis includes a dynamic process from early lesion 
development to advanced stage of lesion progression complicated by acute luminal 
thrombosis (Fig. 2.1). Histologically, non-atherosclerotic intimal lesions (i.e., adap-
tive intimal thickening [AIT] or diffuse intimal thickening [AHA type I]) already 
exist from birth [4] and are often observed in atherosclerosis-prone regions. 
Although AIT is considered as a response to blood flow and is not considered an 
atherosclerotic process, it is likely an important transitional lesion especially in 
high-risk regions where more advanced atherosclerotic lesions (i.e., pathologic inti-
mal thickening [PIT]) are observed [5].

Fatty streak (FS) or intimal xanthomas (AHA type II) are characterized by infil-
tration of foamy macrophages and, to a lesser extent, lipid-laden SMC in the intima. 
Regression of FS has been observed over time, although the reason why macro-
phages migrate back into the lumen and diminish in certain locations is unclear [6]. 
Focal areas of accumulation of SMCs with proteoglycan-rich extracellular matrix 
(ECM) are found at the areas of intimal thickening without inflammation. It remains 
unclear whether the intimal proliferation is an adaptive vascular reaction against 
blood flow or a precursor of an advanced atherosclerosis [6, 7].

PIT (AHA type III) is recognized as the earliest lesions of the progressive athero-
sclerosis. “Lipid pool” is an essential intimal characteristic of PIT which is com-
posed by ECM proteoglycans and collagen type III derived from SMC as well as 
extracellular lipids, most of which are located deep within the plaque, close to the 
media [7]. Lipid pool is different from necrotic core (NC), a characteristic feature 
of fibroatheroma (FA) that contains acellular debris and lacks ECM; these lesions 
may be focal or diffuse. There is a lack of SMCs but remnants of SMC are observed 
within the lipid pool in PIT lesions. Negatively charged sulfate proteoglycans (e.g., 
versican, biglycan, and decorin) are observed in these locations and are proposed as 
contributors of lipoprotein retention at sites of lipid pools, which is the earliest ini-
tial atherogenic process [8–10], although the precise mechanism remains unclear.

FAs are characterized by the presence of an acellular NC, which must be dis-
tinguished from lipid pool PIT lesions since they imply further progression of 
atherosclerosis (AHA Type IV) [11]. FAs are the most distinguishable advanced 
plaque that consists of a well-defined lipid-rich NC encapsulated by surrounding 

2 Basic Pathology of Arterial and Valvular Calcification in Humans
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Angiogenesis
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Chronic total
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Fibrocalcific plaque
(Calcified sheet) Nodular calcification Fibrous plaque

Erosion Calcified nodule Plaque fissure

Pathologic intimal thickening (PIT) Fibroatheroma (FA)
Thin-cap

fibroatheroma
(TCFA)

Non-atherosclerotic intimal lesions

Lesions with acute thrombi

Other Lesions

PIT without macrophage PIT with macrophage

Underlying PIT Underlying FA

Single-layer Multiple-layers

Early FA Late FA

Progressive atherosclerotic lesions

Fig. 2.1 Spectrum of human atherosclerosis progression. The two nonprogressive lesions are 
adaptive intimal thickening (AHA type I) and intimal xanthomas (foam cell collections know as 
fatty streaks, AHA type II). Pathological intimal thickening (PIT, AHA type III, transitional 
lesions) marks the first of the progressive plaques since they are the assumed precursor to more 
advanced fibroatheroma (FA), which are classified into early and late FA. Thin-cap fibroatheroma 
(TCFA) is a precursor lesion of plaque rupture. Lesions with acute thrombosis are rupture, erosions 
(occur on a substrate of PIT or FA), and calcified nodules, and luminal discontinuity with or with-
out thrombus is plaque fissure. Other lesions seen in the coronary arteries are intraplaque hemor-
rhage, healed plaque ruptures (single-layer or multiple-layers), chronic total occlusion, fibrocalcific 
plaque (usually with calcified sheets), nodular calcification and fibrous plaques. (Modified with 
permission from Virmani et al. [7] and Yahagi et al. [11]) Abbreviations: Ca2+, calcification; FC, 
fibrous cap; LP, lipid pool; NC, necrotic core; Th thrombus
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fibrous tissue [7, 12], and we have proposed dividing it into early and late stages. 
The early stage of FA shows infiltration of macrophages into the lipid pool 
accompanied by focal regions of loss of ECM with greater presence of free cho-
lesterol but focal distribution of proteoglycans and other matrix proteins, like 
type III collagen, while NC of late FA demonstrates larger amount of free cho-
lesterol and discrete accumulation of cellular debris. The ECM in the NC of late 
FA is mostly depleted, presumably due to protein degradation by matrix metal-
loproteinases released from macrophages and SMCs. Moreover, large numbers 
of apoptotic macrophages are often observed within the NC, leading to abun-
dance of apoptotic bodies within the NC.  Intraplaque hemorrhage, apparently 
derived from leaky vasa vasorum, which has a poor endothelial cell-cell integrity 
near the NC, can lead to a substantial rapid luminal narrowing, secondary to 
intraplaque hemorrhage.

As the plaque progresses, the NC develops an overlying layer of thick fibrous 
tissue, i.e., fibrous cap, which is composed mostly of types I and III collagen, pro-
teoglycans, and interspersed SMCs with overlying endothelial cell layer. When the 
fibrous cap is thin, the lesion is known as a thin fibrous cap fibroatheroma (TCFA) 
or often described as “vulnerable plaque,” which may ultimately rupture resulting 
in a luminal thrombus that may or may not occlude the lumen. It is the fibrous cap 
thickness that determines whether the plaque is called a thin cap. The cutoff that is 
used to define a plaque as vulnerable was determined by measuring plaques with 
ruptures. The mean thickness of the cap nearest the site of rupture was 23 ± 19 μm 
and 95% of the caps measured <65 μm [13]; accordingly, the cap of TCFA was 
defined as less than 65 μm. Not only is the cap <65 μm but is composed mostly of 
type I collagen with infiltration by macrophages and T lymphocytes [14–16]. 
SMCs are rarely observed or may be absent due to apoptosis as shown by Libby 
et al. [17].

Plaque rupture (PR) is the most frequent cause of acute coronary syndrome 
(ACS) and accounts for 65% of all cases of luminal thrombosis [7]. Compared with 
TCFA, the NC is larger and there are a greater number of inflammatory cells in the 
fibrous cap of ruptured plaque. In general, the rupture of the fibrous cap occurs at 
the thinnest region where the cap is the weakest. It has been reported that the cap 
usually ruptures in the shoulder regions; nevertheless, a prior autopsy study demon-
strated that an equal number of ruptures occurred at the middle portion of the fibrous 
cap, especially if death occurred during exercise [18]. Different processes may be 
responsible for the final event of rupture, where macrophage density is the highest, 
and increased protease activity as well as high shear and tensile stresses [19] could 
contribute to weakening of the fibrous cap at the rupture site [20]. Moreover, mac-
rophage- or SMC-derived microcalcifications within a thin fibrous cap have been 
proposed to play an important role in the initiation of rupture [21]. At the sites of 
rupture, cellular and noncellular elements of circulating blood may contact directly 
with highly thrombogenic components of the NC (e.g., tissue factor), which could 
result in luminal thrombus formation. A platelet-rich white thrombus is observed at 
the culprit rupture site, while the thrombus containing fibrin and trapped erythro-
cytes is located at the sites of propagation at proximal and distal regions of rupture 
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site. Thrombus organization then follows and is characterized by accumulation of 
inflammatory cells, endothelial cells, and SMCs admixed with ECM such as proteo-
glycans and type III collagen.

Plaque erosion (PE) is the second most prevalent cause of ACS (25–30%). PE is 
defined as an acute thrombus in direct contact with the intima in an area devoid of 
endothelium. Fibrous cap disruption is absent in PE [22]. The underlying lesion of 
PE is usually less advanced than in ruptured plaques and normally exhibits charac-
teristics of early lesions (i.e., PIT or FA) usually without an extensive NC, hemor-
rhage, or calcification. Numerous SMCs and increased levels of proteoglycans such 
as versican, hyaluronan, as well as type III collagen are observed near the thrombus 
attachment site of erosion. In contrast, the rupture sites show more advanced lesions 
of necrotic core with a thin disrupted cap, and stable lesions are rich in type I col-
lagen and calcium with or without a necrotic core [23]. Fewer macrophages and T 
lymphocytes are observed in erosion unlike ruptured plaques that are rich in inflam-
matory cells [22, 23]. Our early studies on sudden coronary death showed PE 
occurred in greater proportion in women, at a younger age, with less underlying 
luminal narrowing, less plaque burden, greater emboli, and less calcification than 
ruptured plaques [22].

Healed plaque ruptures (HPR) can be detected in severely narrowed arteries 
showing breaks in the type I collagen-rich fibrous cap with an overlying plaque rich 
in SMCs surrounded by proteoglycans and/or a type III or type I collagen-rich 
matrix, which is dependent on the phase of healing [24]. Proteoglycans and type III 
collagen are the dominant matrices in early-healed lesions with eventual replace-
ment by type I collagen over time. Repeat PR is considered to be one of the causes 
of rapid plaque progression with luminal narrowing [24, 25]. Percent cross- sectional 
luminal narrowing increases as the number of healed ruptures increases at the same 
site, contributing to the progression of percent stenosis [24].

Fibrocalcific plaques are the lesion with a thick fibrous cap and an extensive 
deposition of calcification [24, 26], typically observed in patients with a history of 
stable angina and severe luminal narrowing. Coronary calcification is highly corre-
lated with plaque burden; however, the amount of coronary calcification and plaque 
instability are not correlated in a linear manner, because the greater the calcification, 
the more stable the plaque, with lack of thrombus [27]. Usually severely narrowed 
fibrocalcific plaques have minimal or absence of NC.  Fibrocalcific plaques may 
represent the final end stage of ruptured plaques, or HPR or FA may also represent 
“burnt-out” lesion with dominance of calcification.

Calcified nodule is the least frequent (<5%) cause of ACS [7] and occurs in arter-
ies that are highly calcified and tortuous. Pathologically, we believe that highly 
calcified fibroatheromas may break and form fragmented calcified nodules that pro-
trude into the lumen with disruption of the cap and loss of endothelium that lead to 
luminal thrombus which is platelet-rich “white” thrombus. The eruptive calcified 
nodule is usually eccentric, protruding into the lumen. Fibrin is frequently found 
between the spicules of calcium, with or without osteoclasts and inflammatory cells. 
Calcified nodule is generally more prevalent in older men and women and in patients 

A. Sakamoto et al.



19

with tortuous coronary arteries, DM, or CKD. The location of this lesion is most 
frequent at the sites of maximal tortuosity such as mid-right coronary artery or left 
anterior descending artery or near bifurcation of left main artery. Pathologically, 
“calcified nodule” and “nodular calcification” should be distinguished, with former 
lesion demonstrating a luminal thrombus with disrupted fibrous cap and latter 
lesions lacking thrombus but showing presence of an intact fibrous cap. Nodular 
calcification likely shares a similar etiology as calcified nodule, but the fibrous cap 
remains intact. Both lesions, i.e., calcified nodules and nodular calcification, are 
more common and are seen in highly calcified tortuous arteries. These lesions may 
show medial disruption with nodules of calcium protruding into the adventitia. 
Intraplaque fibrin is also detected in nodular calcification, likely resulting from dis-
ruption of capillaries.

 Atherosclerotic Intimal Calcification and Its Progression

Intimal calcification is strongly associated with atherosclerotic plaque progression. 
Calcification is classified depending on the size and type of plaque [27, 28] 
(Fig. 2.2a, b). In pathologic studies, microcalcification is defined as calcium parti-
cles varying in size from ≥0.5 μm to less than 15 μm in diameter. Punctate calcifica-
tion occurs as calcium deposits are ≥15 μm but less than 1 mm and are thought to 
be the result of calcification of macrophage-derived apoptotic bodies and are com-
monly seen in superficial and deeper areas of the NC.  Fragmented calcification 
occurs when deposits become ≥1 mm and the mechanisms are poorly understood. 
Sheet calcification is observed when greater than 1 quadrant of the vessel circumfer-
ence is calcified and may be seen in stable and unstable plaques. Nodular calcifica-
tion, as mentioned above, is identified when nodular calcium deposits are confined 
within the plaque or may protrude into the lumen, but the fibrous cap is intact. 
However, when the nodules of calcium protrude through the plaque into the lumen 
and there is loss of endothelium with overlying thrombus, such a lesion is called 
“calcified nodule.” These definitions are applicable not only to coronary arteries but 
also to peripheral arteries and also to intimal and medial calcification.

In general, early lesions (i.e., AIT and FS) show lack of calcification. PIT is the 
earliest lesions which exhibit calcification and occurs in lipid pools arising as micro-
calcification recognized by von Kossa and/or Alizarin red [28] (Fig. 2.3a). Early 
microcalcification may originate from apoptotic body from SMC, which are detect-
able by light microscopy when the size is generally ≥0.5  μm [29–31]. High- 
resolution microscopy has also demonstrated that initial microcalcification occurs 
within extracellular vesicles of 100–300 nm in diameter [32–34]. (More informa-
tion on extracellular vesicles is provided in Chap. 5.) Microcalcifications are located 
around the advanced calcification, which is often observed in the intima within the 
lipid pool and is close to the internal elastic lamina. We have reported a 57% inci-
dence of calcifications of ≥0.5 but <15 μm in PIT, whereas in early FA the incidence 
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a Calcification by radiograph (lesion level)

Calcification by histology (section level)
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Fig. 2.2 Types of calcification by radiography and histology. (a) The typical patterns of 
 calcification by radiography for each plaque type. (b) Corresponding histology with low- and 
high-power images of sections taken from the areas shown in radiographs as red line. Scale bar 
(white line) in radiograph indicates magnification. Microcalcification by histology is invisible 
by radiograph in proximal section from a case of coronary erosion. Speckled calcification by 
radiograph corresponds to punctate or fragmented calcification by histology. TCFA lesions 
show three sites of sectioning and two spots (proximal and distal) of speckled calcium with the 
middle section showing TCFA without calcification. Plaque rupture site shows fragmented 
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of early and punctate calcification is 100% [35]. Further, areas of calcifications 
detected within the lipid pool coexist with osteogenic proteins (e.g., osteoprotegerin 
[OPG], osteopontin [OPN], and matrix Gla protein [MGP]) (Fig. 2.3a, b).

The FAs are often accompanied by focal calcification, also known as microcalci-
fication (Fig. 2.3b). Microcalcification may also occur from macrophage- or SMC- 
derived extracellular vesicles or from apoptotic bodies, released by macrophages and 
SMCs [36]. Macrophage apoptosis may result in a different morphological appear-
ance of calcification (i.e., large punctate, blocky appearance) compared to fine micro-
calcification originated from SMC apoptosis [35]. CD68 antigen associated with 
macrophage-related microcalcifications is co-located in early NC (Fig.  2.3b). 
Microcalcifications often fuse into larger masses and involve both the NC and the 
surrounding collagen-rich ECM to form speckled and fragments of calcification. 
This specific pattern of calcification also begins from the deeper region of the NC 
close to the internal elastic lamina (Fig. 2.3c) and extends from the outer rim of the 
NC (Fig.  2.3d, f) into the surrounding collagenous matrix. Center of NC either 
becomes fully calcified or may remain noncalcified even in late stage of the disease. 
Nonetheless, further progression of plaque calcification results in calcified sheets or 
nodules (Fig. 2.3g–i); however the mechanisms are poorly understood.

Although coronary artery calcification highly correlates with total coronary plaque 
volume, the pathologic data suggest that highly calcified lesions are not associated 
with plaque instability. Indeed, previous studies of sudden coronary death victims 
showed that the majority of acute PRs occur in areas of either no or micro- or frag-
mented speckled calcification and severe calcified segments were associated with 
HPRs or fibrocalcific plaques [37] (Fig. 2.2a–d and 2.3e). TCFA, a precursor lesion of 
PR, also showed that the type of calcification is similar to PR [37]. Overall our data 
suggest that the calcification patterns seen in unstable (PR, TCFA, and PE) coronary 
plaques are usually micro- or fragmented or no calcification and only approximately 
25% of cases show presence of sheet calcium (i.e., calcification involving ≥ 1 quad-
rant). The total percent calcified area in PRs is <5% with a total area of 0.58 ± 0.99 mm2, 
whereas the calcified area in stable plaque is ~1mm2 suggesting that mildly to moder-
ately calcified segments are the most likely to rupture [37, 38]. Microcalcification 
within a thin fibrous cap (typically 10 μm in diameter) facilitates PR through local 
increase in stress that leads to interfacial debonding due to mismatch in material prop-
erties between microcalcification and surrounding tissue [21, 30]. Huang et  al. 
reported there was no significant correlation between percent area of calcification and 
stress. In fact, large amounts of calcification, by virtue of bearing mechanical load, 
actually decrease stresses, whereas removing a large amount of calcium may increase 
instability of the plaque [39].

 calcification by radiograph, which corresponds to fragmented calcification by histology. Healed 
rupture and fibrocalcific plaques sites both show diffuse calcification by radiograph which 
 corresponds to sheet calcification by histology. c and d show type of calcification by radiogra-
phy (lesion level) and histology (section level) in different types of plaques. (Reproduced with 
permission from Mori et al. [27]). Abbreviations: Dist distal; fragmented (H), fragmented by 
histology; H/E, hematoxylin-eosin stain; Mid, middle; Prox, proximal; TCFA, thin-cap 
fibroatheroma
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Fig. 2.3 Histologic progression of coronary calcification. Non-decalcified arterial segments (a, b) 
and decalcified segments (c–j) were serially sectioned for microscopic assessment. (a) Pathologic 
intimal thickening (PIT) characterized by lipid pool (LP) that lacks smooth muscle cells (SMCs; 
negative for α-smooth muscle actin [α-SMA]) and the presence of apoptotic SMCs, which can be 
identified by prominent basement membrane stained positive with periodic acid–Schiff (PAS), and 
the arrows point to in the high-power image (top right corner). Early microcalcification (≥0.5 μm, 
typically <15 μm in diameter) and calcification are detected by von Kossa and Alizarin red (AR) 
staining within the LP (corresponding with a boxed area in the Movat image) where bone-related 
proteins such as osteoprotegerin (OPG), osteopontin (OPN), and matrix Gla protein (MGP) are 
detected. (b) Early fibroatheroma not only lacks SMCs but also is infiltrated by macrophages, 
which eventually undergo apoptosis and calcification, which is observed as punctate (≥15 μm) 
areas of calcification. The microcalcification in early necrotic core (NC) shows variable amounts 
of staining for macrophage CD68 antigen; however, von Kossa and AR staining clearly show rela-
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Pathologically, diffuse areas of calcification are described as sheet calcification 
which are frequently observed in HPRs and fibrocalcific plaques. Sheet calcifica-
tion can be easily detected by radiography, CT as well as intravascular imaging 
(Fig. 2.4).

Immunohistochemical studies and gene expression analysis have demonstrated 
that bone morphogenetic protein (BMP), OPN, bone sialoprotein, and the osteo-
blast specific transcription factor for bone formation are highly expressed in the 
calcified arteries. Heavily calcified lesions usually show absence of inflammatory 
cells. It is still actively debated whether all calcification is active or passive, more 
and more evidence is in favor of an active process [40, 41] although few of us still 
adhere to the degenerative mechanism without biological regulation and consists 
of precipitation of calcium phosphate crystals due to pH changes in the environ-
ment [2, 42, 43].

In areas of arterial calcification, bone formation can be detected in approximately 
10% of cases (Fig.  2.3j), particularly in heavily calcified segments, suggesting 
osteogenesis is induced at sites of heavy arterial calcification. While the incidence 
of bone formation in coronary arteries is rare, peripheral artery bone formation in 
patients who underwent lower limb amputation is common with the reported inci-
dence is 19% to 83% [44, 45].

 Pathology of Peripheral Artery Calcification

Morphologically the arterial system is categorized into three types, i.e., large ves-
sels (aorta and its main branches), medium-sized arteries (the main visceral arter-
ies), and small arteries. The conducting arteries are elastic arteries including the 
aorta and iliac and carotid arteries. The tunica media is the largest layer of the wall 
and is comprised of multilayered elastic lamellae that are separated by SMCs with 
interspersed proteoglycans and collagen. The coronary and lower extremity arteries 
such as femoral, popliteal, and tibial arteries are classified into muscular arteries. 

tively larger punctate areas of calcification resulting from macrophage cell death within the NC as 
compared with microcalcification of dying SMCs. These calcified macrophages show colocaliza-
tion of bone-related proteins. Substantial amount of macrophage calcification can be observed in 
early NC (c), but the degree of calcification in NC typically increases toward the medial wall where 
fragmented calcifications can be seen (d). Microcalcification resulting from macrophage or SMC 
deaths can also be detected within a thin fibrous cap and may be associated with plaque rupture (e). 
Calcification generally progress into the surrounding area of the NC (f), which leads to the devel-
opment of sheets of calcification where both collagen matrix (g) and NC itself are calcified (h). 
Nodular calcification may occur within the plaque in the absence of luminal thrombus and is char-
acterized by breaks in calcified plates with fragments of calcium separated by fibrin (i). Ossification 
may occur at the edge of an area of calcification especially in nodular calcification (j). (Modified 
and reproduced with permission from Otsuka et al. [28]). Abbreviations: AR, alizarin red; Ca++, 
calcification; H/E, hematoxylin and eosin; LP, lipid pool; MGP matrix Gla protein; NC necrotic 
core; OPG osteoprotegerin; OPN osteopontin; PAS periodic acid–Schiff; SMA smooth muscle cell 
actin; Thr thrombus
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The media of these arteries is characterized by distinct internal and external elastic 
membrane, and in between the two layers of elastic lamellae, there is a relatively 
thick layer of SMCs with interspersed proteoglycans and collagen. The small arter-
ies are the intraparenchymal arteries and arterioles.

 Medial Calcification or Mönkeberg’s Sclerosis

Medial calcification, which is also called Mönckeberg’s sclerosis, is a feature of 
peripheral artery disease (PAD) making it different from coronary artery disease, 
although intimal calcifications is common in both locations (Fig. 2.5 and 2.6; also 

a b c d

e f g h

Fig. 2.4 Calcification detected by micro CT. (a, b) Radiograph and micro CT lesions from a distal 
left anterior descending artery in longitudinal view. A fragment of calcium shown by radiography 
(a) can be seen by micro CT (b) that has been stained using potassium iodine. The calcified area 
shows as bright image, while the NC within the site of calcification appears as black void space. 
(c) Micro CT cross section. Following decalcification, histological Movat sections (d) show a 
fibroatheroma with calcification. Yellow lines in a and b indicate the location of cross-section in c 
and d. Red dotted line in Movat staining represents border of sheet calcification. (e–h) Images of 
distal right coronary artery obtained from a 55-year-old male who died suddenly during hemodi-
alysis. Radiography (e) and micro CT images (f–h) were obtained with contrast medium (10% 
MD-76 contrast, Mallinckrodt Inc., Missouri). The image in e shows extensive diffuse calcifica-
tion, and the boxed area shows matched micro CT (f). Sheet and nodular calcification are observed. 
Red lines in f indicate the location of cross section in g and h. (Modified and reproduced with 
permission from Mori et al. [27]). Abbreviations: dist, distal; Ca++, calcification; CT, computed 
tomography; NC, necrotic core; prox, proximal
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described in Chap. 9). In Mönckeberg’s sclerosis, the media of small- and medium- 
sized muscular and large muscular arteries become calcified with or without associ-
ated intimal atherosclerosis; while the etiology is unknown, it is considered as 
non-inflammatory processes. In the early stage, the elastic lamina is affected with 
hydroxyapatite crystal deposition followed by adjacent medial wall involvement by 
the calcific deposits. In general, intimal and adventitial layers are spared in cases of 
isolated medial calcification. Coronary artery disease is the leading cause of death 
in women in the United States; however, it is uncommon in women <50 years of age 
and is difficult to diagnose clinically. Mammography is recommended in women 
over the age of 40 years. Multiple observational studies have shown an association 
between presence of Mönckeberg’s medial calcification in breast artery and coro-
nary artery calcification, allowing mammography as a cardiovascular risk stratifica-
tion tool [46].

Fig. 2.5 Representative histological images of medial calcium progression in human lower 
extremity peripheral arteries. (a) Medial microcalcification (black dots) of the media by von Kossa 
stain of non-decalcified section in an artery showing adaptive intimal thickening. (b) Medial punc-
tate calcification of the media by von Kossa stain. Varying degrees (micro to punctate) of calcifica-
tion are seen circumferentially involving the media. (c) Medial fragment of calcification is seen in 
Movat and H&E stains of a decalcified section. (d) Medial sheet calcification involving nearly 
three quarters of the circumference. (e) Combination of medial nodular and sheet calcification 
covering the circumference of the medial wall. (f) Bone formation in the presence of near circum-
ferential medial sheet calcification with presence with lacunae containing osteoblasts and bone 
marrow. (Reproduced with permission from Torii et al. [55])
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Older age, lager body mass index, end-stage CKD, autonomic neuropathies, osteo-
porosis, dyslipidemia, and DM are reported as risk factors for medial calcification 
[47–49]. Lower serum levels of bone-related proteins such as OPN and MGP (that 
belongs to the vitamin K-dependent proteins), along with high levels of alkaline phos-
phatase, bone sialoprotein, and collagen type II, are related to medial calcification in 
PAD patients; however, the precise underling etiology is still unclear [48].

 Lower Extremity Calcification

Arteries in different locations show different features and speed of atherosclerotic 
progression. According to a previous autopsy study, which assessed total 1074 
elderly individuals (age 60 to 90) who died from various causes, progression of 

Fig. 2.6 Representative histological images of intimal calcium progression in human lower extrem-
ity peripheral arteries. (a) Intimal microcalcification is observed in areas of lipid pools (boxed area) 
where there is SMC loss from apoptosis; von Kossa stain from a corresponding non- decalcified sec-
tion showing microcalcification (black dots). The calcifications cannot be seen on Movat penta-
chrome-stained section, because of small size. (b) Intimal punctate calcification in the area adjacent 
to the lipid pool shown in Movat- and von Kossa-stained sections (non-decalcified section). (c) 
Intimal fragment calcification with microcalcification in media (red box) (non- decalcified section). 
(d) Intimal sheet calcification (arrow) that involves more than 50% of the circumference with adjoin-
ing two areas of fragments of medial calcifications (arrowheads) (non- decalcified section). (e) Intimal 
nodular calcification (non-decalcified section). (f) Calcified nodule with luminal fibrin thrombus; 
note absence of endothelium lining and collagen over the surface of the nodules (Movat stain, decal-
cified section). (g) Intimal bone formation. (Reproduced with permission from Torii et al. [55])
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atherosclerosis in each artery was assessed. The degree of atherosclerosis increased 
with age and was maximum in coronary, aorta, and common iliac, followed by 
femoral, and the least in the carotid and intracerebral arteries [50]. Another patho-
logic study of 100 autopsy cases (age 20 to 82; 70 men and 30 women) compared 
atherosclerotic plaques in carotid, coronary, and femoral arteries; the coronary and 
the carotid plaques were larger and richer in lipid and foam cells than in the femoral 
arteries, and the latter were more fibrous in nature and developed more slowly [51]. 
Another study compared femoral and carotid endarterectomy specimens showed a 
higher prevalence of FA in carotid samples (75%), while femoral plaques were most 
frequently fibrocalcific (93%), with a higher prevalence of osteoid metaplasia most 
frequent in femoral (63%) than carotid arteries (20%) [52].

The most advanced stage of PAD is critical limb ischemia (CLI) which is strongly 
associated with worse cardiovascular outcomes [53]. A pathologic study that evalu-
ated lower limb amputations showed that 76% of segments had medial calcification 
involving 55% of the circumference. Severe medial calcification (>75% of the cir-
cumference) was observed in 37% of the vessels. The highest degree of atheroscle-
rotic narrowing was observed in the anterior and posterior tibial arteries (73% and 
72%, respectively), followed by peroneal (68%), popliteal (67%), femoral (64%), 
and dorsalis pedis (59%) arteries. At the same time, medial calcification was the most 
prominent in anterior and posterior tibial arteries (58% and 59%), followed by pero-
neal (55%), dorsalis pedis (54%), popliteal (51%), and femoral (44%) arteries. 
Coexistent medial calcification and atherosclerotic disease was observed in 77% of 
arterial segments. However, there was no correlation between medial calcification 
and degree of atherosclerosis [44]. According to a recent pathologic study involving 
239 lower extremity arteries collected from 75 CLI patients who underwent amputa-
tion, the atherosclerosis process was more frequent in femoral and popliteal arteries 
(FEM-POP) than in infrapopliteal arteries (INFRA-POP; anterior and posterior tib-
ial, peroneal and dorsalis pedis) (67.6% vs 38.5%, respectively). Narula et al. reported 
that only 69% of arteries showed >70% luminal stenosis. Presence of chronic total 
occlusion (CTO) was more frequent in INFRA-POP than FEM-POP arteries without 
significant atherosclerosis, while acute thrombi were more frequently seen in FEM-
POP than INFRA-POP, suggesting more frequent atherothromboembolic etiology 
for INFRA-POP in patients with CLI [54]. Moreover, in a more recent study of 12 
low extremities from 8 elderly asymptomatic cadavers with abundant atherosclerotic 
risk factors, the arteries were intact from femoral to dorsalis pedis, and whole length 
of which was sectioned at 3–4  mm intervals [55]. Atherosclerotic lesions were 
observed in 93% of above-knee arteries, while in below-knee arteries atherosclerotic 
lesions were significantly less frequent (57%). Above-knee arteries showed higher 
prevalence of calcified nodule than below-knee lesions. Acute thrombi were detected 
in eight above-knee arteries, whereas none were observed in below-knee arteries. 
However, CTO was seen in ten below-knee vessels; the pathogenesis of CTO was 
embolic in origin in half of the cases. These results suggest atherothromboembolic 
etiology is frequent in below-knee lesions. Intimal (75.3%) and medial (86.2%) cal-
cifications were commonly detected. Severity of intimal calcification correlated with 
percent stenosis, whereas medial calcification did not show any correlation with 
present stenosis, and severity of medial calcification above- and below-knee arteries 
was similar (Fig. 2.7).
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Fig. 2.7 The relationship between percent stenosis and intimal/medial calcification at incremental 
cross-sectional area narrowing in peripheral artery. (a) Relationship between the % sections show-
ing calcification and % stenosis in peripheral artery. Note a good correlation between % stenosis 
and atherosclerotic intimal calcification, whereas no correlation was observed between % stenosis 
and medial calcification. (b–e) Prevalence of various types of intimal (b, c) and medial (d, e) cal-
cification morphologies at 20% incremental cross-sectional area narrowing at AK (b, d) and BK 
(c, e) lesions. Severe intimal calcification (sheet and nodular calcification) was more frequent in 
AK than BK lesions, beginning as early as 10–20% cross-sectional area narrowing. In contrast, 
severe medial calcification was not as frequent in AK and BK; however, fragment calcification was 
more frequent in AK lesions compared with BK lesions. (Reproduced with permission from Torii 
et al. [55]). Abbreviations: AK, above the knee; BK, below the knee; dist, distal; Ca++, calcification; 
CT, computed tomography; NC, necrotic core; prox, proximal
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 Carotid Artery Calcification

Atherosclerotic lesions in the carotid vasculature share common features of 
advanced atherosclerosis in coronaries, and the classifications applied for coronary 
artery disease are also applicable to the carotid artery disease (Fig. 2.1). Many simi-
larities exist between the carotid and coronary artery; however, there are several 
unique features of carotid plaque morphology related to the high flow rates and the 
shear forces caused by the bifurcation of the common carotid artery into the internal 
and external carotids. Glagov et al. were the first to show in human carotid arteries 
that regions with moderate to high shear stress where flow remains unidirectional 
are spared of intimal thickening [56]. They divided the region of the common 
carotid and the bifurcation into five different locations (i.e., the common carotid, 
proximal internal carotid, the midpoint of carotid sinus, distal internal carotid, and 
external carotid). They showed maximum intimal thickening at the proximal inter-
nal carotid and midpoint of carotid sinus, i.e., regions with low wall shear stress 
with maximum disturbed flow [56]. Plaques tend to occur where flow velocity and 
shear stress are reduced and flow departs from a laminar, whereas unidirectional 
flow patterns are protective. Also, the flow characteristics tend to increase the resi-
dence time of circulating particles in susceptible regions, while particles are cleared 
rapidly from regions of high wall shear stress and laminar unidirectional flow. Thus, 
the unique geometry and flow patterns in the carotid bifurcation contribute to both 
the degree and type of atherosclerotic plaque [57].

It should be noted that sites of plaque rupture usually result in an ulcerated plaque 
in the carotid artery, because of high flow rates which are associated with embolic 
phenomenon, with not only the embolizing thrombus but also the presence of under-
lying plaque. Thrombus is uncommonly observed at sites of rupture. Erosions have 
been described in the carotid arteries but are a rare cause of thrombosis. However, 
advance calcification of the carotid bifurcation especially in DM and end-stage 
CKD is associated with calcified nodules with thrombosis (Fig.  2.8). Mauriello 
et al. studied a total of 194 plaques from patients presenting with stroke, transient 
ischemic attack (TIA), and asymptomatic individuals and showed acute thrombus 
was most frequent in stroke (88%) and TIA (27%) but was least in asymptomatic 
individuals (12%) undergoing endarterectomy [58]. They also showed that the most 
frequent cause of thrombosis was plaque rupture (92%) and calcified nodule (8%) 
and erosion was rare (<1%) [59]. In another study of 229 cases of carotid athero-
sclerotic specimens, calcification was a common finding in carotid plaques, being 
present in 77.3% of cases, and was significantly associated with intraplaque hemor-
rhage and a large NC. Two types of calcification were identified: hydroxyapatite and 
calcium oxalate; the presence of hydroxyapatite was more frequent in unstable 
lesions, while calcium oxalate salt was mainly detected in stable plaques [60]. DM 
is an important risk factor for ischemic stroke, and a greater calcified area was 
observed in patients with DM than those without DM [61].
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 Pathology of Aortic Valve Calcification

 Structure of Aortic Valve

The normal aortic valve is composed of three semicircular cusps (i.e., left coronary 
cusp [LCC], right coronary cusp [RCC], and non-coronary cusp [NCC]), which are 
asymmetric and are attached to the aorta at three commissures. The cusps are thin 
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Fig. 2.8 Carotid plaque: Calcified nodule and lesion stabilization/healing. (a) Calcified nodule, 
considered a less frequent cause of carotid thrombosis relative to plaque rupture. In panel (a1), a 
high-power image demonstrates a thin fibrous cap (black arrow) over the region of nodular calcifi-
cation. In panel (a2), the calcific nodules at the luminal surface with a superimposed luminal 
thrombus (Th). Panels (a3) and (a4) show high-power images of the luminal surface from an area 
of nodular calcification with platelet/fibrin thrombus and multinucleated osteoclasts (arrows). (b, 
c) Carotid nodular calcification within the deep neointima (absence of thrombosis) and sheet of 
calcification, respectively. (d) Chronic total occlusion showing healed recanalized thrombus con-
sisting of SMC in a collagenous matrix with neoangiogenesis; note a paucity of inflammatory 
cells. (Modified and reproduced with permission obtained from Kolodgie FD, et al. Semin Vasc 
Surg. 2017;30:31–43 and Yazdani SK, Curr Treat Options Cardiovasc Med. 2010;12:297–314. 
Modified Movat pentachrome staining except for “a2-a4” hematoxylin and eosin). Abbreviations: 
Ca2+, calcification; CN, calcified nodule; Th thrombus
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and translucent with a thickness of less than 1 mm. The histologic structure of the 
aortic valve cusps consists of a fibroelastic layer on the ventricular surface (ven-
tricularis), a proteoglycan-rich layer (spongiosa) in the mid-portion of the cusp, and 
dense collagen on the aortic surface (fibrosa). The valve thickness increased with 
age, least in individuals <20  years (0.67  ±  0.21  mm), followed by 20–59  years 
(0.87 ± 0.27 mm), and is greatest in individuals >60 years (1.42 ± 0.51 mm). It is 
reported that the site of closure of the valve becomes thicker with advanced age [62].

 Aortic Valve Calcification (Tricuspid)

The prevalence of calcific aortic stenosis has been estimated to be 0.4% in the gen-
eral population and 1.7% in the population aged over 65 years in developed coun-
tries [63]. Calcific aortic valve stenosis is a progressive disease with pathologic 
findings ranging from minimal fibrocalcific changes in early disease to end-stage 
lesions characterized by fibrotic thickening and nodular calcification (Fig. 2.9a–e). 
Early valve calcification appears as tiny stippled microcalcification or small nodular 
concretions at the site of zona fibrosa on the aortic surface of the cusp, most of the 
time accompanied by early atherosclerotic changes [64] (Fig. 2.9a, b). The attach-
ment of the aortic root and the area located near the line of valve closure are the 
most affected regions for early calcific deposition. At these locations, there is a high 
mechanical stress which likely contributes to calcification (see Chap. 6). Site-
specific predisposition to calcification, in particular the predilection for calcific 
lesions to form on the aortic rather than the ventricular surface of the valve, may be 
related to increased mRNA levels of osteogenic markers associated with bone for-
mation [65]. Hemodynamic shear stresses caused by differences in disturbed flow 
on the aortic and ventricular surfaces may be responsible for the differential effects 
that lead to calcification predominantly involving valvular endothelial cells (VECs) 
producing pathological paracrine factors, like bone morphogenetic protein 4 
(BMP4), pleiotrophin, and hyaluronan and proteoglycan link protein 1. In contrast, 
ventricular-side VECs, which experience high magnitude and unidirectional shear 
stress, produce paracrine factors like osteoprotegerin (OPG) and C-type natriuretic 
peptide (CNP), which may inhibit calcification, while these factors are decreased on 
the aortic surface allowing calcification [66, 67].

During the progression of calcification, microcalcifications gradually merged 
into larger complex nodules. The calcification begins in the interstitial cells within 
the base of the fibrosa and then extends toward the middle portion of the cusp with 
sparing of the free margin and may eventually protrude into the aortic surface. A 
pathologic study including 247 surgically excised aortic valves (mean age 
64.1  ±  13.4  years) showing morphologic features of aortic stenosis found that 
almost 70% of calcified aortic valves were tricuspid and 30% were congenitally 
abnormal, with 27% of those being bicuspid, 2.4% unicuspid, and 1 (0.4%) valve 
quadricuspid. Ulcerations of the calcific nodules on the aortic surface were present 
in 42% of valves which had severe calcification [68]. Prior to the calcification, the 
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valve leaflets showed mild fibrous thickening without left ventricular outflow 
obstruction. With progression of disease, the cusps become increasingly fibrotic and 
calcified, eventually forming irregular calcific nodules on the aortic aspect of the 
cusp, resulting in valve obstruction (Fig. 2.9c–e). Of note, calcification is usually 
more pronounced in the non-coronary cusp rather than the right and the left coro-
nary cusps. Roberts et al. suggested that this may be related to larger surface area of 
the non-coronary cusp, while others hypothesized that it could be due to greater 
stress during diastole on the non-coronary cusp as compared to the right and left 
cusps [69].

Risk factors predictive of aortic valve calcification are similar to those of coro-
nary atherosclerosis. These include age, male gender, smoking, elevated cholesterol 
level, lipoprotein (a), hypertension, DM, metabolic syndrome, and CKD with or 
without dialysis. In a Multi-Ethnic Study of Atherosclerosis (MESA), patients with 
aortic valve calcification were identified and followed up for 2.4 ± 0.9 years by CT 
[70]. Risk factors for incident aortic valve calcification included age, male gender, 
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Fig. 2.9 Representative histology images of aortic valve calcification. (a, b) Early AV calcifica-
tion resembles atherosclerotic changes. Aortic valve leaflet from a 47-year-old man who died of 
accidental head trauma. (a) Low-power image of LCL (Movat pentachrome stain). (b1 and b2) 
High-power images from a (black box) at the site of closure of the valve showing lipid insudation 
(∗) (B1; H&E) with calcification as black dots (B2; von Kossa stain). (c–e) Bone formation within 
advanced AS. Degenerative aortic valve leaflet from a 70-year-old woman who underwent surgical 
valve replacement for severe aortic valve stenosis. Low-power images of Movat pentachrome (c) 
and H&E stain (d) show nodular calcification on the aortic surface (black arrow head). Top and 
bottom surface indicate aortic and ventricular side, respectively. (E) High-power image of H&E 
stain from the boxed area in d. Ossification (black arrow) and cartilaginous metaplasia (white 
arrow) are found at the edge of nodular calcification. (Modified and reproduced with permission 
from Sakamoto et al. Eur Heart J. 2019;40:1374–1377). Abbreviations: AS, aortic valve stenosis; 
AV, aortic valve; H&E, hematoxylin and eosin; LCL, left coronary valve leaflet
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body mass index, current smoking, and the use of lipid lowering and antihyperten-
sive medications. Among those with valve calcification at baseline, the median rate 
of valve calcification progression was 2 Agatston units/year (interquartile range − 21 
to 37). Baseline Agatston score was a strong, independent predictor of disease pro-
gression, especially among patients with high calcium scores at baseline [70]. More 
detailed mechanisms of aortic valve calcification are provided in Chap. 4.

 Congenital Aortic Valve Disease and Calcification  
(Bicuspid and Unicuspid)

Bicuspid aortic valve is a common congenital cardiac anomaly present in 1–2% of 
the general population (a male to female ratio of 1.4–4:1) [71], whereas the inci-
dence of unicuspid aortic valve is 0.02% [72], and the quadricuspid valve is the 
rarest (0.008%) [73]. Bicuspid aortic valves commonly show signs of calcification 
by the time individuals reach age 30 [74] and ultimately leads to aortic stenosis [75]. 
Bicuspid and unicuspid valves are more likely to show higher grade of calcification 
than tricuspid valves [68, 76]. Indeed, a large series of data regarding surgically 
removed tricuspid, bicuspid, and unicuspid aortic valves reported that pathologic 
features (e.g., degree of cusp calcification, ossification, cartilaginous metaplasia, 
and ulceration) were progressively more severe in valves exhibiting fewer cusps 
(unicuspid and bicuspid) [76] (Fig. 2.10). The increased severity of changes in con-
genital aortic valves may result from abnormal blood flow and stress distribution 
across the abnormal valve causing accelerated calcification and earlier failures.

The term “raphe” defines the conjoined area of two underdeveloped leaflets turn-
ing into a malformed commissure between two leaflets. The common feature of a 
raphe is a ridge that is rich in elastic fibers [77]. The commissure of a valve is the 
space between the two parallel attachments of two adjacent cusps to the aortic wall 
generally not adhering to each other. An obliteration of the two (or three) or one 
commissure is present in bicuspid and unicuspid aortic valves, respectively.

Unicuspid aortic valves are categorized as one of the two morphologic types: (1) 
a dome-shaped acommissural valve containing three aborted commissures (or 
raphe) or (2) a unicommissural valve with slit-like opening that reaches the aortic 
wall with a single intact commissure. Unicommissural, unicuspid aortic valves 
account for 60% of aortic stenosis cases in patients <15 years of age [78]. Leaflet 
dysplasia is common and the severity of leaflet calcification is variable; however, 
dysplasia of unicuspid valve has been reported to be more severe compared to 
bicuspid valve and is dependent on the patient age [76].

The bicuspid aortic valve has two leaflets, which have been previously described 
as type 0, type 1, and type 2 [79]. Sievers et al. showed the frequency of the types of 
bicuspid aortic valve from their surgical experience from 304 cases prior to the 
removal of the diseased bicuspid aortic valve (Fig. 2.11). Type 0 has a frequency of 
7% that is associated with an absence of raphe with the commissures located 
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anterior- posterior or lateral (right-left) and later is more common of the two. Type 
1, the most common form of a bicuspid valve (88%), has three developmental cusps 
and two commissures instead of three. The most frequent configuration is the two 
cusps are unequal in size, with the larger being the conjoint cusp. Conjoint LCC and 
RCC are the most dominant (71%), followed by conjoint NCC and RCC (15%), and 
the least is LCC and NCC (3%) [79]. The size of the conjoint cusp is typically less 
than two times the size of the non-conjoint cusp and contains a median raphe. In this 
report, abnormal aortic valves with two raphes are also classified as type 2 bicuspid 
valve (5%); however, many others have classified these as unicuspid or unicommis-
sural valve [80–82].

In congenital bicuspid valves, calcification begins in the raphe and appears as a 
linear opacity on radiographic examination and extends into the free margin of the 
cusp and largely sparing the true commissures but may spread to the line of closure. 
Bicuspid valve-oriented severe aortic stenosis is characterized by calcification 

a b c

Fig. 2.10 Images of calcified stenotic aortic valve (aortic view): tricuspid, bicuspid and unicuspid. 
(a) Stenotic tricuspid aortic valve (gross [a] and micro CT [b] images). (b) Stenotic congenital 
bicuspid aortic valve (gross [a] and X-ray [b] images). RCC and LCC are forming a conjoint leaf-
let. (c) Stenotic congenital unicuspid aortic valve, a unicommissural valve with slit-like opening 
that reaches the aortic wall with a single intact commissure (gross [a] and micro CT [b]; transverse, 
and [c] sagittal views). Abbreviations: CT, computed tomography; NCC, non-coronary cusp; LCC, 
left coronary cusp; RCC right coronary cusp

A. Sakamoto et al.



35

spreading to the tissue of the conjoint and non-conjoint cusps, and calcific nodules 
may ulcerate on the aortic surface (Fig. 2.10). On the other hand, calcification in 
rheumatic aortic stenosis is variably present and starts in the fused commissures and 
extends into the body of the cusp. In congenital bicuspid valve stenosis, histological 
appearance of calcification has been reported to occur diffusely within the cusp 
spongiosa [83].

 Pathology of Mitral Valve Calcification

 Structure of Mitral Valve

The mitral valve, both functionally and morphologically, consists of five individual 
structures, i.e., (1) annulus, (2) anterior and posterior leaflets, (3) chordae tendineae, 
(4) papillary muscles, and (5) the left ventricle, which are required for the proper 
mitral valve function [84]. The mitral annulus is a fibrous ring that is attached to the 
mitral valve leaflets at the point of where the atrial and ventricular walls meet. 
During the systolic phase, the mitral annulus folds at the intercommissural axis as 
well as anteroposteriorly. This folding results in the leaflet coaptation and avoids 
leaflet distortion along the lines of annular attachment mitigating the mechanical 
force exerted on the mitral valve leaflets [85]. Fibrous trigones are located in the 
region of the anterior mitral leaflet and are placed right and left, with right being 
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Fig. 2.11 Schematic presentation of the classification system of bicuspid aortic valve. Red lines 
in schematic drawings represent a raphe. Three different main categories according to the number 
of raphes are: type 0, no raphe (7%); type 1 with one raphe, the most common type of configura-
tions (88%); and type 2 with two raphes (5%). The three types are subcategorized as ap, lat, L-R, 
R-N, N-L, and L-R/R-N. (Modified and reproduced with permission from Sievers and Schmidtke 
[79]). Abbreviation: ap, anterior-posterior; lat, lateral; L, left coronary sinus; R, right coronary 
sinus; N, non-coronary sinus
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larger spanning the aortic annulus. The atrioventricular conduction bundle goes 
through the right fibrous trigone. The coronary sinus is located close to the posterior 
mitral annulus and is usually superior to the left circumflex artery (Fig. 2.12a).

The normal mitral valve leaflet consists of an anterior (or aortic) and the poste-
rior (or the mural) leaflet. Posterior leaflet usually consists of three scallops (92%) 
(i.e., anterior [P1], middle [P2], and posterior [P3] scallops), whereas, in 8% of 
cases, there may be only two or even five scallops [86]. The anterior leaflet is semi-
circular occupying one third of the circumference, whereas the posterior leaflet is 
long and narrow forming two thirds of the circumference (Fig. 2.12b). Gross exami-
nation shows the mitral valve leaflets as thin, pliable, delicate, and translucent. Just 
as the aortic valve, the mitral valve too has three layers, i.e., the atrialis (a fibroelas-
tic layer on the atrial aspect of the leaflet), the spongiosa (has loose fibro- myxomatous 
tissue rich in glycosaminoglycans), and the fibrosa (has a dense collagenous layer 
that extends toward the ventricular surface) (Fig. 2.12d). The chordae tendineae are 
inserted on (1) the leaflet free edge, (2) the ventricular surface beyond the free edge 
(i.e., the rough zone), and (3) the basal ventricular surface, which are present only 
on the posterior leaflet. The chordae of the mitral valve vary in numbers, length, and 
thickness, with the chordae from each of the leaflet inserting into the anterolateral 
and the posteromedial papillary muscles (Fig. 2.12c).

The papillary muscles arise normally between the apex and the middle one third 
of the left ventricle. The chordae tendineae arise from the tip of the papillary muscle 
heads, which tether the mitral valve leaflets to the papillary muscle. The papillary 
muscles are an extension of the underlying left ventricular wall. Any change in the 
shape and size of the left ventricle will result in valve dysfunction.

 Pathology of Mitral Annulus Calcification

The mitral valve leaflets are translucent, gelatinous, and transmit light at birth and, 
however, gradually turn opaque by the age of 20 years. The leaflets become opaque 
due to fibrosis and lipid infiltration. The closure lines on both the anterior and pos-
terior leaflets are situated away from the free edge of the leaflets. Mitral annulus 
calcification (MAC) is observed mostly beyond the age of 70 years. Several studies 
suggested that MAC is associated with known atherosclerotic risk factors such as 
hypertension, dyslipidemia, DM, CKD, and smoking [87]. Prior autopsy reports 
revealed 10% of individuals aged >50 years had MAC; nevertheless, the incidence 
is increasing as the population lives longer in Western World, i.e., 37% in 
80–89  years and 45% in 90–99  years [88, 89]. A large-scale population-based 
echocardiography study (the Cardiovascular Health Study) showed occurrence of 
MAC in 42% of individuals >65 years [90]. There is a clear association between 
MAC and aortic stenosis, e.g., 27% of the elderly population (>65 years) have both 
disorders. Increased mitral valve mechanical stress, such as presence of hyperten-
sion, aortic stenosis, hypertrophic cardiomyopathy, and mitral valve prolapse, may 
lead to MAC formation. In fact, the pressure gradient of mitral valve in patients 
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with severe MAC increases progressively at a rate of 0.8 ± 2.4 mmHg/year [91]. In 
another report, among 100 unselected elderly patients with MAC (62 to 100 years), 
mitral stenosis (MS) was observed in 6% of patients, and 58% of these patients had 
some degree of MS and/or mitral regurgitation [92]. Moreover, in large-scale 
 prospective study, 12–26% in all MS cases were classified as degenerative MS 
(mean age: 64 ± 14 years) [93].
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Fig. 2.12 Normal mitral valve and surrounding structures. (a) Superior view of the base of the 
heart shows the spatial relations of the four cardiac valves (aortic, mitral, pulmonary, and tricus-
pid). The left heart valves are close together and by inter-atrial septum and the base of the ventricu-
lar septum. Atrioventricular node is located within the triangle of Koch near its apex and lies close 
to the junction of the septal and anterior tricuspid leaflets. Note that the coronary sinus hugs the 
posterior mitral annulus with an intervening posterior left atrial wall. The left circumflex artery lies 
adjacent to the left trigone and passes inferior to the continuation of the coronary sinus. The aortic 
valve is separated from the anterior mitral leaflet by fibrous tissue and on the right and left are 
located the fibrous trigones. (b, c) Gross atrial view of the mitral valve showing anterior and pos-
terior leaflets (b). The anterior leaflet is larger and the chordae arise from the ventricular surface at 
45-degree angle. The anterior leaflet is separated from the posterior leaflet by the commissures 
(black arrow) with fan-shaped branching commissural chordae (c). The posterior leaflet has three, 
often poorly defined, scallops, each with chordal attachments (b). (d) A histological section of a 
mitral valve leaflet (Movat pentachrome stain) demonstrates the atrialis which is rich in elastic 
fibers and collagen, glycosaminoglycans rich spongiosa in the mid-portion (green), and dense col-
lagenous tissue (yellow) which is observed on the ventricular surface of the leaflet. Abbreviations: 
AML, anterior mitral leaflet; AV, aortic valve; LA, left atrium; LCX, left circumflex artery; LFT, 
left fibrous trigone; LV, left ventricle; PML, posterior mitral leaflet; PV, pulmonary valve; RFT, 
right fibrous trigone; TV, tricuspid valve
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Fig. 2.13 Mitral annular calcification. The classification of mitral annular calcification includes 
circumferentially (a) and vertically (b). Calcification involves at least one third of the whole pos-
terior annulus in 88% of patients (73% have equal or less than 1/4 of the annulus; 15% have greater 
than 1/4), the whole posterior annulus in 10.5%, and circumferential in 1.5% (a). Vertical calcifica-
tion is limited to the annulus only 77% and extends into the leaflet tissue in 6%, the myocardium 
in 12% of patients, and the papillary muscles in 4.5% (b). Reproduced with permission from 
Carpentier et al. [97]). (c–e) A heart from a 87-year-old white female with history of coronary 
artery disease, diabetes mellitus, and hyperlipidemia. MAC (white arrow heads) was detected by 
postmortem radiograph (c) and micro CT images (d, e). Transverse micro CT image showed MAC 
involving approximately two third of the whole posterior annulus (d). Calcification was limited in 
the annulus itself in vertical image (e). (f–h) A heart from a 42-year-old white male with history of 
end-stage renal disease on dialysis with severe mitral valve stenosis secondary to annular calcifica-
tion. A postmortem radiograph (f) and CT images (g, h) of the heart shows marked mitral annular 
calcification (red arrowheads) that involves the whole posterior mitral annulus and the attachment 
of the anterior leaflet (g). Vertically, the calcification was involved the annulus itself and extends to 
the leaflet tissue and the ventricular myocardium (yellow arrowheads) (h). Abbreviation: AML, 
anterior mitral leaflet; CT, computed tomography; LA, left atrium; LV, left ventricle; LVOT, left 
ventricular outflow tract; MAC, mitral annular calcification; PML, posterior mitral leaflet
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MAC has been associated with higher prevalence of atrioventricular block, bun-
dle branch block, and intraventricular conduction delays [94, 95] and may be caused 
by direct extension of calcific deposits to the region of the atrioventricular node and 
the bundle of His [96].

Pathologically, the severity of calcification varies from mild, with focal small 
calcific deposits, to severe with large calcific nodules involving the entire annulus 
projecting into the left ventricular cavity or as spurs which project into the left 
ventricular posterolateral basal wall. A study of surgically excised mitral valves 
showed extensive calcification of annulus and severe valve insufficiency, annular 
circumferential calcification involved at least one third to two thirds of the poste-
rior annulus in 88% of patients, while the complete posterior annulus is involved 
in 10.5%, and rarest, a D-shaped circumferential involvement, occurs in 1.5% 
cases. The calcification was limited to the annulus in 77% of cases and extended 
into the leaflet tissue in 6%, while involvement of the ventricular myocardium 
occurred in 12%, and rarely it extended into the papillary muscles (4.5%) [97] 
(Fig. 2.13).

 Conclusion

Vascular calcification has been classified into three types with the most prevalent 
being atherosclerotic intimal calcification, followed by medial calcification, and 
least frequent is genetic calcification. Several overlapping factors are associated 
with all three types of calcification. Coronary artery calcification is considered as 
part and parcel of advanced coronary atherosclerosis and has been correlated with 
plaque burden. It is commonly used as a risk predictor for future cardiovascular 
events; however, the extent of coronary calcium does not correlate with percent 
stenosis. Pathologically, the presence of small, fragmented, or spotty calcification is 
a better predictor for rupture-prone unstable plaque, while advanced calcification 
(diffuse, fibrocalcific plaque or sheets of calcium) is a better predictor for stable 
plaque. The mechanism of coronary calcification has been likened to bone forma-
tion but remains controversial.

Unlike coronary artery calcification, Mönckeberg’s medial calcification is com-
monly observed in the peripheral arteries and is accelerated in patients with DM 
and CKD. Risk factors related to atherosclerosis probably enhance calcification of 
both intima and media. Indeed, multiple observational studies have shown an asso-
ciation between Mönckeberg’s medial calcification in breast artery and coronary 
artery calcification, allowing mammography as a cardiovascular risk stratifica-
tion tool.

Carotid arteries have a unique geometry, which influences the flow patterns in the 
region of bifurcation contributing to both the degree and type of atherosclerotic 
plaque. In symptomatic or asymptomatic individuals undergoing endarterectomy, 
the common calcified lesions are sheet calcium and less frequently nodular 
calcification.
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Calcific tricuspid aortic valve stenosis is associated with significant morbidity 
and mortality and is usually observed in individuals >70 years. There are patho-
logic and mechanistic similarities between arterial atherosclerosis and aortic 
valve calcification. Congenital bicuspid valves are observed in 1–2% of popula-
tion and tend to calcify earlier than tricuspid valves. Raphe is observed in 88% of 
bicuspid valve, and the most common configuration is conjoint right and left coro-
nary cusps.

Mitral valve apparatus is more complex consisting of anterior and posterior leaf-
lets, chordae tendineae, papillary muscles, left ventricle, and atrial walls. Mitral 
annulus is prone to calcification and usually seen in elderly females; however 30% 
of aging population have mitral and aortic valve calcification. The pathogenesis of 
mitral annulus calcification is not well understood. MAC is also associated with 
higher risk of cardiovascular events such as valvular stenosis and insufficiency, 
arrhythmias, and increased mortality. MAC usually starts in the posterior leaflet and 
most frequently involves one third to two thirds of posterior mitral annulus and 
rarely could be circumferential.

Greater understanding of vascular and valvular calcification is needed not only 
for better risk stratification of patients and for improvement of patient outcomes but 
also with the goal to prevent cardiovascular calcification.
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Chapter 3
Developmental Pathways and Aortic Valve 
Calcification

M. Victoria Gomez-Stallons, Keira Hassel, and Katherine E. Yutzey

 Introduction

Calcific aortic valve disease (CAVD) is a progressive disease, initially presenting 
with aortic valve (AV) sclerosis, often leading to AV stenosis and insufficiency later 
in life [1, 2]. Early features of AV sclerosis, characterized by valve thickening, are 
present in more than 25% of the elderly population [3]. Valve stenosis is related to 
obstruction of blood outflow, and insufficiency is failure of valve leaflet closure 
leading to backward blood flow. AV stenosis is typically defined by restriction of the 
valve leaflet opening during systole, associated with a mean pressure gradient of at 
least 10 mm Hg in humans [3]. End-stage stenosis, often resulting from extensive 
valve leaflet calcification, is the most common type of valve disease leading to 
angina, syncope, and heart failure [2]. With CAVD progression, ventricular function 
can be affected, and, by the time symptoms are detected, valve disease often is 
severe. Without treatment, life expectancy for 90% of patients with severe AV ste-
nosis is less than 10 years [2].

Currently, the most common clinical therapy for CAVD is AV replacement 
(AVR). However, there are significant complications associated with AVR, includ-
ing the need for anticoagulation medication, and a second surgery usually is required 
after 5–10 years, due to limited durability of artificial valves [4, 5]. Because of the 
advanced age of many affected individuals, approximately 50% of patients referred 
for AVR are contraindicated for surgery [6–8]. Transcatheter aortic valve implanta-
tion (TAVI), a less invasive procedure that does not require open-heart surgery, is 
increasingly available for high-risk patients, especially for the elderly [9]. A disad-
vantage of this approach is that the long-term durability and potential need for 
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subsequent replacement for TAVI have not yet been established. Thus, more long- 
term studies are needed, and this procedure is not widely used in younger patients. 
If proven to be effective, TAVI may become available to more patients, thus reduc-
ing the need for AVR open-heart surgery. To date, there are no pharmacologic-based 
treatments that can prevent the progression or inhibit the development of CAVD, 
highlighting the necessity for new therapeutic approaches. Interestingly, over half of 
surgically replaced AVs are associated with congenital malformations, including 
bicuspid aortic valve (BAV), establishing a relationship between valve development 
and disease mechanisms [10].

The pathogenesis of CAVD includes activation of signaling pathways and tran-
scription factors involved in both heart valve and bone development [11–14]. These 
include transforming growth factor β (TGFβ), bone morphogenetic protein (BMP), 
Wnt, and Notch signaling, as well as transcription factors Sox9 and Runx2 that play 
critical developmental roles during valve progenitor specification, proliferation, dif-
ferentiation, and stratification. Similar to heart valves, bone is a complex connective 
tissue composed of specialized cell types that produce a collagen-rich extracellular 
matrix (ECM). Importantly, developmental pathways of cartilage, tendon, and bone 
are also active in developing valves [reviewed in [14–17]], highlighting parallels 
between valves and the skeleton. Most recently, these developmental pathways have 
also been found to be active in CAVD [13, 18–20], although their roles remain 
poorly understood. In this chapter, we discuss the molecular mechanisms of valve 
and bone development as they relate to CAVD pathogenesis.

 Overview of Aortic Valves (AVs)

 Aortic Valve Structure

In a normal heart, the mature AVs are made up of highly structured ECM layers and 
valve interstitial cells (VIC) that are surrounded by a layer of valve endothelial cells 
(VEC). The AV ECM is stratified into three distinct layers, fibrosa, spongiosa, and 
ventricularis, each providing different biomechanical properties and structural sup-
port (Fig. 3.1). The fibrosa layer located on the aortic side of the valve is primarily 
composed of fibrillar type I and III collagens that are oriented along the valve border 
providing stiffness and tensile strength [21, 22]. On the opposite side, the ventricu-
laris layer of the AV is made up of elastic fibers, primarily radially oriented to pro-
mote leaflet motion [23, 24]. AV leaflet movement is made possible by collagen and 
elastic-rich layers that allow for extension and recoil of the leaflets during each 
heartbeat. The spongiosa, a proteoglycan-rich layer, is found between the collagen 
and elastic layers, enabling valve compression and preserving valve integrity. The 
aortic annulus, mainly comprised of fibrous collagen, is where leaflets attach to the 
aortic root of the heart and functions to distribute mechanical forces. Importantly, 
proper expression and organization of ECM components is essential for valve 
development, maintenance, and function.
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 Valve Cell Diversity

The ECM composition of mature valves is dependent on synthesis by VICs. During 
valve remodeling, VICs express genes involved in collagen, proteoglycan, and elas-
tin production associated with stratification of AV ECM layers [25, 26]. In mam-
mals, valve stratification occurs postnatally, when VICs are highly synthetic and cell 
proliferation rates are low [26, 27]. In contrast, normal adult VICs remain quiescent 
with minimal proliferation and maintain baseline gene expression of ECM compo-
nents necessary to support valve homeostasis [25].

In the adult AV, VICs comprise a heterogeneous and highly plastic population of 
resident cells [28]. VICs can transition through a number of different phenotypes in 
response to environmental changes and cytokines, during developmental valve remod-
eling, homeostasis, and disease. Based on in vitro and embryonic studies, the majority 
of resident VICs in a normal valve are quiescent (qVIC) and are derived from embry-
onic mesenchymal cells of the endocardial cushions [28]. A population of proliferat-
ing VICs (pVIC) has also been identified, as resident to the valves involved in valve 
repair. In addition, activated VICs (aVIC) are characterized by alpha smooth muscle 
actin (αSMA) expression, with increased proliferation, migration, and ECM remodel-
ing activity. Lastly, osteoblast-like VICs (obVIC) have been identified in heart valve 
leaflets and are involved in calcification, chondrogenesis, and osteogenesis of the 
heart valves. obVICs can secrete alkaline phosphatase, osteocalcin, osteopontin, and 
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Fig. 3.1 Extracellular matrix (ECM) composition of a healthy aortic valve includes stratified lay-
ers of collagen, proteoglycans, and elastin. (a) Healthy human adult aortic valve leaflets do not 
exhibit calcification as indicated by lack of Alizarin Red staining. (b, b′) Aortic valve leaflet ECM 
stratification is apparent by Movat’s pentachrome stain with the fibrosa on the aortic side of the 
valve composed of collagen (yellow), the spongiosa composed of proteoglycans (blue), and the 
ventricularis comprised of elastin (black) on the ventricular side of the valve. (c) Schematic repre-
sentation of valve interstitial cells (VICs) embedded within the ECM layers and surrounded by 
valve endothelial cells (VECs)
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bone sialoprotein, all factors involved in normal bone mineralization. Diverse VIC 
populations also were identified by single cell gene expression analysis of remodeling 
mouse valves at postnatal day (P)7 and P30 [29]. During valve remodeling at P7, two 
distinct populations of collagen and glycosaminoglycan expressing VICs are present 
during active ECM stratification. In contrast, P30 VICs were clustered into four popu-
lations with leaflet specificity and unique expression of complement factors, ECM 
proteins, and osteogenic factors. In addition to ECM-producing VICs, multiple popu-
lations of hematopoietic-derived cells, including macrophages and dendritic cells, are 
present in remodeling and adult valves [30–32]. Melanocytes also were identified 
based on expression of key regulators Dct and Mitf. It is likely that the diverse popula-
tions of VICs and their transition states are essential for normal development, homeo-
stasis, and function of the AV, but it is unknown whether, and if so how, they contribute 
to calcific aortic valve disease.

The outer layer of valve leaflets is comprised of VECs that play critical roles in 
establishing valve structure during development, as well as maintaining valve leaflet 
integrity and function during adult stages [17]. In contrast to vascular endothelial 
cells, VECs are aligned perpendicular to blood flow, following the direction of col-
lagen fibers [33], and their function is highly influenced by hemodynamic forces 
[34]. Interestingly, disruption of the continuous outer layer of VECs is a key feature 
of early valve disease [34, 35]; however their pathological role remains unclear. 
Single cell gene expression analysis has uncovered localized subsets of endothelial 
cells present at P7 and P30 in murine heart valves [29]. Strikingly, these endothelial 
cell populations include three spatially different subsets characterized by differen-
tial expression of Prox1, a lymphatic marker, on the fibrosa side, Endomucin on the 
fibrosa and ventricularis sides, and Hapln1 expressed exclusively in the coaptation 
region. These differentially localized endothelial cell populations also are present in 
adult mouse, human, and pig AVs. The specific functions of these populations have 
not yet been established, but they may mediate the effects of differential hemody-
namic or biomechanical stimuli on heart valve organization, homeostasis, or disease.

 Development of the Aortic Valves

 Overview

During embryonic development, the heart is the first organ to form and starts to beat 
by 18 days after conception in humans. The heart initially starts as a primitive tube 
composed of an endocardial endothelial cell layer surrounded by a layer of myocar-
dial cells [36]. The first step in valve development includes the formation of endo-
cardial cushions in the outflow tract (OFT) and atrioventricular canal (Fig.  3.2). 
Myocardium-derived signals induce an endothelial-to-mesenchymal transition 
(EndMT) of neighboring endothelial cells generating mesenchymal cells that popu-
late the endocardial cushions [37, 38]. Subsequently, the mesenchymal progenitor 
cells give rise to VICs that contribute to mature valve structures [27, 39]. Cell 
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lineage studies in mice demonstrate that most cells populating the valves after birth 
are of endothelial origin [27, 39]. In addition, neural crest cells (NCC) have been 
shown to be critical in the formation and remodeling of semilunar valves but are 
absent from atrioventricular valves [40–43]. In the early stages of development, 
mesenchymal cells remain highly proliferative surrounded by an immature ECM 
[44]. Although valves are not fully developed by this time, endocardial cushions of 
the OFT and atrioventricular canal are capable of functioning as valves to promote 
unidirectional blood flow in the early embryo [45]. Valve leaflets form after septa-
tion of the OFT cushions and fusion of the atrioventricular canal cushions [46]. 
Formation of the valve leaflets is characterized by thinning and elongation of the 
valve primordia, as well as remodeling of the valve ECM, giving rise to mature, 
highly organized layers consisting of elastin, proteoglycan, and collagen [14, 26]. 
As the ECM matures, proliferation of valve cells decreases, and VICs are relatively 
quiescent in the adult [25].

 Embryonic Origins of Aortic Valves

Cells of different origins populate the AVs. The valve leaflets are surrounded by a 
layer of VECs that is continuous with the endocardial endothelial layer [47]. In the 
OFT where aortic and pulmonic semilunar valves are formed, subpopulations of 
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Fig. 3.2 Valve development progresses through outflow tract (OFT) cushion development, the 
valve primordia, and mature valve stratification. (a) Aortic valve progenitor cells arise by an 
endothelial- to-mesenchymal transition (EndMT) creating mesenchymal cells in the OFT endocar-
dial cushions. (b) Primitive valve leaflets are apparent as the undifferentiated valve primordia in 
the developing fetus. (c) After birth the valve leaflet ECM is stratified into three layers, the fibrosa, 
spongiosa, and ventricularis, which are composed of collagen, proteoglycans, and elastin, respec-
tively. Note that images are not at the same scale
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endocardial and mesenchymal cells are derived from the second heart field [48]. 
Using the endothelial-specific Tie2-Cre ROSA26R reporter mice, studies have 
shown that some of the mesenchymal cells of the OFT cushions are derived from 
endothelial progenitors through EndMT [27, 39]. Initially, the mature AVs were 
thought to be mainly populated by endothelial-derived cells. However, more recent 
studies revealed a significant contribution of neural crest-derived cells to the devel-
oping endocardial cushions of the OFT and mature valve leaflets, as indicated by 
Wnt1-Cre murine lineage trace studies [49–52]. Both endothelial and neural-crest 
derived cells populate AVs during development and in adult mice. However, it 
remains unclear whether cell origin is indicative of a specific subpopulation of the 
aortic VICs contributing to specific features of development and disease.

 Transcription Factors Involved in Aortic Valve Development

During valve leaflet morphogenesis, the elongation and thinning of endocardial 
cushions occur with remodeling and stratification of the ECM, while VICs remain 
quiescent in mature valves [25, 26]. The highly proliferative mesenchymal cells of 
the endocardial cushions undergo decreased proliferation during leaflet elongation, 
which coincides with expression of ECM proteins, including elastin and fibrillar 
collagen. The transcription factor nuclear factor of activated T cells 1 (Nfatc1) is a 
key regulator of endocardial cushions and valve leaflet remodeling. Nfatc1 is highly 
expressed in endothelial cells of the endocardial cushions where it promotes cell 
proliferation and prevents vascular endothelial growth factor (VEGF)-mediated 
EndMT [53, 54]. Loss of Nfatc1 leads to heart valve remodeling defects and embry-
onic death in mice [55, 56]. During leaflet elongation, RANKL-mediated regulation 
of Nfatc1 stimulates expression of cathepsin K and promotes ECM remodeling [53].

Multiple transcription factors and signaling pathways important for development 
of skeletal and connective tissue lineages also are expressed in developing heart 
valves (Fig. 3.3). The transcription factor Sox9, essential for cartilage development, 
is expressed in endocardial cushions and remodeling valves [57], in which it is 
required for proper expression of proteoglycans in the spongiosa layer [58]. Scleraxis, 
a basic helix-loop-helix (bHLH) transcription factor required for tendon and liga-
ment development, also is locally expressed in developing valves, and loss of scler-
axis results in valve remodeling defects and myxomatous phenotypes in adult animals 
[57, 59]. Moreover, BMP2 treatment in avian valve progenitor cultures leads to Sox9 
expression and activation of its target gene Aggrecan, while treatment with FGF4 
results in scleraxis and tenascin activation [57]. In addition, important regulators of 
bone differentiation and calcification such as Runx2 and osteocalcin are not expressed 
during normal valve development but are characteristic of a calcified AV phenotype 
[11, 14]. The bHLH transcription factor Twist1 is expressed in endocardial cushions 
mesenchyme and promotes cell migration and proliferation; however Twist1 expres-
sion decreases in later stages of valve remodeling [18, 60]. Activation of Twist1 leads 
to induction of downstream targets involved in cell proliferation and migration, 
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including Tbx20 and Collagen2A1 [18, 61]. Activation of Sox9 and Tbx20 is essen-
tial for endocardial cushions cell proliferation and expansion of the valve progenitor 
cell population. In developing endocardial cushions, transcription factors Msx1 and 
Msx2 are expressed in endocardial and mesenchymal cells during EndMT, while 
their loss leads to decreased endocardial cushion formation [62]. Interestingly, 
Twist1, Sox9, and Msx1/2 are activated in pediatric and adult AV disease [18, 19], 
suggesting their reactivation may be involved in disease pathology.

 Signaling Pathways Involved in Aortic Valve Development

A number of signaling pathways play essential roles during AV development, includ-
ing endocardial cushion formation and EndMT. BMP2 signaling is required for the 
initial steps of EndMT, in which BMP2 secreted by the myocardium induces the endo-
cardium to initiate endocardial cushion formation in the OFT and atrioventricular canal 
[38]. Likewise, canonical Wnt/β-catenin and TGFβ signaling pathways are necessary 
for EndMT, as well as proliferation of mesenchymal endocardial cushion cells [37, 63, 
64]. Together with the BMP pathway, Notch signaling is also required for EndMT, and 
in the endocardium, Notch represses endothelial cell adhesion gene expression [65]. 
Notch signaling also is involved in valve leaflet morphogenesis, and mutations in 
human NOTCH1 are associated with congenital BAV and increased incidence of 
CAVD [66]. During valve development, the mesenchymal cells of the endocardial 
cushions are highly proliferative and express Twist1, Msx1/2, and Tbx20 transcription 
factors [14]. These factors function to promote valve mesenchymal cell proliferation 
and expression of ECM genes [18, 60]. At later stages of valve remodeling, Wnt/β-
catenin signaling stimulates gene expression of ECM collagen-related fibrosa layer 
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Fig. 3.3 Regulatory events of skeletal development are conserved with heart valve development 
and calcific disease. Developing heart valve cells and osteochondro-progenitors have similar gene 
expression profiles and regulatory pathways related to cartilage differentiation. Osteogenic gene 
expression and regulatory pathways are active in bone formation and CAVD. As an example of 
conserved regulatory mechanisms, BMP signaling is shown as a regulator of skeletal development, 
valve formation, and CAVD
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markers in cultured VICs [67], and loss of β-catenin in VICs leads to production of 
cartilage-like nodules in adult AVs of mice [68]. Together these studies support a role 
for reactivation of developmental factors and mechanisms during AV disease.

 Skeletal Development

 Overview of Endochondral Bone Formation

The skeleton is predominantly made up of cartilage and bone. Each of these tissues 
is populated by specialized cell types: chondrocytes in cartilage and osteoblasts and 
osteoclasts in bone (Fig. 3.3). More detailed information on osteoclast function in 
bone and cardiovascular tissues is provided in Chap. 20. Interestingly, chondrocytes 
and osteoblasts have a mesenchymal origin and share a common progenitor (“osteo-
chondro” progenitor cells) [69]. During development, bones are formed from three 
embryonic lineages: neural crest, paraxial mesoderm, and lateral plate mesoderm. 
Planar bones of the skull form by intramembranous ossification, in which migrating 
neural crest cells and paraxial mesoderm-derived cells condense into sheet-like 
structures, differentiate into osteoblast bone-forming cells and produce mineralized 
tissue. However, most bones in the body form by endochondral bone formation [70, 
71]. During this process, chondrocytes produce a cartilage template that is remod-
eled by osteoclast reabsorbing cells and converted into bone by osteoblasts [72]. 
Here, we will focus on endochondral bone formation. During the last two decades, 
extensive progress has been made in understanding the molecular mechanisms con-
trolling the development of cartilage and bone [73, 74].

During endochondral bone formation, the replacement of cartilage with mineral-
ized bone initiates with differentiation of proliferating chondrocytes to a non- 
proliferative, hypertrophic state. This hypertrophic cartilage is then invaded by 
osteoblast progenitors, osteoclasts, blood vessel endothelial cells, and hematopoi-
etic cells from the perichondrium, a layer of connective tissue that surrounds carti-
lage of the developing bone. The hypertrophic cartilage is broken down, incoming 
pre-osteoblasts differentiate into bone-forming osteoblasts, and hematopoietic and 
endothelial cells establish bone marrow at the primary ossification center [75]. 
Osteoblast progenitors in the perichondrium differentiate into osteocytes that 
deposit bone around the cartilage template. As development continues, the primary 
ossification center expands, and secondary ossification centers begin to form at one 
or both ends of the developing bone. This leads to the formation of epiphyseal 
growth plate cartilage resulting in longitudinal bone growth [71, 76]. These growth 
plates consist of chondrocytes organized into structural and functional zones, each 
with a unique expression pattern [77]. Small and quiescent cells are found in the 
reserve zone near the secondary ossification center, while proliferating chondro-
cytes are located in the bordering proliferative zone. These proliferating chondro-
cytes undergo clonal expansion and line up in the direction of longitudinal growth. 
Proliferating chondrocytes eventually reach the hypertrophic zone, where they stop 
proliferating. While some hypertrophic chondrocytes may undergo apoptosis, recent 
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studies suggest that some hypertrophic chondrocytes have the ability to become 
osteoblasts [78]. Over time, the growth plates get thinner, and the cartilage template 
is replaced by bone.

 Characteristics of Cartilage and Bone Tissue

Cartilage and bone have distinct characteristics; interestingly, both share similarities 
with the AV tissues. Cartilage formation includes mesenchymal condensation, differ-
entiation into proliferative chondrocytes, and maturation into hypertrophic chondro-
cytes. The main components of mature cartilaginous tissue are chondroitin sulfate 
proteoglycans, providing structural cushioning and flexibility to the skeleton [79, 80], 
while inhibiting angiogenesis, resulting in avascular mature cartilage [79]. Remarkably, 
these are also main features of the spongiosa layer in the mature AV [81], drawing 
structural parallels between heart valves and cartilage. In addition, the cartilage ECM 
prevents tissue mineralization, which is also a suggested role for the proteoglycan-rich 
layer of the AV [82]. A critical transcription factor in cartilage formation is Sox9, 
which is required for proliferation and differentiation of chondrocyte progenitors [83, 
84]. Interestingly, high levels of Sox9 are found in developing and mature AVs.

The bone cell lineage is made up of a group of cells including mesenchymal 
“osteochondro” progenitors, pre-osteoblasts, osteoblasts, osteocytes, and osteo-
clasts (Fig. 3.3). Similar to valve progenitor cells and diseased AVs, mesenchymal 
transcription factors Twist1, Msx2, and Sox9 are expressed in osteochondro pro-
genitor cells [74]. Like healthy differentiated VICs, pre-osteoblasts express high 
levels of type I collagen, as well as periostin, osteonectin, and osteopontin [67, 85], 
which have also been found to be increased in AV disease. Differentiated osteo-
blasts are the principal bone-making cells that produce a rich type I collagen matrix, 
in addition to calcification-specific proteins, such as osteocalcin and alkaline phos-
phatase [86]. Prior to bone mineralization, osteoblasts express the transcription fac-
tor Runx2, as well as ECM proteins osteocalcin and bone sialoprotein [13, 86]. 
During mature bone formation, Runx2 regulates gene expression of the transcrip-
tion factor Osterix/Sp7 in osteoblasts and osteocytes [87]. Osteocyte expression of 
Runx2 and Sp7 is required for deposition of calcium phosphate and hydroxyapatite 
leading to bone mineralization [86]. Balancing activities of bone-forming osteo-
blasts and bone-reabsorbing osteoclasts maintain normal bone homeostasis.

 Transcriptional Regulation of Skeletal Development

During cartilage development, proliferating chondrocytes are characterized by 
expression of cartilage marker genes Col2a1 and aggrecan. A hallmark of the chon-
drocyte hypertrophic state is expression of Col10a1, instead of Col2a1. During col-
lagen differentiation and maturation, the transcription factor Sox9 regulates 
expression of Col2a1 and aggrecan, as well as Col10a1 [88–93]. Thus, Sox9, as the 
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master regulator of chondrogenesis, controls proliferation and differentiation of 
non- hypertrophic chondrocytes [88, 94]. Mutations in human TWIST1 result in 
skeletal dysplasia Saethre-Chotzen syndrome, characterized by early fusion of cra-
nial sutures of the skull due to premature bone differentiation [95]. In the skeleton, 
Twist1 is expressed early in osteochondro progenitor cells, and its expression inhib-
its terminal differentiation of both cartilage and bone [96]. To inhibit cartilage dif-
ferentiation, Twist1 can bind to Sox9 preventing activation of cartilage-specific 
gene expression [97]. In pre-osteoblasts, Twist1 can bind to Runx2 blocking its 
transcriptional activation of bone differentiation genes including osteocalcin [96], 
thus preventing bone differentiation. The transcription factor Msx2, also involved in 
early stages of skeleton development, is expressed in mesenchymal osteochondro 
progenitors and is downregulated during osteoblast differentiation [74]. 
Overexpression of Msx2 in osteoblasts prevents bone differentiation and mineral-
ization, whereas loss of Msx2 accelerates terminal bone stages [98]. Like Twist1, 
Msx2 is expressed in mesenchymal progenitors and inhibits osteogenic differentia-
tion. Thus, Twist1 and Msx2 are critical to preserve the mesenchymal progenitor 
stage during skeletal development.

Similar to Twist1 and Msx2, Sox9 is essential for specification of osteochon-
dro progenitor cells, but it is not expressed in differentiated osteoblasts [99]. 
During early stages of chondrocyte development, Sox9 induces cell proliferation, 
and its expression is required for chondrocyte differentiation [99]. As a transcrip-
tion factor, Sox9 promotes growth of cartilage progenitors and induces cartilage 
differentiation while preventing bone differentiation [80, 86]. Sox9 can bind to 
Runx2 inhibiting its transcriptional activity, resulting in hypertrophic cartilage 
growth and inhibition of osteogenic differentiation [100]. Thus, inhibition of 
Sox9 expression in osteoblasts is necessary for bone differentiation and mineral-
ization, while Runx2 has been identified as critical for promoting bone formation 
and mineralization [74, 101]. Murine gain- and loss-of-function studies revealed 
that Runx2 is necessary and sufficient to drive osteoblast differentiation [101]. 
Loss of Runx2 expression in mice results in the lack of mineralized bone, while 
Runx2 haploinsufficiency leads to reduced bone formation both in mice and 
humans [86]. Even after birth, introduction of a dominant negative form of Runx2 
results in decreased bone mineralization, highlighting the importance of Runx2 in 
both bone mineralization and homeostasis throughout life [102]. Healthy heart 
valves from developmental or adult stages lack Runx2 expression, as well as cal-
cification. However, expression of Runx2 has been detected in human and mouse 
CAVD [19, 103].

Nfatc1 is a critical mediator of RANKL-induced osteoclast differentiation [86, 
104]. As a transcription factor, Nfatc1 plays an important role in osteoclast activa-
tion via induction of genes involved in osteoclast adhesion, migration, and degrada-
tion of bone matrix [105, 106]. In bone, RANKL activity is antagonized by the 
receptor decoy osteoprotegerin (OPG) that promotes bone calcification [107, 108]. 
During osteoblast differentiation, Nfatc1 stimulates cell proliferation and promotes 
osteoblast differentiation by cooperating with Osterix/Sp7 to induce Col1a1 gene 
expression [109, 110]. The RANKL and OPG-mediated regulation of Nfatc1 
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transcriptional activity is essential for proper balance between bone calcification 
and resorption [104]. A similar balance of OPG and RANKL signaling in CAVD has 
been suggested [111]; however its role in adult valve homeostasis and disease 
remains unknown.

 Signaling Pathways Involved in Bone Development

Various signaling cascades are involved during the different stages of endochondral 
bone formation including TGFβ, BMP, Wnt, and Notch [71]. Together these net-
works interact to regulate transcription factor activation, as well as gene expression, 
in chondrocyte and osteoblast cell lineages. Similar molecular interactions occur in 
heart valve development and pathogenesis [14].

BMPs were originally identified as osteogenic factors with the ability to pro-
mote ectopic bone formation when implanted into competent tissues [112, 113]. 
During cartilage formation, skeletal element condensation is highly dependent on 
active BMP signaling and is inhibited by the BMP ligand antagonist, gremlin 
[114]. At the transcriptional level, BMP plays critical roles in osteochondrogenic 
gene induction, including Sox9 gene expression [115]. Mice with loss of the BMP/
TGFβ signaling intermediate Smad4, using Col2a1-Cre expressed in osteochon-
drogenic progenitors, exhibit dwarfism as a result of growth plate disorganization 
[116]. Likewise mice with Col2a1-Cre-mediated loss of the BMP signaling inter-
mediate Smad1/5 develop severe chondrodysplasia [117], demonstrating that BMP 
signaling through Smad1/5 is required for endochondral bone formation. The Wnt 
signaling cascade also has essential functions during bone formation. At the tran-
scriptional level, Wnt/β-catenin induces activation of Runx2 leading to osteoblast 
differentiation while preventing Sox9 expression thereby inhibiting chondrogene-
sis [80]. Even in the presence of Runx2, Wnt/β-catenin signaling is required for 
complete activation of the osteogenic program. In mice, loss of β-Catenin expres-
sion in early mesenchymal osteochondro progenitors results in loss of osteoblast 
differentiation [86]. Both BMP and Wnt pathways act together to induce bone 
calcification; however neither pathway alone is sufficient to drive an osteogenic 
response [118].

Notch signaling plays a critical role in endochondral bone formation. In early 
osteochondro progenitors, Notch signaling is necessary for cell proliferation, while 
increased levels prevent terminal differentiation of chondrocytes and endochondral 
ossification [119]. Notch inhibits chondrogenesis via Sox9 transcriptional suppres-
sion [120]. Furthermore, activation of Notch signaling can inhibit Wnt/β- catenin 
and Runx2 transcriptional activity preventing osteoblast differentiation [121–123]. 
Similarly, loss of Notch1/2 function leads to increased osteoblast differentiation and 
bone mass in mice [124]. In addition to the Notch pathway, TGFβ signaling plays 
an important role in maintenance of bone mass via regulation of bone formation and 
resorption. Human TGFβ1 gain-of-function mutations result in Camurati-
Engelmann disease (CED) characterized by diaphyseal thickening and fluctuating 
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bone volumes [125], while similar phenotypes are seen in mice with this mutation 
[126]. On the other hand, loss of TGFβ1 in cartilage promotes chondrocyte hyper-
trophy resulting in cartilage degeneration [127].

 Similarities Between Valve and Skeletal Development

Many studies have identified pathways active in development of heart valves, as 
well as skeletal development, including both cartilage and bone (Fig. 3.3). Not sur-
prisingly, similarities also exist between the structural makeup of the heart valves 
and skeleton, highlighting common ECM components that play critical roles in both 
development and disease of these tissues. Understanding these similarities will be 
essential to reveal the pathological role of developmental pathways in the initiation 
and progression of AV disease.

 Reactivation of Developmental Pathways in CAVD

 Overview

Studies of human CAVD provide evidence that a number of valve and bone devel-
opmental pathways are active in diseased valves [128]. Early studies identified an 
association between the Notch signaling pathway and CAVD, as mutations in 
human NOTCH1 were linked to both BAV and CAVD [66]. Notably, studies in mice 
and cultured VICs demonstrated the protective role of Notch signaling against valve 
calcification [129, 130]. On the other hand, activation of Wnt/β-catenin and BMP 
signaling pathways has been associated with progression of CAVD.  Studies of 
human diseased AV samples revealed Wnt/β-catenin activation, supporting a role 
for Wnt/β-catenin during CAVD via osteogenic gene induction [131, 132]. However, 
the underlying Wnt/β-catenin-related mechanism driving CAVD pathogenesis 
remains unknown. In addition, pSmad1/5/8 activation, indicative of active BMP 
signaling, has been observed in human and mouse CAVD [133]. Importantly, 
pSmad1/5/8 activation is observed exclusively in adult calcified AVs and is not 
detected in pediatric diseased valves that do not calcify [19], suggesting a critical 
role for BMP-pSmad1/5/8 signaling in the pathogenesis of adult CAVD (Fig. 3.3). 
The intersection of Notch and BMP signaling is essential for AV development and 
has been shown to play a role during AV calcification in vitro [129, 134].

Early stage and pediatric AV disease is primarily associated with ECM dysregu-
lation similar to early cartilage development, while late stage adult CAVD is associ-
ated with leaflet thickening and development of calcific nodules reminiscent of late 
stage bone formation [19, 135]. Thus, early stages may be linked to dysregulation 
of developmental pathways involved in normal valve ECM formation and cartilage 
formation, while late stage calcific disease includes induction of osteogenic path-
ways involved primarily in bone formation.
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 Cell Origins of Calcifying Aortic VICs During CAVD

The development of AV stenosis has been linked to inflammation, disrupted lipid 
metabolism, dystrophic calcification, and bone formation [136]. Based on these 
findings, there has been an interest in identifying cell types and pathogenic mecha-
nisms that contribute to the progression of CAVD. Advanced CAVD is character-
ized by the presence of calcium deposits normally found on the fibrosa side of AVs 
[11, 137, 138]. Studies suggest there may be a number of different sources for cal-
cifying cells of the AVs during disease, including osteogenic trans-differentiation of 
VICs, circulating osteo-progenitor cells, infiltrating immune cells, and cells derived 
from EndMT events [139]. Chondrocyte-like cells localized to the annular and 
hinge regions of the AVs may also contribute to calcification through their produc-
tion of the valve ECM components, including collagens and proteoglycans [135, 
140]. Histological studies of postmortem adult human AV leaflets prior to clinical 
CAVD diagnosis (no clinical AV stenosis) revealed increased collagen and proteo-
glycan ECM, as well as elastin fragmentation, even prior to AV thickening or calci-
fication [135]. Similarly, pigs subjected to a high-fat diet exhibited increased ECM 
production and valve leaflet thickening, hypothesized to be early indicators of AV 
sclerosis, prior to calcification, in a large animal model [141]. Together, these stud-
ies support an early pathological role for increased ECM production by VICs in the 
development of CAVD.

Moreover, a recent study using transcriptomics and proteomics of human ste-
notic AVs [142] showed increased expression of myofibrogenesis and oxidative 
stress genes during the fibrotic stage, while the calcific stage was characterized by 
increased expression of calcification factors. Both fibrotic and calcific stages were 
associated with significant inflammation, confirming an early pathological role for 
inflammation in CAVD progression. Furthermore, this study identified VICs 
derived from the fibrosa layer of the AVs as the main drivers of calcification in 
CAVD, with profibrotic and procalcific characteristics, in contrast to ventricularis-
derived VICs with low calcification potential. However, it remains unknown 
whether these different cell types and origins have specific roles and functions dur-
ing AV disease.

 CAVD: A Bone-Like Process of Calcification

Because of its association with aging, CAVD was believed to be a passive, degen-
erative disease. However, recent studies have demonstrated that CAVD is an active, 
cellular-driven process [5]. A hallmark in the progression of CAVD is AV stenosis 
caused by extensive calcific deposits (Fig.  3.4). In adult healthy valves, resident 
VICs remain quiescent with fibroblast-like characteristics. In human CAVD, mark-
ers of endochondral bone formation have been observed in VICs associated with 
areas of calcification, supporting activation of an osteoblast-like cell phenotype dur-
ing disease progression [19]. Likewise, there is increasing evidence that AV 
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calcification during CAVD occurs via an endochondral bone formation-like process 
[137]. In developing bone, osteogenic genes, Runx2 and osteocalcin (OCN), are 
critical regulators of bone mineralization [143], and these genes also are expressed 
in CAVD (Fig.  3.3). Together these data demonstrate that osteogenic genes are 
active in CAVD.

Some of the pathological events associated with CAVD are believed to initiate at 
the endothelial barrier. VECs comprise the outer layer of the AVs, making them the 
first line of response to hemodynamic forces and systemic circulating factors [144]. 
VEC dysfunction leads to infiltration of cells and cytokines that are able to promote 
activation of native quiescent VICs. Consequently, activated myofibroblast-like 
VICs are responsible for the initial steps of CAVD, including AV sclerosis and stiff-
ness [145]. Thus, there is increasing evidence that the progression from AV sclerosis 
to stenosis involves a bone-like process of calcification via osteo-progenitor cells 
arising from different origins, including activated VICs. However, it is important to 
highlight that there are many additional risks factors associated with disease, includ-
ing atherosclerosis, late-stage kidney disease, diabetes, and aging, that likely stimu-
late activation of additional pathogenic pathways in CAVD [146]. However, the 
relationship between pathogenic and developmental pathways in the initiation and 
progression of CAVD remains poorly understood.

Alizarin Red Pentachrome

a b

c

Valve Endothelial Cell (VEC)

Valve Interstitial Cell (VIC)

Collagen Fiber

Proteoglycan Fiber

Elastin Fiber

Nodule

Fig. 3.4 Diseased aortic valves display calcification and disorganization of ECM components. (a) 
Aortic valve calcification is apparent in postmortem human leaflets with calcification indicated by 
positive Alizarin Red staining (red). Calcific nodules are prevalent on the aortic side of the leaflet 
middle region (yellow arrowheads), and intrinsic calcification is observed within the valve tissue 
at the hinge (black arrowheads). (b) ECM dysregulation is apparent in Movat’s pentachrome- 
stained calcified aortic valve. (c) Schematic representation of nodular calcification originating in 
the collagen-rich fibrosa, which disrupts the organization of ECM layers, as well as the gross valve 
anatomy, if large nodules are present
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One of the key features of AV stenosis is the presence of calcific nodules. 
Likewise, molecular pathways involved in bone mineralization, such as the BMP 
and Wnt/β-catenin signaling cascades, in addition to factors involved in endochon-
dral bone formation, such as proteoglycans, alkaline phosphatase, Runx2, osteo-
pontin, and bone sialoprotein, have been implicated in human CAVD [13]. 
Osteogenic gene induction is a key feature observed in end-stage CAVD of distinct 
etiologies, suggesting a common mechanism involved during AV calcification. 
Interestingly, osteogenic gene induction can be initiated as a result of inflammation, 
via cytokine production [147] and oxidative stress, leading to activation of tran-
scription factor Runx2 and the Wnt signaling pathway, key players in the process of 
mineralization [148].

 Developmental Transcription Factors in CAVD

The pathogenesis of CAVD remains poorly understood, but various studies suggest 
that valve disease discovered later in life may be related to defects in valve develop-
ment [66, 149]. Importantly, congenitally malformed valves such as BAV have a 
higher probability of calcifying, and CAVD occurs at a younger age in individuals 
with BAV.  In addition, transcriptional networks of heart valve development have 
been identified in diseased AVs. The chondrogenic factor Sox9 has been shown to 
have a protective role in CAVD and is regulated by nuclear localization [150]. 
Heterozygous loss of Sox9 expression in Col2a1-expressing lineages leads to AV 
calcification in mice [58], while ectopic expression of Sox9 prevents AV calcifica-
tion and osteogenic gene induction [82]. There is increased Sox9 expression in dis-
eased calcified AVs, as well as pediatric valves that do not calcify [19]; thus its 
pathological role in CAVD is not well understood. Similar to Sox9, increased Msx2 
expression has been found in human diseased AVs [19], and its expression is suffi-
cient to promote vascular calcification via activation of the Wnt pathway [151]; 
however, the role of Msx2 in CAVD remains unknown. Nfatc1 has also been shown 
to be expressed in calcified AVs [152], and the RANKL antagonist OPG can inhibit 
AV calcification in hypercholesterolemic mice [153]. In addition, Runx2 and its 
downstream targets Osteocalcin and Alkaline Phosphatase (ALP) also are increased 
in human CAVD samples [137]. Of note, osteogenic gene induction occurs in calci-
fied AVs with different comorbidities, suggesting its activation may be a final step 
in CAVD.

 Intersecting Signaling Pathways in CAVD

Recent studies revealed the active regulation of osteogenic processes in aortic 
mineralization [154–157], indicating a parallel between vascular aortic calcifica-
tion and bone formation. However, the mechanism driving the process of 
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calcification in AVs remains less known. Previous studies have demonstrated that 
VICs, either cultured in vitro with osteogenic media or genetically manipulated 
for Notch1 inhibition, exhibit calcification and osteogenic gene induction, 
including Runx2 and ALP, as well as increased BMP signaling [67, 129, 158]. 
Similar to atherosclerotic lesions, BMP2 and BMP4 are expressed in human cal-
cified AVs [137]. In addition, preferential expression of pSmad1/5/8, indicative 
of BMP signaling, was observed on the fibrosa side of calcified AVs [133]. 
Specifically, pSmad1/5/8 activation is exclusively expressed in calcified adult 
diseased valves, in contrast to pediatric diseased valves that do not calcify [19]. 
Likewise, Notch1+/− and high-fat fed ApoE−/− mice with AV disease exhibit 
increased pSmad1/5/8 activation [129, 130, 159]. In addition, loss of the BMP 
pathway inhibitors, Smad6 and MGP, leads to valve calcification in mice [160, 
161]. Conversely, conditional loss of the BMP receptor ALK3 in VICs prevents 
development of CAVD lesions in the Klotho mouse model of premature aging 
[140]. Altogether these data support an important role for BMP signaling in the 
development of CAVD.

Analysis of calcified AVs provided initial evidence for a role of Wnt/β-catenin 
signaling in CAVD. β-catenin expression is significantly increased in calcified AVs 
when compared to healthy normal valves [162]. Moreover, expression of the chon-
drogenic factor Sox9, as well as osteogenic factors Runx2, bone sialoprotein, and 
osteocalcin, was also upregulated. Supporting a role for Wnt signaling, increased 
expression of receptor LRP5 and ligand Wnt3 has been identified in calcified in AVs 
when compared to controls [68]. Together these data support a role for Wnt/β-
catenin during osteochondrogenic gene induction and development of AV calcifica-
tion. BMP signaling has been shown to participate in activation of noncanonical 
signaling independent of Smads, via JNK, p38 and MAPK cascades. Studies 
revealed that non-Smad signals were associated with Wnt/β-catenin activation, 
leading to ALP expression and matrix calcification [163, 164]. These data support a 
model where BMP and Wnt-β-catenin signaling pathways intersect to activate 
downstream expression of factors involved in AV calcification; however this inter-
action has not yet been elucidated in vivo.

Mutations in human NOTCH1 are associated with BAV and CAVD [66]. Studies 
in mice and cultured VICs demonstrated that Notch signaling protects against min-
eralization [66, 129]. In addition, adult mice with heterozygous loss of Notch1 or 
RBPJ, a Notch effector, fed a high-fat diet present with AV calcification [130]. 
Similarly, endothelial-specific deletion of the Notch ligand Jag1 leads to AV calcifi-
cation associated with abnormal ECM remodeling [165]. The transcription factor 
Hey2, a downstream effector of the Notch pathway, can directly inhibit Runx2- 
mediated transcriptional activation of osteogenic genes [66]. Interestingly, murine 
loss of Hey2 results in AV stenosis and activation of osteogenic genes. Together 
these data support a protective role for Notch signaling in the development of CAVD.

The pathogenesis of CAVD is associated with an increase in myofibroblasts, 
characterized by increased αSMA expression. Past studies have shown that TGFβ1 
mediates differentiation of VICs into αSMA-expressing myofibroblasts, resulting in 
increased tension and realignment of ECM fibers [166]. Explanted human AVs from 
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patients with end-stage CAVD exhibit increased TGFβ1expression, suggesting a 
positive role for TGFβ1 in the development of CAVD. In contrast, TGFβ1 treatment 
of in vitro cultured porcine VICs inhibited calcific nodule formation and murine 
TGFβ1 loss-of-function results in CAVD in vivo [150]. Together these findings sup-
port a critical role for TGFβ1 in CAVD pathogenesis, potentially related to specific 
levels of TGFβ1.

 Conclusions

Currently, the only clinical therapy available for CAVD is AV replacement (surgery 
or TAVI). Unfortunately, these procedures are associated with significant complica-
tions, and little is known about the long-term effectiveness of TAVI. Thus, there 
remains an unmet clinical need for the development of pharmaceutical therapies 
that can prevent or inhibit the development or progression of disease. The increasing 
knowledge of the critical drivers of valve disease, including developmental and 
osteogenic mechanisms, together with new data from state-of-the-art technologies 
such as transcriptomics, proteomics, single cell analysis, and network medicine 
[167], represents important progress toward the identification of new therapeutic 
targets and treatment strategies for CAVD.
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Chapter 4
Differential Mechanisms of Arterial 
and Valvular Calcification

Maximillian A. Rogers and Elena Aikawa

Cardiovascular calcification is a form of ectopic calcification (calcification in soft tis-
sues that do not normally calcify) in which minerals deposit in cardiovascular organs. 
Ectopic calcification can be seen in multiple tissue types, notably in the medial smooth 
muscle layer and the intimal atherosclerotic plaque layer of the arteries, as well in the 
cardiac valves (see Chap. 2 for histopathological presentations of vascular and valvu-
lar calcification). In the heart, some of the most serious calcification detriments occur 
in the aortic valve and coronary arteries, as such the aortic valve will be the focus of 
the present vascular and valvular calcification mechanistic comparison. In arteries, 
calcification increases stiffness that contributes to hypertension [1] and heart failure 
[2], in addition to increasing plaque rupture risk [3]. In heart valves, calcification nar-
rows the valve opening, impairing blood flow, referred to as calcific aortic valve dis-
ease (CAVD) or aortic stenosis. Aortic stenosis leads to heart failure with high 
mortality rate [4]. Aortic valve disease is the third most common cardiovascular dis-
ease in the United States, following hypertension and coronary artery disease [5].

The prevalence of cardiovascular calcification varies among studies with typi-
cally increasing prevalence in aged populations [6]; however, calcification increases 
the risk of cardiovascular events independently of age [7]. In adults the presence of 
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vascular calcification varies widely with more observed in adults with kidney dis-
ease and lower levels seen in premenopausal women and in the aorta compared to 
the coronary artery [7–10]. Increased valvular calcification is also associated with 
kidney disease patients on dialysis [11]. Vascular calcification and aortic stenosis 
occur in some pediatric populations, including idiopathic infantile arterial calcifica-
tion [12], Hutchinson-Gilford progeria syndrome [13], and congenital valve disease 
[14]. Despite the severity and wide prevalence of cardiovascular calcification, there 
are currently no US Food and Drug Administration-approved drug therapies for this 
life-threatening condition.

Vascular and valvular calcification can co-occur, as is frequently the case in kid-
ney disease patients; however, in the general population, aortic root rather than 
valve calcification has been shown to associate with coronary artery calcification 
[15]. Similar mechanisms may drive some aspects of vascular and valvular calcifi-
cation, but these diseases are distinct pathologies. Understanding the mechanistic 
differences that independently drive these critical cardiovascular pathologies, 
including with the use multi-omics and big data analysis, could lead to therapies for 
these unmet medical needs [16]. Here the major mechanisms associated with car-
diovascular calcification are outlined by highlighting some differences between vas-
cular and valvular pathologies.

 Arterial and Valvular Tissue Microenvironments and Cells

 Calcification Morphology and Tissue Microenvironment

In arteries and heart valves, calcification morphology appears as spherical particles, 
fibers, and compact material when visualized by density-dependent color scanning 
electron microscopy [17] (Fig. 4.1). The origin of these forms of calcification is 

ARTERY VALVE

Fig. 4.1 Density-dependent scanning electron microscopy of calcification in human carotid artery 
and human aortic valve. Calcification (red) and tissue matrix (green) shown for calcified human 
artery isolated during carotid endarterectomy and aortic valve isolated during valve replacement 
surgery. (Previously unpublished images courtesy of Elena Aikawa (Brigham and Women’s 
Hospital, Harvard Medical School))
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currently under debate, as several mechanisms have been suggested in both arteries 
and valves. Extracellular vesicles have been demonstrated to contribute to the for-
mation of vascular calcification [18, 19] as well as being involving in valvular cal-
cification [20, 21]. Apoptosis has been suggested to be involved in the formation of 
calcified nodules from vascular [22] and valvular cells [23]. Accumulated cell debris 
along with extracellular matrix produces nodules that can serve as scaffolds for 
hydroxyapatite formation. Inhibiting apoptosis suppresses transforming growth fac-
tor beta 1-induced calcification without effecting nodule formation [24]. Inhibiting 
actin polymerization suppresses nodule formation but not calcification in sheep 
valve cells [24], which suggests that calcification and nodule formation are not 
always codependent on each other.

Perhaps the most obvious difference between arterial and valvular calcification 
is in the tissue microenvironments and cell types within (Fig. 4.2). Arteries contain 
three layers: endothelium, medial smooth muscle cells, and connective tissue [25]. 
In addition to an endothelial layer, the aortic valve contains three layers, fibrosa, 
spongiosa, and ventricularis [26], which differ in their mechanical properties due to 
differences in extracellular matrix components allowing movement of the valve. 
Vascular calcification occurs in the medial smooth muscle cell layer particularly in 
metabolic disease patients like those with diabetes mellitus [27] and chronic kidney 
disease [28] and in the collagen-rich intima plaque layer fibrous vapor in close prox-
imity to necrotic core in patients with atherosclerosis [29]. Calcification in the aortic 
valve preferentially occurs in the fibrosa layer, which faces the aorta and is com-
prised of collagen [26].

ARTERY VALVE

EC EC
collagen macrophage

foam cell

SMC

intima
fibrosa

spongiosa

media
ventricularis

adventita

calcification calcification

collagen

GAGs
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Fig. 4.2 Differences in arterial and valvular calcification microenvironments. Arteries contain 
multiple layers including endothelium, intima (plaque seen in atherosclerosis patients), media, and 
adventitia (connective tissue). Aortic valve layers differ for arteries and include endothelium, 
fibrosa (collagen rich), spongiosa (glycosaminoglycans/GAGs rich), and ventricularis (elastin 
rich). The luminal surface of arteries, called the endothelium, contains a layer of endothelial cells 
(EC). The aortic valve is encased in a layer of endothelial cells. The major cell type of arteries is 
smooth muscle cells (SMC), and the major cell type of valves is valvular interstitial cells (VIC). In 
the artery calcification can occur in the media layer, often seen in diabetics and patients with 
chronic kidney disease, or in the intima layer often seen in atherosclerosis patients. In the valve 
calcification is found on the aortic side in the collagen-rich fibrosa layer. Images were generated 
using Motifolio illustration tool kit (Motifolio Inc., Ellicott City, MD)
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 Smooth Muscle Cells and Valvular Interstitial Cells

The predominant cell type in the artery wall is smooth muscle cells (SMC), which 
are typically present only in low numbers in healthy human aortic valves [30]. The 
predominant cell type in the valve is valvular interstitial cells (VIC). VIC are 
fibroblastic cells that produce extracellular matrix proteins and matrix remodeling 
proteins [31]. During fetal development VIC are thought to be activated myofibro-
blasts as they express the SMC marker α-smooth muscle actin that is lost after 
birth [32]. VIC phenotypic state as fibroblastic cells or activated myofibroblasts is 
potentially a key mechanism in the calcification potential of these cells. In vitro 
culturing of VIC in DMEM media leads to a more activated myofibroblast-like 
phenotype, but switching to a fibroblast media reduces expression of cytoskeletal 
proteins and bone marker proteins [30]. This raises two questions: are calcifying 
arterial cells similar or different from calcifying valvular cells, and are these two 
cell types distinct from bone osteoblasts? Supporting cell-type differences 
between calcifying SMC and VIC, human SMC generate increased calcium con-
tent, runt-related transcription factor 2 (RUNX2), tissue non-specific alkaline 
phosphatase (TNAP protein, ALPL gene) activity, and collagen type 1 and glycos-
aminoglycan compared to VIC in collagen gels cultured in osteogenic media with 
cyclic strain [33]. Calcifying cardiovascular cells are also likely different from 
bone osteoblasts. Transcriptomics comparing calcifying SMC with osteoblasts 
suggest these cells maintain distinct transcriptional programs, but with some com-
monalities between them in extracellular matrix and biomineralization genes [34]. 
Supporting some shared mechanisms, inhibiting TNAP or RUNX2, suppresses 
cardiovascular [35, 36] and bone mineralization [37, 38]. Deletion of ecto-nucle-
otide pyrophosphatase/phosphodiesterase 1, an enzyme involved in the produc-
tion of the calcification inhibitor pyrophosphate, reduces the inhibitory effects of 
extracellular nucleotides on both SMC and osteoblast mineralization, but with 
mechanistic differences between the two cell types [39]. Supporting some miner-
alization differences, molecular mechanisms have been demonstrated to inhibit 
SMC and VIC calcification without negatively impacting bone osteoblast miner-
alization. Inhibiting sortilin in SMC that loads TNAP onto calcifying extracellular 
vesicles [40], as well as inhibiting dynamin- related protein 1 that meditates 
 mitochondrial fission regulating calcium buffering and cellular metabolism [41] 
in SMC and VIC, suppresses cardiovascular cell calcification without negatively 
impacting bone osteoblast mineralization. A direct multi-omics comparison 
between calcifying SMC, VIC, and osteoblasts remains to be performed. 
Incorporating induced pluripotent stem cell (IPSC) technology with a multi-omics 
comparison by converting IPSC from the same donor to calcifying VIC [42], 
SMC [43] and osteoblasts [44] may assist in this endeavor by reducing compari-
son issues due to donor-to-donor variability. Added insight into the transcriptional 
and translational programs that account for differences in calcifying vascular, val-
vular, and bone cells could identify key drivers of these likely distinct cardiovas-
cular pathologies.
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 Progenitor Cells

TNAP is a key enzyme in osteogenic differentiation, which promotes cardiovascu-
lar cell calcification potential [40]. TNAP is also a marker of pluripotent stem cells, 
cell differentiation, and is involved in mineralization and development processes, 
particularly skeletal development [45]. TNAP is involved in mineralization by 
hydrolyzing the calcification inhibitor pyrophosphate and providing free phosphate 
for the generation of hydroxyapatite crystals. TNAP protein is increased in calcified 
areas of human valve [46] and arteries of patients with diabetes [47] and chronic 
kidney disease [48]. In vitro, cardiovascular cells calcify via TNAP-dependent and 
TNAP -independent mechanisms [49]. While calcification can occur in the absence 
of TNAP activity, the involvement of TNAP in some forms of cardiovascular calci-
fication raises an interesting connection to stem cells, as TNAP is a marker of pluri-
potency [45]. Another protein involved in pluripotency is lamin A. Cells with higher 
levels of lamin A have decreased efficiency in undergoing reprogramming to 
induced pluripotent stem cells [50]. Lamin A mutations produce an alternative 
spliced product of lamin A called progerin (also produced in normal aged cells) that 
binds to lamin A/C and induces nuclear aberrations [8]. The unprocessed form of 
lamin A called prelamin A induces calcification of vascular smooth muscle cells in 
a TNAP-dependent manner [51]. Mutation of the lamin A gene is the cause of 
Hutchinson-Gilford progeria syndrome in which accelerated calcification occurs in 
the arteries and heart valves [13].Together these data raise the possibility that osteo-
genic differentiation of cells involves a molecular mechanism in which cardiovascu-
lar cells become calcifying cardiovascular cells by dedifferentiating to a more stem 
cell-like state. Circulating and resident populations of stem cells have been attrib-
uted to the cardiovascular calcification process. Unique to vasculature calcification 
is the involvement of cells from the outermost layer of the vessel wall called the 
adventitia. Mesenchymal stem cell-like cells (Gli1-positive cells) in the arterial 
adventitia are SMC precursors, and these cells migrate into the media and intima 
layers of artery in atherosclerotic chronic kidney disease mice where they serve as 
a major source of calcifying cells [52]. The valve has a different set of multipotent 
mesenchymal progenitor cells that contribute to calcification [53]. Additionally, cir-
culating endothelial progenitor cells with osteoblastic properties are elevated in 
patients with aortic stenosis and in the endothelial and deeper cell layers calcified 
aortic valve [54]. Whether progenitor cells utilize different mechanisms in the arter-
ies than in the valve is unknown but possible given the different origins of these cells.

 Endothelial Cells

Like arteries, aortic valves are covered by a continuous monolayer of endothelial 
cells. Endothelial cells have been shown to be involved in vascular and valvular 
calcification and potentially could exhibit differential responses to calcific disease 
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regulating factors. A transcriptional and histological comparison of porcine vascu-
lar endothelial cells and aortic valvular endothelial cells exposed to laminar shear 
stress found over 400 differentially expressed genes between these cell types [55]. 
Valve endothelial cells were found to be inflammatory and expressed genes associ-
ated more with chondrogenesis, whereas vascular endothelial cells expressed more 
genes associated with osteogenesis. In agreement with a role of endothelial cells in 
calcification, overexpression of TNAP in the endothelium increases vascular calci-
fication in atherosclerotic mice [35]. Endothelial cells may undergo a differentiation 
process referred to as endothelial-to-mesenchymal-transition (EndMT), in which 
these cells lose endothelial properties (including markers like endothelial cadherin) 
and gain characteristics of mesenchymal cells or myofibroblasts (including markers 
like α-smooth muscle actin, vimentin, and collagen type 1). These EndMT cells 
have increased motility and can migrate in tissues. EndMT generates a type of 
progenitor- like cell that can renew the valvular VIC population and maintain tissue 
homeostasis [56]. EndMT transformation is induced via transforming growth factor 
β [57]. Aortic valve endothelial cells undergo EndMT in the presence of high chon-
droitin sulfate, an extracellular matrix component, suggesting that matrix alterations 
can promote the formation of cells involved in fibrosis [58]. Porcine valves exposed 
to stretch in osteogenic media containing transforming growth factor βdevelop cal-
cific nodule formation on the aortic surface in a bone morphogenic protein(BMP)-2–4 
dependent manner [59], further supporting a role of EndMT in valve calcification. 
In arterial endothelial cells, pro-inflammatory cytokines (tumor necrosis factor α 
and intereukin-1 β) induce EndMT in a BMP pathway in which BMP-9 induces 
osteogenic differentiation and calcification [60]. Inflammation clearly plays a role 
in EndMT, and mechanical stress can induce inflammation. The mechanical stress 
received in constantly opening and closing valves is different from that in arteries. 
While studies in valve and vascular tissues support a role of EndMT in cardiovascu-
lar calcification, future studies should compare localized inflammation levels in 
valve and vascular tissues from the same patients. Comparing the levels of inflam-
mation in specific locations could help demonstrate a role of EndMT molecular 
mechanisms in explaining why calcification occurs in just one cardiovascular tissue 
type or both in the same patient.

 T Lymphocytes

T lymphocytes have been shown to be involved in both bicuspid and tricuspid aortic 
valves. However, a direct assessment of differences and the relative contribution of 
T cells to valvular disease using aged-matched bicuspid, tricuspid, and non-disease 
valve tissues are lacking. Bicuspid aortic valves that occur due to developmental 
defects often lead to aortic stenosis and do so at a much younger rate age than indi-
viduals with a normally developed tricuspid aortic valve [61]. Evidence suggests 
that T lymphocytes may promote this process. Clonal expansions of infiltrating T 
lymphocytes are observed in aortic valves with the strongest association seen in 
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older patient tricuspid aortic valves with severe calcification as well as younger 
patient bicuspid valves with calcified aortic stenosis [62]. Activated CD8+ T cells 
and CD8+ T cells in the memory-effector subset are increased in both calcified tri-
cuspid and bicuspid valves, and CD4+ T cells are increased in patients with concur-
rent atherosclerotic disease [62]. These cells indicate an adaptive immune response 
in bicuspid and tricuspid valve calcification that includes CD8+ T cell activation, 
clonal expansion, and differentiation to a memory-effector phenotype; however, 
what is driving this immune response is not entirely clear, including whether it is 
driven by different mechanisms in bicuspid and tricuspid CAVD.  Identifying the 
molecular mechanisms of T cells in valve calcification could lead to potential 
immunotherapies for this disease. One tantalizing link to activated T cells may be 
through a transcription factor found largely in immune cells but also found in calci-
fied valve along with being implicated in vascular calcification: nuclear factor of 
activated T cells (NFAT) cytoplasmic, calcineurin-dependent 1 (NFATc1). NFATc1 
is a factor involved in osteoclastogenesis and interferon gamma released by acti-
vated T cells suppresses osteoclast mineral resorption in valve [63]. Additionally, 
human SMC calcification induced by oxidized low-density lipoprotein increases 
NFATc1, and inhibition of NFATc1 blocks calcification in SMC [64]. Oxidized lip-
ids, including those within the calcification risk factor lipoprotein(a) (Lp(a)), asso-
ciate with valvular [65] and vascular [66, 67] calcification. This raises the possibility 
that oxidized lipids are driving T cell activation, clonal expansion, and osteogenic 
differentiation in cardiovascular tissues. Interestingly, atherosclerotic mice express-
ing E06 antibody that targets oxidized phospholipids have reduced vascular and 
valvular calcification [68], but whether this action occurs partly via T cell modula-
tion has not been examined.

 Macrophages/Monocytes

Macrophages play dual mechanistic roles in cardiovascular calcification by both 
promoting ectopic calcification and being involved in the mineral resorption pro-
cess. Macrophages release the osteogenic protein BMP-2. In atherogenic mice with 
macrophages lacking the transient receptor potential cation channel subfamily C 
member 3 gene that regulates BMP2 expression, there is reduced BMP-2 and 
RUNX2 in calcified areas, in addition to reduced calcified plaque [69]. Calcified 
aortic valves have enhanced macrophage infiltration, with increases seen in both 
pro-inflammatory and anti-inflammatory cytokines [70]. Treating VIC with condi-
tioned media from unstimulated and inflammatory stimuli (lipopolysaccharide) 
increases BMP, TNAP, and calcification [70]. At first glance this shared effect from 
both unstimulated and stimulated macrophages may seem somewhat unexpected; 
however, a related finding occurs with the mineral resorption action of macrophages 
with both “classically activated” and “alternatively activated” macrophages having 
decreased osteoclastogenesis potential [71]. In human atherosclerotic plaques, mac-
rophages with the osteoclast differentiation and bone resorption marker carbonic 
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anhydrase type II surround calcium deposits [72]. These macrophages express rela-
tively low cathepsin K, a major enzyme required in osteoclast mineral resorption 
activity, and high mannose receptor, a marker of “alternatively activated” also 
referred to as anti-inflammatory macrophages. In vitro, osteoclastogenesis is sup-
pressed when monocyte cells are treated with interleukin 4 that drives an “alterna-
tively activated” macrophage program [72]. In contrast, in calcified valve “classically 
activated” also called inflammatory macrophages are observed near calcification. 
Stimulating monocytes with the pro-inflammatory cytokine, interferon gamma sup-
presses osteoclastogenesis [62]. Whether this is truly a vascular and valve mecha-
nistic difference or both classical and alternative activation of macrophages inhibits 
osteoclastogenesis in both tissues remains to be demonstrated. Support for a role of 
pro-inflammatory macrophages in addition to anti-inflammatory macrophages in 
vascular calcification exists, as classically activated macrophages secreted extracel-
lular vesicles that contribute to vascular calcification [73].

 Dendritic Cells, B Cells, and MAST Cells

Vascular dendritic cells are found in the early foci of arterial intima and atheroscle-
rotic lesions [74]. In addition to calcification in the extracellular matrix, calcium- 
containing microdeposits are observed in the cytoplasm of vascular dendritic cells, 
suggesting these cells may play a role in calcium accumulation and deposition [75]. 
In the aortic valve, dendritic cells are localized beneath the endothelium of the aor-
tic side [76], an area prone to calcification. Dendritic cells can produce pro- 
inflammatory cytokines [77] and as such may be involved in inflammation mediated 
calcification pathways. Additionally, dendritic cells are antigen-presenting cells, so 
it is also possible that these cells play a role in T cell activation, but the mechanistic 
roles of dendritic cells in cardiovascular calcification are unknown. Like dendritic 
cells, B cells can induce T cell activation. In mice, mature B cell depletion by CD20- 
specific monoclonal antibody reduces T cell-derived interferon-gamma secretion 
and atherosclerosis [78]. Osteoprotegerin inhibits in vitro and in vivo calcification 
and is involved in antibody responses and B cell maturation [79]. B cells are not 
normally found in heart valves but accumulate in the aortic side of human stenotic 
aortic valves [80, 81], and the amount of B cells in valves associate with valve cal-
cification [81]. More work is needed to understand the role of B cells and the inter-
action of these cells with other immune cells including T cells, dendritic cells, and 
macrophages in cardiovascular calcification.

Several lines of evidence point toward a role of activated mast cells in cardiovas-
cular calcification, involving multiple molecular mechanisms, such as matrix 
remolding and inflammatory signaling. Mast cells localize with macrophages and 
neovessels primarily in calcified regions of aortic leaflets [82]. Increased mast cells 
correlated with the severity of aortic stenosis [82]. Mechanistically, mast cells pro-
duce cathepsin G, an angiotensin II-forming enzyme that degrades elastic fibers and 
induces transforming growth factor-beta1 and valve remodeling [83]. In the artery 
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activated mast cells accumulate 200-fold more at atheromatous erosion or rupture 
sites than in unaffected coronary intima [84]. In calcified carotid atherosclerotic 
plaque mast cells associate with macrophages in areas of early calcification [85]. 
Whether mast cells play independent mechanistic roles or codependent with other 
immune cells and if these actions are similar or different in the arteries and heart 
valve requires further study.

 Arterial and Valvular Calcification Molecular Mechanisms

Beyond the mechanisms described in the previous section on the vascular and valve 
tissue and cell differences, additional molecular mechanisms have been proposed in 
the development of cardiovascular calcification. Cardiovascular calcification mech-
anisms have been extensively reviewed [16, 86–90], as such only a few key addi-
tional molecular mechanisms will be discussed in further detail here.

 Mineral Metabolism

Serum magnesium inversely correlates with coronary artery calcification in chronic 
kidney disease patients, particularly those with high serum phosphate levels [91]. 
Magnesium prevents rat SMC calcification [92] and inhibits hydroxyapatite forma-
tion independent of apoptosis and TNAP regulation in bovine SMC [93]. In patients 
with calcific aortic valve disease, serum magnesium also inversely associates with 
valve calcification prevalence, whereas serum phosphate is positively associated 
with valve calcification prevalence [94]. Elevated phosphate is a risk factor for car-
diovascular events in both chronic kidney disease patients [95] and the general 
population [96]. Phosphate regulation is a major driver of vascular calcification in 
dialysis patients, with medial calcification occurring independent of evidence for 
atherosclerosis and inflammation [48]. PiT-1 is the major phosphate transporter in 
SMC, and PiT-1 knockdown inhibits calcification, whereas PiT-1 overexpression 
increases SMC calcification [97]. PiT-1 is increased in calcified human aortic 
valves, and knockout of PiT-1 restores AKT levels in human VIC treated with inor-
ganic phosphate [98]. Supporting a mechanistic role of AKT in the calcification 
process, overexpression of AKT inhibits apoptosis and calcification in inorganic 
phosphate-treated VIC [98]. AKT activation induces vascular calcification via 
RUNX2 in diabetic mice and mouse SMC [99], but a separate study using human 
and bovine SMC and rat aortic rings showed AKT activation suppresses calcifica-
tion [100]. Supporting a role of BMP in PiT-1-mediated calcification, oxidized low- 
density lipoprotein increases BMP-2 in a PiT-1-dependent manner in human aortic 
VIC [101]. It is unclear if there are distinct differences in the full mechanistic path-
ways involving PiT-1  in vascular versus valvular calcification, but in both cases, 
PiT-1 promotes calcific pathology.
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There are contradictory reports on the role of iron in cardiovascular calcification. 
In uremic rats, iron administration reduces Runx2 and Pit-1 expression and vascular 
calcification [102]. In human SMC, iron increases calcification via IL-24 and 
BMP-2 induction [103], whereas iron citrate suppresses BMP-2 and calcification in 
rat SMC [104]. The role of calcium levels in cardiovascular calcification is also 
somewhat complex. Elevated calcium associates with both increased vascular and 
valvular calcification in hemodialysis patients. In hemodialysis patients with para-
thyroid hormone levels greater than or equal to 300 pg/mL, lowering dialysate cal-
cium levels (1.25 mmol/L from 1.75 mmol/L) slows the progression of coronary 
artery calcification [105]. Higher serum calcium levels associate with valve calcifi-
cation in patients on hemodialysis [106]. The mechanistic roles of elevated calcium 
outside of hemodialysis patients are unclear. In male calcific aortic valve disease 
patients, lower serum calcium levels are inversely associated with valve calcifica-
tion [107], although this inverse association was not seen in a separate aortic valve 
calcification study [108]. In mice with experimentally induced chronic kidney dis-
ease that develops vascular and valvular calcification, phosphate but not calcium 
serum levels are increased [109, 110]. Whether mineral metabolism mechanisms 
differ in vascular and valvular calcification requires further study, but it clearly 
plays a role in the formation of cardiovascular pathology.

 Endogenous Calcification Inhibitors

Several endogenously produced calcification inhibitors have been demonstrated to 
play mechanistic roles in cardiovascular calcification [111]. Pyrophosphate directly 
inhibits the nucleation of calcium phosphate crystals. Pyrophosphate inhibits calci-
fication in animal models of both vascular [112] and valvular [113] calcification. 
MGP can bind calcium and calcium matrices, although the exact mechanisms 
through which MGP inhibits calcification are still not entirely clear. MGP defi-
ciency in mice leads to arterial calcification [114]. The MGP polymorphism 
rs1800801 is associated with vascular calcification in humans [115], and an activa-
tor of MGP vitamin K may suppress valvular calcification in humans [116]. Like 
MGP, fetuin-A is a calcium binder and calcification inhibitor. Mice lacking fetuin-A 
develop ectopic calcification [117]. Fetuin-A is inversely associated with coronary 
artery calcification in cardiovascular disease patients [118]. The role of fetuin-A in 
valvular calcification is complex, with studies both showing an association and oth-
ers no association [119].

The calcification inhibitor osteoprotegerin (OPG) is involved in osteoclastogen-
esis via acting as a decoy receptor for receptor activator of NF-κB ligand, and OPG 
deficiency increases vascular calcification in atherogenic mice in part by upregula-
tion of osteochondrogenic genes [120]. In agreement with a role in calcification 
inhibition, exogenous OPG administration attenuates aortic valve calcification in 
hypercholesterolemic mice [121]. In observational studies in humans, however, 
serum OPG shows a positive association with cardiovascular disease [122], whether 
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this is due to OPG responding to or mediating disease is unclear. Osteopontin (OPN) 
is another calcification inhibitor with a potential link to mineral resorption. OPN not 
only inhibits mineral deposition by blocking hydroxyapatite crystal growth but also 
induces monocytic cell expression of carbonic anhydrase II promoting acidification 
of the extracellular milieu and possibly mineral clearance [123]. OPN is likely an 
inducible calcification inhibitor, given loss of OPN alone does not induce calcifica-
tion, but when combined with loss of MGP [124] or high phosphate [125], loss of 
OPN increases vascular calcification. Complicating OPN mechanistic interpreta-
tion, increased levels of OPN are observed in patients with end-stage renal disease, 
ectopic calcification, and aortic valve calcification [126]. Whether this is part of a 
protective response is possible but unclear.

Klotho is a well-known inhibitor of ectopic calcification that works via reducing 
phosphate levels in additional to other mechanisms including downregulating col-
lagen type 1 and runx2 as demonstrated in porcine VIC [127]. Mice lacking klotho 
have valvular and vascular calcification [128], and chronic kidney disease patients 
have reduced klotho [129]. Taken together these studies show largely similar vascu-
lar and valvular responses to endogenous calcification inhibitors, whether additional 
inhibitors specific to calcification in one tissue type but not the other exists is 
unknown.

 Inflammation, Lipids, and Oxidative Stress

Inflammation promotes vascular and valvular calcification in in vitro and in vivo 
models [103, 130, 131], and increased inflammatory cells are found in both calcified 
human arteries and valves [62, 85]. Despite having increased calcification, the num-
ber of inflammatory cells in calcified valves is unchanged in patients with type 2 
diabetes mellitus compared to nondiabetics [132]. This raises a couple of possibili-
ties: in type 2 diabetes mellitus, early increased inflammation may promote calcifica-
tion, but inflammation is subsequently reduced by the time aortic valves are surgically 
removed. Alternatively, while inflammation plays a major role in the calcification 
process, additional non-inflammation-mediated molecular mechanisms may co-
occur to further promote valvular calcification in type 2 diabetics. In contrast to 
valve, both calcification and inflammatory cells (macrophages, T cells) are increased 
in coronary lesions of type 2 diabetics compared to nondiabetics [133]. This raises 
the possibility of inflammation being involved in both vascular and valvular calcifi-
cation but differing in arteries compared to valves by playing a larger mechanistic 
role in further promoting vascular calcification in type 2 diabetics. Oxidized lipids 
promote inflammation and vascular and valvular calcification [134]. In valves, lipo-
proteins including Lp(a), a lipoprotein that is genetically associated to CAVD and 
potentially promotes calcification via inflammation, are frequently observed in the 
acellular space of the extracellular matrix [135]. Reduced lipid uptake by cells and 
lipid retention in the extracellular matrix in the valve helps explain why statins, 
which function by increasing cellular lipid clearance, do not work as a calcific aortic 
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valve disease therapy. In the arteries, lipoproteins are frequently taken up by cells 
leading to increased foam cell formation in the intima layer. Lipid clearance by cells 
can be initially beneficial but also contributes to calcification by promoting foam cell 
apoptosis and calcifying vesicle release [136]. There is some evidence of foam cells 
in valves in humans [137] and rabbits [138] with atherosclerosis, but the extent to 
which this is related to atherosclerosis rather than CAVD is unclear as foam cell 
pathology is not commonly reported in calcified valves. Therefore, yet to be fully 
explored, calcification mechanistic differences likely involve lipid uptake in arteries 
compared to valve. Lipid is metabolized via enzymatic and nonenzymatic pathways, 
and altered lipid metabolism contributes to vascular disease [139]. Supporting the 
involvement of lipid metabolism in vascular calcification, the cholesterol metabolite 
25-hydroxycholesterol stimulates mineralization in bovine vascular cells [140]. 
Lipids and inflammation can also stimulate oxidative stress. Oxidative stress stimu-
lates opposite responses in vascular cells where it promotes calcification compared 
to bone cells where it inhibits calcification [141]. Helping to mechanistically explain 
this phenomenon, oxidative stress increases mitochondrial fission, and as vascular 
cells undergo osteogenic differentiation mitochondria fragment, whereas in bone 
cells they elongate by mitochondrial dynamics mechanisms [41]. This change in 
mitochondrial dynamics occurring via altered DRP1 activity controls osteogenic dif-
ferentiation. Inhibition of mitochondrial fission inhibits both SMC and VIC calcifica-
tion, but not osteoblasts mineralization [41]. Additionally, oxidative stress induces a 
key regulator of osteogenesis, RUNX2 in calcifying SMC [142]. Supporting some 
mechanistic similarities, both vascular and valvular cells express similar antioxidant 
and anti- inflammatory genes in response to shear stress [55]. Whether specifically 
localized increases of oxidative stress occur in arteries compared the valve or vice 
versa in cases in which only one of the two tissues calcify in the same individual 
remains to be assessed. Taken together, these studies support that inflammation, lip-
ids, and oxidative stress are related mechanistic pathways that promote calcific dis-
ease. Further examination of these mechanisms in the context of assessing differences 
between vascular and valve calcification is needed to help identify targetable key 
drivers of these distinct pathologies.

 Genetic Drivers of Calcification

Several genes have been associated with cardiovascular calcification through 
genome-wide association studies [143–153], reviewed further in [16]. Genes asso-
ciated with vascular calcification include ABCA4, ADAMTS9, ATP2B1, CDKN2A/
B,CHIT1,COL4A1/2, GLIS1, MRAS, OPCML, PHACTR1, SORT1, TBC1D4, 
TCF7L2, TNFRSF8, and WWOX. Genes associated with valvular calcification 
include IL6, LPA, NAVI, ALPL (TNAP protein), PALMD, CACNA1C, RUNX2, and 
TEX41. Of these genes ALPL, IL6, LPA, TNAP, and RUNX2 are linked to both vas-
cular and valvular disease. Whether any of the genome-wide association studies 
identified genes confer vascular or valvular specific mechanisms in driving calcifi-
cation is currently unknown and should be an area of future research efforts.
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 Conclusions

While in some cases like chronic kidney disease vascular and valvular calcification 
can co-occur, this is not always the case, particularly in the general population. Only 
30–50% of patients with aortic valve stenosis have atherosclerosis [154], and it is 
unclear whether these diseases are regulated by the same or different mechanisms. 
Patients with calcified valves do not always have calcified arteries and vice versa. 
Several of the mechanisms that have been shown to induce vascular calcification 
also induce valvular calcification, supporting the existence of shared disease driv-
ers. On the other hand, as outlined in this chapter, there are differences in vascular 
and valvular calcification that distinguish these diseases on a molecular mechanism 
level (Fig. 4.3).This suggests that despite some similarities, vascular and valvular 
calcifications are distinct entities in their pathogenesis. Further differences are likely 
to be discovered but require more direct comparisons between diseased vascular- 
and valvular-calcified tissues and disease models. There are limitations in reviewing 
the mechanistic differences in these two diseases. First, there is a limited amount of 
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Fig. 4.3 Established differences between vascular and valvular calcification. Several differences 
are currently known to exist between vascular and valvular calcification, including tissue microen-
vironments, cell types involved, associated diseases, and the extent of response to mechanical 
stress in pro-calcific conditions
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mechanistic reports in which a direct comparison is made between both vascular 
and valves tissues and models. Second, majorities of molecular mechanisms that 
have been proposed are typically first established in one tissue type like bone or 
arteries and then assessed in valve. This creates the potential for literature bias in 
which shared mechanisms with positive results are more likely to be reported. 
Furthermore, calcification models vary widely with differences in species, 
calcification- inducing media components, and others contributing to diverse 
responses. Standardization of calcification research efforts may help to address 
some of these issues. Actively pursuing the identification of the molecular mecha-
nisms that account for differences in vascular and valvular calcification may uncover 
key drivers of these distinct pathologies and lead to effective therapies for these 
critical unmet medical needs.
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Chapter 5
Calcifying Extracellular Vesicles: Biology, 
Characterization, and Mineral Formation

Hooi Hooi Ng, Jessica E. Molina, and Joshua D. Hutcheson

 Extracellular Vesicles in Physiological 
and Pathological Calcification

Extracellular vesicles (EVs) are membrane-enclosed vesicles secreted from cells 
that contain cellular-derived content such as lipids, proteins, and cytokines [1]. EVs 
have received increased attention for their role as vehicles for intracellular commu-
nication as they have the ability to transfer content via membrane fusion to target 
cells, thereby modulating various physiological and pathological processes in both 
the target and parental cells. EVs incorporate into target cells through endocytosis, 
pinocytosis, or phagocytosis [2]. Mammalian cells release a broad range of EVs 
with diverse features. In the cardiovascular system, EVs have a myriad of physio-
logical roles, including regulation of inflammation and coagulation, as well as acti-
vation of endothelial cells and platelets [3–5]. These EV-mediated processes are 
induced by stimulating the target cell surface receptors through bioactive ligands 
and proteins. The transfer of content to target cells is tightly regulated by the lipid 
composition in the EV membrane, and reports suggest that the phospholipid phos-
phatidylserine plays a major role to facilitate the membrane fusion process [6].

In physiological calcification, EVs known as matrix vesicles are enriched in 
membrane proteins that regulate extracellular matrix mineralization (see Chaps. 16 
and 17 for thorough discussions on bone mineralization). Some of the membrane 
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proteins involved in these processes include the calcium-dependent phospholipid-
binding annexin protein (annexins I, II, V and VI), as well as enzymes such as 
tissue non-specific alkaline phosphatase (TNAP) and ectonucleotide pyrophospha-
tase/phosphodiesterase-1 (ENPP1). These proteins and enzymes are essential to 
maintain the balance of pyrophosphate and inorganic phosphate for the formation 
of hydroxyapatite crystals and remodeling of the extracellular matrix [7]. The min-
eralization process is initiated by inhibition of pyrophosphate generated through 
the cleavage of nucleotide triphosphates by ENPP1 [8]. Inorganic phosphates that 
are derived from TNAP-mediated hydrolysis of pyrophosphate are loaded into 
EVs via transmembrane phosphate transporter proteins and react with calcium 
ions immobilized on the EV phospholipid bilayer. We have recently shown in 
silico that negatively charged phosphatidylserine is important in immobilizing 
positively charged calcium ions [9]. Phosphatidylserine-rich membrane of the EVs 
coupled with annexin proteins sequesters calcium and phosphate, driving the 
nucleation of immature minerals [10]. The phosphatidylserine-calcium-phosphate 
complex functions as an intravesicular niche to form mature apatite. As mineral 
matures and becomes increasingly crystalline, it can rupture the EV membrane and 
fuse with the underlying cartilaginous matrix [11], which leads to early mineral-
ization events that are required for bone development and regeneration.

Calcifying EVs are reported to have a diameter in the range of 100–300 nm. In 
models of medial calcification, calcifying EVs released from vascular smooth mus-
cle cells cultured in media with elevated calcium and phosphate have an average 
diameter of ~140 nm [12, 13]. Conversely, vascular smooth muscle cells cultured in 
a pro-calcific media that may recapitulate inflammation-driven intimal calcification 
(with β-glycerophosphate and L-ascorbic acid) release EVs that appear larger in 
size with a diameter of >150 nm. Minerals formed during early bone mineralization 
have similar chemical properties to the minerals deposited during pathological cal-
cification, especially those found in medial and intimal layers of the coronary arter-
ies [14]. This observation suggests that EVs released during pathological calcification 
may be underpinned by similar mechanisms that control bone mineralization. 
However, the cellular derivation of calcifying EVs in cardiovascular tissues appears 
different than those described in bone. One of the mechanisms by which calcifying 
EVs are formed intracellularly involves the protein sortilin [15]. Sortilin is elevated 
in calcifying arteries of both the human and murine atheroma and plays a vital role 
in mineral formation in vitro. The presence of serum sortilin in circulation also pre-
dicts the presence and abundance of abdominal aortic calcification [16]. In accor-
dance with the risk predication power of cardiovascular calcification (Chap. 23), the 
level of serum sortilin also predicts the rate of event-free mortality in 8-year follow-
 up studies.

Sortilin directly modulates calcification potential by regulating the intracellular 
trafficking of TNAP into the EVs, which serves to hydrolyze calcification inhibitors 
(e.g., pyrophosphate) into free phosphate for mineralization. Once released into the 
extracellular space, these TNAP-positive EVs begin the process of depositing 
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mineral in the vascular wall. We have previously reported that the formation of 
microcalcification in human smooth muscle cells and a murine model of vascular 
calcification occurs in four stages (Fig. 5.1) [17]. First, microcalcification is initi-
ated when calcifying EVs accumulate within collagen-poor regions of an athero-
sclerotic plaque. Second, interactions between these calcifying EVs lead to the 
formation of aggregates. Third, the nucleation of calcium phosphate within EVs 
leads to fusion of the EV membranes, forming microcalcifications. Finally, the 
microcalcification grows through interactions with additional EVs. When formed 
within a collagen-poor fibrous cap of an atherosclerotic plaque, these microcalcifi-
cations contribute to stress accumulation and the detrimental effects of plaque rup-
ture. Indeed, clinical data and in silico studies suggest that plaque stability can be 
determined by calcification size and morphology of the fibrous cap collagen content 
in atherosclerosis [18]. Based on these studies, we can better understand how calci-
fying EVs are initiated and formed during calcification and the implications on car-
diovascular morbidity. Future studies are needed to target these processes in order to 
intervene at an early stage of mineral formation and potentially prevent or reverse 
microcalcification.

It is clear that EVs are emerging as key players in the development of calci-
fication. It is, however, worth noting that EVs are highly complex and hetero-
geneous in nature and may exert opposite functional effects in the vasculature. 
For example, endothelium-derived vesicles show both beneficial and harmful 
effects through reducing neointima formation [19] and inducing endothelial 
dysfunction [20], respectively. Therefore, additional efforts should be put in 
place to standardize the methodologies used to characterize the multifaceted 
aspect of EVs, so that data generated from these studies can be more compa-
rable. We and others have comprehensively reviewed the roles of EVs in cardio-
vascular calcification [21–25] and will summarize a few key mediators that are 
commonly involved in the pathogenesis of vascular calcification in the follow-
ing section.

Microcalcification genesis and growth

Fibrous capFibrous cap

1 2 3 4

Fig. 5.1 Microcalcification formation within vulnerable fibrous caps of atherosclerotic plaques 
occurs in four stages. First, calcifying EVs accumulate in collage-poor regions. Second, the EVs 
aggregate to form a larger structure. Third, the EVs merge as mineralization begins. Fourth, the 
mature mineral grows from this nucleation niche. (Figure adapted from Ref. [17])
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 Extracellular Vesicles in Vascular Calcification

It is well-established that vascular smooth muscle cell proliferation plays a vital role 
in the development of the atherosclerotic plaque [26]. More recently, vascular 
smooth muscle cell-derived EVs have been described as important mediators in 
vascular calcification in late stages of atherogenesis [17, 27]. Proteomic analysis 
reveals that intracellular contents of EVs released by vascular cells [28] show simi-
lar protein composition to those derived from chondrocytes and osteoblasts [29, 30]. 
Specifically, EVs derived from these cell types have comparable calcium binding 
proteins, surface receptors, cytoskeletal proteins, and extracellular matrix compo-
nents. One of the calcium-dependent enzymes that cross-links with an extracellular 
matrix protein, transglutaminase 2 (TGM2), was found to be upregulated in EVs 
derived from the aorta of a rat model of medial calcification [31]. On the other hand, 
osteoprotegerin (OPG), a crucial regulator of bone homeostasis, was found in EVs 
derived from vascular smooth muscle cells, which also contained the calcium- 
binding protein annexin A6 [32]. In this study, Schoppet et al. reported that OPG has 
anti-calcification effects at physiological concentrations to inhibit the EV-driven 
mineral nucleation and accumulation of hydroxyapatite on the vascular wall. The 
initiation and rate of mineralization likely depend on the balance of factors within 
EVs that promote and inhibit mineral formation.

Pathological changes in calcium homeostasis trigger significant alterations in EV 
composition, including the formation of nucleating phosphatidylserine-annexin A6 
and calcium-phosphate complexes, as well as a deficit in matrix gla protein, which 
would otherwise inhibit calcification [12, 28]. TNAP is one of the key enzymes that 
is involved in the pathogenesis of vascular calcification [15, 33]. However, the role 
of TNAP in vascular smooth muscle cells-derived EVs under pro-calcific conditions 
is controversial, as some studies reported increased in TNAP activity [34, 35], 
whereas others reported no changes in TNAP activity after short-term treatment 
[28]. These contradictory data suggest that the components within pro-calcific 
media used and duration of experiments may be a crucial point to consider when 
comparing EVs released under different calcifying conditions. Indeed, studies that 
reported increased TNAP activity used the combination of β-glycerophosphate and 
L-ascorbic acid to induce osteogenic differentiation, whereas studies that reported a 
reduction in TNAP used a high calcium-phosphate media. A recent study that tested 
the calcification potential of valve interstitial cells (VICs) under different calcifying 
conditions yielded similar results to that of the smooth muscle cells [36]. Goto et al. 
reported increased in TNAP activity in VICs cultured in media containing 
β-glycerophosphate and L-ascorbic acid, an effect that was also passage-dependent. 
TNAP-dependent calcification was not observed in these primary VICs cultured in 
high-phosphate media, and these observations are consistent with previous studies 
in vascular cells. In short, vascular smooth muscle cell- or VIC-derived EVs play a 
major role in pathological calcification when the balance between pro-calcific acti-
vators and anti-calcific regulators is lost. In addition to the role of vascular smooth 
muscle cells and VICs, macrophages may serve as an important contributor to EVs 
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that nucleate mineral. Particularly in the context of atherosclerosis, EVs are local-
ized to areas of mineral deposition, and this process is highly driven by inflamma-
tory cells and potentiates rupture of vulnerable plaques [37]. Macrophage-derived 
EVs also play an important role in promoting microcalcification [38]. New et al. 
found that the calcium-binding proteins S100A9 and annexin A5 are upregulated in 
calcifying macrophage-derived EVs, and these proteins interact with each other to 
form a S100A9-annexin A5-phosphatidylserine complex, which serves as a nucle-
ation site for hydroxyapatite. The exact changes that lead to EV-mediated phenom-
ena may depend on the extracellular cues that initiate calcification and the particular 
cell phenotypes that respond to these cues.

 Methods to Analyze Extracellular Vesicle Properties

Recent interest in EV research has led to the advent of various characterization 
methods to identify EVs released from cells under physiological and pathological 
conditions. Despite the advances in methodologies to characterize EVs, uncertainty 
remains in regard to the most appropriate methods of data collection and interpreta-
tion due to the small size and complex nature of EVs. In this chapter, we will review 
the strengths and weaknesses associated with each of the commonly used method-
ological approaches for the identification of calcifying EVs. In particular, we detail 
the different methods used for structural analysis of EVs, which can be used in 
conjunction with conventional physical characterization methods. These fundamen-
tal analyses are important in the classification of EVs into subgroups, which can 
lead to further characterization using techniques such as mass spectroscopy. 
Through extensive characterization and understanding of the biological functions of 
these calcifying EVs, potential therapeutic strategies will soon become available by 
targeting the probable source of mineral formation.

 Physical Analysis of Extracellular Vesicles

 General Characterization of Extracellular Vesicles

Electromagnetic radiation and its interaction with biological constructs have proven 
to be an essential tool in research used to study molecular properties of macromo-
lecular structures. Both absorption and scattering by characteristic determinants in 
molecules result in changes in the energy level or frequency of light. Specifically, 
analysis of scattered light through subsequent light polarization, angular allocation, 
and intensity can be used to identify physical properties of matter [39]. Light scat-
tering techniques can be used to study particles in either dynamic or static states. 
Studying particles in their dynamic state, through a technique known as dynamic 
light scattering (DLS), offers a sensitive technique for particle detection. Particles in 
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a solution constantly move due to a random walk motion that becomes apparent at 
small length scales and through subsequent interaction with neighboring solvent 
particles. The random walk phenomenon, known as Brownian motion, is related to 
particle size. Time-dependent measurements in the intensity of scattered light from 
the particles can determine their hydrodynamic radius based upon Brownian motion 
relationships [40]. In DLS measurements, incident light exposure on a particular 
sample leads to light scattering from all particles within the sample. The summation 
of scattered light gathered from each particle is recorded as a net intensity value. As 
the particles move, this net intensity fluctuates at a rate dependent on the particle 
size [40]. Larger particles diffuse at a slower rate, resulting in less fluctuation in net 
intensity. An autocorrelation function, measuring net intensity at different time 
intervals, is then used to determine the translational diffusion coefficient (D) for the 
particles in solution. This diffusion coefficient is incorporated into the Stokes- 
Einstein relationship (Eq. 5.1) to determine the average hydrodynamic radius (Rh) 
of the particles within the solution, when both the viscosity (η) and absolute tem-
perature (T) of the solution are known [40].

 
D

kT

Rh

=
6ph  

(5.1)

DLS also allows for determination of particle zeta potential, an indication of 
surface charge. A voltage applied across a sample will result in particle movement. 
Negatively and positively charged particles move with faster velocities toward posi-
tive and negative electrodes, respectively, with the velocity proportional to the mag-
nitude of the particle charge. The particle velocity measured by changes in the DLS 
frequency can be used to calculate the electrophoretic mobility of the particle, 
which is then applied to Henry’s equation for zeta potential measurements [41]. 
This size characterization technique has been used to study both time- and 
temperature- dependent calcification through the precipitation of primary calcipro-
tein particles (CPPs) to an insoluble, crystalline structure [42, 43]. These studies 
looked at fetuin-A as a natural inhibitor of calcification and evaluated the endoge-
nous capacity of the protein to limit the progression of calcification. While one 
group was working to create a more accessible light scattering technique for clinical 
use, both groups show similar results in their analysis of these CPPs. In relation to 
both intensity of the subsequent light and measured hydrodynamic radius of parti-
cles, a clear distinction was made as the CPPs transitioned from their soluble and 
smaller state to an insoluble precipitate structure [42, 43].

While DLS measurements provide an efficient and rapid means of analyzing 
average properties of monodisperse nanoparticles, it is limited in characterization of 
heterogeneous particles, such as EVs released by cells. DLS sensitivity can only 
distinguish particles that differ in size by a factor of 3, restricting its utility in dif-
ferentiating different populations of EVs that have similar size characteristics [44]. 
Measuring the intensity of scattered light from all the particles within the solution 
can lead to bias measurements for large particles whose fluctuations in intensity are 
much lower than smaller particles. Moreover, the use of the Stokes-Einstein 
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relationship to determine the hydrodynamic radius of particles within a sample 
assumes these particles are of a spherical shape [45].

In short, DLS measurements serve as a general data collection tool that provides 
average properties of EVs suspended in a media but cannot yield an accurate quan-
titative measure of EV heterogeneity within a sample. Nonetheless, DLS can be 
used as a preliminary tool to validate the presence and general characteristics of EVs.

 Particle-by-Particle Analysis of Extracellular Vesicles

Nanoparticle tracking analysis (NTA) uses similar methodologies as DLS measure-
ments to determine hydrodynamic size of particles based on Brownian motion [44]. 
NTA is preferred over DLS measurements, due to the fact that it is capable of dis-
tinguishing the hydrodynamic size properties of each particle in a solution by calcu-
lating the mean squared displacement of light scattered from individual particles, 
rather than average intensity fluctuations analyzed by DLS in a frame-by-frame 
analysis [44]. This technique not only allows for the determination of individual 
particle characteristics but also provides visualization of these particles in the solu-
tion. Since the volume of the imaging window is known, the number of particles 
visualized at any given time also provides a measure of EV concentration within a 
sample. In addition to providing concentration data, NTA has other obvious advan-
tages over DLS measurements, with the most important being the removal of bias 
and increased sensitivity for polydisperse samples [44, 46]. NTA has been used to 
characterize calcifying EVs released from vascular smooth muscle cells cultured in 
pro-calcific media to evaluate the relationship between EV aggregation and mineral 
growth [12, 15, 17, 35, 38] (Fig. 5.2). This is particularly important, as information 
on aggregation of EVs will determine their fusion mineralization capacity of either 
forming microcalcification or macrocalcification.
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It is, however, worth noting that the accuracy of NTA in particle measurement 
remains challenging because of the nature of the technique by which particle dis-
placement is calculated. Once a particle diffuses from the field of view, it can no 
longer be analyzed [46], and relatively low abundance EV populations may not be 
counted at a significantly high numbers to allow statistically meaningful analyses of 
properties. This may be a particular problem for analysis of calcifying EV samples, 
which may represent a small portion of the total EV population in a sample that 
consists of exosomes, microvesicles, and microparticles.

Flow cytometry (FCM) techniques have recently been developed for EV analy-
ses, and several studies have shown the potential of this technique in analyzing dif-
ferent EV populations [47, 48]. Conventionally, FCM is used to quantitatively assess 
cells based on their chemical and physical properties [49], and this technique has 
recently taken its turn into the growing field of EV research. The use of FCM for EV 
analysis is feasible, as the necessary machinery is already utilized in most laborato-
ries for cell sorting. However, this technique is limited by its sensitivity to collect 
scattered light from smaller particles, as the setup is only able to reach 200 nm in size 
[50]. Researchers have worked to normalize FCM measurements for EV detection 
through a high-sensitive approach which increased concentration detection as well 
as the detection limit [51], but is it enough for such a novel field of research knowing 
that EV size can reach a lower limit of around 30 nm? An alternative look at FCM 
moved from the use of light scattering to properties determined by fluorescence. This 
enhanced technology which was successfully used by Brussaard et al. in the detec-
tion of different viruses offered up to a 50x increase in concentration of detected EVs 
than conventional methods dependent solely on light scattering [52, 53].

More recently, tunable resistive pulse sensing (TRPS) emerged as a powerful 
technique to provide particle-by-particle characterization of size and charge proper-
ties. It uses the Coulter principle to provide a highly sensitive system for quantita-
tive particle-by-particle characterization (Fig. 5.3). The Coulter principle, originally 
developed to determine size and concentration of cells in hematological analyses, 
measures the impedance of nonconductive particles as they disrupt an electric cur-
rent within a conductive medium. TRPS incorporates a two-compartment setup, 
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Fig. 5.3 Schematic diagram showing the tunable resistive pulse sensing (TRPS) technology that 
utilizes the Coulter principle to measure EV size and charge properties
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divided by a nano-sized pore with electrodes on either side. A voltage is applied to 
the system with electrolyte solution in each compartment to induce a current through 
the pore. Particles diluted within electrolyte solution are placed in the upper fluid 
well compartment. Both applied pressure and electrophoretic mobility result in par-
ticle translocation through the pore, increasing the resistivity of the pore to current 
flow [54]. The current disruption is proportional to the size and charge properties of 
each particle.

Three different aspects of particle measurements using TRPS can be modified 
throughout sample reading to ensure maximum sensitivity and accuracy in particle 
detection. (i) Increasing the voltage applied to the system will increase the current, 
allowing higher resistivity for particles of smaller sizes. (ii) Increasing the pressure 
within the system will accelerate particle flow, allowing more accurate measure-
ment of particles from a larger sample pool. (iii) Applying stretch to the nanopore 
can adapt the measurement to different particle sizes and help prevent blockages. 
Duration of the current disruption serves as an indicator of charge for each particle. 
Absolute calculation of zeta potential is also possible from the particle transit time 
using the Smoluchowski approximation (Eq.  2) [54, 55]. Particle translocation 
through the nanopore depends on electrophoretic mobility and convective mobility 
due to pressure applied to the system. The relative contribution of electrophoretic 
and convective mobility can be measured using calibration particles of a known size 
and charge prior to sample velocity measurements at a constant voltage (V) and 
pressure (P), providing the constant values, vxCal

V  and vxCal
P . Determination of cali-

bration particle translocation time can be compared to those time-dependent mea-
surements obtained from the sample at different points within the pore. This will 
provide a particle’s respective velocity relative to its intrinsic and pressure-driven 
movement. The summation of these velocity values vx Sample

i( ) is averaged respective 
to each particle at that point. The zeta potential of both the calibration particles 
(ξnet Cal) and of the pore itself (ξm) are known constants and are taken into account 
during this approximation, as well.
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The limitations of TRPS include the short lifespan of the nanopore and difficul-
ties related to choosing the correct nanopore for heterogeneous biological samples. 
Nanopore sizing is a critical determinant of the range of EVs that can be measured. 
Therefore, heterogeneous EV samples must be separated by size (e.g., through size 
chromatography column-based approaches) and measured using size-appropriate 
nanopores. Biological samples are also prone to aggregation, which can lead to 
blockage of the nanopore, preventing proper particle-by-particle analysis. The 
inclusion of nonionic detergents in the electrolyte solution may help prevent aggre-
gation of particles in biological samples.

Adaptation of TRPS methods in newer resistive pulse sensing (RPS) technolo-
gies has increased sensitivity in particle analysis. A recently developed RPS 
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technology uses a multifunctional nanopipette that simultaneously measures 
changes in ionic current and potential through the similar translocation mechanism 
unique to TRPS analysis but utilizes a nanopipette system that may enhance con-
trollability and reduce blockages [56].

In short, TRPS offers the most accurate quantification of small EVs based upon 
the Coulter principle, but the technique remains technically challenging and labori-
ous compared to NTA. As TRPS and related techniques continue to develop, physi-
cal properties such as size, charge, and concentration of EVs may provide new 
information on characteristics of EVs released under various conditions (healthy vs 
diseased). This may contribute to therapeutic advances that can target these EVs to 
treat vascular calcification.

 Structural Analysis of Extracellular Vesicles

The analyses discussed in the previous section have begun to elucidate size and 
charge characteristics of EVs, but they do not provide direct visualization of EV 
structure. The smallest EVs are around 30 nm in diameter, smaller than the resolu-
tion limits of a standard light microscope. The limitations in light microscopy lie in 
the consolidation of diffracted light from smaller particles that have a higher index 
of refraction at the visible light range, resulting in a blurred image [57]. The discov-
ery that moving matter acts similarly to light, a phenomenon described as the wave- 
particle duality, led to the development of microscopy techniques using electron 
emission [58]. Due to electron mass being considerably larger than that of a photon, 
the corresponding wavelength is much lower (based on the matter-wave equation), 
resulting in lower level diffraction of smaller-sized samples, easy consolidation of 
light, and resolution below 0.05 nm. All electron microscopy techniques allow for 
the structural determination of EVs, but methods differ in both sample preparation 
and output image. Deciding which technique is best for EV analysis is dependent on 
the purpose of study [59].

Transmission electron microscopy (TEM) analyzes electrons that were able to 
pass through a specimen. Sample preparation for TEM involves fixation and dehy-
dration of EVs, thus losing their natural conformation. After dehydration, the sam-
ples are sectioned into nanometer-sized films and placed on a carbon-coated grid for 
imaging, which provides the structural analysis of the EVs. TEM offers a higher- 
resolution image by capturing not only transmitted electrons for structural determi-
nation but also those scattered, thus increasing the contrast of the output image. On 
the other hand, scanning electron microscopy (SEM) offers topographic image of 
EVs by collecting electrons scattered from the surface. We have previously visual-
ized calcifying EVs released from smooth muscle cells cultured under pro-calcific 
conditions that mimic those observed in calcified human plaques (Fig. 5.4) [17]. 
SEM, though similar in sample preparation with fixation and dehydration, does not 
necessitate the sectioning required for TEM. One limitation of SEM is the produc-
tion of false ring-like images that can interfere with accurate structural and 
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concentration analyses. Both TEM and SEM require dehydration and fixation of 
EVs prior to analysis, which can deform the EVs and hinder final size verification. 
These limitations, while apparent, are known sources of error that should be 
accounted for during data analysis.

Cryo-electron microscopy (cryo-EM) provides a more realistic imaging tech-
nique for EVs, by utilizing a different fixation method that avoids dehydration and 
preserves the natural structure [60]. Through the cryo-immobilization technique, 
water is cooled to a glass-like state with liquid ethane, allowing for particles to 
remain hydrated [59]. TEM and cryo-TEM are often coupled with immunogold 
labeling, allowing for further quantification to identify specific surface proteins, 
verifying the presence of a particular subgroup of EVs [61]. In the context of vas-
cular calcification, calcifying EVs that mediate mineralization contain TNAP, 
which can be targeted and labeled using this technique to confirm their pres-
ence [27].

Atomic force microscopy (AFM) is another common technique used to gain 
topographic information on EVs. While SEM and TEM techniques involve the 
direct interaction of an electron beam with the sample, AFM uses laser light to study 
the deflection of a cantilever coupled with a sharp tip interacting along the surface 
of particles [62]. Additionally, stiffness of the particles can be obtained through 
AFM measurements. As the cantilever moves closer to the surface of the particles, 
molecular forces (e.g., Van der Waals forces) increase the strength of the interaction 
between the EV surface and the tip. The displacement curve obtained during retrac-
tion of the cantilever can be used to determine the stiffness of the particle [63]. 
Rastering the cantilever across the EV surface results in a high-resolution 3D image, 
as well as the radius determination [62]. Sample preparation for AFM is straightfor-
ward and only involves immobilization of the sample along a mica surface [62, 64]. 
Though this can disrupt the natural state of the EV, embedding molecules that inter-
act with EV surface proteins can mitigate deformation and allow for accurate size 
determination [62]. Moreover, similar to immunogold labeling for TEM, the mica 

a b c

Fig. 5.4 Aggregation of EV and calcification within a calcified human carotid artery plaque. (a) 
Density-dependent color SEM shows calcifying EVs composing mineral (dense, orange features) 
in human atheroma. Bar = 2 μm. (b) Magnified image of a large calcification within human ath-
eroma (a, white rectangle). Bar = 500 nm. (c) Calcifying EVs seeded into a three-dimensional 
collagen hydrogel recapitulate these structures. Bar = 500 nm. White arrows depict dense, orange 
features of calcium phosphate-rich calcifying EVs. (Figure adapted from Ref. [17])
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surface for AFM can be modified to include antibodies from which EVs can specifi-
cally bind. This enhances quantification of differential subgroups of EVs within a 
sample defined by unique surface proteins [62].

In short, these techniques provide a means for EV structural analyses. As dis-
cussed previously, during NTA and DLS analyses, EVs are assumed to be spherical. 
While less high-throughput, the methods discussed here do not require a priori 
assumptions about EV shape, and additional structural analyses using these micros-
copy techniques can help validate assumptions made in the indirect measurements 
of EV properties.

 Biomolecular Analysis of Extracellular Vesicles

The ultimate goal of EV research is usually to determine biomolecular function. 
Beyond characterizing EV size and structure, methods are needed to analyze EV 
content. Of particular interest for calcifying EVs is the analysis of proteins and lipid 
moieties involved in mineralization. Insight into the molecular drivers of mineral-
ization may ultimately lead to the discovery of relevant therapeutic targets.

Mass spectroscopy (MS) is one of the most common screening techniques used 
to identify the mass-to-charge ratio of ions within a sample, and the use of this tech-
nique, specifically high-throughput MS, has been used in protein analysis of EVs 
[65]. The use of MS in clinical settings has evolved greatly from drug testing, to 
newborn screening, to identification of blood-borne infections, to most recently pro-
viding a real-time look at cancerous tissue during surgery [66]. This screening tech-
nique can essentially be used to determine the presence of EVs and the specific 
lipidomic or proteomic profiles of these EVs, which will provide important clues on 
their biological functions. For example, MS is used as an unbiased tool to identify 
proteins that are enriched in calcifying EVs using common gene ontology database 
[35]. Functional annotation of these specific proteins can be applied to further clas-
sify these EVs into subgroups and identify their distinct roles in vascular calcifica-
tion. Additionally, MS also allows for the determination of cellular derivation and 
mechanisms of calcifying EV formation from the vascular smooth muscle cells [13, 
15]. Data obtained from mass spectroscopy can also be used as biomarkers in the 
future based on the specific subgroups of lipid or protein that are misregulated under 
pro-calcific conditions.

An increasing body of evidence from metabolomics analyses suggests that lipids 
play an important role in directing the physiological and pathophysiological func-
tions of EVs. EVs derived from various sources are enriched in sphingomyelin, 
cholesterol, phosphatidylserine, and glycosphingolipids [67]. Analysis of these 
lipid species will help us to characterize the specific lipid composition in the EV 
bilayer and contribute significantly to our knowledge about the distinct lipid profiles 
that are essential in maintaining the structural and physical constituents of EVs 
released under pro-calcific conditions. In brief, EV lysis and lipid extraction meth-
ods are typically carried out in a single step through liquid-liquid phase extraction. 
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Analysis of the lipid species is achieved with lysis and extraction using a 4:1 tetra-
hydrofuran/water phase, followed by the separation of phospholipids and glyco-
phospholipids by diethyl ether and water partitioning [68]. Additionally, EV lipids 
may be extracted by the Bligh and Dyer liquid-liquid phase extraction method, 
whereby most lipid species are dissolved in the organic layer of a chloroform/meth-
anol/water (1:1:1 by volume) solution [69]. Lipid species from the organic phase are 
then separated and analyzed by gas chromatography (GC)-MS, liquid chromatogra-
phy (LC)-MS, or direct infusion electrospray ionization into a high-resolution mass 
spectrometer. Due to the complexity and heterogeneity of EVs, accurate mass mea-
surement is often ambiguous for the identification of specific lipid or metabolite 
species. To overcome the issue, additional analysis from MS experiments is often 
supplemented by obtaining the elution time (compared to known standards), frag-
mentation (tandem MS), ion mobility measurements, and relative isotope intensities 
[70, 71]. Analyses of these distinct lipid compositions present in the EVs will inform 
us about the stability of these vesicles in various extracellular environments. This 
may contribute to our knowledge about the specific lipids that confer the stability of 
EVs in vascular calcification, which is important for future clinical applications that 
involve liposomal drug delivery method. To ensure sufficient information is gath-
ered regarding a particular subgroup of EVs, robust analyses of the particles such as 
quantification methods, biodistribution, circulating levels, and their pharmacokinet-
ics must first be established.

In addition to lipid [72] and protein analysis, mass spectroscopy has the ability 
to identify possible genomic profile [73] of the EVs as well, which is typically 
determined by next-generation sequencing. Collectively, mass spectroscopy repre-
sents a powerful and reliable tool for biomolecular analysis of EVs, which would 
help to advance the field by identifying specific properties of calcifying EVs that 
participate in mineralization.

 Analysis of Extracellular Vesicle Mineralization

Chapter 11 provides a thorough discussion on methods to visualize and analyze 
mineral properties. In this section, we briefly discuss methods to analyze and quan-
tify EV-mediated mineralization. The properties discussed in the previous sections 
(size, charge, and biomolecular content) provide insight into the properties of EVs 
that may be important in directing calcification. However, analyses of these proper-
ties do not directly assess the mineralization potential of EVs. Assays for mineral-
ization in cell cultures and tissue sections are well established and involve the 
utilization of colorimetric or fluorescent dyes that bind calcium or phosphate. 
Traditionally, alizarin red S staining of calcium and von Kossa staining of phosphate 
provide visualization of calcified regions in cultures and tissues and allow for quan-
tification through light absorbance measurements of extracted dye. A method utiliz-
ing the color change that occurs when o-cresolphthalein complex 1 reacts with free 
calcium has also been used to quantify calcium extracted from mineralized tissue 
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and cultures using hydrochloric acid [17, 34, 38]. More recently, the development 
of fluorescent probes specific to calcium phosphate-based minerals has yielded 
higher-resolution, and more sensitive, assessment of mineral abundance and mor-
phology (Fig. 5.5) [17, 35]. Longitudinal injection of fluorescent probes into mouse 
models has also provided a means to track changes in both bone and cardiovascular 
mineral formation over time [17, 74, 75]. Adaptation of these established assays to 
measure mineralization directly from EVs, however, is often not straightforward 
due to EVs’ small size.

Similar to difficulties in measurement of the physical and biomolecular proper-
ties of EVs, limited starting material and small size present complications when 
trying to measure mineralization directly from EVs. Initial studies into EV mineral-
ization relied solely on static characterization of associations between mineral and 
EVs within calcified tissues using electron microscopy (as discussed in section 
“Structural Analysis of Extracellular Vesicles”). Early seminal studies in the 
dynamic mechanisms of EV calcification used EVs isolated from mineralized tissue 
by protease digestion of the extracellular matrix [76, 77]. Nascent mineral scatters 
light at 340 nm. By suspending isolated EVs in a high calcium-phosphate solution 
and monitoring absorbance at 340 nm over time, the relative mineralization poten-
tial of EVs can be measured. EV samples with higher potential exhibit an increase 
in absorbancy at 340 nm at earlier time points compared to those with lower miner-
alization potential. Similar studies have used fluorescent mineral dyes [35] or the 
colorimetric o-cresolphthalein complex 1 method [38] to measure mineral forma-
tion in suspended EVs, which allow for a lower amount of starting material and 
measurement of EV mineral from cell culture samples. These methods, however, 
are not conducive to visualize EV-directed mineralization.

Interactions with collagen fibers dictate mineral patterning by EVs in both physi-
ological bone mineralization and pathological vascular calcification. Studies by 
Chen et al. used the known associations between calcifying EVs and collagen to 
measure EV-mediated mineral formation on collagen-coated coverslips using the 
o-cresolphthalein complex 1 method [34]. Building upon these studies, we seeded 
EVs from human coronary artery smooth muscle cells cultured in pro-calcific media 

a b c

Fig. 5.5 Imaging of a near-infrared fluorescent calcium mineral probe (red fluorescence) shows 
increased mineralization from (a) day 14 to (b) day 21 in smooth muscle cells cultured in pro- 
calcific media. (c) High-resolution images show calcifications forming within a collagen (green 
fluorescence) network. Bar = 1 μm. (Figure adapted from Ref. [17])
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on three-dimensional collagen hydrogels to visualize and quantify mineralization 
potential [17]. The mineral formed within the hydrogels recapitulates aspects of 
mineral observed in calcified atheroma, and fluorescent labeling of the EVs with 
CellTracker™ dyes enabled super-resolution optical imaging of calcifications 
formed from the merger of individual EVs (Fig. 5.6). The collagen fibers trap and 
dictate EV associations, serving as a scaffold for mineral morphology. The size and 
shape of microcalcifications within atherosclerotic plaques determine the accumu-
lation of local stresses that can destabilize the plaque [18]. Subsequent plaque rup-
ture results in artery occlusion and tissue infarction. Therefore, quantification of 
mineral formation and associated morphologies can provide insight into the patho-
logical consequences of EV-mediated calcification and therapeutic strategies to 
reduce cardiovascular morbidity.

 Future Perspectives

EVs are vectors that have important roles in the biological system which could 
modify the pathophysiological mechanisms during the progression of vascular cal-
cification, by releasing either good or harmful mediators. The characterization of 
EVs released into cell culture media serves as an invaluable step to study the bio-
logical functions of these vesicles under pro-calcific conditions in a controlled envi-
ronment and reproducible manner. This fundamental knowledge gained from 
in vitro study will provide us with meaningful information on the cellular activation 
of these EVs during disease progression and could be used as diagnostic or prognos-
tic biomarkers in the future. In this chapter, we have outlined several common anal-
yses used to characterize EVs. It is, however, worth mentioning that there remains 
the need to overcome some of the common technical challenges to quantify EVs. 
While extensive efforts have been made to accurately measure both the EV concen-
tration and protein content [78], there is still an unmet need to standardize the EV 
isolation procedures across laboratories. Hence, a strong research effort is necessary 
to establish procedures for EV isolation in order to compare the downstream 

a b c

Fig. 5.6 (a) Structured illumination super-resolution microscopy shows fluorescently labeled EVs 
aggregating to build a (b, c) microcalcification. Bar = 500 nm. Arrows depict the near-infrared 
labeled EVs. (Figure adapted from Ref. [17])
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analyses of different EV subgroups. This is especially important for allowing com-
parison of biological data to define EV dosage for clinical trial purposes. A combi-
nation of physical and biomolecular analysis of EVs may represent a major 
breakthrough in the field to define the concentration, size, and charge of EVs, as 
well as the protein and/or lipid content in these vesicles under pro-calcific condi-
tions. This would give us valuable information on the dosage to use for clinical 
applications by titrating the concentration of EVs relative to the protein ratio. As 
outlined above, the opportunity to employ highly sensitive and accurate methodolo-
gies to characterize EVs continues to emerge in the field, and this will certainly help 
with advancement in the understanding of EV biology. Of note, a better understand-
ing of EV biology together with standardized methods for EV isolation and quanti-
fication, functional characterization, as well as establishing potency assays will 
immensely enhance the future promise for EV-based diagnostic and therapeutic 
applications for the treatment of vascular calcification.

At present, the limitations of using EV-based diagnostics or therapeutics as a tool 
for clinical purposes include its applicability in vivo, particularly in the area of cal-
cification. Despite the enormous promise of EVs as therapeutic vectors that can be 
delivered to different targeted locations within the body system, it requires labori-
ous engineering expertise to optimize the interaction of these EVs with target cells 
[79]. Moreover, a majority of the current knowledge is derived from studies done 
in vitro, or with supraphysiological concentrations of EVs that are irrelevant to clin-
ical scenarios observed in patients with vascular calcification. Hence, with the hope 
to better understand the roles of EVs in vivo, new methods are needed to delineate 
the mechanisms by which EVs are released temporally and spatially within the 
vascular wall, as well as from circulating cells. Furthermore, as detailed in section 
“Biomolecular Analysis of Extracellular Vesicles”, proteomic and lipidomic map-
ping using matrix-assisted laser desorption/ionization (MALDI) approaches in 
intact tissue may provide vital information on biomolecular changes in EVs during 
the progression of calcification. In summary, various methods to assess the charac-
teristics of EVs released in vascular calcification represent a potential path toward 
future therapeutic avenues that reduce cardiovascular morbidity and mortality.
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 Introduction

Calcific aortic valve disease (CAVD) is a leading underlying cause of mortality 
among the aging population and represents a growing burden in developed countries 
[1]. Although it was originally thought to be a degenerative disease, aortic valve 
(AV) calcification is now known to be an active process predominantly led by endo-
thelial dysfunction and osteogenic differentiation of valvular interstitial cells 
(VICs), leading to additional cardiovascular events [2].

CAVD is estimated to occur in 25–30% of adults aged 65 or older and is associ-
ated with a 50% increased risk of myocardial infarction [3–6]. CAVD ranges from 
thickening and hardening of the AV leaflets (sclerosis) to narrowing of the AV area 
due to impaired motion of calcified leaflets (stenosis) [2]. The only currently 
accepted therapeutic option for CAVD is valve replacement [7, 8].This is in large 
part due to the lack of sufficient mechanistic insights into CAVD. Recent studies by 
numerous investigators have been addressing this critical gap. Here, we will review 
the role of biomechanical forces on AV biology and pathophysiology with specific 
focus on mechanosensitive microRNAs (miRNAs) and their therapeutic potentials.

Development of CAVD begins with subclinical inflammation in the AV endothe-
lium, followed by thickening due to cellular infiltration and extracellular matrix 
(ECM) remodeling, exacerbated by cytokines released by various AV cells includ-
ing valvular endothelial cells (VECs), VICs, and immune cells [4, 9–12]. These 
cytokines are hypothesized to also promote osteogenic differentiation of VICs, 
which is characterized by an upregulation of bone-related transcription factors, 
intermediates, and proteins, such as alkaline phosphatase (ALP), bone morphogenic 
proteins, osteocalcin, osteopontin, and RUNX2 [13–15].

It is important to note that calcification occurs preferentially on one side of the 
AV, namely, the fibrosa side. This layer of the AV faces the aorta and is exposed to 
complex and highly variable hemodynamic conditions [16]. Additionally, regions of 
the AV that experience relatively elevated axial stretch, such as near the aortic root, 
are more susceptible to calcification [17]. In this chapter we discuss the role of these 
biomechanical forces with a focus on mechanosensitive miRNAs and their target 
genes, which may be used as novel therapeutic approaches for treating and prevent-
ing CAVD.

 Aortic Valve Structure and Biomechanical Forces

The AV regulates blood flow from the left ventricle to the aorta, supplying the sys-
temic vasculature with oxygenated blood [2]. During systole, the AV is open, allow-
ing blood to flow out of the contracted left ventricle at a peak velocity of 
approximately 1 m/s in physiological conditions [18]. In mild stenotic conditions, 
this peak velocity can increase to nearly 3 m/s, and, in severe stenosis, it can surpass 
4 m/s. During diastole, the ventricle relaxes, and the AV closes due to the difference 
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in pressures between the ventricle and the aorta. In physiological conditions, the 
transvalvular pressure ranges from 80 to 120 mmHg; however, in pathological con-
ditions, it can reach up to 180 mmHg [19], leading to further AV dysfunction.

The AV leaflets, each less than 1 mm in thickness, are composed of three sepa-
rate, complex layers, the fibrosa, spongiosa, and ventricularis (Fig.  6.1a). These 
layers dictate the mechanical function of the tissue and control its behavior:

 1. Fibrosa: This layer faces the aorta and is comprised of a VEC monolayer, directly 
in contact with blood, and VICs below impregnated within ECM. This layer is 
mostly composed of type I and type III collagen aligned in a circumferential 
manner and a small amount of elastin fibers [20]. This composition allows the 
AV to withstand high mechanical loads.

 2. Spongiosa: This layer is located in the middle of the AV leaflet. It contains most 
of the VICs and is comprised predominantly of glycosaminoglycans and proteo-
glycans [21]. Its main extracellular component, however, is hyaluronan, which 
can hold large amounts of water and serve as a shock absorber throughout the 
cardiac cycle [22].
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Fig. 6.1 Structure and biomechanical forces in the aortic valve. (a) The fibrosa side, which faces 
the aorta, is composed of valve endothelial cells (VECs) and valve interstitial cells (VICs). Its 
extracellular matrix (ECM) is composed primarily of collagen fibers with some sparse elastin 
fibers. The spongiosa contains most of the VICs as well as glycosaminoglycans and some elastin 
fibers. The ventricularis side, which faces the left ventricle, is mostly composed of elastin fibers 
and contains some VICs as well as VECs. (b) During systole, the aortic valve (AV) experiences 
bending strain: the ventricularis is stretched, whereas the fibrosa is compressed. Blood flow across 
the ventricularis during ejection applies pulsatile, unidirectional shear stress on the VECs. During 
diastole, pressure is applied on the AV as it relaxes. Axial stretch prevents regurgitation by creating 
a tight seal in the radial and circumferential directions. The fibrosa experiences complex, time- 
varying, non-stable flow conditions, resulting in low, oscillatory shear stress.
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 3. Ventricularis: This layer faces the left ventricle and is comprised of VECs and 
VICs [5]. Its ECM contains some collagen, but its composition is mostly elastin 
fibers aligned radially [21, 23]. This composition allows the ventricularis to 
withstand compression during systole and ensure the AV opens and closes con-
sistently [22].

The ever-present movement of the AV creates a dynamic mechanical environ-
ment whose understanding is critical for studying the pathobiological processes that 
regulate CAVD. The main forces exerted on the AV during the cardiac cycle are 
pressure, bending strain, axial stretch, and shear stress (Fig. 6.1b).

 1. Pressure: During diastole, the ventricular pressure drops, whereas the aortic 
pressure remains stable, closing the AV. In physiological conditions, the transval-
vular pressure (difference between diastolic aortic and ventricular pressures) 
ranges from 80 to 120 mmHg [24]. In hypertensive patients, this pressure can 
exceed 180 mmHg [19]. The SMART study found a correlation between systolic 
blood pressure and cardiovascular calcification [25], suggesting a potential link 
between blood pressure and associated biomechanical forces on AV pathobiol-
ogy. Other studies have also found links between increased systemic pressure 
and CAVD [26–29]; however, its effects on the underlying molecular mecha-
nisms of the disease remain unclear.

 2. Bending strain: During systole, the concave fibrosa layer compresses, while the con-
vex ventricularis layer extends under tension [30]. It is hypothesized that increased 
bending strain can induce more rapid and extensive calcification [31]. This was 
observed in patients with bicuspid aortic valves (BAV). Several groups have found 
that the BAVs experience higher bending strains and patients can develop symptom-
atic CAVD nearly 20 years prior to tricuspid aortic valve (TAV) patients [32–36]. 
BAV is the most common congenital heart defect, with a prevalence of around 2%. 
The altered biomechanical conditions associated with BAV are considered as an 
important cause of the accelerated and aggressive disease phenotype and have been 
used as an important CAVD model system to understand its mechanisms [37].

 3. Axial stretch: A crucial step during the cardiac cycle is having the AV leaflets 
create a tight seal during diastole to prevent blood from regurgitating back into 
the left ventricle [30]. Axial stretch occurs in two directions: circumferential and 
radial. In humans, the AV leaflets deform more in the circumferential direction 
than the radial direction [38]. The region of maximum tension is located where 
the leaflet attaches to the aortic root (hinge region), which is also the region that 
tends to calcify first in CAVD [17]. A vicious cycle is generated when increased 
axial stretch leads to AV dysfunction, exacerbating the levels of stretch of the AV.

 4. Shear stress: This force is exerted on the AV by blood flow parallel to the endo-
thelial surface. The fibrosa experiences complex, time-varying, non-stable flow 
conditions (d-flow) including oscillatory shear stress, while the ventricularis is 
exposed to a pulsatile but relatively stable flow (s-flow) conditions including uni-
directional shear stress [16, 39]. These different shear profiles correlate with the 
preferential calcification pattern of the fibrosa [40–42]. Interestingly, in the AV, 
the non-coronary cusp (lacking a coronary ostium) experiences lower magnitude 
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shear stress than the left and right coronary cusps and usually calcifies first [39]. 
Additional studies have also found that BAVs experience lower shear stress and 
more d-flow than TAVs, further implicating the role of shear stress in CAVD [43].

 Mechanosensing in the Aortic Valve

Cells in the AV, such as VECs and VICs, sense various biomechanical forces through 
a variety of molecules and subcellular structures known as mechanosensors [44]. 
Most knowledge on mechanosensory mechanisms has been gained by studying vas-
cular ECs. These include cell surface proteins (ion channels PIEZO1 and PIEZO2, 
glycocalyx, G protein-coupled receptors, G proteins, Notch1, and protein kinase 
receptors T kinase receptor and ST kinase receptor), subcellular structures (primary 
cilia and caveolae), cell-cell junction (PECAM-1, VE-cadherin, VEGFR2 mecha-
nosensory complex), integrins, and intracellular actin cytoskeleton [45] (Fig. 6.2).
Although these endothelial mechanosensors may serve similar functions in VECs 
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Fig. 6.2 Mechanosensors in the aortic valve. Integrins bind to the actin cytoskeleton and to extracel-
lular matrix to sense the mechanical environment surrounding the cell and transmit the information to 
the cellular interior. G protein-coupled receptors bind to extracellular ligands and activate downstream 
signaling (black arrows). The glycocalyx is a glycoprotein network that traps ions and molecules in 
the blood, allowing interactions with cellular membrane channels and receptors. PECAM-1 forms a 
mechanosensory complex with VE-cadherin and VEGF receptor II at the cell junctions, where biome-
chanical forces are recognized and transmitted to the cellular interior. Primary cilia and caveolae are 
subcellular structures that have been identified as mechanosensors in the vascular endothelium. Their 
function as mechanosensors in the aortic valve (AV) has not been determined. Surface proteins, such 
as PIEZO1/2, NOTCH1, T kinase receptor, and ST kinase receptor, have also been identified as 
mechanosensors in vascular endothelial cells; however, their function in the AV is not fully understood
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and VICs, they remain to be validated. Here, we highlight a few of the major mecha-
nosensors in the endothelium.

Integrins are transmembrane adhesion receptors that have traditionally been 
found to bind ligands at the cell surface, within the ECM, and in the cytoplasm [46]. 
Integrins transduce signals from the outer environment to the cellular interior. 
Integrins have also been recognized as sensors of the mechanical environment that 
surrounds the cell, resulting in intracellular signal transduction pathway changes 
[47]. Furthermore, integrins receive intracellular signals that can regulate their 
ligand-binding affinity, enabling a tunable communication between the cell mem-
brane and the rest of the cell [48]. Overall, integrins play a key role in cell adhesion, 
migration, proliferation, and cell survival, dictated by cues from the extracellular 
environment along with intracellular signaling.

Transmission of signals by integrins is dependent on their binding to the cyto-
skeleton [49]. Integrins co-localize with other cytoskeletal proteins near the cell 
surface, forming complexes known as focal adhesions [50, 51]. These complexes 
act as mediators between mechanical transduction among the integrins, external 
stimuli, and the cell [52]. Focal adhesions have the capability of sensing forces such 
as shear stress and tension [53–55]. Focal adhesions are also responsible for signal-
ing changes in the cellular phenotype in response to mechanical and other cues. 
These can include signals for cell remodeling, proliferation, apoptosis, migration, 
and angiogenesis [56–59].

G protein-coupled receptors (GPCR) also bind to extracellular ligands to activate 
downstream signaling via G protein-activated signal transduction pathways [60]. 
GPCR are sensitive to changes in flow across the endothelium [61]. Although their 
role in AV biology is not clear, GPCR have been shown to become activated under 
certain mechanical stimuli, and their function has been well documented in the con-
text of other diseases [62, 63].

ECs express proteoglycans and glycoproteins conjugated with long carbohydrate 
chains called glycosaminoglycans, on their cell surface [64, 65]. This glycoprotein 
network, called the glycocalyx, provides a physical barrier between the cells and the 
blood, where ions and other molecules found in the blood are trapped, allowing 
interactions between them and membrane channels and receptors [66, 67]. It has 
been shown that, under d-flow, the glycocalyx changes shape and its function is 
impaired [68, 69]. In the AV, the glycocalyx has been found to bind low-density 
lipoprotein and immunoglobulins more tightly in animals fed a high-cholesterol 
diet, particularly in the fibrosa [70, 71]. Higher affinity for these molecules can lead 
to increased infiltration and lesion formation, providing a link between mechano-
sensors and AV regions susceptible to calcification [69].

PECAM-1 has been extensively characterized as a mechanosensor located in 
vascular endothelial junctions [72, 73]. PECAM-1 forms a mechanosensory com-
plex along with VE-cadherin and VEGF receptor II (VEGFR2) in the endothelial 
cell junction, where it recognizes shear stress and stretch and transmits the signal to 
intracellular biochemical responses such as intracellular calcium influx [74–76]. 
The mechanosensory response from this PECAM-1/VE-cadherin/VEGFR2 
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complex leads to activation of various signaling pathways, including PI3K, Akt, and 
eNOS [77–83]. Although it is known to play a role in adhesion and cell migration 
[84], its effect on AV biology and dysfunction has not been fully characterized.

In vascular ECs, primary cilia serve as mechanosensors [85].These membrane- 
bound structures protrude into the vessel lumen and bend during blood flow, leading 
to calcium influx via mechanosensitive channels and intracellular signal transduc-
tion pathway [86–89]. Abnormal ciliary length has been associated with altered 
blood flow sensing [90]. Their function in the AV was reported in the context of AV 
development [91], but definitive evidence supporting their role as AV mechanosen-
sors is lacking at present.

PIEZO1 is a mechanically activated ion channel, serving as a mechanosensor of 
shear stress in vascular ECs [92]. Activation of PIEZO1 has been linked to athero-
genic processes such as inflammation, angiogenesis, vascular formation and remod-
eling, and ATP release leading to nitric oxide production and regulation of vascular 
tone [93–96]. In the AV, PIEZO1 regulates AV development and outflow tract for-
mation [97, 98]; however, its role as a mechanosensor in the AV has not yet been 
elucidated.

 miRNAs in the Aortic Valve

We recently reviewed the role of shear-sensitive genes and signaling pathways in 
flow-mediated AV biology and disease [99]; therefore, this chapter will focus on 
discussing the role of miRNAs.

The miRNAs are small (18–22), non-coding nucleotide sequences that bind to 
the 3′ untranslated region of their target genes, leading to that gene’s degradation or 
inhibition of translation [100]. The roles of protective and pathological miRNAs 
have been well documented in many cardiovascular diseases, including atheroscle-
rosis, heart failure, diabetes, and hypertension [101–105].

To identify miRNAs involved in CAVD, human AV leaflets obtained from 
patients with various AV calcification and stenoses were compared to controls by 
using miRNA array studies. These studies revealed many miRNAs differentially 
expressed in calcified AVs compared to the non-diseased controls [106–110], the 
underlying mechanisms, and potential target genes of each miRNA in AV calcifica-
tion [111–117]. Additional array studies identified miRNAs differentially expressed 
in BAV leaflets in comparison to the TAVs [118, 119].

Most of the miRNAs studied in the context of CAVD have been implicated in the 
regulation of osteogenic differentiation of VICs (Table 6.1 and Fig. 6.3). The major-
ity of miRNAs that are differentially regulated in CAVD patients seem to be down-
regulated and play anti-calcific roles; however, some miRNAs such as miR-29b, 
miR-34a, miR-92a, and miR-181b are increased in CAVD leaflets compared to con-
trols and play pro-calcific roles. We will first discuss those miRNAs with undefined 
mechanosensitivity, followed by shear- and stretch-sensitive miRNAs.
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 miRNAs with Undefined Mechanosensitivity in the Aortic Valve

miR-29b is increased during osteoblast differentiation of human VICs [116], sug-
gesting it as a pro-calcific miRNA. miR-29b modulates osteoblastic differentiation 
by downregulatingTGF-β3 and upregulating expression of wnt, β-catenin, Runx2, 
and Smad3. It is unknown at present if miR-29b is mechanosensitive.

miR-34a is a pro-calcific miRNA and is increased in CAVD leaflets and in VICs 
treated with osteogenic stimulus [117]. miR-34a directly targets Notch1 and 
increases calcification signals by upregulating Runx2. While it was shown to be 
shear-sensitive in HUVECs [120], it remains to be validated if miR-34a is also 
shear-sensitive in AV ECs.

miR-92a is overexpressed in human calcified BAV leaflets compared to the TAV, 
suggesting its role as a potential biomarker of CAVD [118]. While miR-92a expres-
sion is well-known to be increased by d-flow conditions in vascular ECs, its flow- 
dependent expression in AV ECs and whether it induces pro-calcific responses in 
AV remain to be validated. In vascular ECs, miR-92a directly targets KLF-2 and 
KLF-4, which are some of the most well-characterized mechanosensitive and anti- 
atherogenic genes [121–123].

miR-138 is decreased in calcified AVs and inhibits osteogenesis of VICs [124]. 
Expression of miR-138 was reduced in leaflets from CAVD patients compared to 

Table 6.1 miRNAs implicated in CAVD

Role
Mechano-
sensitivity miRNA

Validated 
targets Cells/tissue Function Reference

Pro- 
calcific

Undefined miR-29b TGF-β3 Human VIC Promotes 
calcification of 
VICs through 
activation of 
Wnt/β- catenin/
Smad3

[116]

miR-34a Notch1 Human VIC 
human AV 
leaflets

Downregulation of 
Notch1 and 
upregulation of 
Runx2

[117]

miR-92a KLF-2 
KLF-4

Human AV 
leaflets

Overexpressed in 
BAV compared to 
TAV

[118, 
121–123]

Shear miR-181b TIMP3 Human VEC 
porcine AV 
leaflets

Increases 
shear- sensitive 
MMP activity

[114]

miR-214 TGF-β1 Human VEC 
porcine AV 
leaflets

Increased in d-flow 
compared to s-flow 
and in fibrosa of 
PAV. Decreases 
TGF-β1 but may 
not affect 
calcification

[131]
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Role
Mechano-
sensitivity miRNA

Validated 
targets Cells/tissue Function Reference

Anti- 
calcific

Undefined miR-138 FOXC1 Human VIC 
human AV 
leaflets

Decreased in 
calcified AVs. 
Inhibits calcification 
of VICs

[124]

miR-204 Runx2 Human VIC 
human AV 
leaflets

Decreased in 
calcified AVs. 
Inhibits calcification 
of VICs

[125]

miR-30b Runx2 
Smad1 
Caspase-3

Human VIC Inhibits ALP 
activity and 
calcification of 
VICs

[126]

miR-449c-5p Smad4 Human VIC 
human AV 
leaflets

Decreased in 
calcified AVs. 
Inhibits calcification 
of VICs

[115]

miR-638 Sp7 Human VIC Inhibits calcification 
of VICs

[127]

miR-141 BMP-2 Human AV 
leaflets 
porcine VIC

Decreases 
expression in BAV 
compared to 
TAV. Inhibits 
calcification of 
VICs

[128]

miR-195 Smad7 
BMP-2 
Runx2

Human VIC
Human AV 
leaflets

Downregulated in 
BAV compared to 
TAV. Silencing 
increases VIC 
calcification

[129]

Shear miR-486-5p Efna1Prnd Human VEC 
porcine AV 
leaflets

Downregulated in 
d-flow compared to 
s-flow and in fibrosa 
of PAV Increases 
migration and 
reduces early 
apoptosis

[132]

miR-483-3p Ube2c
Ash2L

Human VEC 
porcine AV 
leaflets

Downregulated in 
d-flow compared to 
s-flow and in fibrosa 
of PAV Upregulates 
pVHL, silencing the 
HIF1α pathway

[133]

Stretch miR-148-3p IKBKB Human VIC Decreases NF-κB 
signaling and target 
gene expression

[112]

miR-214 ATF4 Porcine AV 
leaflets

Protects against 
ATF4-mediated 
stretch-induced 
calcification

[135]

Table 6.1 (continued)
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Fig. 6.3 miRNAs involved in CAVD. Various miRNA microarray studies have been conducted to 
identify miRNAs differentially expressed between calcified vs. non-calcified aortic valves (AVs), 
bicuspid vs. tricuspid AVs, fibrosa vs. ventricularis, and d-flow vs. s-flow. Although most identified 
miRNAs have undefined mechanosensitivity (blue), some have been validated as shear-sensitive 
(yellow) and stretch-sensitive (orange)

non-calcified AVs. Overexpression of miR-138 prevented osteogenic differentiation 
of VICs, while miR-138 inhibitor enhanced the osteogenic differentiation by target-
ing FOXC1.

miR-204 expression is downregulated in calcified human AVs and by BMP-2 
treatment in VICs [125]. miR-204 inhibited osteoblastic differentiation of VICs by 
targeting Runx2.

miR-30b also regulates osteogenic differentiation of VICs [126]. Transfection of 
VICs with miR-30b reduced expression of Runx2, Smad1, and Caspase-3 and 
inhibited ALP activity.

miR-449c-5p expression is reduced in CAVD leaflets compared with non- 
calcified AVs. miR-449c-5p targets Smad4, thereby preventing osteogenic differen-
tiation of VICs [115].

miR-638 also plays a role in VIC osteogenic differentiation by directly targeting 
Sp7 [127].

miR-141 regulates BMP-2-dependent AV calcification [128]. miR-141 expres-
sion was decreased in human BAV tissue compared to the TAV. Furthermore, in 
porcine VICs, overexpression of miR-141 attenuated TGF-β-induced activation, 
BMP-2 signaling, and ALP activity.

miR-195 is downregulated in BAV leaflets compared to the TAV and promotes 
AV calcification [129]. Treatment of VICs with miR-195 inhibitor (anti-miR-195) 
increased expression of Smad7, BMP-2, and Runx2, activity of MMP-2, and calcifi-
cation. miR-195 was shown to directly target Smad7.
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 Shear-Dependent miRNAs in AV

Numerous miRNAs are regulated by shear stress in VECs in vitro and in vivo. We 
identified miRNAs that are regulated in a shear stress- and AV leaflet side- dependent 
manner (ventricularis vs. fibrosa side) using both human AV ECs and porcine AV 
(PAV) leaflets [130, 131].

To better understand shear-dependent and side-dependent miRNAs in human 
AVECs (HAVECs), we carried out miRNA microarrays using total RNA from 
human fibrosa-side ECs and ventricularis-side ECs exposed to d-flow or s-flow 
[130]. This study revealed that expression of 30 and 3 miRNAs is regulated in a 
shear- and side-dependent manner, respectively. Furthermore, studies using 
endothelial- enriched RNAs from healthy PAVs showed additional side-dependent 
miRNAs that are differentially expressed in the fibrosa and ventricularis sides [131]. 
Given the preferential development of AV calcification in the fibrosa side (exposed 
to pro-calcific biomechanical forces) compared to the ventricularis side (exposed to 
anti-calcific biomechanical forces), these side-dependent miRNAs may represent 
the effect of different mechanical force environments on miRNA expression pat-
terns. This study identified 7 miRNAs (miR-100, miR-130a, miR-181a/b, 
miR- 199a-3p, miR-199a-5p, and miR-214) significantly overexpressed in the 
fibrosa side compared to the ventricularis side. Some of these miRNAs were char-
acterized for their roles in AV function.

miR-486-5p is one of the most shear-responsive miRNAs, and its expression is 
upregulated under s-flow in  vitro and on the ventricularis of PAVs [132]. 
Overexpression of miR-486-5p in HAVECs was found to decrease expression of 
Efna1 and Prnd, which are involved in cell migration and early apoptosis.

miR-181b is a pro-calcific miRNA that is upregulated in the fibrosa and in 
response to d-flow compared to s-flow [114]. We found that miR-181b directly tar-
gets tissue inhibitor of metalloproteinase-3 (TIMP3), which manages uncontrolled 
ECM degradation by inhibiting matrix metalloproteinases (MMPs). Silencing of 
miR-181b leads to decreased MMP activity in HAVECs.

miR-214 is overexpressed in the fibrosa of PAVs compared to the ventricularis 
and in response to d-flow compared to s-flow [131]. Expression of miR-214 under 
d-flow was attenuated using anti-miR-214. Silencing of miR-214 also resulted in 
increased TGF-β1 protein expression; however, there was no effect on 
calcification.

miR-483-3p is a highly shear-sensitive miRNA expressed in HAVECs and inhib-
its AV calcification by regulating the hypoxia-inducible factor 1α (HIF1α) pathway 
[133]. miR-483-3p is upregulated in the ventricularis side compared to the fibrosa 
in PAV leaflets and in response to s-flow vs. d-flow in HAVECs. Overexpression of 
miR-483-3p in HAVECs leads to decreased inflammation and decreased endothe-
lial-mesenchymal transition (EndMT). Mechanistically, miR-483-3p directly tar-
gets ubiquitin-conjugating enzyme 2c (Ube2c), which itself is upregulated in d-flow. 
UBE2C silences von Hippel-Lindau protein (pVHL), a known repressor of HIF1α 
[134], and its downstream target genes. Furthermore, treatment of PAVs with 
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miR-483-3p mimic and HIF1α inhibitor prevented calcification of PAV leaflets. 
Consistent with the ex vivo and in vitro results, immunohistochemical staining stud-
ies of human AV leaflets demonstrated that the fibrosa side overexpressed markers 
of calcification (Alizarin red and RUNX2), inflammation (VCAM1), EndMT 
(TWIST1), HIF1α, and UBE2C compared to the ventricularis side, while pVHL 
expression was higher in the ventricularis side. These findings suggest a potential of 
miR-483-3p mimic and HIF1α inhibitors as potential therapeutics for CAVD.

 Stretch-Dependent miRNAs in AV

miR-148-3p expression is downregulated by stretching (14%) compared to a static 
condition in VICs [112] and may serve an anti-calcific function. The downregula-
tion of miR-148-3p led to upregulation of IKBKB, NF-κB signaling, and inflamma-
tory responses in VICs compared to static conditions.

miR-214 is another stretch-dependent miRNA, decreasing by hyper-stretching 
(15%) relative to physiological stretch (10%) in PAV leaflets [135]. The study sug-
gested that miR-214 may serve an anti-calcific role in the AV by directly targeting 
activating transcription factor 4 (ATF4), which is implicated in endoplasmic reticu-
lum stress and linked to cardiovascular calcification.

 Future Perspectives in Calcific Aortic Valve Disease Research 
and Treatment

Here, we summarized the AV structures, hemodynamics, and mechanosensors, as 
well as the recently discovered miRNAs that are implicated in CAVD pathophysiol-
ogy. Our focus was on discussing the roles of these miRNAs in AV calcification and 
the roles of biomechanical forces on miRNA expression. Due to the predominant 
development of AV calcification in the fibrosa side (exposed to d-flow) and in the 
leaflet hinge regions (exposed to high stretch and strain), it is critical to define the 
molecular mechanisms such as the role of miRNAs by which these biomechanical 
forces regulate CAVD pathophysiology. Given the relative convenience and speci-
ficity of miRNA mimics (gain of function) and inhibitors such as anti-miRs and 
antagomiRs (loss of function) to manipulate their expression level and in vivo effi-
cacies, targeting pro-calcific or anti-calcific miRNAs represents an exciting oppor-
tunity to develop novel therapeutics to prevent and reduce CAVD. Further, these 
miRNAs are easily detectable and quantified in blood samples, making them ideal 
as biomarkers to detect CAVD at an early stage. Despite these potential therapeutic 
candidates, there are several limitations to overcome. First, although numerous 
studies have emerged recently, there is still significant paucity in our molecular and 
cellular understanding of CAVD pathophysiology. Second, the role of mechanosen-
sors and mechanotransduction pathways has been studied mostly in vascular ECs, 
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while this knowledge is relatively lacking in valvular cells. Therefore, the mechano-
biological understanding of AV cells needs to be significantly expanded. Third, 
there continues to be a significant gap in understanding the role of numerous miR-
NAs in pathophysiological mechanisms of CAVD. While there are many miRNAs 
that have been better characterized in other cell types, tissues, and disease contexts, 
the role and mechanisms of each miRNA in AV cells are not necessarily the same 
and should be validated. Last, technical limitations in AV-targeted delivery of 
miRNA therapeutics, such as miRNA mimics, anti-miRs, or antagomiRs, should be 
addressed. Successful delivery of these miRNA therapeutics in an AV-limited man-
ner would overcome concerns regarding their potential off-target effects in other 
tissues, improving their safety and efficacy as therapeutics.

In summary, the AV is a complex and dynamic structure which is subject to ever- 
present biomechanical forces. The field of AV mechanics and biomechanical stress- 
mediated signaling has advanced greatly over the past decade; however, there is still 
no viable therapeutic for CAVD aside from AV open heart surgery or transcatheter 
valve replacement. In the future, targeting the mechanosensitive factors, such as 
miRNAs, discussed here could provide better options for the management of CAVD.
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Chapter 7
The Role of Chronic Kidney Disease 
in Ectopic Calcification

Joanne Laycock, Malgorzata Furmanik, Mengxi Sun, Leon J. Schurgers, 
Rukshana Shroff, and Catherine M. Shanahan

 What Is Chronic Kidney Disease?

Chronic kidney disease (CKD) is a progressive disorder, characterised by a gradual 
decline in functional nephrons and a reduction in glomerular filtration rate (GFR). 
CKD is defined by a GFR below 60 ml/min/1.73m2 [1]. As the GFR deteriorates 
further, there is a graded increase in the risk of cardiovascular morbidity [2]. CKD 
culminates in end-stage kidney disease (ESKD); by this stage, patients require dial-
ysis or renal transplantation.

Cardiovascular disease is the most common cause of death in CKD patients 
receiving dialysis. The rate of cardiovascular mortality in dialysis patients in their 
20s is comparable to octogenarians [3]. The high risk of cardiovascular mortality in 
CKD patients is strongly correlated with vascular calcification. In ESKD there are a 
number of risk factors including disturbances in mineral metabolism, secondary 
hyperparathyroidism (SHPT) and a build-up of uraemic toxins that predispose 
patients to CKD bone mineral disorder (BMD) and to ectopic calcification [4].
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 The Risk Factors of CKD and Their Association 
with Ectopic Calcification

 Dysregulated Mineral Metabolism: CKD Leads 
to Hyperphosphataemia, which is Exacerbated by Klotho 
Deficiency and Ineffective Fibroblast Growth Factor 23 (FGF23)

The kidney is a major regulator of serum phosphorous (P); it is important for both P 
excretion and regulating the resorption of P and calcium (Ca) to accommodate bone 
turnover. In CKD there is a decline in renal function, and P excretion by the kidney 
is impaired; therefore, raised serum P is associated with CKD.

The kidney relies on autocrine signalling from FGF23 to maintain P homeostasis 
[5–7]. When serum P levels are high, FGF23 is synthesised by bone osteocytes and 
osteoblasts to raise circulating levels of FGF23. FGF23 binds to the fibroblast 
growth factor receptor (FGFR) on the basolateral membrane of the kidney tubules, 
and this has two downstream effects to reduce serum P towards homeostatic 
levels [8]:

 1. Increased P excretion. FGF23 blocks the synthesis and increases endocytosis of 
the Na/P cotransporter on the apical membrane of the kidney tubule [6]. The 
reduced number of P transporters decreases P reabsorption from the filtrate, 
therefore increasing P excretion.

 2. Reduced vitamin D levels to reduce Ca and P resorption. FGF23 blocks the syn-
thesis of 1α-hydroxylase (required for activation of vitamin D) and upregulates 
the synthesis of 24 hydroxylase (an enzyme that deactivates vitamin D). The 
combined effect is reduced levels of active vitamin D [6]. This prevents further 
increase of serum P as vitamin D promotes bone turnover and resorption of 
Ca and P.

In patients with CKD, the initial rise in serum P is compensated for by increased 
FGF23 production, and P homeostasis is maintained. As CKD progresses and the 
GFR declines further, the kidneys are unable to react to sufficiently lower P despite 
high serum FGF23 levels.

This is exacerbated by a klotho deficiency linked to CKD. Klotho is a protein 
required to confer the FGFR specific to FGF23, and in the absence of klotho, FGF23 
is unable to bind to the FGFR and act on the kidney tubule to reduce serum P 
towards normal levels [9]. This P retention leads to persistent hyperphosphataemia 
and stimulates a further increase in FGF23 levels; however homeostatic mecha-
nisms can no longer restore the P balance.

A chronic increase in serum P prevails [10] and increases parathyroid hormone 
(PTH) secretion. In a state of klotho deficiency, FGFRs in the parathyroid gland are 
unable to respond to high circulating levels of FGF23, and this negative feedback 
mechanism to prevent excessive PTH secretion is lost.
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 Dysregulated Mineral Metabolism: Vitamin D Deficiency 
in CKD and Reduced Ca Intake

Vitamin D is a term used to describe several related compounds, it is obtained as 
previtamin D and exists in the circulation in the inactive form of 25-hydroxy vita-
min D. 25-hydroxy vitamin D is hydrolysed by the 1α-hydroxylase enzyme to the 
active form 1α,25-dihydroxy vitamin D.  The majority of 1α-hydroxylase is 
expressed in the kidney; therefore the kidney plays a key role in regulating the acti-
vation of vitamin D.

Patients with CKD are often deficient in vitamin D. The detrimental effects of 
vitamin D deficiency on bone mineral disorders such as rickets, led to the discovery 
of vitamin D in the early 1900s and are now widely known as reviewed by [11].

Vitamin D in its active form, 1α,25-dihydroxy vitamin D (referred to as vitamin 
D here in) is important for Ca intake and homeostasis by three key mechanisms:

 1. Increase Ca absorption from the small intestine. Vitamin D increases transcrip-
tion of the Ca channel TRPV6 and calbindin in the small intestine to increase the 
efficiency of Ca absorption from 10% to 40% [12].

 2. Increase resorption of Ca and P from bone. Vitamin D upregulates RANKL 
expression in osteoblasts and drives the maturation of pre-osteoclasts to osteo-
clasts which resorb Ca and P from bone and release it into the circulation [13].

 3. Reduce PTH secretion. Vitamin D increases expression of the vitamin D receptor 
(VDR) and the calcium-sensing receptor (CaSR) in the parathyroid glands to 
increase their sensitivity to both Ca and vitamin D. The effect of vitamin D on 
the parathyroid gland is to downregulate PTH expression in order to prevent 
excessive Ca and P resorption and extensive bone turnover [14].

Vitamin D deficiency leads to an initial reduction in serum Ca. Low levels of circu-
lating Ca stimulate the parathyroid gland to secrete PTH. The state of vitamin D 
deficiency affects two negative feedback mechanisms of PTH secretion. Vitamin D 
cannot downregulate PTH expression or upregulate the expression of the CaSR in 
the parathyroid gland to increase its sensitivity to circulating Ca.

 Dysregulated Mineral Metabolism: CKD Is a State of SHPT 
Resulting in Hypercalcaemia and Hyperphosphataemia

PTH plays a key role in maintaining mineral homeostasis, it acts on multiple regula-
tory pathways, and PTH itself is regulated by multiple negative feedback 
mechanisms.

The parathyroid gland is well known to contain CaSRs, and PTH is the primary 
regulator of serum Ca; it is secreted when serum Ca levels are low [15]. For 
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example, the low serum Ca levels observed in early CKD stimulate PTH secretion; 
PTH has three mechanisms of action to increase serum Ca:

 1. PTH increases Ca reabsorption from the kidney tubule.
 2. PTH upregulates transcription of CYP27B1  in the kidney to increase 

1α-hydroxylase activation of vitamin D and leads to increased serum vitamin 
D levels.

 3. PTH increases resorption of Ca and P from bone. PTH increases bone turnover 
in a similar manner to vitamin D by upregulating the expression of RANKL in 
osteoblasts. RANKL drives the maturation of pre-osteoclasts to mature osteo-
clasts, which resorb Ca and P from the bone matrix and release it into the 
circulation.

Hyperphosphataemia also upregulates PTH secretion. PTH promotes P and Ca 
resorption from bone raising serum P levels further; however PTH also increases P 
excretion by the kidney; therefore its overall effect is to decrease serum P [16].

In a state of health, PTH increases serum Ca and reduces serum P levels to restore 
homeostasis; the stimuli to upregulate PTH secretion are removed, therefore acting 
as a negative feedback mechanism. Excessive PTH secretion is also prevented by 
FGF23 and vitamin D, which act as a negative feedback mechanism and bind to the 
FGFRs and vitamin D receptors (VDRs) in the parathyroid gland to downregulate 
PTH secretion.

CKD is a state of disrupted mineral metabolism; multiple mechanisms lead 
to high serum P and low serum Ca levels, both of which stimulate PTH secretion 
(Fig.  7.1). The kidney is unable to excrete P despite the high levels of PTH; 
serum Ca levels are restored by increased Ca and P resorption from bone; how-
ever this further increases the serum P levels. Chronic hyperphosphataemia con-
tinues to stimulate PTH secretion. In CKD both negative feedback mechanisms 
of PTH are lost due to vitamin D deficiency and klotho deficiency resulting in 
ineffective FGF23; therefore a chronic secretion of PTH persists. Excessive 
PTH secretion contributes to excessive bone turnover, reducing bone density 
and leading to CKD- BMD [17]. The excessive resorption of Ca and P from bone 
leads to chronic hypercalcaemia and chronic hyperphosphataemia, which is a 
direct stimulus for vascular calcification and other forms of ectopic calcifica-
tion [18].

 Dysregulated Mineral Metabolism: The Risk of Ectopic 
Calcification and Cardiovascular Disease

Disrupted mineral metabolism leads to a multitude of risk factors for ectopic calci-
fication in CKD. High levels of serum P even within the normal range have been 
associated with increased risk of cardiovascular events and death [19]. Patients in 
the early stages of CKD may develop hyperphosphataemia, and its prevalence was 
over 50% in a study of over 25 thousand haemodialysis patients in ESKD [20]. In 
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both children and adults on dialysis, hyperphosphataemia was associated with the 
progression of vascular calcification [21].

The direct effect of SHPT observed in CKD on calcification is not known; how-
ever high PTH levels have been linked to an increased prevalence and severity of 
abdominal aortic calcification in patients with primary hyperparathyroidism [22].

The effect of vitamin D status on calcification in the CKD population has been 
studied, and both low and high levels of vitamin D have been associated with an 
increased risk of vascular calcification in children with CKD [23]. This suggests 
that vitamin D deficiency observed in CKD requires careful management.

CKD

↓ GFR Klotho
deficiency

Non-specific
FGFR

↑ FGF23

↑ PTH secretion

↓ Serum Ca

↓ Ca absorption
↓ Ca and P
resorption

↓ Ca absorption
↓ Ca and P resorption

CKD-BMD

Calcification

Chronic ↑ Ca and ↑ P

↑ Serum P

Unable to bind

Vitamin D
deficiency

Fig. 7.1 Overview of dysregulated mineral metabolism in CKD. Multiple factors in CKD contrib-
ute to dysregulated mineral metabolism. The orange boxes indicate the decline in GFR and 
impaired P excretion that leads to raised serum P and triggers the PTH and FGF23 negative feed-
back loops to reduce serum P. As shown in the purple boxes, CKD is a state of klotho deficiency, 
and the FGFR requires klotho to confer it specific to FGF23; therefore serum P and PTH continue 
to increase despite increased FGF23 levels. The green boxes show that CKD is also a state of vita-
min D deficiency, leading to reduced Ca absorption from the small intestine and reduced Ca and P 
resorption from bone; there is an initial decrease in serum Ca which also stimulates PTH secretion. 
As indicated in the blue boxes, high levels of PTH drive Ca reabsorption in the kidney and increase 
both Ca and P resorption from bone leading to CKD-BMD, a chronic increase in serum Ca and P 
and increased risk of ectopic calcification
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 The Alternative CKD Risk Factors for Calcification: 
The Uraemic Milieu

Disrupted mineral metabolism is not the only risk factor for vascular calcifica-
tion in CKD, and uraemic serum has been shown to induce calcification inde-
pendently of P concentration [24]. The systemic dysregulation in CKD can 
enable additional uraemic toxins to accumulate, which in healthy conditions 
would be excreted by the kidneys [25]. Patients in ESKD receive dialysis either 
in the form of haemodialysis or peritoneal dialysis to filter some of these urae-
mic toxins; however this can also be associated with problems. Some proteins 
may be excessively filtered immediately post-dialysis, and large fluctuations are 
observed [26].

The high turnover of bone in patients with CKD-BMD leads to elevated levels of 
alkaline phosphatase (ALP) [27]. ALP is an osteoblast marker mainly expressed by 
the liver and bone. High ALP levels are correlated with increased risk of cardiovas-
cular disease, calcification and mortality [27]. Several large observational studies 
have found that ESKD patients had elevated serum ALP levels and that this was an 
independent risk factor of mortality [28, 29].

Experimental models suggest that impaired NaCl excretion in CKD increases the 
risk of hypertension. This has a detrimental positive feedback effect as sustained 
hypertension is a strong independent risk factor of ESKD [30]. Furthermore, sys-
tolic hypertension has been associated with faster progression of aortic valve calci-
fication, and 5-year coronary artery calcification was accelerated even in 
pre-hypertensive patients [31, 32].

To compensate for impaired excretion and increased serum levels of P and 
NaCl, patients with CKD are advised to limit their intake of certain foods. Dietary 
restriction of P protects against conditions such as hyperphosphataemia, hyper-
tension, proteinuria and other heart and bone problems [33]. However, vitamin K 
consumption is also reduced, a study of 172 CKD patients found that over 50% 
consumed less than the recommended adequate intake for vitamin K, and CKD 
patients are known to suffer from subclinical vitamin K deficiency [34, 35]. To 
confound this further, the uraemic environment is known to reduce vitamin K 
activity and increase the risk of ectopic calcification. It was demonstrated in rats 
that uraemia leads to a functional vitamin K deficiency; this was accompanied by 
increased renal and aortic Ca content [36]. Furthermore, loss of vitamin K activ-
ity is associated with calcification in CKD patients; haemodialysis patients pre-
scribed warfarin (a vitamin K antagonist) had increased prevalence of vascular 
calcification [37].

Inflammation is another risk factor that has received much attention in the con-
text of CKD, cardiovascular disease and its role in promoting vascular calcification 
[38]. The inflammatory markers C-reactive protein (CRP) IL-6, IL-1, and TNFα 
have been found to be elevated in CKD patients and associated with increased coro-
nary artery calcification and mortality [39–44].

J. Laycock et al.



143

 What Is Ectopic Calcification?

The dysregulated mineral metabolism and the uraemic milieu observed in CKD pre-
dispose patients to ectopic calcification. Ectopic calcification is the inappropriate 
biomineralisation of soft tissue that usually involves the deposition of calcium phos-
phate salts, including hydroxyapatite (HA). HA is formed from the crystallisation of 
Ca ions and inorganic P (Pi) ions; it has a mineral composition similar to that found in 
bone [45]. At physiological pH of 7.4, Pi exists predominantly as H2PO4

- and HPO4
2- 

in a 1:4 ratio and is neutralised by Ca2+ ions to produce HA Ca10(PO4)6(OH)2 [46].

 Vascular Calcification: CKD Is Associated with Arteriosclerosis

Vascular calcification is the deposition of HA crystals in the extracellular matrix 
(ECM) of the vessel wall. Once considered a passive degenerative process that 
occurs in ageing, vascular calcification has now been recognised as a highly regu-
lated, cell-mediated process similar to bone ossification [4].

There are two distinct types of vascular calcification (see Chap. 2 for histopatho-
logical characterization of different vascular calcification types). In atherosclerosis, 
calcification occurs in lipid-rich plaques at damaged patches of the tunica intima. 
Atherosclerosis is associated with traditional cardiovascular risk factors including 
age, obesity, dyslipidaemia and smoking [4].

Arteriosclerosis (also known as Monckeberg’s sclerosis) is associated with CKD 
and diabetes, it is characterised by calcification of the vascular smooth muscle cells 
(VSMCs) in the tunica media. Sheet  like calcification forms in the tunica media 
layer resulting in a concentric thickening of the vessel wall and increased vascular 
stiffness that leads to systolic hypertension and left ventricular hypertrophy [47].

Although distinct diseases, atherosclerosis and arteriosclerosis can coexist in 
various combinations particularly in older diabetics and adults with CKD. These 
patients have been exposed to traditional cardiovascular risk factors for atheroscle-
rosis and disease-specific risk factors for arteriosclerosis [48].

Coronary autopsy samples from renal patients had comparable tunica intima cal-
cification to non-renal patients (atherosclerosis) but a higher proportion of tunica 
media calcification (arteriosclerosis) [49]. In young dialysis patients and those with-
out comorbidity, calcification is exclusively in the tunica media [50]. From here 
onwards, vascular calcification in CKD will refer to arteriosclerosis.

 Mechanisms of Vascular Calcification and the Impact of CKD

Vascular calcification is a highly regulated process that occurs in the matrix sur-
rounding VSMCs. The molecular structure of Ca and P biominerals in an ectopic 
calcified human plaque in part resembles that of bone. Common features include the 
localisation of glycosaminoglycans and collagen with mineralisation, suggesting 
that similar mechanisms regulate physiological and pathological calcification [51]. 
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Both processes require a microenvironment that enables extracellular crystal 
growth; this is formed by the accumulation of extracellular vesicles (EVs) in the 
ECM, where mineral nucleation and calcification can then occur [52]. To initiate 
ectopic vascular calcification, several molecular processes must occur simultane-
ously; this includes osteochondrogenic differentiation, downregulation of minerali-
sation inhibitors and the release of pro-calcific EVs [53] (Fig. 7.2).

� Serum Ca and P Uremia

Uremic
toxins

AGEsHyperlipidemia

¯ Calcification
inhibitors
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Extracellular
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Oxidative stress
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PARP

Senescence
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Calcification

Osteogenic
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Fig. 7.2 Mechanisms of calcification in CKD. In CKD a multitude of mechanisms are affected 
that contribute to drive calcification. As shown in the blue boxes, high serum Ca and P drive apop-
tosis, osteogenic differentiation and the accumulation of both extracellular vesicles and CPPs. The 
red boxes indicate that the uraemic environment is characterised by a loss of calcification inhibitors 
as well as the accumulation of uraemic toxins, AGEs and hyperlipidaemia. The purple boxes show 
that this environment drives oxidative stress leading to DNA damage; the cellular responses to 
DNA damage include apoptosis, senescence and activation of the DDR pathway with increased 
PARP. This leads to an increased inflammatory response which directly promotes calcification as 
well as increasing osteogenic differentiation. Furthermore, the uraemic environment drives ER 
stress, contributing further to inflammation and osteogenic differentiation
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Dysregulated mineral metabolism in CKD plays a key role in driving calcifica-
tion; however, high levels of Ca and P alone do not result in the passive deposition 
of HA crystals in the vasculature [4]. A combination of risk factors found in the 
uraemic milieu is required to enable this pathological calcification to develop [21].

 Apoptosis of Vascular Smooth Muscle Cells

Apoptosis of VSMCs play a key role in promoting calcification. Apoptotic bodies in 
the ECM provide a nidus for the accumulation of HA crystals and the initiation of 
calcification  they are in part accountable for the increased ectopic calcification 
observed in CKD [4]. Apoptosis was shown to drive calcification in a VSMC model 
of calcification. VSMCs undergo apoptosis prior to calcification, and inhibition of 
apoptosis reduces calcification by 40% [54]. Indirect evidence linking apoptosis to 
calcification was also found in vivo, histological analysis of vessels from CKD dial-
ysis patients found areas of apoptosis adjacent to calcified areas [50]. Ex vivo cul-
ture of these vessels in high Ca and P media mimicking the dysregulated mineral 
metabolism observed in CKD has been shown to drive apoptotic cell death and 
reduce VSMC density by 30% [55].

 Extracellular Vesicle Release

EVs are small extracellular membranous particles, which, contrary to apoptotic 
bodies, are released by living cells. The release of mineralisation competent EVs of 
100–300 nm in diameter into the ECM provides a nucleation site for HA crystals to 
form and is important in both physiological and ectopic calcification [56, 57]. 
Healthy VSMCs release EVs into the ECM; however they do not support minerali-
sation as they do not contain HA and are loaded with mineralisation inhibitors; 
matrix gla protein (MGP), prothrombin, osteopontin and fetuin-A that prevent min-
eral nucleation and crystal growth [56, 58].

High Ca and P conditions not only increase the rate of apoptosis in human 
VSMCs but also increase EV release [59]. Initially, this may be a defence mecha-
nism to extrude excess HA; however accumulation of EVs can drive calcification. 
VSMCs persistently exposed to the high Ca and P levels observed in CKD release 
EVs that contain preformed calcium phosphate Ca(H2PO4)2, were depleted of 
MGP and enabled HA crystal growth [59]. Raised extracellular Ca as observed in 
CKD was required for release of calcific EVs from VSMCs; these EVs shared 
properties with chondrocyte matrix vesicles [56]. This includes expression of 
Ca-binding annexins and exposed phosphatidylserine on the surface of EVs pro-
viding a site for HA nucleation, therefore supporting the early stages of ectopic 
calcification. Detailed information on the role of EVs in calcification is provided 
in Chap. 5.
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 Perturbation in the Level of Physiological 
Calcification Inhibitors

The expression of calcification inhibitors MGP, pyrophosphate, fetuin-A and osteo-
pontin in healthy arteries plays a key role in preventing calcification.

MGP is endogenously expressed in both VSMCs and chondrocytes with local 
expression of MGP in the vessel wall required for inhibition of vascular calcifica-
tion. This was shown in an experiment on MGP knockout mice which develop spon-
taneous vascular calcification. Re-expression of MGP in VSMCs prevented 
calcification, but high circulating levels of MGP did not [60]. MGP is expressed in 
its inactive form as dephosphorylated-uncarboxylated MGP (dp-ucMGP) and 
requires serine phosphorylation and γ-glutamate carboxylation to form active 
p-cMGP [61]. UcMGP has five glutamic acid residues which require vitamin K for 
their γ-carboxylation to form five γ-carboxyglutamate (GLA) residues and produce 
carboxylated MGP (cMGP).

As shown in Fig. 7.3, CKD patients are often deficient in vitamin K; the preva-
lence and severity of vitamin K deficiency is higher in CKD than the general popu-
lation for two reasons. The first, dietary restrictions in CKD that limit P intake also 
reduce vitamin K consumption. The second, during γ-glutamate carboxylation, 
vitamin K is oxidised and must be recycled by reduction for subsequent carboxylase 
activity; CKD patients are often prescribed warfarin (a vitamin K antagonist), which 
blocks the reductase pathway and prevents vitamin K recycling [62]. In addition, 
uraemia was shown to reduce vitamin K γ-carboxylase activity in a rat model lead-
ing to accumulation of ucMGP and calcification that was reversed by vitamin K 
treatment [36].

In CKD, the local expression of ucMGP in VSMCs is increased [60], however, 
in a state of vitamin K deficiency which often occurs in CKD, γ-glutamate carbox-
ylation is limited, and therefore ucMGP cannot be activated and accumulates at sites 
where calcification has been able to proceed (Fig. 7.3) [63]. This functional vitamin 
K deficiency affects several mineralisation inhibitors discussed below [37].

Fetuin-A is synthesised in the liver and bone, and in healthy individuals, it is 
present in high levels in the circulation and plays a key role in bone remodelling 
[64]. Fetuin-A is taken up by VSMCs where it reduces apoptosis and is concen-
trated in EVs to reduce HA crystal formation [65]. The protective effect of fetuin-A 
against calcification was demonstrated in deficient mice which showed an increased 
susceptibility to widespread calcification [66]. The key role of fetuin-A is to act as 
a circulating calcification inhibitor by binding Ca ions and HA with high affinity to 
remove excess mineral from the circulation. Binding of fetuin-A and HA forms 
fetuin-mineral complexes, also known as calcium phosphate-containing particles 
(CPPs) [66]. CPPs remove Ca and P from the serum. At low concentrations, CPPs 
decrease inflammatory cytokine secretion, therefore protecting against ectopic cal-
cification [66]. CPPs are quickly cleared from the blood and are not detected in 
serum of healthy individuals [67]. Elevated Ca and P levels in CKD provide the 
perfect environment for CPPs to form, and they are present at high levels [68]. As 
fetuin-A forms CPPs with Ca and P, a decline in GFR is correlated with decreased 
serum fetuin-A [69]. In CKD, clearance of CPPs from the blood is reduced, and 
high concentrations of CPPs remain in the circulation. High concentrations of CPPs 
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stimulate inflammatory cytokines and cause apoptosis in macrophages in a dose- 
dependent manner; these conditions could exacerbate ectopic calcification [68, 70]. 
CPPs have been shown to correlate with calcification in rats with renal failure [71]. 
Additionally, levels of CPPs correlate with coronary artery calcification [72] and 
predict all-cause mortality in predialysis CKD patients [73].

Pyrophosphate is a potent endogenous inhibitor of calcification; the main source 
of pyrophosphate in VSMCs is the hydrolysis of adenosine triphosphate (ATP) gen-
erating AMP and pyrophosphate [46]. Pyrophosphate can also be released into 
extracellular fluid to inhibit mineralisation; physiological levels of 3–5 μM pyro-
phosphate completely inhibited VSMC calcification in rat aortas both in vitro and 
in vivo [74]. Pyrophosphate can be dephosphorylated and inactivated by alkaline 
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Fig. 7.3 The effect of CKD on the activation of MGP. MGP is expressed in its inactive, uncarbox-
ylated form (ucMGP); as shown in blue, it is γ-carboxylated to active carboxylated MGP (cMGP) 
which inhibits calcification. The purple boxes show that vitamin K is required for γ-carboxylation; 
during this process vitamin K is oxidised and must be recycled by reduction for subsequent car-
boxylase activity. The red boxes and arrows indicate the effect of CKD on the activation of 
MGP. CKD increases the expression of ucMGP; however it remains and accumulates as inactive 
ucMGP for several reasons. The uraemic environment reduces γ-carboxylase activity. A reduced P 
diet advised in CKD also reduces intake of vitamin K which is required for γ carboxylation of 
ucMGP.  Warfarin is often prescribed in CKD and impedes reductase activity and prevents the 
recycling of vitamin K. These factors lead to reduced levels of active cMGP and calcification ensues
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phosphatase (ALP), and the high levels of ALP observed in CKD catalyse the 
breakdown of pyrophosphate [75]. Plasma levels of pyrophosphate were found to be 
lower in patients on haemodialysis (2.26 + 0.19 μM) as compared to healthy patients 
(3.26 + 0.17 μM), and pyrophosphate was reduced by a further 32% immediately 
post-dialysis [26]. ALP activity and pyrophosphate hydrolysis were upregulated in 
aortic rings from uraemic rats as well as in aortic rings from normal rats incubated 
with uraemic rat plasma, suggesting that circulating factors present in uraemic 
plasma lead to pyrophosphate deficiency [76].

Osteopontin is another calcification inhibitor important for bone remodelling that 
is normally expressed in mineralised tissues such as bone and teeth [77]. Osteopontin 
was shown to accumulate in calcified vessels and reduces the extent of calcification 
in vivo, as MGP/osteopontin double-deficient mice had more extensive calcification 
than MGP single-deficient mice [78]. Post-translational phosphorylation is required 
for osteopontin to have an inhibitory effect on calcification [79]. As with pyrophos-
phate, the upregulated ALP activity observed in CKD leads to dephosphorylation 
and inactivation of osteopontin, reducing its effect on inhibiting calcification.

Osteoprotegerin (OPG) is a protein whose deficiency in mice has seemingly con-
tradictory effects because it causes both osteoporosis and soft tissue calcification. 
OPG-deficient mice exhibit a decrease in bone density and mass and at the same 
time medial calcification of the aorta and renal arteries [80]. OPG is a secreted fac-
tor that decreases osteoclast activity by inhibiting receptor activator of nuclear fac-
tor kappa B ligand (RANKL) activation of its receptor RANK. This signalling is 
essential for the maturation of osteoclast progenitors [81], thus the increased bone 
resorption and osteoporosis in its absence. OPG is endogenously expressed in the 
media of the aorta [80], but the mechanisms by which it inhibits vascular calcifica-
tion are yet unknown. However, increased levels of serum OPG were shown to cor-
relate with vascular calcification and associate with negative cardiovascular 
outcomes in CKD patients [82–84]. Circulating levels of OPG are increased in pre-
dialysis, dialysis and post-transplant CKD patients, suggesting that OPG is upregu-
lated in vascular injury in kidney disease [85].

Bone morphogenetic protein 7 (BMP-7), a member of the TGFβ superfamily, is 
an example of an inhibitor of vascular calcification. BMP-7 deficient mice, however, 
do not have a vascular or soft tissue calcification phenotype. Mice lacking BMP-7 
show skeletal abnormalities, delayed ossification of bones as well as kidney and eye 
defects [86]. Polymorphisms in the BMP-7 gene have been linked to inverse rela-
tionships between bone mineralisation and vascular calcification in the coronary and 
carotid arteries and abdominal aorta in diabetes patients [87]. BMP-7 has also been 
shown to play a role in VSMC differentiation and maintaining their differentiated 
phenotype in  vitro [88]. Moreover, intraperitoneal injection of BMP-7 prevented 
vascular calcification in a mouse model of CKD [89]. Interestingly, BMP-7 has been 
shown to be decreased in the kidneys of CKD patients leading to aggravation of 
fibrosis. Exogenous administration or transgenic overexpression of BMP-7 has been 
shown to have beneficial anti-fibrogenic effects in rodent models of CKD suggesting 
that there is therapeutic potential for BMP-7 treatment in CKD patients [90].
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Several other factors (SMAD6, fibrillin-1 and carbonic anhydrase II) have been 
linked to preventing soft tissue mineralisation [91–93]. However, their effects have 
not been studied in the context of vascular calcification in CKD.

 Osteo/Chondrogenic Differentiation

VSMCs, osteocytes, chondrocytes and adipocytes, are all derived from mesenchy-
mal stem cells. The terminal differentiation of these stem cells is dependent on the 
paracrine and autocrine factors in the microenvironment [94]. VSMCs have great 
phenotypic plasticity and can dedifferentiate into mesenchymal-like cells; this is 
important during cell stress and in vascular repair. VSMCs may either proliferate 
and aid in repair or in pathological conditions, reach senescence or undergo an 
osteo/chondrocyte phenotypic change [95].

The high levels of P observed in CKD drive cellular stress and osteo/chondro-
cytic differentiation; the type III sodium-dependent P transporters, PiT-1 and PiT-2, 
play a key role in modulating this in VSMCs. It has been demonstrated in mouse 
models that PiT-1 promotes vascular calcification by both P uptake-dependent and 
P uptake-independent functions and PiT-1 played a key role despite the required P 
concentration to induce cellular stress being well above the maximal P intake [96]. 
On the other hand, PiT-2 protects against P-induced vascular calcification; PiT-2 
deficient VSMCs were found to have lower levels of OPG and increased calcifica-
tion [97].

Osteo/chondrocytic differentiation of contractile VSMCs involves the down-
regulation of VSMC markers; α-SMC actin, SM22α and myocardin along with 
upregulation of osteo/chondrocytic genes; including osterix, ALP, osteopontin, 
type 1 collagen and osteocalcin [53]. Expression of these genes are regulated by 
osteogenic transcription factors Runx2 and Sox9, which are also upregulated in 
calcified vessels and in VSMCs that spontaneously calcify [98]. A cell lineage 
study in mice lacking the calcification inhibitor MGP found that 97% of calcifying 
cells in the tunica media were derived from VSMCs, which had early upregulation 
of Runx2 and downregulation of myocardin [99]. Notably the osteo/chondrocytic 
differentiation preceded calcification. Similarly, in human arteries with arterio-
sclerosis, evidence of osteo/chondrocytic differentiation was observed; this 
included upregulation of ALP along with other osteogenic markers such as bone 
gla protein (BGP), bone sialoprotein (BSP) and collagen II [100]. As discussed 
above, ALP is a hydroxylase enzyme that dephosphorylates calcification inhibi-
tors, pyrophosphate and osteopontin, deeming them inactive and promoting calci-
fication [46, 79]. In vitro co- expression of ALP and collagen I was sufficient to 
induce mineralisation in high P medium [101]. The tunica media has a collagen-
rich matrix; therefore this suggests that the dysregulated mineral metabolism and 
increased ALP activity observed in CKD would be enough to enable ECM miner-
alisation in the vasculature.
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 Ageing-Related DNA Damage and Senescence

As discussed above, Klotho is a cofactor of FGF23, and lower levels of Klotho 
observed in CKD contribute to disrupted mineral metabolism and aggravate vascu-
lar calcification [102, 103]. Importantly, mice deficient in Klotho, FGF23 and 
Memo, another regulator of FGF23 signalling, exhibit symptoms resembling accel-
erated ageing, including a short lifespan, infertility, skin atrophy, osteoporosis and 
calcification of the aorta and other arteries, accompanied by intimal thickening [6, 
104, 105]. In addition, ectopic calcification of various organs is observed [104]. In 
humans, a homozygous Klotho mutation causes tumoural calcinosis, which mani-
fests itself with carotid and dural artery calcifications and ectopic calcifications of 
soft tissues [102]. Decreased Klotho levels have been observed in calcified arteries 
showing its important role in inhibiting vascular calcification [106]. Additionally, 
elevated P is associated with increased cardiovascular calcification and mortality in 
ageing populations [107]. These studies show a link between ageing and increased 
calcification, and increased P is the common denominator. Increased P has been 
shown to contribute to ageing-related processes [108]; it is therefore no surprise that 
excess P in CKD has been found to promote premature ageing [109, 110].

Ageing is a series of time-related, degenerative processes beginning in adulthood 
that eventually end life [111]. It is now accepted that ageing is caused in part by the 
accumulation of genetic damage throughout life [111, 112]. The DNA damage 
response (DDR) signalling network is essential in the maintenance of genomic sta-
bility, via the initiation and coordination of DNA repair mechanisms with appropri-
ate cell cycle arrest checkpoints. This evolutionarily conserved signalling cascade 
has two distinct but coordinated functions: it prevents or arrests the duplication and 
partitioning of damaged DNA into daughter cells to impede the propagation of cor-
rupted genetic information, and it coordinates cellular efforts to repair DNA damage 
and maintain genome integrity [113–115].

DNA damage has been shown to accumulate during ageing both in humans and 
rodents [116–119]. Aside from increased occurrence of DNA lesion development, 
elevated levels of DNA damage are also a consequence of a decline in efficiency of 
DNA repair pathways [112]. Collectively, spontaneous mutations and DNA damage 
gradually impair the function of genes involved in stress responses and DNA repair. 
DNA repair becomes less efficient and more error-prone leading to cascading accu-
mulation of DNA damage and mutations, which further exacerbate age-related 
physiological decline.

The most prominent examples of how accumulated DNA damage and defective 
DNA repair pathways affect the organism are segmental progeroid syndromes, dis-
eases in which multiple phenotypes generally associated with normal ageing appear 
prematurely. It now appears that most, if not all, human premature ageing diseases 
are caused by heritable mutations in genes affecting genome maintenance either 
directly or indirectly: Hutchinson-Gilford progeria [116], Werner syndrome [117], 
ataxia telangiectasia [120], Nijmegen breakage syndrome [118], trichothiodystro-
phy [119], Bloom syndrome [121] and Cockayne syndrome [122].
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Unsuccessful or insufficient DNA damage repair can have two consequences for 
the cell: apoptosis or cellular senescence. Senescent cells cease dividing, are resis-
tant to apoptosis and undergo distinctive phenotypic alterations [111, 123], such as 
expression of p16INK4a [124], increased senescence-associated β-galactosidase activ-
ity [125] and secretion of a bioactive senescence-associated secretory phenotype 
(SASP) consisting of inflammatory cytokines, chemokines, growth factors and pro-
teases [126, 127]. Unlike apoptotic cells, which are rapidly removed, senescent cells 
remain viable and continue to contribute to tissue stress responses long after the 
onset of senescence [128].

Vascular ageing lies at the heart of vascular calcification, and recent evidence 
points to the role of DNA damage in vascular ageing pathologies. Many cancer 
treatments, which are known to induce DNA damage, carry a risk of late effects 
including cardiovascular diseases [129]. The segmental progeroid syndromes, 
Hutchinson-Gilford progeria syndrome (HGPS) [130] and Werner syndrome [131] 
exhibit age-related phenotypes in the vasculature. HGPS is caused by a mutation 
in the lamin A/C (LMNA) gene that leads to the accumulation of a truncated form 
of prelamin A, referred to as progerin [132], which leads to the accumulation of 
DNA damage and senescence [133]. As a result, HGPS patients show premature 
atherosclerosis/arteriosclerosis, characterised by VSMC degeneration and calcifi-
cation [134]. The same mechanism involving prelamin A and senescence has been 
shown to promote calcification in vessels of children on dialysis [133], as uraemic 
conditions promote DNA damage via oxidative stress [135]. Senescent VSMCs 
from children and adults on dialysis have been shown to have all the hallmarks of 
aged cells, with DNA damage accumulation and the SASP, which promotes calci-
fication [109, 110, 133]. Moreover, elevated levels of SASP factors such as BMP2 
and IL6 have been detected in the serum of both children and adults on dialysis 
correlating with calcification [109]. The link between CKD and DNA damage-
induced senescence is further illustrated by studies showing that uraemic toxins; 
indoxyl sulphate and p-cresyl sulphate induce VSMC senescence (increased 
p16INK4a and prelamin A expression) and calcification, in vitro and in a rat model 
of CKD [136, 137].

DNA damage and senescence also drive osteogenic differentiation of VSMCs, 
and inhibition of DNA damage signalling can block calcification [133, 138]. 
Intriguingly, poly ADP ribose polymerases (PARP), components of the DDR, have 
been shown to promote calcification, as poly ADP ribose (PAR), their product, 
whose synthesis is increased with DNA damage, has the ability to concentrate Ca 
and P forming the direct nidus for mineralisation [139]. PARP inhibitors can block 
VSMC calcification in a rat model of CKD [140] which further supports the conclu-
sion that vascular calcification in CKD is linked to premature ageing [141, 142]. 
What remains unclear is how the presence of uraemic toxins and increased P leads 
to DNA damage. The most likely culprit is oxidative stress, as it is induced both by 
uraemic toxins and high P, it has also been shown to induce DNA damage in the 
vasculature [108, 143, 144]. Oxidative stress is discussed further in the following 
section.
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 Inflammation

The hallmarks of inflammation in the vessel wall include increased expression of 
TNFα, IL1β, IL6, IL8, monocyte chemoattractant protein 1 (MCP1), OPG and 
intracellular adhesion molecule-1 (ICAM-1) by VSMCs [109, 133] and recruitment 
of leukocytes [136]. Although the acute release of pro-inflammatory cytokines is 
beneficial, sustained release is detrimental and leads to vessel remodelling. TNFα 
can induce mineralisation of calcifying VSMCs in vitro [145, 146]. Pro-inflammatory 
cytokines also increase the synthesis of CRP from the liver [147]. CRP may also be 
a direct vascular toxin, as CRP and complement activation have been detected in 
atherosclerotic lesions [148].

Numerous factors have been identified in CKD that promote vascular calcifica-
tion by triggering inflammatory responses; this includes senescence and CPPs (as 
discussed above), as well as advanced glycation end products (AGEs), lipids, oxida-
tive stress, ER stress bacterium and HA itself.

AGEs are formed via a non-enzymatic glycosylation reaction between glucose 
and proteins; they usually form as a result of hyperglycaemia; however, they are 
also increased in nondiabetic patients with uraemia [149]. AGEs have many detri-
mental effects, including accelerating atherosclerosis. AGEs trigger an inflamma-
tory response by interacting with their receptors, which are expressed by a wide 
range of tissues. This interaction leads to oxidative stress and increased secretion of 
cytokines and inflammatory factors, such as ICAM-1, TNFα, IL-6 and others, the 
exact response depending on the cell type and receptors involved. Therefore, unsur-
prisingly, AGEs have been shown to induce vascular calcification [150].

Patients with CKD are at risk of metabolic syndrome and dyslipidaemia. 
Hyperlipidaemia is a major cardiovascular risk factor [136, 151, 152]; it can induce 
oxidative stress and lends itself to loading of cholesterol (in the form of LDL) into 
VSMCs. Cholesterol promotes both VSMC osteogenic differentiation and VSMC 
differentiation into macrophage-like cells; therefore it directly contributes to vascu-
lar calcification and amplifies the inflammatory responses in the vasculature 
[153–156].

Oxidative stress is another inducer of inflammation in VSMCs; as mentioned 
above, oxidative stress can be triggered by AGEs and hyperlipidaemia as well as by 
uraemia itself; therefore it is a common occurrence in CKD [157, 158] [157]. 
Oxidative stress is caused by an imbalance between enzymes producing and scav-
enging reactive oxygen species (ROS) leading to accumulation of ROS. Oxidative 
stress has been shown to induce TNFα and activate NFκB signalling, which leads 
to the production of further inflammatory factors such as MCP-1, IL-1β and TGFβ 
[157]. Oxidative stress-induced inflammation ultimately leads to osteogenic differ-
entiation and calcification of VSMCs.

The common occurrence of oxidative stress along with the perturbations in Ca 
homeostasis that are observed in CKD can activate ER stress. ER stress is a cellular 
stress response that leads to activation of the unfolded protein response, a set of 
signalling pathways starting with three ER-resident ER stress transducers, IRE1, 
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PERK and ATF6, which sense ER stress [159]. Activation of the unfolded protein 
response leads to increased transcription of genes that help resolve ER stress, such 
as chaperones Grp78, Grp94 and proteins involved in ER biogenesis. It can also 
lead to apoptosis if the ER stress is persistent and unresolved [160]. ER stress has 
been shown to mediate vascular calcification [161] by promoting apoptosis and 
osteogenic differentiation of VSMCs [162, 163]. Importantly, ER stress has been 
shown to mediate calcification induced by uraemia-related factors in vitro such as 
lipids [164–167], AGEs, hyperphosphataemia and TNFα [145, 168] and in a rat 
model of CKD induced by 5/6 nephrectomy [145]. ER stress is also implicated in 
metabolic syndrome [169].

Finally, recent evidence suggests that sterile inflammation might not be the 
whole story. Porphyromonas gingivalis, a bacterium behind periodontal disease, has 
been implicated in many diseases of ageing, including CKD [170]. Although the 
exact mechanism of this is unclear, P. gingivalis can enter the bloodstream and 
increase the inflammation load in the body, thus contributing to disease processes 
that are worsened by inflammation. Recent studies suggest that this pathogen can 
promote VSMC calcification in vitro [171–173].

After calcification has occurred, the resulting HA has been shown to further 
increase inflammation by inducing IL1β and TNFα secretion in macrophages [174–
176]. HA also induces apoptosis and promotes osteogenic differentiation further 
contributing to a pro-calcific environment in the vessel wall and exacerbating calci-
fication [177–180].

 Treatment Strategies

 Treatments to Reduce the Risk Factors of Calcification

A specific therapy to prevent vascular calcification has not yet been found, and cur-
rent treatment strategies focus on regulating the Ca and P balance and reducing 
secondary hyperparathyroidism (Fig. 7.4). Patients with CKD are often advised to 
take a low P diet; they may be treated with P-binders or vitamin B3 derivatives that 
modulate intestinal PiT-2 to reduce P absorption [181]. Current therapies to treat 
SHPT and reduce the risks of CKD-BMD also include vitamin D receptor activators 
(VDRAs), calcimimetics and parathyroidectomy [182].

P-binders are routinely prescribed to patients with ESKD. There are many differ-
ent types of P-binders; they bind P in the gastrointestinal tract and reduce P absorp-
tion. Ca-based P-binders such as calcium acetate and calcium carbonate are effective 
in lowering phosphataemia; however, they are associated with raised serum Ca and 
increased risk of cardiovascular calcification [183, 184]. Meta-analysis showed that 
non-Ca-based P-binders such as sevelamer showed a significant decrease in hyper-
calcaemia compared to Ca-based P-binders; however, they were less effective at 
lowering P and PTH levels, they had increased risk of gastrointestinal adverse events 
and there was no difference in all-cause mortality [185].
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New non-Ca-based P-binders with improved safety and tolerability are required. 
Several studies both in rats and CKD patients have shown that bixalomer is as effec-
tive as sevelamer at correcting hyperphosphataemia but has fewer gastrointestinal 
side effects [186–189]. P-binders are not routinely used in the early stages of CKD 
where FGF-23 is increased to compensate for dysregulated mineral metabolism and 
prevent hyperphosphataemia; however, a rise in FGF-23 is associated with progres-
sion of CKD-BMD and calcification [184]. A randomised control trial to investigate 
the effectiveness of P-binders in patients with moderate to advanced CKD and nor-
mal phosphataemia found that all three P-binders reduced serum P and slowed 
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Fig. 7.4 Treatment strategies for calcification in CKD. Treatments shown in the yellow shape are 
in clinical use and all potential treatments are shown in green shapes. CKD patients are often 
advised to have a low P diet along with P binders, calcimimetics or VDRAs to prevent secondary 
hyperparathyroidism and prevent elevated Ca and P levels which are key risk factors for calcifica-
tion. The individual mechanisms of calcification can also be directly targeted, for example by 
antioxidants, ER stress inhibitors, BET inhibitors, PARP inhibitors, senolytics or BMP-7
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down progression of secondary hyperparathyroidism; however, they also increased 
vascular calcification highlighting the potential time-dependency of any treatment 
strategy [190].

In patients with ESRD, hyperphosphataemia is also managed by dialysis treat-
ment, which helps to remove uraemic toxins including excess P. P-clearance can be 
improved by extending dialysis treatment times, increasing frequency of treatment 
or improving dialysis technique such as with haemodiafiltration [191]. Preserving 
residual renal function (RRF) has been shown to reduce cardiovascular events and 
improve long-term survival in CKD patients. Peritoneal dialysis is associated with 
a slower decrease in RRF than haemodialysis; in fact loss of RRF is 24–80% higher 
in haemodialysis than in peritoneal dialysis; therefore peritoneal dialysis is thought 
to provide better P control [192, 193].

Cinacalcet is a type II calcimimetic; it is an allosteric activator of the Ca receptor 
and increases sensitivity to extracellular Ca; therefore it decreases secretion of 
PTH.  Multiple studies have shown that in CKD patients on dialysis, cinacalcet 
reduces circulating levels of PTH, Ca, P and HA and prevented the progression of 
vascular and cardiac valve calcification [194, 195]. VSMCs also express the CaR, 
and studies in vitro suggest the drug may also directly impact on cell phenotype.

Vitamin D deficiency in CKD exacerbates the disrupted mineral metabolism; 
many patients particularly children are prescribed VDRAs to prevent secondary 
hyperparathyroidism and CKD-BMD [14]. The direct effect of VDRAs on vascular 
calcification is controversial in the literature, and in children on dialysis both high 
and low levels of vitamin D were associated with increased carotid intima thickness 
and vascular calcification [23]. This suggests that vitamin D has a bimodal effect on 
calcification and there is a narrow physiological range where VDRAs are beneficial 
to vascular calcification in CKD patients.

 Treatments to Directly Target Calcification

There is an extensive and growing understanding of the mechanisms involved in the 
development of vascular calcification; this opens the door to new therapies that 
directly target mechanisms of calcification such as inflammation and senescence 
(Fig. 7.4).

Bromodomain and extra-terminal (BET) proteins play a key role in epigenetics; 
they bind acetylated lysines on chromatin to regulate gene transcription. A clinical 
study in CKD patients treated with the BET inhibitor apabetalone found that a sin-
gle dose countered the activation of multiple risk factors associated with calcifica-
tion in CKD, including inflammation, oxidative stress and endothelial dysfunction 
[196]. CKD patients treated with apabetalone also had reduced expression of the 
calcification risk factor ALP, were less likely to experience cardiovascular events 
and had an improved GFR. BET proteins are a potential novel therapeutic for CKD 
that would target multiple systems that are disrupted and contribute to ectopic cal-
cification in CKD [197].
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The association of senescence with age-related diseases suggests it may be ben-
eficial to specifically target senescent cells therapeutically. These strategies consist 
of senolysis, immune-mediated senescent cell clearance and SASP neutralisation. 
Senolytics are drugs that can specifically eliminate senescent cells. Senolytics have 
been shown to eliminate senescent cells in vivo and have beneficial effects in mod-
els of ageing and age-related disease [198, 199]; however, whether they inhibit vas-
cular calcification has not yet been examined. In addition, drugs that target the DDR 
may also be effective in treating calcification, in particular PARP inhibitors [139].

 Summary

There are a multitude of risk factors for ectopic calcification in CKD that arise from 
the uraemic environment and build-up of uraemic toxins; a progressively disrupted 
mineral metabolism develops, which is further complicated by dietary restrictions 
and prescribed medication. Vascular calcification is well studied in the CKD cohort 
as these patients are at risk via a multitude of detrimental mechanisms. This grow-
ing body of knowledge continues to improve the understanding and management of 
the condition and paves the way for the development of new treatment strategies.
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Chapter 8
The Role of Calcification in Peripheral 
Artery Disease

Tanner I. Kim and Raul J. Guzman

 Population Studies and Risk Factors

Although the exact prevalence of peripheral artery calcification is unknown, the 
finding of a calcified vascular bed by imaging is common (Figs. 8.1, 8.2, and 8.3). 
In a cohort of asymptomatic patients over 70 years old who received whole-body 
computed tomography (CT), the presence of any calcified bed was detected in 
nearly all subjects [4]. A separate study using CT found the presence of calcified 
arterial beds in at least one-third of Americans over the age of 45 [5, 6].
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Two factors strongly linked with peripheral artery calcification are end-stage renal 
disease (ESRD) and diabetes [7–9]. The relationship between ESRD and calcifica-
tion is thought to be mediated primarily through imbalances in the homeostasis of 
calcium and phosphorus (for a mechanistic discussion on the role of renal disease in 
ectopic calcification, see Chap. 7) [1]. Arterial calcification can be observed in sub-
jects as young as 20 years of age with ESRD [10]. Diabetes promotes peripheral 
artery calcification through hyperglycemia, inflammation, and advanced glycation 
end-products among other described mechanisms [7, 11]. Peripheral artery and coro-
nary calcification are common findings among patients with diabetes and are related 
to its chronicity [12]. A study using x-ray found evidence of peripheral calcification 
in 53.5% of 367 subjects with diabetes [13]. The presence of peripheral artery calci-
fication in the tarsal arteries has been shown to have a positive predictive value of 
over 93% for a diabetic patient with peripheral vascular disease [14]. A separate 

Fig. 8.2 Computed tomography scans of the lower extremity with arrows pointing to calcified 
arteries
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study of 289 subjects with diabetes used both ultrasound and x-ray to assess superfi-
cial femoral artery calcification [15]. Ultrasound was more sensitive to the presence 
calcification, and detected medial artery calcification in 65.8% of patients compared 
to 12.2% with x-ray. The severity of medial artery calcification was also found to be 
associated with both diabetic microvascular and macrovascular complications.

A prospective study by Deas et al. evaluated tibial artery calcification by CT in 
222 patients without ESRD. Its presence was associated with an abnormal ankle- 
brachial index (ABI), symptomatic PAD, age, male sex, diabetes, and tobacco use 
[16]. After adjustment for the presence of PAD, the factors age, sex, and tobacco use 
remained significant. Other studies have demonstrated similar findings, with risk 
factors similar to that of atherosclerosis including age, hypertension, male sex, dia-
betes, kidney disease, elevated c-reactive protein (CRP), and hyperlipidemia [9, 12, 
17]. Peripheral artery calcification is also correlated with coronary artery calcifica-
tion, which shares many of the same risk factors and is itself associated with 
increased rates of mortality [10, 12, 18–21].

However, risk factors for the progression of peripheral vascular calcification are not 
well established. Singh et al. evaluated 58 subjects with type 2 diabetes and preserved 
renal function with lower extremity CT over a period of 1 year. The strongest predictor 
of worsening calcification was the severity of baseline calcification. Although few 

Posterior
tibial
artery

Anterior
tibial artery

Dorsalis
pedis artery

Fig. 8.3 Computed tomography scans with calcified tibial arteries
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studies have tracked the changes in peripheral artery calcification over time, this may 
suggest that the presence of calcification accelerates the progression of further calcifi-
cation. Other risk factors including age, ethnicity, estimated glomerular filtration rate 
(eGFR), and peripheral neuropathy were also predictive of worsening calcification [22].

 Histology

Once considered a single pathologic entity, arterial calcification is now understood 
to occur as at least four distinct processes, in part related to its location in the arterial 
wall (intimal or medial), cardiac valves, or a diffuse form known as calciphylaxis. 
Of the four major types of calcification, medial artery calcification, historically 
referred to as Monckeberg’s sclerosis, is the most commonly observed in PAD 
(Fig.  8.4). Although medial artery calcification is associated with metabolic 

Control Critical limb ischemia
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c

Fig. 8.4 Histology of a normal vessel and a vessel with critical limb ischemia. Arrows point to 
calcification. I intima, M media, Adv adventitia
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abnormalities including hypercalcemia and hyperphosphatemia, it may also occur 
in the absence of these factors, differentiating it from calciphylaxis [23]. Results 
from autopsies in subjects with PAD demonstrated that medial calcification was 
found in 72% of lower extremity arteries, while intimal atherosclerosis was present 
in less than 25% [24–27]. This is in contrast to the intimal disease predominantly 
observed in the coronary and carotid arteries, although medial artery calcification 
may develop in conjunction with atherosclerosis or independent of it [27, 28]. A 
study using 431 femoropopliteal arteries from tissue donors of various ages found 
the presence of medial calcification in 46% of specimens and in over 60% of speci-
mens from those greater than 60 years old [29]. Calcium deposits were also seen in 
the arteries of those as young as 18 years old. Calcified arteries were observed to 
have more discontinuous elastic fibers and were associated with increased longitu-
dinal and circumferential stiffness even after adjustment for age.

 Calcification and PAD Severity

Peripheral artery calcification can be visualized with imaging modalities such as 
x-ray and CT, and its presence in patients with PAD has been associated with poor 
outcomes. Initial studies using x-ray demonstrated that it was predictive of amputa-
tion and mortality, especially among those with diabetes [30–33]. CT is a more 
sensitive form of imaging and provides the added ability to quantify the amount of 
calcification [34]. Several studies have shown that increasing calcification scores 
correlate with severity of PAD symptoms [2, 9, 35]. A study of 116 patients with 
symptomatic PAD used CT to quantify the amount of peripheral artery calcification. 
Higher levels correlated with increasing Rutherford ischemia categories (R = 0.6), 
and this was maintained after adjusting for traditional cardiovascular risk factors 
[2]. The increasing calcium burden also correlates with worse functional outcomes. 
A cross-sectional study of 162 patients with diabetes used CT to assess tibial artery 
calcification and found that higher levels were independently associated with dia-
betic foot ulcers [36]. Further studies are needed to characterize the relationship 
between peripheral artery calcification and its effects on pedal perfusion.

 Outcomes of Patients with Peripheral Calcification and PAD

In patients with PAD, the presence of peripheral artery calcification is associated 
with worse limb-related outcomes as was first noted in a 20-year longitudinal study 
of over 4550 Pima Indians [30] (Table 8.1). Medial artery calcification detected by 
x-ray was associated with increased age, diabetes, and male sex. Over the study 
period, diabetic subjects with medial artery calcification had a 5.5-fold higher rate 
of amputations compared to those without medial calcification. A separate study 
used CT to evaluate lower extremity calcification in 82 patients with symptomatic 
PAD with a mean follow-up of 21 months [35]. Patients were classified into quar-
tiles based on levels of calcification and correlated with Rutherford ischemia 
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classifications. Those in the highest quartile had a 2.88-fold higher risk of amputa-
tion compared to those in the lowest quartile. In a larger cohort, non-contrast CT 
was used to evaluate tibial artery calcification in 229 patients with PAD and it found 
that higher levels of tibial artery calcification were associated with PAD severity [3]. 
Furthermore, high levels of tibial artery calcification were also a risk factor for 
amputation and were shown to be a better predictor of amputation than ankle-bra-
chial index (ABI) and cardiovascular risk factors combined.

Peripheral calcification also has been identified as a risk factor for cardiovascular 
disease and all-cause mortality, and its presence is associated with coronary artery 
disease and coronary calcification [12, 37]. Interestingly, the association between 
calcification and mortality is not equivalent across vascular beds [38]. Allison et al. 
examined 4544 patients with whole-body CT scan and quantified calcification in the 
thoracic aorta, abdominal aorta, coronary, carotid, and iliac arteries. Carotid and 
thoracic calcification were associated with the highest rates of all-cause mortality. 
However, after adjustment for cardiovascular risk factors, iliac artery calcification 
had the highest hazard ratio of 1.79 for all-cause mortality. In patients with symp-
tomatic PAD, Huang et al. demonstrated that patients with high levels of peripheral 
calcification had a 5.16-fold higher risk for all-cause mortality compared to those 
with little to none [35]. Chowdhury et  al. similarly used lower extremity CT to 

Table 8.1 Longitudinal studies on the outcomes of patients with peripheral arterial calcification

Study
Type of imaging (region of 
body analyzed) Follow-up

Outcome measures (amputation or 
mortality)

Everhart et al 
[30]

Foot x-ray (pedal arteries) 20 years Increased risk of amputation (HR: 
5.5)

Niskanen 
et al [31]

Thigh x-ray (femoral 
arteries)

10 years Increased risk of cardiovascular 
mortality (OR: 4.2)

Lehto et al 
[32]

Lower extremity x-ray 
(femoral artery)

7 years Increased risk of all-cause mortality 
(OR: 1.6)

Mayfield et al 
[33]

Foot x-ray (pedal arteries) 6 to 8 years Increased risk of amputation (HR: 
3.3) and all-cause mortality (HR: 
1.6)

London et al 
[8]

Pelvic and thigh x-ray (iliac 
and femoral arteries)

89 months Increased risk of all-cause mortality 
(RR: 15.7)

Guzman et al 
[3]

Lower extremity CT (tibial 
arteries)

13.8 months Increased risk of amputation (HR: 
11.27)

Allison et al 
[38]

Whole-body CT (coronary, 
carotid, thoracic aorta, 
abdominal aorta, iliac 
arteries)

7.8 years Increased risk of all-cause mortality 
(HR: 1.67 for iliac artery 
calcification)

Huang et al 
[35]

Lower extremity CT 
(common iliac to tibial 
arteries

21 months Increased risk of amputation (HR: 
2.88) and all-cause mortality (HR: 
5.16)

Chowdhury 
et al [39]

Lower extremity CT 
(infrarenal aorta to tibial 
arteries)

46 months Increased risk of all-cause mortality 
(highest mortality observed among 
highest quartile of calcium scores)

CT computed tomography, HR hazard ratio, OR odds ratio, RR relative risk
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grade calcification in 220 patients with symptomatic PAD [39]. The highest quartile 
of calcification was associated with diabetes, ischemic heart disease, chronic kidney 
disease, and all-cause mortality over a median follow-up period of 46 months.

 The Effect of Calcification on Treatment Options for PAD

Endovascular interventions are among the most commonly performed procedures 
for lower extremity revascularization in the setting of PAD [40]. However, periph-
eral artery calcification significantly reduces the efficacy of these interventions. 
Heavily calcified lesions are often difficult to cross with wires and catheters, and its 
presence is associated with increased rates of technical failure [41]. Angioplasty is 
often ineffective in the setting of heavily calcified lesions and has been associated 
with higher rates of bailout stenting in the femoropopliteal region [42]. A review of 
525 endovascular interventions for superficial femoral artery disease demonstrated 
that the presence of calcification was predictive of reduced primary patency and 
increased rates of restenosis [43]. Kang et al. reviewed 124 patients with critical 
limb ischemia who had undergone infrapopliteal angioplasty. Extensive calcifica-
tion by computed tomography angiography (CTA) was associated with lower tech-
nical success and amputation [44]. Calcification involving greater than 50% of the 
anterior wall of the common femoral artery has also been shown to be a risk factor 
for failure of percutaneous closure devices [45].

Newer technologies including drug-coated balloons and stents have also been 
hindered by the presence of calcification. A series of 91 patients who underwent 
drug-coated balloon angioplasty of femoropopliteal lesions demonstrated that 
severe calcification on angiography was associated with late lumen loss at 6 months 
[46]. After drug-coated balloon angioplasty, higher circumferential calcium involve-
ment was associated with higher rates of flow-limiting dissections [47]. Also, 
patients with more circumferential calcification had higher rates of late lumen loss 
and lower primary patency. Calcification has also been associated with higher rates 
of in-stent restenosis after drug-coated stent placement [48].

Technologies including scoring balloons and atherectomy have been used to 
address the difficulties of treating calcified lesions with endovascular procedures, 
although outcomes have only shown modest improvement [49–51]. Other strategies 
including vessel preparation with atherectomy followed by drug-coated balloon 
angioplasty also have not resulted in improved outcomes [52–54]. Intravascular 
ultrasound after angioplasty of calcified lesions has shown increased rates of dissec-
tion and decreased patency, [55] and interestingly, arterial calcification decreases 
the uptake of paclitaxel, limiting its effectiveness [47, 56]. Intravascular lithotripsy 
has been recently introduced as a means of addressing heavily calcified peripheral 
arteries; however long-term data are lacking [57, 58].

Medial artery calcification increases neointimal hyperplasia after angioplasty 
and also contributes to poor long-term patency [59]. In preclinical studies, Marshall 
et  al. found increased rates of neointimal hyperplasia in arteries with medial 
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calcification following angioplasty compared with controls. The bone morphogenic 
protein (BMP-2) was increased in calcified arteries suggesting an active role in 
neointimal hyperplasia. Positron emission tomography (PET) has been used to help 
predict restenosis after balloon angioplasty of the lower extremities, and findings of 
persistent femoral artery inflammation and micro-calcification have been associated 
with higher rates of restenosis [60].

In contrast to the poor outcomes observed with endovascular interventions, the 
presence of calcification has not been shown to decrease mid-term efficacy of lower 
extremity bypass. A study of 101 infrapopliteal bypasses in patients with calcified 
arteries requiring balloon control showed no significant difference in outcomes 
compared to those who did not require balloon control. At 24-months, primary and 
secondary patency rates for bypasses to so called “unclampable” arteries were 60% 
and 65% respectively, and these were not significantly different from the noncalci-
fied group [61]. A similar study of 441 distal bypasses included 69 “unclampable” 
outflow vessels and found no difference in primary patency and limb salvage up to 
5-years [62]. However, such data from retrospective chart reviews were obtained 
before standardized methods to quantify calcification were developed, and as such, 
the extent of peripheral artery calcification and differences between the groups 
could not be confirmed.

 Calcification and Arterial Stiffness

Peripheral artery calcification has also been associated with arterial stiffness [29, 
63, 64]. Medial calcification is associated with destruction of the elastic elements of 
the media [65]. Biopsies of femoropopliteal arteries with medial calcification have 
shown the presence of discontinuous elastic fibers and an association with decreased 
longitudinal and circumferential compliance [29, 66]. Arterial stiffness can be clini-
cally assessed with blood pressure cuff, ultrasound, or applanation tonometry, and 
its presence in PAD is associated with adverse cardiovascular events and all-cause 
mortality [1, 64, 67–70]. Zettervall et al. used preoperative pulse pressure to evalu-
ate outcomes in patients undergoing endovascular tibial interventions for critical 
limb ischemia [71]. An elevated pulse pressure greater than 80 mm Hg was associ-
ated with increased rates of periprocedural complications and increased long-term 
mortality at 5 years. However, the mechanisms that relate lower extremity arterial 
stiffness to worse outcomes are not well understood. It is believed that increased 
arterial stiffness that results from medial calcification decreases compliance and 
reduces the efficacy of endovascular interventions [71]. Increased arterial stiffness 
is also likely to be associated with decreased pedal perfusion and is also related to 
peripheral neuropathy [32, 36]. Kizu et al. used ultrasound and transcutaneous oxy-
gen tension (TcPO2) to evaluate distal perfusion in 68 patients with diabetes. TcPO2 
was inversely correlated with femoral artery stiffness as measured by ultrasound, 
and associated with increased rates of insulin resistance [72]. Another study using 
pulse wave velocity compared distal perfusion in diabetic patients and demonstrated 
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that higher pulse wave volume recordings were associated with lower flow rates and 
higher resistive indices in the popliteal artery [73].

Higher levels of arterial stiffness have also been correlated with shorter walking 
distance in patients with PAD [74]. Interestingly, endovascular treatment may help 
decreased arterial stiffness. Jacomella et al. compared the effect of balloon angio-
plasty on arterial stiffness in patients with claudication. At 3-months post angio-
plasty, the aortic augmentation index, a measure of arterial stiffness, was significantly 
improved compared to the control group who received conservative treatment [75]. 
This was thought to be due to improved walking capabilities in those treated with 
angioplasty, but mechanistic studies related to this effect are not available.

 Treatment for Calcification in PAD

There are currently no accepted treatments for peripheral artery calcification, though 
multiple therapies are currently under investigation in preclinical and clinical stud-
ies. Both intimal and medial artery calcification are active processes that involve the 
osteogenic differentiation of vascular smooth muscle cells (VSMC) and the expres-
sion of osteochondrogenic markers such as Runx2 [1, 76]. However, the associated 
pathologies and drivers of intimal and medial calcification remain markedly differ-
ent. While intimal calcification involves hyperlipidemia and inflammation, medial 
artery calcification involves metabolic derangements associated with diabetes and 
renal failure. Medial artery calcification is also associated with metaplastic bone 
formation which is not seen in intimal calcification [77]. There still remains much 
to be understood on a cellular level regarding differences between both forms of 
calcification, and as such the majority of therapeutic studies target the direct mecha-
nisms of mineral formation. For example, vitamin K has been introduced as a pos-
sible treatment for calcification as Matrix GIa protein (MGP), a known inhibitor of 
calcification, is activated by vitamin K-dependent carboxylation of glutamic acid 
residues and is secreted by vascular smooth muscle cells [78]. A study of 4807 
patients found lower levels of abdominal aortic calcification in those with high lev-
els of vitamin K [79]. Several clinical trials are currently in progress testing the 
hypothesis that vitamin K can slow calcification, predominantly in patients with 
chronic kidney disease or ESRD [78]. Sodium thiosulfate has also been introduced 
as a possible treatment for vascular calcification and has been tested in small studies 
of patients with ESRD, although significant side effects including anorexia and 
metabolic acidosis occurred [80, 81].

Other ongoing studies include the novel drug SNF472 (Sanifit) which is an intra-
venous form of myo-inositol hexaphosphate (IP6) and is currently in a phase 2b 
clinical trial [78]. Preclinical studies have shown that it inhibits formation and 
growth of calcium phosphate microcrystals in soft tissue without influencing serum 
calcium or phosphate levels. Metformin use has also been associated with lower 
calcium scores in tibial arteries in a cross-sectional cohort study of patients with 
diabetes [82]. Magnesium prevents formation of hydroxyapatite crystals in vitro, 
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and it can reverse vascular calcification in rat models [83]. The effect of MAGnesium 
supplementation on vascular CALcification in Chronic Kidney Disease (MAGiCAL- 
CKD) is an ongoing randomized clinical trial of 250 patients treated with either 
slow-release magnesium hydroxide or placebo for 12-months to investigate whether 
magnesium can slow the progression of coronary artery calcium [84]. In preclinical 
studies, chelation therapy with ethylene-diamine tetraacetic acid (EDTA)-loaded 
albumin nanoparticles reversed medial artery calcification in mice [85]. At 4 weeks 
after treatment cessation, there was no evidence of recurrent calcium accumulation. 
The majority of potential treatments for vascular calcification are still in the early 
stages of development, with no targeted treatments for the medial form.

 Conclusion

Medial artery calcification is the predominant form of calcification in the extremi-
ties. It is common in patients with PAD, and especially among patients with diabe-
tes and chronic kidney disease. Its presence is associated with limb loss, 
cardiovascular events, and mortality. It is associated with increased arterial stiffness 
and complicates efforts at endovascular intervention for patients with symptomatic 
peripheral artery occlusive disease. As we improve our understanding of the mecha-
nisms controlling peripheral artery calcification, we hope to improve outcomes for 
patients with PAD and particularly those facing amputation.
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Chapter 9
Bioprosthetic Heart Valve Calcification: 
Clinicopathologic Correlations, 
Mechanisms, and Prevention

Frederick J. Schoen and Robert J. Levy

Valvular heart disease is an important clinical problem. Since there is yet no effec-
tive medical therapy for most heart valve disease, hemodynamic adjustment by 
replacement of the defective valve by a substitute (or otherwise surgically removing 
or resolving the structural defect) is the only effective treatment. Tissue heart valves 
are composed of animal tissue (i.e., a xenograft), an unrelated human’s tissue (i.e., 
an allograft), or a patient’s own tissue (i.e., an autograft), as a valve replacement. 
Most widely used for this purpose is a bioprosthetic valve or bioprosthesis, a par-
ticular type of fabricated tissue valve that combines a chemically treated (and thus 
nonliving) biologic tissue with a synthetic supporting frame [1]. Although contem-
porary bioprostheses mimic the structure and function of the natural aortic valve, 
they suffer a high rate of progressive and age-dependent structural valve deteriora-
tion resulting in device failure. Two distinct processes (largely but perhaps not 
entirely independent)—intrinsic calcification (synonym mineralization) and non-
calcific tissue degradation—account for structural valve deterioration. These degra-
dation mechanisms are largely a result of the complex changes to tissues used in 
bioprostheses induced by valve fabrication prior to implantation and the progressive 
interactions with the physiologic environment that occur following implantation. 
This chapter summarizes (1) general concepts of healthy heart valve functional 
structure (2) heart valve disease, (3) contemporary valve replacement technologies 
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and the functional structure of bioprosthetic tissue, (4) clinicopathologic correla-
tions in bioprosthetic heart valve failure, (5) calcific and other mechanisms in bio-
prosthetic valve failure, and (6) mechanism-based strategies for mitigation of 
experimental and clinical bioprosthetic valve calcification.

 Native Heart Valve Functional Structure

An understanding of the principles of native heart valve function and dysfunction is 
essential to understanding bioprosthetic heart valve pathology.

Healthy native heart valves maintain unidirectional blood flow via an extraordi-
narily dynamic, mechanically adapted and durable structure that withstands high- 
repetitive mechanical stress and strain of opening and closing, approximately 
40 million cycles per year, over many years (i.e., 3 billion cycles over 75 years!). All 
four cardiac valves have a highly responsive internal micro-architecture that accom-
modates substantial changes in size and shape of the valve cusps and leaflets that 
occur during the cardiac cycle. Moreover, effective and durable valve functional 
motion depends on complex cell-cell and cell-extracellular matrix (ECM) interac-
tions and structural changes that occur over both short- and long-time frames (illus-
trated in Fig. 9.1 for the aortic valve) [2–4].

Heart valves have a layered architectural pattern, typified by the functional anat-
omy of the aortic valve (AV): (1) a dense collagenous layer (the fibrosa), close to the 
outflow surface, which provides strength, (2) a central core of loose connective tis-
sue rich in amorphous ECM (predominately glycosaminoglycans [GAGs]) which 
facilitates relative internal motions and rearrangements of cells and extracellular 
matrix (the spongiosa), and (3) a layer, closest to the inflow surface rich in elastin 
that enables recoil after cuspal stretching during diastole (the ventricularis). Thus, 
the essential functional components of the heart valves comprise the ECM compo-
nents numerated above and cells that synthesize and maintain the ECM, including 
deep valvular interstitial cells (VIC) and valvular endothelial cells (VECs) that line 
the blood-contacting valve surfaces.

The quantity, quality, and spatial distribution of the valvular ECM enable both 
the cyclical functional mechanics over the second-to-second periodicity of the car-
diac cycle and the long-term (lifetime) durability of a valve. Macroscopic mechani-
cal stimuli, both shear and solid stresses, that occur dynamically during normal 
valvular function as cyclical blood flow moves and flows over the leaflets, are trans-
lated into microscopic forces that impact biological phenomena at the tissue and 
cellular levels. Thus, although the mechanisms are not yet entirely clear, VICs and 
VECs sense the local tissue mechanical environment and, through their interactions 
with the ECM, transduce forces into molecular changes that mediate valvular 
homeostasis and pathobiology. Through such mechanisms, healthy heart valves can 
not only adapt in large measure to altered stress states but also to repair injury via 
remodeling mediated by the synthesis, repair, and remodeling of the several ECM 
components [5, 6].
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However, when environmental change becomes excessive and prolonged, or injury 
to key components occurs, clinically significant valve pathology may result [7].

Thus, VIC health is prerequisite to healthy valve function and durability. Indeed, 
as the most abundant cell type in the heart valves, and distributed throughout all its 
layers, VICs are generally considered the most influential cell in normal aortic valve 
function and pathology of both native and bioprosthetic valves. VICs synthesize 
ECM and express matrix-degrading enzymes (including matrix metalloproteinases 
[MMPs] and tissue inhibitors to metalloproteinases [TIMPs]) that effect remodeling 
of collagen and other matrix components. Thus, through matrix remodeling and 
ongoing repair of functional damage to collagen and the other ECM components, 
VICs enable extended valve performance.

Systole
(valve open)

Diastole
(valve closed)

Systole (open) Diastole (closed)

Collagen is
crimped and

unaligned

Elastin is
relaxed

Elastin is
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Corrugations
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and aligned

80 mm Hg

a b

c d

Fig. 9.1 Aortic valve functional structure at macroscopic and microscopic levels. (a) Outflow 
aspect of aortic valve in open (left) and closed (right) positions, corresponding to systole and dias-
tole, respectively. (b) Schematic representation of architecture and configuration of an individual 
aortic valve cusp in cross section showing collagen and elastin changes in systole and diastole. (c) 
Tissue architecture, shown as low-magnification photomicrograph of cuspal cross section in the 
nondistended state (corresponding to systole), emphasizing the three major layers: ventricularis 
(v), spongiosa (s), and fibrosa (f). The outflow surface is at the top. Original magnification: 100×. 
Movat pentachrome stain (collagen, yellow, predominant in fibrosa; elastin, black, prominent in 
ventricularis). Nuclei of valvular interstitial cells (VICs) are visible as purple dots. (d) Transmission 
electron photomicrograph of relaxed fresh porcine aortic valve (characteristic of the systolic con-
figuration), demonstrating the fibroblast morphology of VICs (arrow), the dense, surrounding 
closely apposed collagen with wavy crimp, and the potential for VIC-collagen and VIC-VIC inter-
actions. Scale bar: 5 μm. ((a) Reproduced with permission from Schoen and Edwards [111]. (b–d) 
Reproduced with permission from Schoen [3])
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 Valvular Heart Disease

Disease of the heart valves is the second most frequent form of heart disease 
(behind atherosclerotic coronary artery and ischemic heart disease) and results in 
significant mortality and morbidity. Aortic stenosis (AS), illustrated in Fig. 9.2, 
is the most common and deleterious functional abnormality and the most serious 
manifestation of the more general process of calcific aortic valve disease (CAVD). 
AS is characterized by the formation of calcific masses initially within the aortic 
valve cusps that inhibit valve opening and ultimately protrude through the out-
flow surfaces into the sinuses of Valsalva (i.e., the spaces behind the aortic valve 
cusps into which they open) [8]. The calcific process begins in the valvular 
fibrosa layer, at the margins of attachment (the points of maximal cusp flexion 
and thereby mechanical stress). Both the incidence and severity of CAVD 
increase with age, with only 5% of individuals younger than 45 years but more 
than 20% of subjects older than 75 years having AV calcification [9, 10]. AS to 
some degree is present in more than 10% of individuals >70 years of age; in over 
2% it is severe. AV calcification in older patients most often occurs in trileaflet 
valves; the pathologic result is termed aortic sclerosis [11]. Overall, 25,000 per-
sons per year in the United States die from valvular heart disease, of which 
17,000 have AS, a number which is expected to triple by 2050 as the aging popu-
lation dramatically increases [12]. Owing to the secondary deterioration in car-
diac function that results from AS, approximately half of individuals with critical 
AS succumb to the disease within 2–3 years following the onset of symptoms 
(thus, the natural history of AS is comparable to that of some of the most fre-
quently encountered cancers!).

Fig. 9.2 Calcific 
valvular degeneration 
manifest as aortic 
stenosis of a previously 
normal valve having 
three cusps (viewed from 
aortic aspect). Nodular 
masses of calcium are 
heaped-up within the 
sinuses of Valsalva 
(arrow). (Reproduced 
with permission from 
Schoen and 
Edwards [111])
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Bicuspid aortic valve (BAV), a common congenital cardiac abnormality affect-
ing approximately 2% of the population and usually exhibiting normal function 
during early life, is a strong risk factor for premature valve calcification and 
AS. Indeed, by age 60 years, 85% of individuals who have a BAV develop stenosis, 
and approximately half of adults undergoing valve replacement for AS have a 
BAV.  Moreover, calcific stenosis of a BAV is generally accelerated, appearing 
approximately a decade earlier than in an anatomically normal aortic valve (with 
three cusps). It is generally thought that the major factor accelerating AS in BAV is 
the elevated stresses within the anatomically abnormal valve.

The pathogenesis of CAVD (and hence AS) is largely uncertain. Key controversies 
relate to the extent to which its mechanisms are shared with those of atherosclerosis, 
the extent to which degenerative and inflammatory processes play relative roles, and 
the extent to which the initiation and progression of calcification are actively regu-
lated (see Chap. 4 for a discussion on similarities and differences between arterial and 
valvular calcification) [13]. The pathogenesis of bioprosthetic valve calcification (dis-
cussed in detail below) may share some features with native valve CAVD, including 
that cell injury is likely an important early event that induces tissue vulnerability to 
the mineralization process. In CAVD, the increased mechanical stress on and/or isch-
emia of resident VICs induced by aging-related valvular remodeling, inflammation, 
and other mechanical and biochemical processes could play an important role in early 
cell injury (apoptosis or necrosis) or osteogenic differentiation of VICs (see Chap. 6 
for more on mechanical stresses in native CAVD). In bioprosthetic valves, calcifica-
tion is nucleated within residual cells that have been devitalized by glutaraldehyde 
pretreatment. Irrespective of mechanism of cell injury, damaged cells are both inca-
pable of excluding excess calcium ions and have membranes that provide a rich 
source of phosphorus containing substrate for calcium- phosphorus crystal precipita-
tion. Passive calcification of dead or damaged cells is called dystrophic calcification.

Physiologic mineralization of skeletal tissue and that occurring pathologically in 
calcific diseases (including CAVD and bioprosthetic valve calcification) also shares 
essential features [14]. Firstly, the mineral deposited initially in both normal and path-
ological calcification is almost always a poorly crystalline form of hydroxyapatite, 
Ca10(P04)6(0H)2, often substituted in carbonate. Once nucleated, mineral crystals pro-
liferate in normal serum concentrations of calcium and phosphate and can serve as 
nuclei or templates for the precipitation of new crystals. A second feature common to 
virtually all forms of calcification (including that which occurs in atherosclerotic 
plaque, valvular degeneration, bioprosthetic heart valves, and other cardiovascular cal-
cification) is crystal nucleation and early progression in association with cell mem-
branes, usually in the form of extracellular membrane-bound vesicles or aging or 
devitalized cells [15]. Mineral initiation in developing bones and other skeletal and 
dental structures also involve extracellular “matrix vesicles.” ECM components, espe-
cially collagen and elastin, may also play a role in physiologic and pathologic calcifi-
cation. Moreover, there is an interesting reciprocal relationship between osteoporosis 
and cardiovascular calcification; indeed, recent clinical and experimental studies in 
atherosclerosis and osteoporosis have demonstrated that oxidative stress and oxidized 
lipids decrease bone formation in the skeletal system, while they increase bone forma-
tion in the cardiovascular system in atherosclerosis [16].
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 Heart Valve Replacement

Surgical aortic valve replacement utilizing an open chest approach and incorporat-
ing cardiopulmonary bypass is the traditional treatment for severe symptomatic aor-
tic stenosis (AS); this treatment markedly improves symptoms and quality of life 
and prolongs survival. Valve replacement has low operative mortality (3% for aortic 
valve replacement [AVR]). Moreover, long-term outcomes are generally favorable; 
survival is 50–70% at 10–15 years following valve replacement [17]. Nevertheless, 
one or more valve-related problems necessitate reoperation or cause death in 
approximately 60–70% of patients with substitute valves within 10–15 years post-
operatively [18, 19]. The overall rates of valve-related complications are similar for 
mechanical prostheses and bioprostheses. However, the frequency and nature of 
valve-related complications are markedly dependent on the prosthesis type, model, 
size, site of implantation, and patient characteristics (e.g., ventricular function, 
arrhythmias). Since the valve materials and design/hemodynamics do not resemble 
those of natural heart valves, mechanical valves tend to induce platelet deposition 
and blood coagulation, and patients receiving them must be treated with lifelong 
anticoagulation to reduce the risk of thrombosis and thromboembolic events. In 
contrast, the most frequent cause of bioprosthetic valve dysfunction is structural 
valve degeneration (SVD), often resulting from calcification [20, 21].

 Surgical Valve Replacement

Surgical valve replacement uses either mechanical or tissue valve substitutes 
(Fig. 9.3). All substitute heart valves have three generic components — a mobile 
rigid “occluder” or flexible leaflet (either synthetic or biologic), a superstructure to 
contain and guide the motion of the moving part(s), and a fabric-covered sewing 
cuff (used to sew or otherwise anchor the valve to the tissues). Widely used mechan-
ical prosthetic heart valves employ rigid occluders and a cage-like superstructure 

a b c

Fig. 9.3 Mechanical and bioprosthetic heart valves. (a) St. Jude Medical bileaflet tilting disk heart 
valve. (b) Hancock porcine aortic valve bioprosthesis. (c) Carpentier-Edwards bovine pericardial 
valve. (Reproduced by permission from Schoen and Butany [21])
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(today, both virtually always composed of pyrolytic carbon, a material with high 
strength, excellent fatigue and wear resistance, and exceptional biocompatibility, 
including relative thromboresistance).

In contrast, tissue valves have a trileaflet configuration with a central orifice and 
thus superficially bear strong resemblance to natural valves. Bioprostheses are tis-
sue valves that have been chemically treated in glutaraldehyde, preserving the tis-
sue, decreasing its immunological reactivity, and rendering the cells of the tissue 
nonviable. Immunosuppression is not employed with bioprosthetic valves, as is 
required for whole organ transplants (e.g., kidney, liver, or heart). However, owing 
to chemical treatment, bioprosthetic valves no longer contain cells capable of 
remodeling or responding to injury as does normal tissue. Fabricated tissue valve 
cusps are usually mounted on a fabric-covered metal or plastic stent with three posts 
(called struts) to simulate the geometry of a native aortic valve. As with mechanical 
valves, the base ring is covered by a fabric sewing cuff to facilitate surgical implan-
tation and healing. Also used occasionally are tissue valves derived from human 
cadaveric aortic or pulmonary valves with or without the associated vascular con-
duit (called allografts or homografts); allograft valves are generally not glutaralde-
hyde preserved, and recipients do not usually receive immunosuppressive 
medication. Tissue valves generally have good hemodynamic profiles, a low inci-
dence of thromboembolic complications without chronic anticoagulation, and a low 
reinfection rate following valve replacement for endocarditis. Since thrombotic 
complications are less frequent in patients with tissue valves than those with 
mechanical valves, chronic anticoagulation therapy is generally unnecessary in 
patients having tissue replacement valves. Avoiding the need for chronic anticoagu-
lation is a key attraction of bioprosthetic (and other tissue) heart valves [22].

Nearly 100,000 valve substitutes are implanted surgically each year in the United 
States and almost 300,000 worldwide; today, approximately 20% replacements use 
mechanical valves, and 80% use tissue valves (composed of animal or human tis-
sue) [23, 24]. The ratio of bioprostheses implanted relative to mechanical valves has 
been increasing over the past several decades, owing to their favorable hemody-
namic profile, low thrombogenicity, and improvements in tissue treatments intended 
to decrease calcification and otherwise enhance durability. Moreover, owing to a 
substantial evidence base demonstrating superiority of recent technical innovations 
in enhancing outcomes, and manufacturing and other considerations, pericardial 
bioprosthetic valves are used almost exclusively.

 Transcatheter Aortic Valve Implantation (TAVI) and Other 
Bioprosthesis Interventions

Owing to advanced age, frailty, and often multiple comorbidities, which raise peri-
procedural risk, a substantial fraction of patients with AS, estimated at least 30–40%, 
is deemed unsuitable for surgical aortic valve replacement [25]. Previously, there 
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was no effective surgical intervention suitable for these patients. In classical open 
surgical AVR, the chest is opened through a large sternal incision, and the native 
valve is removed and replaced by a prosthesis. In contrast, in transcatheter aortic 
valve implantation (TAVI), the device is passed into the femoral artery retrograde up 
the aorta to the aortic valve and deployed, thereby opening the valve. The diseased 
valve is not removed; rather, the valve cusps are pushed aside by a stent-mounted 
valve that holds open the valve orifice. The transcatheter aortic valves with the larg-
est clinical experience are composed of either a balloon expandable stainless-steel 
stent that houses a bovine pericardial valve or a self- expandable nitinol stent that 
houses a porcine pericardial trileaflet valve (Fig. 9.4). As a less invasive alternative 
to conventional AVR, TAVI extends the opportunity for effective mechanical correc-
tion to a potentially large population of otherwise untreatable individuals [26, 27] 
and has rapidly become the new standard of care for many patients with AS who 
would otherwise be deemed inoperable.

Clinical experience with TAVI is growing rapidly. Randomized and observa-
tional clinical trials comparing TAVI to classical open surgical AVR suggest that 
survival following TAVI in high-risk patients is equivalent to or better than that fol-
lowing surgical AVR to at least 2 years [28, 29], and studies are beginning to show 
benefit in some low- and intermediate-risk patients [30].

Another important approved interventional procedure that uses a bioprosthetic 
valve is pulmonary valve replacement for pulmonary regurgitation post-tetralogy 
of Fallot or other congenital heart disease repair. For example, the catheter-
deployed Melody valve manufactured by Medtronic is fabricated from a glutaral-
dehyde fixed bovine jugular vein bioprosthesis [31]. Mitral and pulmonary valve 
interventional bioprosthetic devices are also being developed [32]. With the rise of 
transcatheter procedures worldwide, the use of bioprosthetic valves is estimated to 

a b

Fig. 9.4 Transcatheter aortic valves. (a) The Sapien (R) valve consists of three equine pericardial 
leaflets fixed to a balloon expandable steel stent. It is hand crimped over a delivery balloon prior to 
deployment via balloon expansion. (b) The CoreValve (R) is constructed of porcine pericardium 
attached to a self-expanding nickel-titanium alloy (nitinol) stent. (Reproduced by permission from 
Schoen and Butany [21])
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increase dramatically. Nevertheless, the durability of valves implanted via a trans-
catheter implantation route or other interventional techniques is largely uncertain 
as is whether and to what extent calcification will limit clinical success [33, 34]. 
What is clear is that the fabrication technology for leaflet fixation of interventional 
bioprosthetic valves is similar to the fabrication technology used to create surgi-
cally implanted bioprosthetic devices, and transcatheter valve crimping may 
induce additional structural damage that could accelerate tissue degradation, 
including calcification, following implantation [35].

 Structural Considerations in Bioprosthetic Heart Valves

As stated earlier, a “bioprosthesis” is a tissue valve fabricated from animal-derived 
tissue (i.e., a xenograft or heterograft)— today most frequently chemically pre-
served bovine (cow) pericardium (Fig. 9.5). The structure and composition of valve-
derived and pericardial biomaterials are somewhat different. A porcine aortic valve 
is a complete heart valve, altered by chemical treatment (and the protein cross-
linking and mechanical changes that result) and the constraints of mounting and 
anatomic structure on a prosthetic stent. Normal porcine valves (like human valves) 
have absent-to-sparse blood vessels. In contrast, bovine pericardium used in valves 
is derived from the parietal pericardium as a sheet of collagenous material, does not 

a b c

Fig. 9.5 Cross-sectional microscopic structures of porcine aortic valve and bovine pericardium 
used in bioprosthetic valves. (a) Porcine aortic valve cusp in the nondistended state (corresponding 
to systole), showing layered architecture with diffusely distributed interstitial cells (similar to 
Fig. 9.1c). Outflow surface at top. Thickness approximately 300 μm. (b) Bovine parietal pericar-
dium, showing dense-laminated fibrous tissue with diffusely distributed cells. Outflow cuspal sur-
face at top, tissue aspect originally toward the heart in the animal from which the tissue was 
derived. Thickness approximately 500 μm. (c) Higher-power photomicrograph of bovine pericar-
dium showing wavy collagen bundles, interstitial fibroblasts, and scattered blood vessels. All 
stained with hematoxylin and eosin. (Reproduced by permission from Schoen [112])
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have the underlying functional architecture of a valve cusp, and is not as compact as 
that of porcine valve fibrosa. Additionally, the cells of porcine aortic valve are VICs, 
while the interstitial cells of pericardium are fibroblasts. Pericardial tissue is com-
posed almost entirely of type I collagen, whereas porcine valve contains a mixture 
of type I and type III collagens. Pericardium has (a) a smooth serosal layer, origi-
nally toward the heart and covered in the animal by mesothelial cells, which are 
generally lost in valve processing; (b) a fibrosa (almost the entire thickness), which 
contains collagen, sparse elastic fibers, and occasional nerves, blood vessels, and 
lymphatics; and (c) rough pericardial connective tissue, with loosely arranged col-
lagen and elastic fibers, on the side that was originally facing away from the heart. 
Thus, the surface of valve pericardium that previously faced the pericardial space is 
smooth, while the other is the rough external surface from which blood vessels and 
fat were dissected away during valve fabrication. Pericardial valves are typically 
manufactured with the rough side tissue facing toward the inflow, to keep this sur-
face well washed and thereby minimize the possibility of thrombosis. Moreover, in 
contrast to porcine aortic valve cusps whose natural attachments to the supporting 
aortic wall are preserved, thereby facilitating stress transfer from the cusps to the 
aortic wall, pericardial bioprosthetic valve cusps are pieces of tissue that are artifi-
cially trimmed and attached to a stent. Thus, cuspal stresses in pericardial valves are 
concentrated at the attachment points of tissue to the frame. 

 Bioprosthetic Valve Structural Degeneration

Structural valve degeneration (SVD) is defined as “Dysfunction or deterioration 
involving the operated valve (exclusive of infection and thrombosis), as determined 
by reoperation, autopsy or clinical investigation” [36]. Bioprosthetic valve SVD is 
manifested as thickening, stiffening, tearing, or disruption of the bioprosthetic valve 
leaflets with eventual associated valve hemodynamic dysfunction, manifested as 
stenosis or regurgitation.

Cuspal calcification is the major pathologic mechanism of structural degenera-
tion (Fig. 9.6) [37]. In our study, porcine aortic valve failure was caused by calcifi-
cation in approximately 85% [38]. The incidence of failure increases with longer 
postoperative intervals. Structural degeneration is unusual in bioprostheses 
implanted less than 5 years, and the incidence rises rapidly thereafter (Fig. 9.7); 
nevertheless, the level of calcification accumulated in explanted bioprostheses var-
ies widely (Fig. 9.8). Clinical data indicate that the meantime to valve failure owing 
to structural dysfunction manifested as primary tissue failure of both porcine aortic 
valve and pericardial bioprosthetic mitral or aortic valve replacements is approxi-
mately 15–20 years following implantation [39–41], consistent for bioprostheses 
fabricated from both porcine aortic valve and bovine pericardium.

The mineral that forms in bioprosthetic valves is a poorly crystalline calcium 
phosphate, chemically related to hydroxyapatite in musculoskeletal mineralization. 
Moreover, crystal formation is largely associated with cell membranes. In the bone, 
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the membranous elements at which calcification is nucleated are known as matrix 
vesicles. In pathological calcification (of which bioprosthetic tissue mineralization 
is representative), a similar role is played by membranes and their fragments derived 
from degenerate, aging, injured, or dead cells. In both physiological and pathologi-
cal calcification, deposits also occur in extracellular matrix elements.

The kinetics of calcification and the rate of failure are strongly influenced by the 
age of the recipient at valve implantation across the entire age spectrum for both 
porcine valves and pericardial valves (Fig. 9.9). Younger patients calcify more rap-
idly, leading to a higher failure rate. For example, the freedom from structural valve 
degeneration at 20 years for patients was 37% for those <60 years, 53% for those 
60–70 years, and 92% for those over 70 years. The rate of bioprosthetic mitral valve 
failure is greater than that of the aortic, for example, meantime to failure for patients 
<60 years with aortic pericardial valves was 18 years but only 12 years for those in 
the same age group with mitral pericardial valves. Moreover, children, adolescents, 
and young adults often have an especially accelerated failure rate. Accelerated 

a
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Fig. 9.6 Structural dysfunction of bioprosthetic valves. (a) Calcific stenosis of porcine valve bio-
prosthesis. (b) Calcification with secondary tear in porcine aortic valve bioprosthesis. (c) 
Radiograph of porcine aortic valve bioprosthesis with massive calcification (commissures denoted 
by asterisks). (d) Calcific stenosis of bovine pericardial valve. (e) Calcification with secondary tear 
(arrow) leading to severe regurgitation of bovine pericardial valve. (f) Massive calcification of a 
porcine aortic valve bioprosthesis with secondary calcific embolus removed at surgery from the 
left anterior descending coronary artery. ((a and f) Reproduced by permission from Schoen [112]. 
(c) Reproduced by permission from Schoen and Butany [21]. (d and e) Reproduced by permission 
from Schoen [113])
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Fig. 9.7 Frequency of primary valve failure for mechanical and tissue valves following mitral 
valve replacement (MVR) and aortic valve replacement (AVR). For bioprosthetic valves, cuspal 
mineralization is the major responsible pathologic mechanism with regurgitation through tears, the 
most frequent failure mode. For mechanical valves, the most common complication is not primary 
valve failure, but thromboembolism. (Reproduced by permission from Hammermeister et al. [19])
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failure occurs by 5 years in many of those <35 years old [42], although the specific 
rate of failure may be dependent on the specific valve type. Thus, bioprosthetic 
valves have a low rate of failure in the elderly; since such patients have an especially 
high risk of anticoagulant-related hemorrhage and thus would prefer to avoid this 
therapy, bioprosthetic valves are particularly attractive in this patient population. As 
mentioned above, the durability of transcatheter valves and the role of calcification 
in their potential failure is yet unknown. However, some data suggest a rate of at 
least moderate SVD of approximately 13% at 5 years [43].

Calcification following implantation of bioprosthetic valves occurs in a tissue is 
made vulnerable by the chemical treatment and physical changes that are 
induced during valve fabrication and their consequences following implantation 
[44]. Indeed, unimplanted bioprosthetic valves show several structural differences 
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from healthy native tissue comprising aortic valve or pericardium. These changes 
include flattening of the cuspal corrugations (aortic valve), loss of pre-existing sur-
face endothelium or mesothelium (aortic valve or pericardial bioprostheses, respec-
tively), autolytic disruption of porcine or bovine interstitial cells, collagen bundle 
loosening, and loss of GAGs. Chemical preservation induces a fixed geometric con-
figuration of the leaflets so that their motion during the cardiac cycle often causes 
non-physiologic movement and focal buckling. Moreover, and very importantly, the 
interstitial cells (of porcine aortic valve or bovine pericardium) lose their viability 
during glutaraldehyde treatment; thus, physiologic cuspal remodeling is not 
possible.

Following implantation, pathologic changes occur in all types of bioprostheses. 
The cuspal surfaces become variably covered by fibrin, platelets, monocytes/macro-
phages, and occasionally multinucleated giant cells. Proteins with other constitu-
ents of plasma and often erythrocytes penetrate into the cusps (called fluid insudation 
and cuspal hematoma, respectively). Accumulations of the blood can stiffen the 
cusps and possibly provide cellular nucleation sites for mineralization. Valve func-
tion in vivo also gradually results in generalized architectural homogenization with 
connective tissue disruption, loss of staining of interstitial cell nuclei, and lipid 
accumulation. Although mineralization, collagen degeneration, and possibly GAG 
depletion contribute to valve failure, to what extent other nonspecific pathologic 
processes contribute to late failure modes is uncertain. The valve sewing cuff and 
basal regions of the cusps also become variably covered by a fibrous sheath of host 
origin (pannus), which, when excessive, can lead to orifice obstruction or focal cusp 
immobilization or other mechanical changes that can contribute to calcification.
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 Calcific and Noncalcific Mechanisms of Bioprosthetic Valve 
Structural Deterioration

 Experimental Models for Investigation of Bioprosthetic 
Valve Calcification

Animal models have facilitated the investigation of the pathophysiology of biopros-
thetic tissue calcification and have served as a preclinical screen for the development of 
new or modified materials and design configurations. Informative animal models have 
included (1) orthotopic valve replacements (in the tricuspid, pulmonary, mitral, or aor-
tic positions) or conduit-mounted valves in sheep or calves [45] and (2) isolated tissue 
(i.e., not in a valve) samples implanted subcutaneously in rodents or intramuscularly in 
rabbits [46–49]. In both circulatory and non- circulatory models, bioprosthetic tissue 
calcifies progressively with a morphology similar to that observed in clinical speci-
mens but with markedly accelerated kinetics. In vitro models of biomaterials calcifica-
tion have been investigated but have yielded only limited useful information in studying 
mechanisms or preventive strategies [50–52]. Compared with the several years nor-
mally required for calcification of clinical bioprosthetic valves, valve replacements in 
sheep or calves calcify extensively in 3 to 6 months. However, large animal models are 
expensive and technically complex, and such animals grow rapidly, have differences in 
anatomy from that of humans, and are without the pathologic substrate into which 
human implants are placed, often yielding varying results among subjects treated simi-
larly. Such studies have limited value in elucidating mechanisms of calcification and 
other biomaterials- tissue interactions. Nevertheless, these models are required for reg-
ulatory approval for clinical studies of a new or significantly altered design or tissue 
treatment, and they often raise important issues that other studies have not revealed [53].

The limitations of large animal models stimulated the development of subdermal 
(synonym, subcutaneous, i.e., under the skin) implant models. Subdermal bioprosthetic 
implants in rats, rabbits, and mice provide the following useful features: (1) a markedly 
accelerated rate of calcification in a morphology comparable to that seen in circulatory 
explants; (2) low cost that permits many specimens to be studied with a given set of 
experimental conditions, thereby allowing quantitative characterization and statistical 
comparisons; and (3) quick retrieval of specimens from the experimental animals, 
which facilitates the careful manipulation and rapid processing required for detailed 
analyses. Specific factors that may play a role in calcification can be isolated, and hypo-
thetical mechanisms can be studied in detail and relatively expeditiously. The model 
also emulates the clinical outcomes of accelerated calcification in younger individuals, 
and thus rapidly growing 3-week-old weanling rats have been used predominantly as 
the experimental model, with the calcification process followed over time (Fig. 9.10a). 
In the subcutaneous model, calcification occurs progressively to a degree similar to that 
encountered in clinical specimens in 3 weeks (approximately 120 mg/mg calcium) [54] 
in tissue implanted subcutaneously in rats; maximal levels (200–250 mg/mg calcium) 
occur in approximately 8 weeks (Fig. 9.10a) [37, 46–49]. The degree and kinetics of 
calcification are similar for calf and cow pericardium and for porcine aortic valve. 
Mitral valve implants in sheep (both porcine aortic and bovine pericardial valves) 
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accumulate similar levels of mineral in 3–5 months (Fig. 9.10b) [45]. The aortic wall 
portions that are incorporated into bioprostheses fabricated from porcine aortic valves 
also calcify to a similar degree, but generally without clinical consequence.

The subcutaneous model has been widely used to screen potential strategies for 
calcification inhibition (anticalcification). Data from these models provide a data 
set to which studies on inhibitory approaches can be compared. Promising 
approaches can be investigated further in a large animal valve implant model. 
However, strategies that appeared efficacious in subcutaneous implants have not 
always proven favorable when used on valves implanted into the circulation.

 Pathophysiology of Bioprosthetic Heart Valve Calcification

Data from valve explants from patients and subdermal and circulatory experiments in 
animal models using bioprosthetic heart valve tissue have elucidated the mechanisms, 
earliest events, and determinants of bioprosthetic valve calcification. Fundamentally, 
calcification of bioprosthetic tissue appears to depend on exposure of a susceptible sub-
strate to calcium-containing extracellular fluid; other local implant-related, mechanical, 
and circulating substances may play a regulatory role (Fig. 9.11). Three factors are most 
important in regulating bioprosthetic tissue mineralization: (1) host biological factors 
(local environment of function and recipient’s metabolic state); (2) implant biomaterial 
factors (the structure and chemistry of the substrate biomaterial); and (3) biomechanical 
factors (degree and locations of stresses and deformations). Residual phosphorus in cell-
related membranes localizes the Ca-P mineral nucleation sites. Consistent with a dystro-
phic mechanism, the initial calcification sites in bioprosthetic tissue are predominantly 
nonviable cells and cell membrane fragments, although ECM elements can also calcify 
[55] (Fig. 9.12). Features of this mechanism are illustrated in Fig. 9.13 and discussed in 
detail below.
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Fig. 9.10 Progression of experimental calcification in glutaraldehyde-pretreated bioprosthetic tissues 
in several animal models. In both models shown, calcification kinetics are accelerated greatly over that 
observed for clinical implants. (a) Calcification of tissue from bovine pericardial bioprosthetic tissue 
[calf and adult cow] and porcine aortic valve, implanted subcutaneously in rats, as determined by cal-
cium and phosphorus assay. (b) Calcification of cusps and adjacent aortic wall in porcine aortic biopros-
thetic valves implanted as orthotopic mitral valve replacements in juvenile sheep. ((a) Reproduced by 
permission from Schoen et al. [49]. (b) Reproduced by permission from Schoen et al. [45])

F. J. Schoen and R. J. Levy



199

Proliferation
of calcified sites

Crystal augmentation

Nodule
confluence

Clinical
failure

Microcrystals

– cells
– collagen

Potentiation by biomechanical factors

Host factors (e.g., age)

Implant factors
(e.g., glut)

Fig. 9.11 Schematic model for sequence of events in the calcification of clinical bioprosthetic 
heart valves supported by experimental data, emphasizing the key roles of host, implant structural 
and biomechanical factors. (Reproduced from Schoen et al. [48])
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Fig. 9.12 Initiation of bioprosthetic valve calcification in structural tissue elements of bioprosthetic 
tissue. (a) Initial discrete calcific deposits (delineated by arrow) associated with residual cells in 
glutaraldehyde-pretreated porcine aortic valve tissue implanted subcutaneously in rat. (b) Edge of 
enlarging deposit in porcine bioprosthetic valve implanted in growing sheep for 5 months, demon-
strating predominant site of growing edge of calcification in cells of the residual porcine valve 
matrix (arrows). (b) Photomicrograph of the edge of expanding calcific deposit in experimental 
porcine aortic valve bioprosthesis implanted in a sheep, demonstrating both round and streak-like 
calcific densities, representing calcification initiated in cells (single arrow) and collagen (double 
arrow), respectively. Originally approximately 300×. (c) Transmission electron microscopic photo-
micrograph of cell membrane-associated calcific deposits (arrows). Bar = 1 μm. (d) Transmission 
electron microscopic photomicrograph of calcification in collagen. Bar = 1 μm. (a and b) von Kossa 
stain: calcium phosphates black or dark brown. ((b) Reproduced by permission from Schoen et al. 
[114]. (c) Reproduced by permission from Schoen et al. [49]. (d) Reproduced by permission from 
Schoen et al. [48])
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Physiologically, extracellular calcium concentration in tissues is approximately 
1  mg/ml (10–3  M); in contrast, the intracellular concentration of calcium (in the 
cytoplasm) is 1000–10,000 times lower (approximately 10–7 M). This steep calcium 
gradient is maintained in healthy cells with intact membranes by mechanisms that 
pump calcium to the exterior using calcium ATPases and other avenues for extru-
sion. In cells which have been rendered nonviable by glutaraldehyde fixation (or are 
otherwise injured during valve function), the normal cellular handling of calcium 
ions is disabled. Cell membranes and other intercellular structures are high in phos-
phorus (as phosphesters, especially phosphatidylserine, which can bind calcium); 
such sites serve as nucleators. Glutaraldehyde pretreatment also stabilizes these 
phosphorous stores. Other susceptible sites can include collagen and elastic fibers 

Mechanical damage Chemical cross-linking

Cells and cell fragments in
bioprosthetic tissue

Increase in
intracellular calcium

Calcium phosphate
crystal nucleation

Crystal growth

Valve failure,
with tearing or stenosis

Calcium in blood and
interstitial fluid

Increase in calcium influx
due to membrane damage

Existing phosphorus,
largely in cell membranes

Host factors

Independent
mineralization of
collagen and elastin

Mechanical deformation

Loss of mineralization
inhibitors

Decrease in calcium efflux
due to membrane pump

inactivation

Fig. 9.13 Extended hypothetical model for the calcification of bioprosthetic tissue. This model 
considers host factors, implant factors, and mechanical damage and relates initial sites of mineral 
nucleation to increased intracellular calcium in association with residual cells and cell fragments 
in bioprosthetic tissue. The ultimate macroscopic result of calcification is valve failure, with tear-
ing or stenosis. The key contributory role of existing phosphorus in cell membranes in determining 
the initial sites of crystal nucleation is emphasized, and a possible role for the independent miner-
alization of collagen and/or elastin is noted. Mechanical deformation probably accelerates both 
nucleation and growth of calcific crystals, although the precise mechanisms are unclear. (Modified 
by permission from Schoen [115] and Schoen [3])
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of the extracellular matrix (discussed below), denatured proteins, phosphoproteins, 
fatty acids, blood platelets, and, in the case of infection, bacteria.

Calcification of the extracellular matrix structural proteins collagen and elastin 
has been observed in clinical and experimental implants of bioprosthetic and homo-
graft valvular and vascular tissue and has been studied using a rat subdermal model. 
Collagen-containing implants are widely used in various surgical applications, such 
as tendon prostheses and surgical absorptive sponges, but their usefulness is often 
compromised owing to calcium phosphate deposits and resultant stiffening. Cross- 
linking by either glutaraldehyde or formaldehyde promotes the calcification of col-
lagen sponge implants made of purified collagen [56]. Although elastin is not 
stabilized by glutaraldehyde cross-linking, elastin calcification can also occur [57].

 Role of Host Biological Factors

The most important host metabolic factors relate to young age, with more rapid 
calcification taking place in younger patients or experimental animals and patho-
logic alterations of mineral concentrations in the circulating blood. Although the 
relationship with age is well-established clinically and incontrovertible, the mecha-
nisms accounting for this “physiologic” effect of age are uncertain. Factors that can 
change blood chemistry such as comorbidities (e.g., chronic kidney impairment, 
hypercalcemia, or diabetes) may aggravate the mineral deposition process. 
Moreover, it is possible that the mechanisms responsible for bioprosthetic valve 
calcification may be at least partially regulated through naturally occurring inhibi-
tors to crystal nucleation and growth or mineralization cofactors.

 Role of Substrate Factors

In both circulatory and subcutaneous models, the morphology, kinetics, and chem-
istry of calcification in porcine aortic valve and bovine pericardial tissue are largely 
identical. In addition, structural deterioration of bioprosthetic heart valves derives 
from the chemical, mechanical, and morphological changes that occur during fabri-
cation of bioprosthetic valves. Glutaraldehyde (1,5-pentanedialdehyde; 
CHO[CH2]3CHO) is the most frequently used chemical preservative for biopros-
thetic tissue. Forming complex, degradation-resistant, Schiff base- and pyridinium- 
derived cross-links between protein molecules of many types, glutaraldehyde 
efficiently cross-links collagen, the most abundant structural valve protein. The role 
of glutaraldehyde (GA) in promoting calcification is well-established and strong 
[58, 59]. Two key processes, both directly related to the chemical effects of GA, are 
believed to dominate: (1) reaction between the residual phosphorus and associated 
phosphoesters in the tissue with calcium in the surrounding fluid to yield calcium-
phosphate mineral and (2) chemical reactions related to the presence of active resid-
ual-free aldehyde functional groups induced by GA fixation [60].
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Thus, in addition to cellular devitalization and stabilizing phosphorus in the tis-
sue, glutaraldehyde treatment produces functional group residuals (i.e., aldehydes, 
various carbonyls, Schiff bases, etc.) by which not only cells but potentially matrix 
glycosaminoglycans and structural proteins, such as collagen and elastin, may also 
bind calcium. Tissue levels of reactive functional group residuals can be directly 
correlated to bioprosthetic tissue calcification [61–63]. Indeed, tissue levels of cal-
cification correlate with aldehyde content [58]. The close association between alde-
hyde content and the calcification of bovine pericardial tissue suggests that 
processing of bioprosthetic valves to reduce the content or reactivity of reactive 
residual aldehydes may offer a significant advantage in terms of reducing the poten-
tial for long- term bioprosthetic valve calcification [64–68]. Collagen and elastic 
fiber calcification may occur through reactive aldehyde-related mechanisms. Thus, 
stabilizing those components in the biological tissue might improve calcification 
resistance [69].

 Role of Biomechanical Factors

Although experimental and clinical calcification of bioprosthetic tissues can occur 
in situations where mechanical stress and strain are minimal or absent, and dynamic 
stress does not seem prerequisite for calcification to occur, mechanical activity can 
stimulate calcification. Bioprosthetic tissue mineralization is enhanced at the sites 
of intense mechanical deformations generated by repetitive motion, such as the 
points of flexion in heart valves. Moreover, in the subcutaneous model, calcification 
is enhanced in areas of tissue folds, bends, and areas of shear [48]. Furthermore, 
long- term cyclic wear on materials has been demonstrated to cause permanent geo-
metric deformations that are due to ECM degradation in tissue-based valves, spe-
cifically unraveling the collagen triple helix. Recently, it has been suggested that 
pre- implantation crimping of the pericardium in transcatheter aortic valves can lead 
to material damage that promotes calcification [70]. Also, long-term bioprosthetic 
valve function is accompanied by collagen degradation in the most highly stressed 
regions [71, 72], and highly stressed regions typically manifest the earliest and most 
substantial calcification. Nevertheless, although these data suggest that local tissue 
disruption mediates the mechanical effect, the precise mechanisms by which 
mechanical factors influence calcification are uncertain.

 Role of Immunologic Factors

Although a potential role for inflammatory and immune processes has been postu-
lated by some investigators [73, 74], no direct evidence of a role of immunologic 
mechanisms in calcification or structural degeneration has been demonstrated. 
Indeed, many lines of evidence suggest that neither nonspecific inflammation nor 
specific immunologic responses appear to potentiate calcification of glutaraldehyde- 
fixed bioprosthetic tissue in a clinical or experimental setting. Specific evidence 
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against a contributory role of effector immunologic processes is as follows: (1) cal-
cification in either circulatory or subcutaneous locations is not usually associated 
with inflammation, (2) the extent and morphology of experimental mineralization 
are not altered by enclosure of valve cusps in filter chambers that prevent host cell 
contact with tissue but allow free diffusion of extracellular fluid [48] or implantation 
of valve tissue in congenitally athymic (“nude”) mice, who have essentially no 
T-cell function [75], and (3) clinical data show that second bioprosthetic valve 
replacements fail no sooner than initial replacements. Moreover, clinical and exper-
imental data detecting antibodies to valve tissue probably reflect a secondary 
response to valve damage and resultant exposure of new antigenic determinants due 
to failure, rather than its cause. Interestingly, the aortic valves of human heart trans-
plant patients who have died as a result of massive cellular myocardial rejection 
show very little inflammation in the valves [76]. This may reflect the typical paucity 
of blood vessels in the valve cusps, the inability of circulating inflammatory cells to 
adhere to moving cups in a high shear stress environment, or a lack of contact with 
significantly antigenic substances.

Thus, the key determinants of bioprosthetic valve mineralization drivers are (1) 
biochemical environment, (2) implant structure and chemistry, and (3) mechanical 
factors. Calcification is accelerated by young recipient age, likely a result of age- 
related biochemical differences in systemic calcium and phosphorus metabolism. 
Moreover, evidence does not support a causal immunologic or inflammatory basis 
for bioprosthetic valve calcification or failure. Therefore, the primary approaches to 
inhibiting valve calcification have targeted the processes involved in the nucleation 
of calcific deposits and thus have sought to remove or alter the cell-based phospho-
lipids of the substrate. However, since progressive collagen damage cannot be 
repaired in a devitalized valve, degradation of the valvular collagenous skeleton 
would likely become the limiting factor in durability of valves protected from calci-
fication. The role of degradation of GAGs in limiting bioprosthetic valve durability 
is less well characterized, but evidence suggests that improved GAG preservation 
also may be beneficial [77].

 Noncalcific Mechanisms of Bioprosthetic Valve 
Structural Deterioration

Although bioprostheses mimic some features typical of aortic valve structure, the 
cusps and configurations of a contemporary bioprosthesis following chemical pre-
treatment and manipulation during manufacture differ in many respects from those 
of a native valve. Chemical fixation of porcine aortic valve or bovine pericardial 
tissue with glutaraldehyde destroys the viability of the resident cells of the tissues, 
either VICs (of porcine aortic valves) or fibroblasts (of bovine pericardial valves). 
Thus, since nonviable cells are incapable of remodeling collagen, ongoing repair of 
the bioprosthetic valve ECM by the cells of the transplanted tissue is impossible, 
and any damage to the ECM is cumulative. Moreover, devitalized VECs of porcine 
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AV bioprostheses are largely denuded by handling, thereby increasing the permea-
bility of the tissue to fluid. Finally, fixation locks the collagenous network mechani-
cally into a configuration that inhibits the smooth internal cuspal structural 
rearrangements of the ECM accompanying normal valvular function, thereby 
inducing some abnormal motions (e.g., buckling) of the cuspal tissue during open-
ing and closing of a fixed bioprosthesis and causing internal structural damage [78].

Thus, noncalcific damage to the valvular structural matrix accrues through a 
combination of factors which include abnormal valve motion, owing to stent mount-
ing and fixation-induced mechanical changes in the tissue, inhibition of the struc-
tural rearrangements which occur during normal valve function, loss of cell-mediated 
remodeling and replenishment of the valvular extracellular matrix, and damage both 
due to chemical and possibly molecular determinants. Chemical pretreatment obvi-
ates the dynamic structural rearrangements that optimize natural valve function, 
often causing buckling. This causes increased flexural stresses that can induce dam-
age to cuspal collagen fibers, particularly in regions subjected to compressive 
stresses. Tears are frequently localized to the commissures and cuspal bases, areas 
in which stresses are concentrated.

Calcific and noncalcific damage could be synergistic. Collagen disruption could 
expose or produce new calcium nucleation sites, create internal spaces which facili-
tate calcific crystal growth, or promote fluid insudation. Conversely, mechanical 
damage could result from calcification-induced structural disruption or stress con-
centrations within the cusp. Clearly, maintenance of tissue structural integrity is 
critical to extending durability of tissue heart valves, through prevention of both 
calcific and noncalcific mechanisms of deterioration.

 Prevention of Bioprosthetic Valve Calcification

Since calcification of bioprosthetic valves is an important limitation to their clinical 
success, there have been widespread efforts toward mitigation or total prevention. 
Three generic strategies have been investigated for preventing calcification of bio-
material implants: (1) systemic therapy with anticalcification agents; (2) local ther-
apy with implantable drug delivery devices; and (3) biomaterial modifications, such 
as removal of a calcifiable component, addition of an exogenous agent, or chemical 
alteration [79].

A rational approach to preventing bioprosthetic calcification must integrate 
safety and efficacy considerations with the scientific basis for inhibition of known 
mechanisms of calcium phosphate crystal formation in these tissues. Furthermore, 
analogous to the regulatory approval conditions and before implementation of any 
new or modified drug or device, a potential antimineralization treatment must be 
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demonstrated to be safe and effective. The treatment should not impede valve per-
formance such as hemodynamics or durability. Investigations of an anticalcification 
strategy must demonstrate not only the effectiveness of the therapy but also the 
absence of adverse effects [80]. In this setting, adverse effects could include sys-
temic or local toxicity, a tendency toward thrombosis or infection, induction of 
immunological or other inflammatory effects, or accelerated structural degradation, 
with either immediate loss of mechanical properties or progress but premature dete-
rioration and failure. Indeed, there are several examples whereby an antimineraliza-
tion treatment contributed to an unacceptable degradation of the tissue [81–83].

From an efficacy standpoint, experimental studies have demonstrated that ade-
quate doses of systemic agents used to treat clinical metabolic bone disease, includ-
ing calcium chelators (e.g., bisphosphonates such as ethane hydroxybisphosphonate 
[EHBP]), can dramatically lower the calcification potential of bioprosthetic tissue 
implanted subcutaneously in rats [84]. However, systemic therapy is unlikely to be 
safe, because such chemicals generally also interfere with physiologic calcification 
(i.e., bone growth), causing growth retardation. To avoid this difficulty, investigators 
have considered controlled drug release, studied as co-implants of a drug delivery 
system adjacent to the prosthesis, in which the effective drug concentration would 
be confined to the site where it is needed (i.e., the implant). In this approach, sys-
temic side effects would likely be prevented [85]. A localized anticalcification effect 
would be particularly attractive in young people. Although studies incorporating 
EHBP in nondegradable polymers, such as ethylene-vinyl acetate (EVA), 
polydimethylsiloxane (silicone), silastic, and polyurethanes, showed effectiveness 
of this strategy in animal models, this approach would be challenging to implement 
clinically, and thus has not been further pursued.

Several approaches to prevent calcification and thereby enhance durability of 
tissue valves have been studied experimentally, and several have been approved for 
use in contemporary clinical valves. The most practical strategy for preventing cal-
cification of clinical bioprosthetic heart valves involves biomaterial modifications, 
by either removal or modification of a calcifiable component, addition of an exog-
enous agent, or chemical alteration of the substrate (Fig. 9.14). The agents most 
widely studied, for efficacy, mechanisms, lack of adverse effects, and potential 
clinical utility, are summarized briefly below. Combination therapies using multiple 
agents may provide a synergy of beneficial effects. Some of the approaches that 
have been investigated in preclinical and clinical studies are described below; sev-
eral have achieved been approved by the US FDA and regulatory bodies abroad and 
have proven successful in clinical bioprosthetic valves. Clinical studies have sug-
gested that antimineralization therapy of bioprosthetic heart valves reduces the inci-
dence of SVD (Fig. 9.15) [86].
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Fig. 9.14 Experimental demonstration of mechanism-based anticalcification therapies. (a) Effects 
of preincubation in 1% sodium dodecyl sulfate (SDS) on calcification in a rat subcutaneous model 
of glutaraldehyde cross-linked porcine aortic valve, after 21 days implantation. Lipid extraction 
progressively diminishes tissue vulnerability to calcification. These results provide support for the 
mechanistic inferences and principle that phosphoester (especially phospholipid) extraction is an 
important (but perhaps not the only potential) target for inhibition of bioprosthetic tissue calcifica-
tion. (b) Decreased calcification of ethanol-treated (24 hours) glutaraldehyde cross-linked porcine 
aortic valve in a rat subcutaneous model of glutaraldehyde cross-linked porcine aortic valve, after 
21 days implantation. There is a sharp dose-response relationship. ((a) Reproduced by permission 
from Schoen et al. [114]. (b) Reproduced by permission from Vyavahare et al. [116])
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 Inhibitors of Hydroxyapatite Formation

 Trivalent Metal Ions

Pretreatment of bioprosthetic tissue with iron and aluminum (e.g., FeCl3 and AlCl3) 
inhibited calcification of subdermal implants with glutaraldehyde-pretreated por-
cine aortic valve cusps or pericardium [87]. Such compounds are hypothesized to 
act through complexation of the cation (Fe or Al) with phosphate, thereby prevent-
ing calcium phosphate formation. Both ferric ion and the trivalent aluminum ion 
inhibit alkaline phosphatase, an important enzyme in bone formation. This may be 
related to their mechanism for preventing the initiation of calcification. This treat-
ment has been used in clinical valves.

 Calcium Diffusion Inhibitor

2-alpha-amino-oleic acid (AOA™, Biomedical Designs, Inc., Atlanta, GA) 
bonds covalently to bioprosthetic tissue through an amino linkage to residual 
aldehyde functions and inhibits calcium flux through bioprosthetic cusps [88, 
89]. AOA™ is effective in mitigating cusp, but not aortic wall, calcification in 
rat subdermal and valve implants of porcine aortic valves in the sheep mitral 
valve positions. This compound has been used clinically, and the results of long-
term explants indicate the occurrence of calcification in AOA pretreated bio-
prostheses [90].

 Removal/Modification of Calcifiable Material

 Surfactants

Incubation of bioprosthetic tissue with sodium dodecyl sulfate (SDS) and other 
detergents extracts the majority of acidic phospholipids [91]; this is associated 
with reduced mineralization, probably resulting from suppression of the initial 
cell- membrane- oriented calcification. This approach has also been used clini-
cally with reports of calcification leading to device explantation, despite SDS 
pretreatment [92].

 Alcohol Treatments

Ethanol preincubation of glutaraldehyde-cross-linked porcine aortic valve biopros-
theses prevents calcification of the valve cusps in both rat subdermal implants and 
sheep mitral valve replacements (Fig.  9.13) [93]. Eighty percent ethanol 
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pretreatment (1) extracts almost all phospholipids and cholesterol from 
glutaraldehyde- cross- linked cusps; (2) causes a permanent alteration in collagen 
conformation; (3) affects cuspal interactions with water and lipids; and (4) enhances 
cuspal resistance to collagenase. Ethanol-pretreated bioprostheses have also been 
used clinically, and since there have been published reports of calcified ethanol-
pretreated explants, the long-term effectiveness of this approach is unclear [94].

 Glutaraldehyde Neutralization

As glutaraldehyde cross-linking itself aggravates tissue calcification, several 
approaches have been suggested to neutralize residual aldehyde residues in the tis-
sue after glutaraldehyde cross-linking. Several amino acids, amines, and natural 
compounds such as taurine have been used to bind to unreacted glutaraldehyde resi-
dues. These treatments have shown promise in preventing tissue calcification in 
rodent subcutaneous models and sheep heart valve replacement models. Interestingly, 
there is some evidence that both (1) extended post-fixation storage of tissues in 
glutaraldehyde and, (2) paradoxically, fixation of bioprosthetic tissue in extraordi-
narily high concentrations of glutaraldehyde (5–10× those normally used) [95] 
appear to inhibit calcification after the anticalcification treatment has shown a par-
tial return of calcification for the tissues. Other approaches to detoxification of glu-
taraldehyde have been considered [96, 97]. Moreover, combinations of multiple 
treatments such as removing phospholipids, glutaraldehyde neutralization, followed 
by storage in glutaraldehyde-free solutions have shown promise in animal studies to 
prevent calcification [98–100].

 Decellularization

Since the initial mineralization sites are devitalized connective cells of bioprosthetic 
tissue, these cells may be removed from the tissue, with the intent of making the 
bioprosthetic matrix less prone to calcification [101]. Decellularized tissues have 
been used as scaffolds for tissue-engineered heart valves that might be populated 
with host cells and would grow with patients and hopefully will not calcify. In vivo 
animal studies have seen some success for patency of a functional valve [102]. 
However, clinical experiments have shown valve failure due to inflammation and 
calcification [103]. It is clear from these studies that extracellular matrix in the tis-
sue (collagen and elastin) can degrade and create sites for calcification. Physical 
stabilization of collagen and elastin by pentagalloyl glucose has been shown to 
reduce valvular calcification [104].
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 Modification of Glutaraldehyde Fixation and Other 
Tissue Fixatives

Several studies have investigated modifications of glutaraldehyde residues and 
alternatives to conventional glutaraldehyde pretreatment. Bioprosthetic tissue can 
be neutralized (“detoxified”) by treatment with lysine or diamine; this inhibits cal-
cification of subdermal implants [105, 106].

Removing phospholipids or neutralizing aldehyde residues by end-capping with 
amines, reduction with borohydride, or using high-temperature fixation strategies 
has been now clinically used for preventing tissue calcification. Efficacy has not 
been established for this strategy.

Non-glutaraldehyde cross-linking of bioprosthetic tissue with epoxides, carbodi-
imides, acyl azides, and other compounds reduces their calcification in rat subdermal 
implant studies, for example, with triglycidylamine (TGA), an epoxy cross-linker 
[107]. Additionally, alternative cross-linking chemistries and photooxidative preser-
vative in large animal implants in sheep [108] or epoxies) with tissue still embedded 
with devitalized cells result in marked calcification [109]. This further supports the 
notion that glutaraldehyde products themselves, in conjunction with devitalized 
cells, may serve as high-affinity sites for calcification. One product where the bio-
prosthetic valve is stored in so-called dry conditions after glycerol treatment is now 
clinically available (Inspiris Resilia™ by Edwards Lifesciences, Irvine, California) 
[110]. We are not aware of long-term results that pertain to calcification.

It is concluded that calcification, although mechanistically investigated for 
decades, remains a major impediment to the extended safety and effectiveness of 
bioprosthetic heart valves. With the rapid development of interventional approaches 
for bioprosthetic valve implantation, and their approval for potential use in low-risk 
populations, addressing calcification as a major cause of structural degeneration 
continues to be a high priority.
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Chapter 10
Electron Microscopy 
for the Characterization of Soft Tissue 
Mineralization

Elena Tsolaki and Sergio Bertazzo

 Electron Microscopy

Electron microscopes, unlike optical microscopes, which use light, employ interac-
tions between an electron beam and a sample for image formation. The electrons are 
produced by an electron gun, a filament cathode (usually made of tungsten), which 
when heated causes electrons to escape its surface. These electrons are then acceler-
ated by an electric field towards the anode and focused through electromagnetic 
lenses (Fig. 10.1) [1]. Once the primary electron beam interacts with the atoms in 
the sample, a range of charged particles originating from the primary beam, second-
ary charged particles and photons [2] are generated, which are collected to form an 
image, a chemical spectrum or an electron diffraction pattern [3].

The two most common types of electron microscopes (Fig. 10.1) are scanning 
and transmission electron microscopes [2], with the primary difference between the 
two being that the scanning electron microscope (SEM) relies on the secondary 
products of the interactions [1] to produce an image of the surface of the sample. 
The transmission electron microscope (TEM), on the other hand, uses the ability of 
the electron beam to penetrate through the sample [1] providing a similar image of 
what would be seen in an optical microscope, albeit with much higher resolution.

The clearest advantage of electron microscopes over light microscopes is their 
high resolution. State-of-the-art SEMs have a resolution of around 0.4  nm [4]. 
Conventional SEMs usually have a resolution limit of about 1 nm [5], which is at 
least a hundred times higher resolution than that obtained by conventional optical 
microscopes [6]. TEMs, on the other hand, can achieve a resolution of angstroms [7].
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Electron microscopes have been used countless times in the study of cells and 
biological structures and tissues and have provided valuable information on miner-
als formed in biological systems. A large part of the knowledge on bone and bone 
mineral ultrastructure comes from electron microscopy studies [8]. Moreover, sev-
eral researchers have shown the importance of using electron microscopy in the 
study of pathological calcification [9, 10]. SEM aided the identification and pro-
vided detailed structural information on the minerals observed, amongst others, in 
cardiovascular, kidney, ocular, and breast tissue. It also allowed for comparison 
between different structures. Despite the fact that in physiological and pathological 
calcification [9, 10] minerals are formed from calcium phosphates, SEM visualisa-
tion of calcium phosphate minerals has indicated major structural differences. For 
cardiovascular calcification, it has allowed for the identification of three district 
structures, which have provided valuable information on the progression of the min-
eralising process and associated diseases. The first mineralising structure formed in 
the cardiovascular tissue is calcium phosphate particles, whereas at later stages of 
the disease, compact calcification and calcific fibres are also observed [9]. This 
information led to the conclusion that there is more than one mechanism of forma-
tion of cardiovascular calcification and also that, as the disease progresses, different 
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mineralization mechanisms come into play. Finally, these studies have shown that 
even though calcium phosphate is present in cardiovascular minerals, the structures 
of all three types of calcification found are different from bone [9].

This chapter will give an overview of how SEM and TEM are applied to provide 
information on the morphology, composition and crystallinity of the minerals pres-
ent in pathological calcification in general. The basic principles of SEM and TEM 
will be discussed, and details will be given on sample preparation methods for bio-
logical tissues where pathological calcification is to be studied. Furthermore, 
insights on the imaging techniques for different types of analyses will be provided.

 Scanning Electron Microscopy and Pathological Minerals

 Imaging

In SEM imaging, secondary and backscattered electrons are detected. Secondary 
electrons are the electrons resulting from interactions of the primary beam with the 
sample surface and hence carry topographic information [2]. Secondary electron 
images are the most common and well-recognised SEM images (Fig. 10.2a, b). Two 
detectors are employed for secondary electron images. The in-lens detector is built 
in the path of the primary electron beam of modern SEMs. It detects electrons emit-
ted from a very small volume on the surface of the sample at large angles [11], 
which carry specific topographic information of the imaged area, resulting in high- 
resolution images (Fig. 10.2a). The resolution of the in-lens images increases at low 
voltages, as shorter penetration depths are achieved [12]. Most widely used, how-
ever, is the secondary electron (SE) detector, which can be found on all SEMs. This 
detector collects secondary electrons emitted from the interaction point at a wider 
range of small angles, therefore from a larger volume and depth. As a result, the 
final images are of lower resolution compared to the in-lens detector, with some 
information on the sample surface being lost (Fig. 10.2b).

Backscattered electrons result from collisions between the primary beam and the 
nucleus of the atoms found in the sample, which cause primary electrons to be 
reflected back. The backscattered electron (BSE) detector is not widely used for the 
imaging of biological samples, due to its lower resolution. The backscattered signal 
is invaluable, however, when information on atomic density is required. Larger 
atoms result in a higher number of backscattered electrons and subsequently to a 
higher signal in comparison to smaller atoms [1]. The difference in atomic densities 
between different materials produces a high contrast image. BSE images are there-
fore useful in the study of biological minerals, as inorganic material can easily be 
identified in the organic matrix during imaging. In the case of cardiovascular calci-
fication, the elemental composition of the mineral is calcium phosphate. As calcium 
is a larger atom than carbon (the main element of organic material), it appears as 
white (Fig. 10.2c) in a dark background. BSE imaging can therefore be used as a 
tool for an easy initial assessment of the presence of minerals in organic tissues.
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 Density-Dependent Color Scanning Electron Microscopy 
(DDC-SEM)

In pathological mineral research, both topography and atomic density information 
are usually of interest. As a biological system, pathological mineralization requires 
the understanding of mineral components and the biological features associated 
with them to achieve a deeper understanding of the complex mineralization pro-
cesses. A single image carrying all this information can be achieved through the use 
of density-dependent color (DDC) SEM.

The DDC-SEM method requires micrographs obtained by the different detectors 
[9] to be manipulated into one final image. Adobe Photoshop, Image J or any image 

a b

c d

Fig. 10.2 Electron micrographs of calcific particles in organic material. (a) In-lens electron 
micrograph of the sample, where topographical information can be observed in high resolution. (b) 
SE micrograph of the sample, where considerable amount of topographical information is lost. (c) 
BSE micrograph of the sample, where topographical information is lost. It is possible to distin-
guish between organic (black) and inorganic (white) material. (d) DDC-SEM micrograph of the 
sample, where topographical and chemical information can be obtained with the in-lens electron 
micrograph being assigned the green channel and the BSE micrograph being assigned the red 
channel. Therefore, dense (inorganic) material appears as orange and less dense (organic) material 
as green. Scale bars = 1 μm
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manipulation software can be used to overlay the electron micrographs and to assign 
different color channels to each one of them. Due to differences between the con-
trast of the in-lens, SE and BSE micrographs, each individual color on the final 
image carries specific information (Fig. 10.2d). Dual color images can be produced 
through the use of the SE (or in-lens) and BSE micrographs, and in cases where all 
three detectors are available, multicolor images can be produced. The most common 
images are dual color images [9, 10, 13, 14] where the green channel is assigned to 
the SE (or in-lens) image and the red channel to the BSE image. Thus, DDC-SEM 
images of minerals in soft tissue are produced where the mineral appears as red-
orange (information originating from the BSE micrograph) and the less dense mate-
rial, the organic matrix, appears as green (information which originates from the 
in-lens or SE detector) (Fig. 10.2d).

 Chemical Analysis: Energy-Dispersive X-Ray 
Spectroscopy (EDS)

Scanning electron microscopes coupled with an energy-dispersive x-ray spectros-
copy (EDS) detector are also commonly used [1]. The detector is used to gain chem-
ical data on the material of study through the detection of x-rays originating from 
the sample surface. They are a secondary product of the interaction between the 
primary beam and the atoms of the sample and are usually referred to as character-
istic x-rays, as their energy is associated with the energy difference in the electron 
levels of atoms, a property specific to each chemical element. A chemical spectrum 
or an elemental map of the sample surface can therefore be produced, the accuracy 
of which increases with appropriate beam voltage and working distance used.

The detector is most widely used in the study of archaeological and hard materi-
als, as is also useful in the identification of unknown materials in samples. For that 
reason, it is also a valuable tool in the study of biological minerals. During imaging, 
a specific point in the tissue is chosen for analysis (Fig.  10.3a), and a spectrum 
(Fig. 10.3b) or an elemental map (Fig. 10.3c) can be produced. This can aid the fast 
identification of inorganic material in soft tissues, eliminating misinterpretation of 
any sample preparation artefacts.

 SEM Sample Preparation of Biological Material

The first challenge of imaging biological material using electron microscopes is the 
un-physiological conditions required. Biological tissues are full of water, and 
microscopes operate under vacuum; therefore several preparation steps must be fol-
lowed for successful imaging. Firstly, samples must be dehydrated and dried care-
fully for their ultrastructure to be preserved. Furthermore, to achieve good image 
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quality, coating and painting of the biological sample are required in order to build 
a conductive layer.

Following fixation, dehydration is the subsequent step of sample preparation. 
Tissue samples can be dehydrated through a series of increased ethanol-graded 
solutions. Other dehydration agents, such as acetone, can alternatively be used. The 
amount of time required for dehydration must be adjusted depending on the size of 
the sample of interest; larger samples require longer time intervals. If possible, it is 
recommended that the samples should be cut down to a few millimetres for better 
infiltration of the dehydrating agent.

The dehydration step is needed in cases where critical point [15] and hexameth-
yldisilazane (HMDS) [16] drying are used, as these require the presence of a dehy-
drating agent. It may, however, be omitted when the sample is simply air-dried. 
Critical point and HMDS drying are widely used methods for biological tissues 
because they avoid sample shrinkage, preserving its ultrastructure (Fig.  10.4a). 
Critical point drying is based on the substitution of the dehydration agent by carbon 
dioxide at critical state. Once carbon dioxide has fully infiltrated, it is then brought 
to its gas phase. As a result, the sample dries without the presence of capillary 
forces. For HMDS drying, the sample is immersed in HMDS after dehydration and 
then left to air-dry. Immersion in HMDS and subsequent evaporation is a process 
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that preserves the ultrastructure of most organic samples. HDMS has low surface 
tension, which helps prevent capillary forces. HMDS also helps with the cross- 
linking of proteins [17].

These methods can be unsuitable for the study of pathological mineralization, 
especially where the minerals are of interest, as it is challenging to identify these 
minerals when they are covered by organic material. As the ultrastructure of the tis-
sue is preserved, the electron beam will interact with a large amount of organic 
material prior to reaching the inorganic material beneath it, resulting in poor con-
trast differences between the two (Fig. 10.4b). HMDS and critical point dried sam-
ples might therefore produce misleading DDC-SEM micrographs.

For imaging of pathological minerals, simply air-drying the samples is preferred. 
Allowing the sample to air-dry creates capillary forces in the tissue, causing the 
organic matrix to collapse in on itself. These forces do not, however, apply to the 
mineral, which does not collapse at all. This difference in behaviour between the 
organic and inorganic material can be used for easier identification of pathological 
minerals in tissues. The electron micrographs of the air-dried samples provide very 
little topographic information on the organic matrix but allow for high contrast with 
the inorganic material (Fig. 10.4c).

Air-drying sample preparation protocol

 1. Tissue samples must be cut down to small pieces of 2 to 5 millimetres and put in 
4% formaldehyde for at least 24 hours at 4 °C.

 2. Following step 1, the samples should be washed three times with distilled water, 
for 5 minutes each time.

 3. The samples must then be dehydrated using ethanol at concentrations of 20%, 
30%, 40%, 50%, 60%, 70%, 80%, and 90% for 10 minute intervals followed by 
three 10 minute interval 100% ethanol changes.

 4. Samples must then be left to air-dry.

a cb

Fig. 10.4 Electron micrographs of biological tissues prepared with HMDS, compared to conven-
tional air-drying. (a) BSE micrograph of collagen fibres of cardiovascular tissue preserved with 
HMDS drying. (b) BSE micrograph of a HMDS-prepared sample with potential calcified particles 
indicated by arrows. Some differences in color, indicating different densities, can be seen. It is, 
however, not certain whether these are mineralised. (c) BSE micrograph of air-dried samples 
where the organic material has collapsed on itself, allowing for clear identification of mineral 
particles. Scale bars = 1 μm
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Note Formalin-fixed and paraffin-embedded histological slides can also be SEM 
imaged. The paraffin can be removed by immersing the slides in pure xylene for two 
10 minute intervals. Simple air-drying can then be employed.

 Coating and Silver Painting

A challenge of using an electron beam in the imaging of biological samples is the 
build-up of electrons on their surface. As insulators, biological tissues do not allow 
electrons to escape their surface, leading to sample damage and resulting in poor- 
quality, distorted images. To eliminate this phenomenon, the sample must be 
attached to an aluminum stub and a conductive coating must then be applied. The 
coating can be, amongst others, carbon, gold or platinum, and should usually have 
thickness between 5 and 15  nm, depending on sample roughness. To allow for 
chemical analysis of the samples, coating composition must be carefully consid-
ered, in order to avoid the overlapping of energy peaks. Such information can be 
obtained by identifying the energy values of the characteristic x-rays emitted by 
each element and is commonly available in electron microscopy facilities, as well as 
in handbooks. In the case of cardiovascular calcification, for instance, phosphorus 
has an energy x-ray peak close to platinum; thus, a platinum coating would be 
unsuitable.

In addition to the coating, it is also important to maintain good conductivity 
between the surface of the sample and the aluminum stub, such that any charge 
build-up may be eliminated. This can be done by applying a silver paint layer around 
the sample, which should extend to the bottom of the glass slide or aluminum stub. 
Application of the silver paint prior to coating ensures that both the sample and the 
silver paint are completely dry.

SEM sample preparation protocol

 1. Tissue pieces or histological slides are secured on SEM aluminum stubs using 
conductive carbon adhesive tape.

 2. The mounted samples are silver painted thoroughly and the paint is left to dry.
 3. Carbon coating of 10 nm thickness is then applied.

 Transmission Electron Microscopy and Pathological Minerals

 Imaging

Like SEMs, transmission electron microscopes use a number of lenses and aper-
tures to produce a uniform electron beam. The transmitted beam is captured by a 
camera system, with darker areas corresponding to denser regions in the sample 
while areas with higher transmission signal appearing brighter (Fig. 10.5a).
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TEMs are based on the transmission of the beam through the sample, and there-
fore a sample thickness of 100 nm or lower is required [18]. Focused ion beam cut-
ting and resin embedding followed by ultramicrotome cutting may be used for 
cutting the sample to the adequate thickness.

TEM microscopes can also be used for more precise EDS analysis. This is pos-
sible because of the higher voltages and thinner samples used, resulting in more 
accurate data on chemical composition at much higher resolution. TEMs also allow 
for capturing diffraction patterns (selected area electron diffraction (SAED) 
(Fig. 10.5), which provide information on the crystallinity and phase of the materi-
als present.

In brief, the diffraction pattern appears as spots (Fig. 10.5a_1) in highly crystal-
line or at least partly crystalline samples, whereas for polycrystalline and amor-
phous materials, sharp or broader rings form, respectively (Fig.  10.5a_2) [19] . 
Further analysis of the distances and angles between the spots or rings in the SAED 
pattern provides information on lattice distances and chemical phases of the 
material.

TEM microscopy is frequently used in biology to study the ultrastructure of bio-
logical samples, owing to its high resolution. It has allowed for visualisation of cell 
organelles and also for protein localisation through immunogold labelling [20]. 
Immunogold labelling is a technique that allows for the staining of proteins similar 
to immunofluorescence, but with the proteins being tagged with gold nanoparticles 
rather than florescence markers. The use of gold nanoparticles enables TEM 

a 1
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2

Fig. 10.5 TEM micrograph showing minerals (darker areas marked with rectangles) observed in 
cardiovascular soft tissue (light grey area) along with their electron diffraction patterns. (a) TEM 
micrograph of a cardiovascular sample, where calcified particles marked by 1 are denser and dif-
fract as a single crystal, based on their electron diffraction pattern. Larger calcification marked by 
2 appears less dense and has an amorphous structure. Scale bar = 2 μm
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imaging of the samples, ultimately allowing for high-resolution images to be 
obtained with the exact location of proteins within cells and tissues visualised [21].

TEM imaging has also proven to be particularly useful in the understanding of 
the formation mechanisms of biological minerals, as TEM imaging enables the 
localisation of minerals in relation to cells, cell organelles and extracellular matrix. 
As previously mentioned, EDS and SAED tools can provide information on the 
chemical composition, phase and crystallinity of the minerals present. This infor-
mation is also valuable in the identification of the mineralization processes taking 
place as differences in the phase and crystallinity can hint that different mechanisms 
are responsible for the presence of minerals. SAED has been employed in the study 
of pathological minerals and has indeed given insights on the origins of the minerals 
present [9, 10]. In the case of cardiovascular calcification, SAED confirmed that the 
three different minerals identified by SEM [9] are of different chemical phases and 
crystallinity, further supporting the proposition that a combination of distinct min-
eralization mechanisms is taking place.

 TEM Sample Preparation of Biological Material

Other than dehydration, a number of other steps are required for TEM images of 
good quality to be acquired from biological samples. TEM imaging relies on den-
sity differences in the sample; thus, contrast agents must be employed to add density 
variations in biological tissues, which are mainly made of carbon.

Contrast agents that stain specific parts of the sample must be used, such as 
osmium tetroxide [22], lead citrate [23] and uranyl acetate [24]. Osmium tetroxide 
attaches to lipids, resulting in cell membrane staining (Fig. 10.6a). It may be used 

a b

Fig. 10.6 TEM micrographs of resin-embedded samples with added contrast agents. (a) Cross 
section of epoxy resin-embedded Hela cell with osmium tetroxide staining; the double membrane 
of the nucleus is visible (arrows). (b) Cross section of epoxy resin-embedded Hela cell with uranyl 
acetate staining; although the nucleus is still visible, the double membrane and membranes of 
intracellular organelles are not seen (arrows). Scale bars = 1 μm
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prior to sample dehydration as a contrast agent and also used as a fixative, because 
it stabilises proteins when attached to them.

En bloc osmium tetroxide staining

 1. The sample must be immersed either in a solution of 1% osmium tetroxide in a 
0.2 M cacodylate buffer or 1% aqueous osmium tetroxide, for up to 1.5 hours at 
room temperature.

 2. The sample should then be washed using distilled water, three times for 5 min-
utes each prior to dehydration (see section “SEM Sample Preparation of 
Biological Material”) and resin embedding.

In addition to osmium tetroxide, uranyl acetate can also be used. The latter stains 
proteins due to its ability to react with phosphate and amino groups (Fig. 10.6b), but 
this stain is not useful if only membranes are to be visualised (Fig. 10.6b). Uranyl 
acetate can be applied after osmium tetroxide staining (en bloc) and, most widely, 
after resin embedding and sectioning.

En bloc uranyl acetate staining

 1. Immerse the sample in 2% uranyl acetate aqueous solution for 2 hours at room 
temperature.

 2. Following the previous step, the sample should be washed using distilled water, 
for three times of 5 minutes each.

Post-resin embedding uranyl acetate staining

 1. Ultra-thin sections of the sample must be obtained through ultramicrotomy.
 2. The sections must then be placed on TEM carbon grids and left to dry.
 3. Once dried, grids must be placed on a drop of aqueous uranyl acetate at a con-

centration between 2% and 5%, for a few minutes.
 4. The grids must then be washed with distilled water and left to air-dry for a few 

minutes prior to imaging.

Lead citrate may be employed to enhance a previous staining with either osmium 
tetroxide or uranyl acetate for its ability to react with both. This chemical is, how-
ever, difficult to handle, due to its very fast precipitation when in contact with air 
or water.

Other than contrast, TEM imaging requires samples of a thickness less than 
100 nm. For such thickness to be achieved, samples may be resin-embedded and 
sectioned either using a ultramicrotome or a focused ion beam (FIB) [25]. For bio-
logical samples, resin embedding followed by ultramicrotome sectioning is pre-
ferred. Resin embedding is faster than FIB, and the contrasting steps allow for 
visualisation of cell organelles and other biological structures when TEM imaged. 
These sections can also be SEM imaged in cases where TEM analysis is not neces-
sary. Both osmium tetroxide (Fig. 10.7a)- and uranyl acetate (Fig. 10.7b)-stained 
samples produce strong contrast, which can be visualised using the BSE detector of 
the SEM, with denser materials appearing as white and less dense materials as black 
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(Fig. 10.7a, b). Finally, resin-embedded blocks may be FIB sectioned in cases where 
more targeted sectioning is needed. Employing a FIB equipped with a BSE detector 
in these cases also allows for simultaneous sectioning and imaging of the areas of 
interest, instead of the longer process of ultramicrotome cutting followed by TEM 
imaging.

When imaging mineralised tissues, FIB sectioning presents a few advantages 
over ultramicrotomy. Ultramicrotome sectioning is suitable for samples containing 
mineral measurable in nanometres, but in cases where the sample contains more 
substantial amounts of mineral, completely or partly demineralising the tissue prior 
to processing is recommended. In the study of pathological minerals, however, such 
solutions are not ideal as the mineral is of main interest. FIB sectioning can be a 
more suitable alternative because biological minerals are denser than the organic 
matrix around them, and therefore both are easy to distinguish on TEM, even with-
out contrast agents. For the study of pathological calcification, FIB also allows min-
eral structures to be sectioned with minimal damage (Fig. 10.8a). In cases where 
ultramicrotomy is used, the minerals are usually fractured (Fig. 10.8b) or pushed 
out of their original location, ultimately causing damage to the surrounding mate-
rial. Finally, FIB enables more targeted sectioning because it allows for large sam-
ples being imaged by either the electron or ion beam prior to sectioning. Thus, the 
region to be sectioned can be chosen with higher spatial accuracy.

The most commonly used resins for biological sample infiltration and sectioning 
are epoxy, low acryl and white resins. Epoxy resin is mostly used in cases where 
only the visualisation of samples is required, whereas low acryl and white resins are 
more suitable for immunogold labelling, as they are hydrophilic resins that preserve 
the antigenicity of samples.

a b

Fig. 10.7 SEM micrographs of resin-embedded sections stained with osmium tetroxide or uranyl 
acetate. (a) Osmium-stained and resin-embedded Hela cell, sectioned and imaged on FIB-SEM; 
the double membrane of the nucleus is visible (red arrow), as well as membranes of intracellular 
organelles (green arrows). Scale bar = 500 nm. (b) Uranyl acetate-stained and resin-embedded 
Hela cell, sectioned and imaged on FIB-SEM, with stained parts appearing as white (arrows). 
Scale bar = 300 nm
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Resin embedding protocol

 1. Epoxy resin embedding protocol: Biological tissues should be fixed for at least 
24 hours in 4% formaldehyde at 4 °C prior to any other processing. Samples 
should be cut in small pieces of about 2 millimetres for better infiltration.

 2. The sample should then be washed using distilled water for three times of 5 min-
utes each.

 3. Contrasting may be performed using either osmium tetroxide or uranyl acetate.
 4. The sample should be dehydrated using increased concentrations of the dehy-

drating agent (20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%) for 10 minute 
changes, followed by three changes of pure dehydrating agent, for 10  min-
utes each.

 5. Following dehydration, the sample should be immersed in resin solutions (with 
the dehydrating agent as solvent) of 25%, 33% and 50% for 3 hour intervals and 
left overnight in 66% resin.

 6. On the second day, it should be immersed in pure resin three times, for 2/3 hour 
intervals followed by an overnight infiltration.

 7. Finally, the resin should be changed again, and the sample should be placed in 
the oven for 24–48 hours at 60 °C for the resin to polymerise.

 8. Once the resin infiltration and curing are completed, thin sections may be cut 
using an ultramicrotome.

 9. The sections can then be retrieved using metal grids, which should be left to dry 
prior to TEM imaging.

The time intervals suggested can differ across resin types. However, in most 
cases, sample size should determine infiltration times. Thus, it is recommended that 
whenever the sample is a tissue, it should be cut into small pieces to allow easier 
infiltration at a shorter time span. Additionally, different resins might require differ-
ent polymerisation times and temperatures. Epoxy or white resins, for instance, 

a b

Fig. 10.8 TEM microscopy of cardiovascular tissue containing minerals. (a) FIB-sectioned sam-
ple where the minerals (arrows) are intact. Scale bar = 200 nm. (b) Resin-embedded sample sec-
tioned by ultramicrotome. The mineral in the sample is visibly damaged (arrows) and cracks can 
be seen. Scale bar = 1 μm
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require that the sample should stay in the oven for 24–48 hours at 60 °C, while low 
acryl resin requires much lower temperatures of −35 °C and an ultraviolet source 
for polymerisation to take place.

Focused ion beam cutting protocol

 1. The sample must be secured on an aluminum stub, coated and silver painted 
carefully. Poor sample preparation might allow for sample movement or a 
charging effect, which might result in inaccurate FIB cutting.

 2. The area of interest may be identified through the imaging of the whole sample 
using the electron or ion beam.

 3. A platinum layer must then be deposited on top of the area of interest (Fig. 10.9a) 
to enhance the milling process and provide protection.

 4. Following the previous step, very low currents (93 pA–2.8 nA) must be used for 
gallium milling. The material in front and behind the sample must be milled 
first, followed by the area on the right-hand side and the area immediately 

a

c

b

d

Fig. 10.9 FIB micro machining sequence. (a) A platinum layer must be deposited for protection 
of the target area (red arrow) before the gallium ion beam is used for milling (blue arrow). (b) The 
section is attached to the probe through platinum deposition (white arrow) and milled to be released 
from the sample (red arrows). Scale bar = 300 nm. (c) The section is transferred to the carbon grid 
(arrow) by the needle. Scale bar = 100 μm. (d) The section is then attached to the grid through 
platinum deposition (white arrow). Once the section is secured onto the grid (white arrow), its 
attachment to the probe is cut (red arrow). Scale bars = 10 μm
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below the area of interest (the lamella), to allow for easier detaching from the 
rest of the sample (Fig. 10.9a).

 5. The lamella is therefore shaped and thinned down to 100 nm.
 6. When the lamella is ready (Fig. 10.9b), the sample must be attached to a needle 

probe (Fig. 10.9b) through the deposition of platinum.
 7. The needle is then required to transfer the sample to the grid (Fig. 10.9c).
 8. The lamella is then attached to the grid through platinum deposition (Fig. 10.9d) 

and is released from the probe through gallium milling (Fig. 10.9d).
 9. Finally, the lamella should be cleaned and thinned down to about 50 nm.
 10. The sample can then be transferred to the TEM for imaging.

 Summary

Electron microscopy has been applied to biological research for several years, pro-
viding fundamental information on biological structures and processes. Its applica-
tion to hard tissue research has also been proven useful, as it allows for good 
visualisation and characterization of minerals. Only rarely are such methods applied 
in the study of pathological minerals, however, as most studies focus on the organic 
component of diseases rather than the minerals, mainly due to challenges in han-
dling and specific expertise required.

This chapter provides basic insights into sample preparation methods for suc-
cessful visualisation, imaging and characterization of pathological minerals using 
electron microscopy. Such knowledge will hopefully lead to more mineral-driven 
research in the pathological mineralization field and ultimately allow for medicine, 
biology and material science to be combined in order to achieve a better understand-
ing of calcific diseases.

References

 1. Amelinckx S, Wiley I, Synergy, Wiley Online L. Electron microscopy: principles and funda-
mentals /edited by S. Amelinckx [and others]. Weinheim: VCH; 1997.

 2. Janssens K. Electron microscopy. In:  Modern methods for analysing archaeological and his-
torical glass, Volume I, vol. 1. United Kingdom: Wiley; 2013. p. 129–54.

 3. Thomas JM, Ducati C. Transmission electron microscopy. In:  Characterization of solid mate-
rials and heterogeneous catalysts: from structure to surface reactivity, Volume 1&2, vol. 2. 
Weinheim: Wiley-VCH; 2012. p. 655–701.

 4. Vladár AE, Postek MT, Ming B. On the sub-nanometer resolution of scanning electron and 
helium ion microscopes. Microscopy Today. 2018;17(2):6–13.

 5. Bogner A, Jouneau PH, Thollet G, Basset D, Gauthier C.  A history of scanning electron 
microscopy developments: towards “wet-STEM” imaging. Micron. 2007;38(4):390–401.

 6. Heintzmann R, Ficz G. Breaking the resolution limit in light microscopy. Brief Funct Genomic 
Proteomic. 2006;5(4):289–301.

10 Electron Microscopy for the Characterization of Soft Tissue Mineralization



234

 7. Ke X, Bittencourt C, Van Tendeloo G.  Possibilities and limitations of advanced trans-
mission electron microscopy for carbon-based nanomaterials. Beilstein J Nanotechnol. 
2015;6:1541–57.

 8. Shah FA, Ruscsák K, Palmquist A. 50 years of scanning electron microscopy of bone—a com-
prehensive overview of the important discoveries made and insights gained into bone material 
properties in health, disease, and taphonomy. Bone Research. 2019;7(1):15.

 9. Bertazzo S, Gentleman E, Cloyd KL, Chester AH, Yacoub MH, Stevens MM. Nano-analytical 
electron microscopy reveals fundamental insights into human cardiovascular tissue calcifica-
tion. Nat Mater. 2013;12(6):576–83.

 10. Tan ACS, Pilgrim MG, Fearn S, Bertazzo S, Tsolaki E, Morrell AP, et al. Calcified nodules in 
retinal drusen are associated with disease progression in age-related macular degeneration. Sci 
Trans Med. 2018;10(466).

 11. Polkowska A, Warmuzek M, Kalarus J, Polkowski W, Sobczak N. A comparison of various 
imaging modes in scanning electron microscopy during evaluation of selected Si/refrac-
tory sessile drop couples after wettability tests at ultra-high temperature. Prace Instytutu 
Odlewnictwa (transactions of Foundry Research Institute). 2017;57(4):337–55.

 12. Joy DC, Joy CS. Low voltage scanning electron microscopy. Micron. 1996;27(3–4):247–63.
 13. Hutcheson JD, Goettsch C, Bertazzo S, Maldonado N, Ruiz JL, Goh W, et al. Genesis and 

growth of extracellular-vesicle-derived microcalcification in atherosclerotic plaques. Nat 
Mater. 2016;15:335.

 14. Bazin D, Jouanneau C, Bertazzo S, Sandt C, Dessombz A, Réfrégiers M, et al. Combining field 
effect scanning electron microscopy, deep UV fluorescence, Raman, classical and synchrotron 
radiation Fourier transform Infra-Red Spectroscopy in the study of crystal-containing kidney 
biopsies. C R Chim. 2016;19(11–12):1439–50.

 15. Bray D. Critical point drying of biological specimens for scanning electron microscopy. In: 
Williams JR, Clifford AA, editors. Supercritical fluid methods and protocols. Totowa: Humana 
Press; 2000. p. 235–43.

 16. Braet F, De Zanger R, Wisse E. Drying cells for SEM, AFM and TEM by hexamethyldisila-
zane: a study on hepatic endothelial cells. J Microsc. 2003;186(1):84–7.

 17. Braet F, de Zanger R, Wisse E. Drying cells for SEM, AFM and TEM by hexamethyldisila-
zane: a study on hepatic endothelial cells. J Microsc-Oxf. 1997;186:84–7.

 18. Ayache J, Beaunier L, Boumendil J, Ehret G, Laub D. Sample preparation handbook for trans-
mission electron microscopy. New York: Springer; 2010.

 19. Andrews KW, Dyson DJ, Keown SR. Interpretation of electron diffraction patterns. Boston: 
Springer; 1967.

 20. Hayat MA.  Immunogold-silver staining: principles, methods and applications. USA: CRC 
Press Inc; 1995.

 21. Jones JC.  Pre- and post-embedding immunogold labeling of tissue sections. Methods Mol 
Biol. 2016;1474:291–307.

 22. Thiery G, Bernier J, Bergeron M. A simple technique for staining of cell membranes with 
imidazole and osmium tetroxide. J Histochem Cytochem. 1995;43(10):1079–84.

 23. Venable JH, Coggeshall R. A simplified lead citrate stain for use in electron microscopy. J Cell 
Biol. 1965;25(2):407–8.

 24. Glauert AM, Lewis PR. Biological specimen preparation for transmission electron micros-
copy. Princeton University Press; 1998.

 25. Kizilyaprak C, Daraspe J, Humbel BM. Focused ion beam scanning electron microscopy in 
biology. J Microsc. 2014;254(3):109–14.

E. Tsolaki and S. Bertazzo



235© Springer Nature Switzerland AG 2020
E. Aikawa, J. D. Hutcheson (eds.), Cardiovascular Calcification and Bone 
Mineralization, Contemporary Cardiology, 
https://doi.org/10.1007/978-3-030-46725-8_11

Chapter 11
Cardiovascular Calcification 
in Hutchinson-Gilford Progeria 
and Correlation with Age-Related 
Degenerative Calcification

Richard N. Mitchell

Abbreviations

EC Endothelial cells
eNOS Endothelial nitric oxide synthase
eNTPD1 Ectonucleoside triphosphate diphosphohydrolase-1
FACE-1 Farnesylated protein converting enzyme-1
HGPS Hutchinson-Gilford progeria syndrome
KLF2 Krüppel-like factor 2
PPi Inorganic pyrophosphate
ROS Reactive oxygen species
TNAP Tissue non-specific alkaline phosphatase
VSMC Vascular smooth muscle cells
ZMPSTE24 Zinc metalloproteinase STE24

 Hutchinson-Gilford Progeria Syndrome (HGPS)

The gross manifestations of Hutchinson-Gilford progeria syndrome (HGPS) were 
recognized as early as 1754 in an Englishman man who died at age 17. The entity 
was initially described clinically in 1886 by Jonathan Hutchinson [1], with a subse-
quent case reported in 1897 by Hastings Gilford [2]; in 1904, Gilford christened the 
disease “progeria” (literally “before old age”) [3]. HGPS is categorized as a prema-
ture aging (progeroid) syndrome; it occurs in roughly one in 20 million live births; 
there are approximately 400–500 cases described in the worldwide literature. 
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Affected individuals are initially healthy and asymptomatic, but at 18–24 months 
diverge from normal growth curves (“failure to thrive”), eventually exhibiting a 
characteristic phenotype comprising scleroderma-like skin, alopecia, osteopenia, 
skeletal dysplasias (including micrognathia and a “bird-beak” nose), joint contrac-
tures, and decreased subcutaneous tissue (lipodystrophy) [4]. In addition to cardiac 
conduction defects, individuals with HGPS most importantly develop markedly 
accelerated cardiovascular disease with vascular stiffening, valvular and vascular 
calcification, and severe atherosclerosis; patients characteristically die of myocar-
dial infarction or stroke at 14–15 years of age. Because many of the features of 
HGPS phenocopy the changes associated with normal human senescence, it has 
been proposed as a model for physiologic aging (see final section). The implicit 
assumption is that therapy which can ameliorate the premature aging of progeria 
can potentially mitigate more typical physiologic senescence.

 Mechanisms Underlying Non-HGPS Progeroid Syndromes

HGPS is actually just one of the more well-known of several progeroid (“resem-
bling normal aging”) syndromes, each with somewhat distinct mechanisms and dif-
ferent manifestations [5].

Virtually all of the premature aging diseases are monogenic—attributable to 
mutations in a single gene. Several are associated with primary defects in DNA 
repair, often (although not uniformly) accompanied by heightened mutation rates 
and cancer incidence. Progeroid DNA repair disorders include (1) mutations in vari-
ous RecQ helicases responsible for unwinding DNA during replication and repair 
(e.g., Werner syndrome, Bloom syndrome, and Rothmund-Thompson syndrome) 
and (2) mutations in a number of the proteins involved in nucleotide excision DNA 
repair (e.g., Cockayne syndrome and xeroderma pigmentosum). Mutations in the 
gene for the extracellular matrix protein fibrillin have also been linked to the 
Marfan- progeroid-lipodystrophy syndrome with individuals exhibiting a progeroid 
appearance at birth [6]. Interestingly, although all of these entities are associated 
with variably shortened lifespans, many patients with DNA repair defects can live 
into adulthood, and morbidity and mortality are not always attributable to cardio-
vascular causes.

Another pathway implicated in accelerated aging involves klotho, a transmem-
brane β-glucuronidase that acts as a co-receptor for the binding of various fibroblast 
growth factors; it is also an endogenous regulator of mitochondrial function and 
antioxidant production (reviewed in [7]). Klotho levels decrease with aging; in 
murine models, klotho deficiency leads to premature senescence while promoting 
vascular calcification. Of note, no genetic klotho deficiency disorders have been 
described in humans, although klotho polymorphisms have been linked to heteroge-
neities in aging phenotype onset and severity [8]. In cell cultures and in mouse 
models, reduced levels of Klotho upregulate Runx2, a central transcription factor 
control node for osteogenic differentiation; concurrently, klotho deficiency leads to 
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increased levels of tissue non-specific alkaline phosphatase (TNAP) which catabo-
lizes inorganic pyrophosphate, an endogenous inhibitor of calcification. In general, 
oxidative stress and reactive oxygen species (ROS) feature broadly in any disorder 
that involves vascular and valvular calcification. Thus, the expression levels of sev-
eral bone morphogenic proteins, as well as Runx2, are all upregulated by various 
ROS (reviewed in [7]).

 Mechanisms Underlying HGPS Syndrome

This section will focus specifically on HGPS, one of the dozen so-called laminopa-
thies caused by abnormal abundance or aberrant post-translational processing of 
lamin A [9].

Lamins are intermediate filaments associated with the inner nuclear membrane 
of the nuclear envelope; they provide nuclear structural integrity with additional 
roles in regulating nuclear shape, chromatin architecture, signal transduction, and 
gene transcription [10]. Divided into homologous A- and B-type proteins, both lam-
ins are expressed in most differentiated mammalian cells; they are subject to alter-
native splicing and also undergo significant post-translational modification [11].

In particular, lamin A and lamin C are alternatively spliced A-type lamins 
encoded by the LMNA gene; HGPS is specifically a disorder of abnormal lamin A 
processing. Mature lamin A is generated by progressive modification from a prela-
min A precursor (Fig.  11.1) [12]. After farnesylation, the C-terminal serine- 
isoleucine- methionine tripeptide is removed and replaced with a carboxymethyl 
residue. The farnesylation and carboxymethyl adduct leads to a more hydrophobic 
protein that intercalates into the lipid of the inner nuclear membrane. The carboxy-
methyl and farnesyl modifications form the substrate for zinc metalloproteinase 
STE24 (ZMPSTE24, also known as farnesylated protein converting enzyme-1, or 
FACE-1) to cleave the terminal 15 amino acids and release the mature lamin A mol-
ecule; this protein can then interact with a variety of nuclear membrane proteins to 
organize nuclear architecture and regulate gene activity. Importantly, if the farnesyl 
group is not ultimately removed, persistent membrane integration will lead to a 
distorted and dysfunctional nuclear architecture (see below).

HGPS typically occurs as a consequence of a de novo synonymous c.1824C>T 
mutation in the 11th exon of LMNA (Fig.  11.1). Although the C>T transition 
(GGC>GGT) codes for glycine in both cases (G608G), it also generates a new 
splice site in exon 11, ultimately leading to the deletion of 150 nucleotides that 
code for 50 amino acids, including the ZMPSTE24 cleavage site. Thus, the mutant 
farnesylated protein—called progerin—cannot be catabolized by FACE-1 and 
remains permanently attached to the nuclear membrane. As would be expected, 
mutations that affect the activity of ZMPSTE24 can also lead to persistent prela-
min A association with the nuclear membrane and also cause a syndrome analo-
gous to HGPS [13].
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The persistent nuclear membrane association of progerin leads to a host of intra-
cellular defects, histologically reflected by distorted and irregular nuclear profiles 
(Fig. 11.1; reviewed in [14, 15]). Nuclear rigidity and distortion presumably lead to 
grossly abnormal chromatin architecture, with subsequent defective chromatin 
remodeling and ineffective access of transcriptional machinery to persistently con-
densed genomic DNA. DNA damage will result from mechanical strand breakage, 
and telomere shortening and genomic instability are predictable consequences. The 
distorted chromatin organization will, in turn, be reflected in aberrant gene tran-
scription and intracellular signaling. It is likely that the nuclear membrane distortion 
will also lead to defective mechanosensing through altered nuclear-cytoskeletal 
interactions, which are expected to be especially important for normal vascular 
function [16, 17]. The dysregulated chromatin architecture will likely also lead to 
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Fig. 11.1 Normal (left side) and classical mutant HGPS (right side) prelamin A processing and 
effects on cellular physiology. Wild type prelamin A is initially farnesylated at a cysteine residue 
near the C-terminus, followed by removal of the terminal serine-isoleucine-methionine tripeptide 
and then carboxymethylation; the fanesylation and carboxymethylation allow the precursor mole-
cule to integrate into the inner nuclear membrane. This protein is then cleaved by zinc metallopro-
teinase STE24 (ZMPSTE24) to form the mature lamin A protein, which is no longer intercalated 
into the nuclear membrane, but does interact with a variety of nuclear envelope proteins to main-
tain normal nuclear shape and chromatin architecture. In the case of the HGPS prelamin A, a de 
novo synonymous mutation replaces the cytosine with a thymidine at position 1824 in the 11th 
exon; although this theoretically results in a conserved codon for glycine at position 608, the C>T 
transition generates an alternative splice site that removes 150 nucleotides from exon 11, resulting 
in the deletion of 50 amino acids including the cleavage site for ZMPSTE24. Subsequent farnesyl-
ation and carboxymethylation produces the progerin protein that remains associated with the inner 
nuclear membrane and leads to nuclear distortion with alterations in chromatin architecture, intra-
cellular signaling, and mechanotransduction, ultimately leading to genomic instability and prema-
ture senescence. Note that low levels of progerin are synthesized ‘normally’ in aged cells and can 
be induced by oxidative stress and telomere shortening
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dysfunctional mitoses and possible replication-associated catastrophe. Finally, the 
requirement for augmented DNA repair will engender excess mitochondrial 
demands with an additional component of oxidative stress.

Interestingly, although a number of murine models of progeria have been devel-
oped, they do not entirely recapitulate the disease phenotype in humans with com-
plete fidelity (reviewed in [18]; (Table 11.1). Some of this is undoubtedly due to 
differences in cross-species protein interactions (human progerin may associate dif-
ferently with nuclear membrane proteins than the mouse homologue), as well as the 
relative role of lamins A and C in murine nuclear architecture. Nevertheless, there 
are enough overlaps in the clinical course to assert that the basic theory regarding 
aberrant nuclear structure-function is likely correct. Moreover, the mouse models 

Table 11.1 Murine models of HGPS

Model Protein expression
Vascular 
changesa

Cardiac 
arrhythmia

Premature 
agingb

LMNAHG/+

Heterozygous knock-in 
of mutant human LMNA 
coding for progerin

Combined human 
progerin and normal 
murine lamin A/C 
expression

No Not 
reported

Yes
4–8 month 
lifespan

LMNAHG/HG

Homozygous knock-in of 
mutant human LMNA 
coding for progerin

Exclusive human 
progerin expression

Not reported Not 
reported

Yes
3–4 week 
lifespan

BAC G608G transgene
Bacterial artificial 
chromosome containing 
human LMNA with 
c.1824C>T transition

Combined human 
progerin and normal 
murine lamin A/C 
expression

Yes No No

LMNAG609G/+

Heterozygous knock-in 
of mutant murine LMNA

Combined murine 
progerin and normal 
murine lamin A/C 
expression

Yes Not 
reported

Yes
~32-week 
lifespan

LMNAG609G/G609G

Homozygous knock-in of 
mutant murine LMNA

Murine progerin and 
lamin C, with residual 
lamin A expression

Yes Yes Yes
~ 15-week 
lifespan

Apoe-/- LMNAG609G/G609G

Homozygous knock-in of 
mutant murine LMNA in 
a mouse with congenital 
apoE deficiencyc

Murine progerin and 
lamin C, with residual 
lamin A expression 
with absent 
apolipoprotein E

Yes, including 
atherosclerosis

Yes Yes
~18-week 
lifespan

Zmpste24-/-

Homozygous knock-out 
of ZMPSTE24

Murine prelamin A and 
lamin C

Yes Yes Yes
5–7 month 
lifespan

Adapted from [18]
aIncludes calcification and VSMC loss; atherosclerosis is NOT seen unless noted
bIncludes failure to thrive, stunting, alopecia, osteoporosis, loss of subcutaneous fat; normal wild- 
type life-span >2 years
cHamczyk et al. [35]
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can be exploited to study disease pathogenesis, as well as the efficacy of various 
therapeutic interventions.

Given the specific molecular processes underlying the biochemical changes in 
HGPS, a number of therapeutic interventions have been investigated. In particular, 
farnesyl transferase inhibitors (e.g., lonafarnib) have proved effective in single-arm 
clinical trials [19]. There is also augmented benefit to HGPS patients from the addi-
tion of statins (blocking upstream HMG-CoA reductase) and bisphosphonates 
(blocking farnesyl diphosphate synthase) introducing two additional inhibitors to 
the prelamin farnesylation pathway [20].

 Mechanisms for Vascular Pathology in HGPS

Both endothelium and smooth muscle cells are impacted by progerin effects on 
nuclear transcription.

Endothelial pathology in HGPS Although less well investigated, endothelial 
cells (EC) with lamin A mutations exhibited accelerated senescence in vitro and a 
proinflammatory/atherogenic program of EC activation with sustained expression 
of leukocyte adhesion molecules (vascular cell adhesion molecule-1 and E-selectin), 
proinflammatory cytokines (interleukin-8 and monocyte chemoattractant pro-
tein-1), and prothrombotic genes (plasminogen activator inhibitor-1), with reduced 
expression of endothelial nitric oxide synthase (eNOS) and downregulation of 
Krüppel- like factor 2 (KLF2; a zinc finger transcription factor important in main-
taining normal endothelial function at sites of laminar flow) [21–23]. Moreover, 
conditioned media from HGPS EC induced similar dysfunction in normal endothe-
lium [23] suggesting that soluble mediators and/or extracellular vesicles may be 
involved [24, 25].

Vascular smooth muscle cell pathology in HGPS Vascular smooth muscle cell 
(VSMC) attrition, with increased proteoglycan matrix expression, occurs in murine 
progeria models as well as in HGPS patients [26, 27]. This VSMC loss may be 
attributable to error-prone DNA repair mechanisms including non-homologous end 
joining of double-stranded DNA breaks, leading to increased cell death through 
caspase-independent mechanisms (e.g., mitotic catastrophe) [28]. Loss of VSMC 
and increased matrix synthesis will ultimately engender stiffer, less compliant ves-
sels; loss of normal endothelial function (e.g., with diminished eNOS production) 
will also lead to increased vascular tone; systemically, this can promote the hyper-
tensive changes seen in progeria.

Cardiovascular calcification in HGPS An increased propensity to calcification 
underlies many of the vascular and valvular pathologies associated with HGPS 
(reviewed in [12]); these likely involve an increased production by VSMC of factors 
that drive osteogenic differentiation, as well as the loss of extracellular inorganic 
pyrophosphate (PPi), a major inhibitor of calcification [29] (Fig. 11.2).
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PPi synthesis is reduced when mitochondrial dysfunction results in diminished 
ATP synthesis (the main source of PPi); this occurs in progeroid syndromes pre-
sumably through increased oxidative stress and defective mitochondrial turnover. 
In addition, knock-in mice carrying the mutant LmnaG609G/+ construct exhibited 
concurrent upregulation of enzymes that catabolize ATP (ectonucleoside triphos-
phate diphosphohydrolase- 1; eNTPD-1) or PPi, including tissue non-specific alka-
line phosphatase (TNAP) [30]; exogenous PPi reduced vascular calcification in 
this model.

On the flip side of the equation (reviewed in [12]), DNA damage (associated with 
cellular senescence) and oxidative stress conspire to reduce ZMPSTE24 expression 
in VSMC, resulting in increased prelamin A levels. In turn, accumulating prelamin 
A drives endogenous damage repair mechanisms and a senescent VSMC secretory 
phenotype [31]. As a result, VSMC produce increasing levels of osteogenic regula-
tors such as osteocalcin and osteopontin, and the transcription factor Runx2, in 
addition to mediators that promote calcification, including interleukin 6, bone mor-
phogenic protein 2, and osteoprotogerin (Fig. 11.2).

eNTPD1

Mitochondrial dysfunction Vascular smooth muscle cell

Mitochondria

Reduced ATP
synthesis

ATP

Nucleus

Inhibits
calcification

Nuclear
membrane
proteins

Progerin

Osteogenic regulators and
transcription factors

• osteopontin

• osteoprotegerin

• osteocalcin

• runx2

• interleukin 6
• bone morphogenic protein 2

Secretion of: Osteogenic
differentiation
and calcification

eNPP1

PPi

Pi

TNAP

Fig. 11.2 Mechanisms of calcification in wild type and HGPS vascular smooth muscle cells. 
Nuclear distortion and instability lead to oxidative stress and mitochondrial dysfunction, which 
will result in reduced ATP production and ultimately diminished inorganic pyrophosphate (PPi) 
synthesis. Since extracellular PPi is a major inhibitor of calcification, mechanisms that reduce its 
synthesis or increase its degradation lead to greater matrix calcification. Thus, increased produc-
tion by HGPS cells of tissue non-specific alkaline phosphatase (TNAP) and ectonucleoside tri-
phosphate diphosphohydrolase-1(eNTPD1) reduces the functional levels of PPi. At the same time, 
HGPS vascular smooth muscle cells are also synthesizing osteogenic transcription factors, such as 
runx2, as well as a host of osteogenic regulatory proteins that are associated with a senescent secre-
tory VSMC phenotype. The net result is markedly increased propensity for matrix calcification. 
eNPP1: ectonucleotide pyrophosphatase/phosphodiesterase 1, an enzyme that breaks down extra-
cellular ATP to generate PPi
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Although valvular calcification (most commonly in the aortic valve) has been 
reported in HGPS patients [32], nothing is known about the underlying mechanisms 
and whether the pathways involved might actually mirror typical valvular senescent 
calcification. Presumably, the same pathways described for VSMC also impact the 
propensity for calcification in valvular interstitial cells, but this has not been for-
mally evaluated. Although there is an understandable paucity of human HGPS val-
vular specimens to analyze, the various murine models provide excellent 
opportunities to explore altered calcification in other sites. Indeed, to date, valvular 
degenerative pathologies have not even been reported in any of the mouse progeria 
systems.

Atherosclerosis in HGPS Severe atherosclerotic disease is a common feature in 
HGPS; indeed, as noted previously, the most common cause of death in affected 
patients is myocardial infarction or cerebrovascular accident. This predilection for 
early and severe atherosclerosis is not attributable to changes in circulating choles-
terol levels or general inflammatory state of affected individuals [33], although EC 
dysfunction will likely lead to greater inflammatory cell recruitment at sites of vas-
cular injury [22, 23]. Given that atherosclerosis also characteristically occurs at sites 
of low or turbulent shear stress (i.e., at branch points or sites of vascular curvature), 
and that EC KLF2 is down regulated in progeria, it also seems likely that defective 
mechanosensing in the vasculature will be a contributory factor [34]. The athero-
sclerotic plaques in HGPS closely resemble more typical age-related atherosclero-
sis although there increased adventitial fibrosis has been described; it is noteworthy 
that progerin is expressed in a significant fraction of all the cells (EC, intima, media, 
and adventitia) in these plaques [26].

Interestingly, most progeroid murine models exhibit vascular stiffening—likely 
as a consequence of VSMC loss and increased extracellular matrix synthesis—but 
atherosclerosis is not a feature in animals with progerin-only mutations (Table 11.1). 
This is likely due to the fact that mice are relatively resistant to atherosclerosis 
development, attributable to species differences in cholesterol and lipid metabolism. 
Nevertheless, expression of murine progerin on a background of congenital apopro-
tein E deficiency (ApoE−/−) led to the development of accelerated atherosclerosis, as 
well as atherosclerosis-related mortality [35]. VSMC-specific progerin expression 
alone yielded a severe atherosclerotic phenotype (and a shortened lifespan) on the 
ApoE-deficient background, whereas progerin expression in the macrophage cell 
lineage alone did not.

 Relation of HGPS to “Normal” Aging

Physiologic aging is fundamentally the consequence of genomic instability, telomere 
loss, epigenetic changes, and abnormal protein turnover [36]. The tissues in HGPS 
patients exhibit many of these molecular, biochemical, and cellular signatures. 
Consequently, the causal intracellular accumulation of progerin in HGPS patients is 
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promoted as an important window on the mechanisms that underlie physiologic 
senescence (reviewed in [18, 37]). Furthering the case that aging and progerin are 
mechanistically linked, oxidative stress and telomere shortening—associated with 
“normal” aging—also result in prelamin A synthesis [38] and progerin [39] expres-
sion in normal “aged” cells. Thus, there is at least a theoretical connection linking the 
aberrant nuclear membrane architecture associated with progerin to age-related 
pathologies such as cardiac fibrosis and diastolic dysfunction, vascular stiffening and 
hypertension, and atherosclerosis, stroke, and myocardial infarction. Presumably, the 
accelerated nature of the “physiologic” aging in HGPS results from the higher con-
stitutive levels of progerin in virtually all cells leading to severe ongoing dysfunction, 
versus the relatively sparse progerin-positive cells in normal age-related lesions. In 
this regard, it is noteworthy that progerin levels do increase with age, but only mar-
ginally so; progerin is detectable in <0.01% of fibroblasts in primary cultures from 
young donor skin biopsies, but only in the range of 0.3–0.8% of fibroblasts from 
aged donors [40]. Nevertheless, by the time cells reach replicative senescence, the 
fraction of progerin-positive cells reached almost 90%. In the final analysis, HGPS 
probably does represent a true model of accelerated aging [18, 37]; it remains to be 
seen whether the interventions developed to slow the progress of progeria will also 
prove effective in the more physiologic setting of “normal” human senescence.

 Conclusion

The fundamental pathogenesis underlying HGPS is well understood; moreover, the 
resulting biochemical abnormalities (e.g., persistent lamin farnesylation) are at least 
partially amenable to pharmacologic intervention. Thus, to the extent that the sec-
ondary manifestations of HGPS (lipodystrophy, alopecia, osteopenia, skeletal dys-
plasias, joint contractures, etc.) truly reflect accelerated “aging,” this incredibly rare 
entity has the potential to shine a very bright light on pathways that propel physio-
logic senescence. In particular, the endothelial and smooth muscle cell dysfunction 
in HGPS are almost certainly the proximate causes of the premature vascular (and 
valvular) calcification that occurs, as well as the accelerated atherosclerosis that rep-
resents the major cause of mortality in affected patients. Consequently, if accumulat-
ing progerin is indeed the driver for cardiovascular degenerative pathology (which is 
still an uncertain proposition), then the pharmacologic interventions developed to 
treat HGPS patients stand to provide major benefits for the entire (aging) population.
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Chapter 12
Calcinosis in Scleroderma

Sonia Nasreen Ahmad, Elena Gostjeva, Jianfei Ma, and Richard Stratton

 Introduction

Calcinosis cutis is characterized by the deposition of calcium into the skin and sub-
cutaneous tissues [1]. It has remained as one of the most elusive presentations of 
systemic sclerosis. A lack of information regarding its molecular pathology is one 
of the reasons that a definitive treatment for it has not yet been found. Calcinosis is 
found in various autoimmune connective tissue diseases, namely, systemic sclero-
sis, dermatomyositis, mixed connective tissue diseases, and sometimes systemic 
lupus erythematosus [2]. The calcinosis that occurs in systemic sclerosis is of a 
dystrophic nature, i.e., the calcification that occurs in the diseased tissues is in the 
presence of an abnormal calcium-phosphorus metabolism [3]. Repetitive trauma 
has clinically been found to be associated with calcinosis, most commonly in the 
hands and feet [4] and other pressure areas like elbows, knees, and ischial tuberosi-
ties. Around 40% of patients with limited cutaneous systemic sclerosis (lcSSc) have 
calcinosis [5], linked to a variety of complications like ulceration, recurrent infec-
tions, impaired mobility, and disfigurement.
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 Crystal Composition

Calcium hydroxyapatite has been identified as the major component of soft tissue 
calcinosis in scleroderma patients [6]. A study by Hsu, Emge, and Schlesinger ana-
lyzed the spontaneously draining material from calcinosis sites by using X-ray dif-
fraction. Their findings were similar to previous findings showing that hydroxyapatite 
was the only inorganic material; however, in most of the samples in the study, 
hydroxyapatite was found to be the minor component, and more than 50% was 
organic material [6]. Thus, the composition of the calcinosis in SSc resembles that 
of the bone and not of enamel, which is closer to the composition of calcinosis in 
dermatomyositis where the mineral-to-protein ratio is higher and the stiffness of the 
deposits is also elevated resembling enamel rather than the bone [6, 7]. Another 
study carried out by Lydon et al. looked into the structure and composition of calci-
nosis by using various analytical techniques, namely, micro-computed tomography, 
powder X-ray diffraction, electron microscopy, and infrared analyses. They found 
that hydroxyapatite with a carbonated component is made up of calcinotic deposits 
[8]. Vibrational spectroscopy, which uses both infrared and Raman spectroscopy, 
has been used for the accurate determination of molecular structures in analyzing 
calcinosis. The technique is highly selective and analyzes molecular properties on 
the basis of vibrations at molecular levels [9, 10]. In a study by Baldet et al. [11], 
X-ray diffraction, infrared spectroscopy, and differential thermal analysis revealed 
that the calcinosis in a lcSSc case consisted of type-B carbonate apatite.

 Pathophysiology of Calcinosis

The basic underlying mechanism of calcinosis is still a mystery. Clinical observa-
tions have evolved several hypotheses. Pressure points such as over the elbows, 
forearms, knees, and ischial tuberosities are frequently affected by calcinosis in 
addition to hands and feet [4]. As these pressure points are susceptible to trauma or 
mechanical stress, it can be concluded that these may be precipitating factors for 
calcinosis. Chronic inflammation and vascular hypoxia are also presumed to con-
tribute to the tissue damage, also potentially contributing to the evolution into dys-
trophic calcification [1].

The role of inflammation has been established to some extent in the pathophysi-
ology of calcinosis found in juvenile dermatomyositis, where the lesions may be 
extensive [12]. Here it has been found that IL-6, IL-1B, and tumor necrosis factor 
are present in the subcutaneous fluid-phase calcinosis (“milk of calcium”) of juve-
nile dermatomyositis patients. Also, a case-control study in Australia involving 90 
patients found that mannose-binding lectin (a receptor of the lectin pathway of com-
plement) levels were significantly elevated in SSc patients with calcinosis vs. SSc 
patients without calcinosis as well as in patients with digital ulcers and pitting 
scars [13].
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It has been noted in several studies that vascular hypoxia contributes to calcino-
sis. Firstly, the relation between digital ulceration and calcinosis has been observed 
in several studies [14] [15]. Secondly, a link between acro-osteolysis and calcinosis 
has been put forward (this is associated with severe digital ischemia) [16]. Thirdly, 
one study has found an association between the severity of microvascular disease, 
measured by nailfold capillaroscopy and calcinosis [17]. Fourth, it has been 
observed that there is an increase in the expression of advanced glycation/lipoper-
oxidation end products (AGEs), (a marker of oxidative stress which can occur due 
to ischemic reperfusion injury) in patients with calcinosis [18].

Recently studies have looked into the factors regulating tissue mineralization. 
Circulating inorganic pyrophosphate (PPi) was first identified as a key endogenous 
inhibitor of bone mineralization in the 1960s [19]. PPi acts as an inhibitor of min-
eralization by binding tightly to the surface of growing hydroxyapatite crystals, 
thus preventing them from serving as a nidus for mineralization and thus not allow-
ing crystal growth [19–21]. Ectopic calcification is usually associated with a defi-
ciency of one or more of these inhibitors. Although the association of plasma PPi 
levels and vascular calcification in advanced kidney disease patients has been stud-
ied [22–24], no such study has been carried out in autoimmune rheumatic diseases 
like SSc.

Circulatory levels of PPi are regulated by enzymes with nucleoside triphosphate 
pyrophosphohydrolase (NTPPPH) activity such as plasma ectonucleotide pyro-
phosphatase phosphodiesterase 1 (ENPP1) [25]. ENPP1 is an ectoenzyme and 
needs ATP to be present in the extracellular environment. One of the important ATP 
release pathways for PPi formation involves the ATP-binding cassette (ABC) sub-
family C member 6 (ABCC6), an efflux transporter predominantly found in hepato-
cytes [26, 27]. ABCC6-mediated hepatic ATP release accounts for about 60–70% of 
all PPi found in circulation [27]. Accumulation of PPi is prevented by its degrada-
tion by tissue-nonspecific alkaline phosphatase (TNAP) [28]. The endonucleotidase 
CD73 forms an additional step of regulation of PPi plasma levels by converting 
adenosine monophosphate into inorganic phosphate and adenosine which serves as 
a TNAP inhibitor [29]. Deficiencies in ABCC6, ENPP1, and CD73 proteins lead to 
reduced plasma PPi levels, thus promoting hydroxyapatite mineralization in the 
peripheral tissues. More studies are required to look into these regulators of bone 
mineralization in SSc patients with and without calcinosis.

Advancements have been made in the genetic study of SSc patients [29]. Genetic 
susceptibility markers have been found in the human leukocyte antigen (HLA) 
region and in non-HLA genes. In Korean SSc patients, subcutaneous calcinosis was 
found to be associated with the HLA-DRB1*04 allele [30]. Polymorphisms in the 
MMP3 gene were associated with calcinosis in patients with SSc, suggesting the 
role of matrix metalloproteinase in the extracellular matrix protein deposition in 
SSc [31].

Carboxylated matrix G1a (MGP), a vitamin K-dependent factor in the soft tis-
sues and circulation, is another inhibitor of calciphyllaxis. These levels are reduced 
in uremic patients with calciphyllaxis, and thus, inhibitory effects on the promoters 
of calciphyllaxis, such as bone morphogenetic proteins 2 and 4 (BMP2 and BMP4) 
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are lowered. In a similar way, carboxylated MGP in susceptible SSc patients may be 
affected by lowered vitamin K levels too [32].

In our own analyses, a novel histologic method has been used to examine con-
secutive 1-mm-thick sections of SSc skin as tissue spread, for the presence of cal-
cinotic lesions and for cell types relevant to the calcinosis (Fig. 12.1). These analyses 
show frequent osteoclast-like cells as well as potential osteoblasts in the region of 
the calcinotic microdepositis. Dysregulation of tissue-resident stem cells as osteo-
blast precursors and recruitment of monocytes as osteoclast precursors may be 
involved in setting up an osteogenic microenvironment.

 Clinical Presentation

SSc calcinosis may be a complete incidental finding or more usually present with 
considerable pain, recurrent ulceration, or repeated infections. Lesions can vary in 
size from being inconspicuous to large tumoral deposits. A study of 52 patients with 
calcinosis in Florence by Bartoli et al. grouped calcinosis into visible and palpable 
and then according to their shapes and consistency as found on palpation or imaging 
[33]. Visible and palpable were classified as mousse (soft, cream-like) and stone 

a b

c d

Fig. 12.1 Abnormal osteogenic cells within the scleroderma microenvironment. Shown by sclero-
derma skin tissue cells spread, Feulgen DNA staining of the nuclei, showing presence of bone 
regulatory cells (arrowed in “a,” “b,” and “c”) in microcalcified nodules in biopsies obtained from 
the involved forearm skin of systemic sclerosis (E. Gostjeva MIT). Various elements relevant to 
dysregulated bone metabolism were seen including calcinotic lesions (arrowed in “d”). Scale 
bars = 5 μm
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(single or multiple solid deposits) according to their macroscopic features; nonvis-
ible but palpable were stone, net (diffuse, thin network), and plate (large, uniform, 
flat). In the same study, they found that mousse calcinosis was associated with pul-
monary arterial hypertension and the stone variety with pulmonary involvement. 
Typical clinical features are shown in Fig. 12.2.

A case-control study [34] which included 167 hand radiographs of SSc patients 
matched with 168 hand radiographs of patients without SSc demonstrated that indi-
viduals with terminal tuft calcinosis had more digital ulcerations. A retrospective 
study of 101 SSc patients by Johnstone et al. [16] showed similar results, indicating 
that patients with moderate or severe acroosteolysis were more likely to have severe 
calcinosis. Another recent study of 68 hand radiographs with calcinosis showed that 
the thumb was more affected than other digits and followed by the index finger [35].

 Scleroderma Disease Subset Associations with Calcinosis

Scleroderma can be subdivided into clinical subsets based on the pattern of skin 
involvement, namely, limited cutaneous systemic sclerosis (lcSSc), defined by skin 
involvement limited to the extremities and face; diffuse cutaneous subset (dcSSc), 

a

c

b

Fig. 12.2 Clinical appearance of calcinotic lesions in scleroderma (a) small ulcerating calcinosis 
lesions of pressure points over the distal interphalangeal joints in patient with severe flexure con-
tractures. (b) Ulcerating calcinosis lesion over the posterior thigh in diffuse cutaneous disease.  
(c) Subcutaneous calcinosis seen over the dorsum of the fifth metacarpal bone
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defined by skin involvement spreading proximal to the elbows or involving the 
trunk; and systemic sclerosis sine scleroderma, defined as typical organ or vascular 
involvement with a disease-specific autoantibody but without significant skin fibro-
sis (ssSSc) (Table 12.1).

Calcinosis is more frequently found in the limited disease subset rather than the 
diffuse type [36]. A large international multicenter cohort study was carried out 
which included 7056 patients with SSc; of the 22% of patients with calcinosis, 25% 
had lcSSc, 17% had dcSScl, and 28% were scleroderma sine sclerosis [37]. It is also 
found in patients who have long-standing disease with a mean of 7–10 years [33, 
38, 39].

A retrospective multicenter international cohort study [39] of 5280 patients 
found 1290 (24.4%) patients to have calcinosis. These patients were found to be 
older and have long-standing disease. They were more likely to have digital ulcer-
ation, telangiectasia, acroosteolysis, cardiac disease, pulmonary hypertension, gas-
trointestinal involvement, and arthritis but less likely to have myositis. Osteoporosis 
was also found to be much more common in patients with calcinosis. The presence 
of anti-centromere antibody, anti-PM/Scl antibody, and anti-cardiolipin antibodies 
were found to be independently associated with calcinosis. This was similarly 
reflected in two other studies; one study showed a significant association (P value 
<0.0001) of calcinosis with positive anti-centromere antibody [40]. The second 
study, a Canadian study, found a significant association between calcinosis and the 
presence of anti-PM/Scl antibody [41].

Table 12.1 Systemic sclerosis disease subsets

SSc subsets
Defining clinical 
features

Pattern of internal organ 
involvement

Hallmark 
autoantibody profile

Diffuse 
cutaneous 
systemic 
sclerosis 
(dcSSc)

Skin fibrosis 
spreading proximal to 
the elbows and 
involving the trunk

Tendency to pulmonary 
fibrosis and scleroderma renal 
crisis. Esophageal and gut 
involvement similar in 
prevalence to lcSSc

Antinuclear factor 
present in high titer 
>90% of cases. ATA 
and ARA classical 
disease-specific 
antibodies

Limited 
cutaneous 
systemic 
sclerosis 
(lcSSc)

Skin fibrosis limited 
to extremities and face

Pulmonary fibrosis and renal 
crisis less common than in 
dcSSc. Peripheral vascular 
complications and PHT are 
major complications. PHT 
main cause of mortality in this 
subgroup

Antinuclear factor 
present in high titer 
>90% of cases. ACA 
classical disease- 
specific antibody

Systemic 
sclerosis sine 
scleroderma 
(ssSSc)

Absence of skin
Involvement but with 
typical organ fibrosis 
or scleroderma 
vascular disease, plus 
SSc-associated 
autoantibody

Vascular disease prominent. 
Pattern of organ involvement 
resembles lcSSc
Nailfold capillaroscopy
Or autoantibody profile used 
to confirm diagnosis

Antinuclear factor 
profile similar to 
limited disease

Classification is based on the pattern of cutaneous involvement and has prognostic significance on 
terms of organ involvement. Typical clinical and serologic features are shown. (ATA anti- 
topoisomerase, ARA anti-RNA polymerase, ACA anti-centromere antibody)
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 Diagnostic Approach

Calcinotic deposits are mostly found clinically as subcutaneous nodules of various 
shapes and sizes. They are typically found at areas of repeated trauma, mostly the 
hands and the feet, but are also found in the elbows, knees, arms and legs, trunk, and 
face (in order of frequency) [2, 4, 42]. However, calcinosis may also be an incidental 
finding, with patients undergoing simple radiographs for other reasons, seen, for 
example, on X-ray or CT imaging in the subcutaneous tissues of the chest, abdo-
men, or neck, where they may be less apparent clinically. Figure 12.3 shows the 
radiologic appearance of calcinosis, showing lesions over the fingers, wrists, and 
nasal bridge and deep lesions over the anterior chest wall.

a b

c d

Fig. 12.3 Radiologic appearance of calcinotic lesions in systemic sclerosis. (a) Typical calcinosis 
affecting the distal finger pulps in limited cutaneous SSc with severe Raynaud’s. (b) More exten-
sive lesions affecting the carpus as well as phalanges and associated with flexor contractures.  
(c) Atypical sites may also be involved as in this lesion affecting the bridge of the nose. (d) CT of 
thorax showing subcutaneous calcinosis of anterior chest wall. Arrows indicate areas of calcinosis
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Plain X-rays are extremely sensitive in detecting calcinosis and are recom-
mended as the initial imaging evaluation in patients with scleroderma [42, 43]. In a 
retrospective study, various morphological patterns of calcinosis were noted, 
namely, nodular, sheet-like, reticular, amorphous, and linear radiographs [42]. With 
the use of X-rays, a scoring system was developed to assess the burden affecting the 
hands in patients in the same study. This was done based on the area of coverage, 
density, number, and anatomic location of the calcinosis lesions. Ultrasound [44] 
and computed tomography [45], however, have been found to be more useful in 
identifying the location of these deposits in soft tissues, although Cuomo et  al. 
showed that ultrasound was not more sensitive than conventional radiographs in 
detecting calcinosis in SSc patients [46]. Dual-energy CT (DECT) is an advanced 
imaging modality that has been used to identify monosodium urate crystals in 
patients with gout [47]. DECT imaging has also been found to be useful in evaluat-
ing SSc calcinosis [48]; it is able to detect calcium deposited in the crystals by 
analyzing the content. DECT identified that calcinosis was most commonly found 
in the subcutaneous fat pads of the fingertips and along the tendon sheaths and 
muscle groups [48]. Multidetector computed tomography (MDCT) is another diag-
nostic imaging which has a greater contrast resolution [45]. It can provide three- 
dimensional images which may be better in assessing the extent of calcinotic lesion. 
However, both DECT and MDCT are in their experimental stages in this aspect, and 
many more studies are required before it can be said which mode of imaging, spe-
cialized CTs, or ultrasound is more useful in assessing calcinosis than plain 
radiography.

 Treatment Modalities

Until now no effective management has been brought forward for the management 
of calcinosis; this may be due to the fact that the exact underlying mechanism has 
still not been identified. However, several medical therapies have studied in this 
regard with modest outcomes [36].

 Therapies for Inflammation

First-line therapies are usually aimed at improving the underlying inflammation 
that is usually present. In this regard, colchicine and minocycline have been 
found to improve symptoms of calcinosis (inflammation and ulceration), possi-
bly acting through their anti-inflammatory effect rather than reducing the size of 
the calcinosis [49]. These agents have been evaluated in case studies and small 
series, and there are report of both success and failure in patients using colchicine 
[49]. In one study there was improvement of symptoms of calcinosis within 2 
months of start of treatment in a child with systemic sclerosis as well as in a child 
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with dermatomyositis [50]. However, in a separate retrospective study of patients 
with calcinosis associated with autoimmune connective tissue disease, only one 
of eight achieved complete resolution and two partial resolutions [4]. Adverse 
effects of the gastrointestinal system may limit its use in SSc patients in whom 
there is gastrointestinal involvement. Furthermore, minocycline, which is an 
antibiotic with anti-inflammatory properties, has been evaluated. In an open-
labeled study, nine women with lcSSc were treated with minocycline; improve-
ment in inflammation and ulceration was noted in eight patients within 2 months 
[51]. A retrospective study of six patients with calcinosis cutis associated with 
autoimmune connective tissue disease showed one patient to achieve a partial 
response, two patients failed to respond, and the response of the other three 
unknown [4]. The main side effect with minocycline is the blue-black discolor-
ation of calcium deposits; in addition to that, hypersensitivity reactions and a 
lupus-like syndrome are also documented. Unlike colchicine, this drug is contra-
indicated in children.

 Calcium Channel Blockers

Diltiazem is the most commonly used drug for the empirical treatment of calcinosis 
[49]. It alters the formation and crystallization of the calcium nidus by reduction of 
the intracellular calcium influx in the affected tissues and local macrophages. 
Various case reports have shown diltiazem to produce positive results for 1–12 years 
in patients taking doses from 240 to 480 mg/day [52–54]. In a retrospective study 
of 78 patients from the Mayo Clinic of patients with calcinosis in the setting of 
autoimmune connective tissue disease, diltiazem was found to be effective in 9 out 
of 17 patients as a first-line treatment [4]. On the other hand, only 3 out of 23 
patients with radiographic calcinosis experienced regression of lesion with diltia-
zem [17]. The use of other calcium channel blockers in this regard have been less 
reported [49].

 Bisphosphonates

Bisphosphonates, which are structural analogs of PPi, may play in role in the treat-
ment of calcinosis by reducing the bone resorption. They can reverse the calcifica-
tion process by inhibiting macrophage proinflammatory cytokine production [49]. 
Reports of the first-generation bisphosphonate, etidronate, have shown contradic-
tory results [55, 56]. However, a more recent case report describes the clinical and 
radiologic resolution of calcinosis in one patient with lcSSc after 6 months of treat-
ment with risedronate for glucocorticoid-induced osteoporosis [57]. Pamidronate 
intravenous infusion has been reported to be effective for calcinosis in several case 
reports mostly in dermatomyositis patients [49]. A mouse study published in 2015 
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looked into the potential efficacy of bisphosphonates to prevent ectopic calcification 
by feeding ABCC6−/− mice a diet containing etidronate or alendronate. High doses 
of etidronate, but not alendronate which was used at a more standard dose, signifi-
cantly reduced mineralization at 12 weeks [58]. More studies are needed to look 
into this further. One possible explanation for these results is that the anti- 
mineralization effect results not from the biological anti-osteoclastic activity of the 
bisphosphonate, for which alendronate is more potent, but rather from the delivery 
of a large number of PPi-analog molecules as in the high-dose etidronate group. It 
is possible that etidronate, in sufficient doses, might be beneficial in selected 
patients.

 Warfarin

Patients with calcinosis have been found to have abnormally high levels of vita-
min K, which is known to be involved in the calcium-binding process [49]. The 
view on warfarin for the treatment of calcinosis is conflicting, even though there 
are several studies which show that warfarin may be effective for small calcified 
deposits [59]. A double-blind placebo-controlled study [60] of seven patients 
with SSc or dermatomyositis and multiple subcutaneous calcifications showed a 
decrease in extraskeletal uptake on whole-body bone scintigraphy with injection 
of technetium 99 m diphosphonate in two of three patients who received warfarin 
for 18 months. However, another study [61] of six patients with long-standing 
and extensive calcinosis treated with low-dose warfarin for around 14.6 months 
showed clinical and radiological worsening in five patients, one of who was an 
SSc patient. The Mayo Clinic study showed that 4 of 19 ACTD patients with 
calcinosis who received warfarin for conditions other than calcinosis had no 
improvement in calcinosis compared with that group that did not receive war-
farin [4].

 Intravenous Immunoglobulin

Intravenous immunoglobulin therapy appears to have significant immunomodula-
tory effects when used in rheumatic diseases and confers benefit against certain 
aspects of SSc. Since calcinosis is believed to have an underlying autoimmune- 
inflammatory etiology, this mode of therapy has been assessed, with mixed results. 
There are conflicting data on dermatomyositis-associated calcinosis, with positive 
[62, 63] and negative [64] results. In a case report of a patient with lcSSc and calci-
nosis of the left index finger, there was a reduction in the size of the calcinotic 
deposit and resolution of the symptoms after 5 months of treatment with intravenous 
immunoglobulin [65]. The authors assume that this effect was based on the anti-
inflammatory properties, probably related to the suppression of activated 
macrophages.
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 Biologic Agents

These agents may be considered to be promising, given the fact that inflammation is 
thought to play a major role in the pathogenesis of calcinosis. In a case report, a 
patient with SSc-myositis overlap and refractory calcinosis was treated with inflix-
imab and showed a reduction in size of calcification and no new deposits at 41 months 
in serial pelvic-computed tomography imaging [66]. Rituximab, a chimeric anti-
CD20 antibody, may be another potential therapy. An lcSSc patient with extensive 
calcinotic lesions experienced reduction in size of these on physical examination, and 
her pain significantly improved after 1 year of treatment with two courses of ritux-
imab 18 months apart [36]. Another case reported a lady with lcSSc using the same 
regimen of rituximab to treat her interstitial lung disease and arthritis showed a com-
plete resolution of the calcinosis in her hands 7 months after her first infusion [67].

 Nonmedical Therapies

There have been a few case reports which have shown positive results with carbon 
dioxide laser tissue vaporization, a bloodless technique that allows excellent visual-
ization and vaporization of calcium deposits [68, 69]. Extracorporeal shockwave 
lithotripsy has been analyzed in a prospective study of nine patients (three with SSc) 
with progressive calcinosis. After three sessions at 3-week intervals, there was a 
reduction in the median area of calcinosis and pain [70].

Although there is a certain risk as well as recurrence, surgical excision of cal-
cium remains the mainstay of treatment for localized or large calcinotic lesions. 
These should be carried out by a skillful surgeon who has expertise in the area as 
there is the question of poor perfusion particularly in areas of the hand.

In the Mayo Clinic study, all 11 patients who underwent surgical excision alone 
responded (8 with complete response), as well as 16 out of 17 patient who received 
medical and surgical therapy (14 with compete response). In contrast, only 7 of the 
19 patients treated with medical therapy alone had any response (one with complete 
response) [4]. Less invasive surgical procedures, like curettage, have been attempted 
to decrease complications [71]. A retrospective study of nine patients with SSc who 
underwent a debulking procedure using a high-speed micro-burr to soften calcinosis 
affecting the digits showed a high degree of patient’s satisfaction and lower disabil-
ity scores [72]. Unfortunately, no patients reported complete resolution of calcino-
sis, and seven patients had recurrence.

 Conclusion

Calcinosis is a debilitation problem affecting nearly one quarter of patients with 
SSc. The appropriate management is not yet identified as the underlying exact 
pathogenesis is still largely unknown. However, with possibilities of inflammation 
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and vascular hypoxia playing a major role in calcinosis formation, certain studies 
show some promise. Despite this, surgery remains the mainstay of treatment for 
calcinosis, and a combination of medical and surgery yields better results. However, 
more randomized controlled trials are needed to look into the promising role biolog-
ics play in the near future, and more research is required to look into the underlying 
pathogenesis.
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Chapter 13
Placental Calcification: Long-standing 
Questions and New Biomedical Research 
Directions

Ana Correia-Branco, Sampada Kallol, Nimish Adhikari, 
Carlo Donato Caiaffa, Nirmala Jayaraman, Olga Kashpur, 
and Mary C. Wallingford

 Introduction to the Placenta

The placenta is an essential organ that supports healthy pregnancy and fetal devel-
opment. As an organ that mediates communication between two circulatory sys-
tems, it is a highly vascularized tissue that is paramount to supporting maternal 
cardiovascular health and fetal development during pregnancy. The placenta is an 
autonomous and temporary organ that forms de novo at the start of pregnancy. It is 
developed upon implantation of the blastocyst to the maternal endometrium, which 
initiates placentation. During placentation trophoblasts differentiate into several 
subtypes that mediate nutrient transport and gas exchange between mother and 
fetus. Cytotrophoblasts are the mononucleated cells that differentiate to form a mul-
tinucleated syncytiotrophoblast layer. This layer is in direct contact with the mater-
nal circulation and serves as part of the functional unit of the placenta. Thus, the 
nutrients originating from the mother are delivered to the fetus via the syncytiotro-
phoblast layer.
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Placental disease is associated with adverse maternal and fetal clinical outcomes 
including preeclampsia (PE), fetal growth restriction, preterm birth, and maternal 
and fetal loss of life [1–5]. Placental calcification is frequently observed in preg-
nancy, but its impact on acute diseases remains unclear. The consequences of pla-
cental abnormalities referring to gestational hypertension and placental abruption 
due to infarction (and/or calcification) are associated with pregnancy pathologies 
such as PE [6], [7]. PE is a complex and pregnancy-specific disorder characterized 
by hypertension and proteinuria after 20 weeks’ gestation, which is thought to be 
caused by placental dysfunction, though the molecular etiology remains unclear [8]. 
It affects from 3% to 5% of pregnancies worldwide and is one of the leading causes 
of maternal and fetal morbidity and mortality [7, 9]. PE is a heterogeneous condi-
tion exhibiting a broad range of features, and hence the diagnosis is challenging. 
The standard features of PE are new-onset hypertension (defined as a systolic blood 
pressure, 140 mm Hg or more, or a diastolic blood pressure → 90 mm Hg or more) 
and proteinuria (300 mg or higher in a 24 h urine specimen) [10]. The acute condi-
tions of PE will be resolved by delivering the placenta, which is the only known 
treatment for this disease [9]. It is reported that women who have developed PE in 
pregnancy are at increased risk of cardiovascular disease, coronary artery calcifica-
tion, stroke, and chronic kidney disease later life [11–15]. Considering these find-
ings, one can speculate that the placental health may be an early indicator of 
maternal cardiovascular and renal disorders. Despite this major public health bur-
den [16], the cause of placental dysfunction in preeclampsia remains poorly under-
stood. No curative treatments are available besides inducing early placental delivery, 
which results in preterm birth, and early diagnostic indicators have not yet been 
identified. It remains unknown whether fetoplacental angioarchitectures and vascu-
lar pathologies, including ectopic vascular calcification, play a role in the etiology 
of some preeclampsia cases.

 Placental Calcification and Maternal and Fetal Outcomes

Placental calcification is characterized by the deposition of calcium-phosphate min-
erals in placental tissue [17, 18]. Placental calcification is regarded as a physiologi-
cal aging process, as human placenta is known to calcify with advancing gestational 
age, and is correlated with fetal maturity [19]. A clear exception to this is the patho-
logical association between calcification and viral infection which has been ele-
gantly discussed in recent publications [20–22]. Overall, clinical research on the 
association between placental calcification and clinical outcomes is limited, the eti-
ology of placental calcification remains undefined, and the clinical significance of 
placental calcification appears to be controversial [23, 24]. This gap in knowledge 
has been emphasized in recent reviews, which suggest that an early appearance of 
placental calcification and assessment of distinct tissue-specific microcalcification 
patterns may provide a valuable tool for identification of placental pathologies and 
high-risk cases of adverse pregnancy outcomes [23–25].
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Calcification has also been reported in association with clinical pathologies. 
Placental calcification and sub-chorionic fibrin deposition, placental ischemia, 
infarction, fibrinoid necrosis, and stromal fibrosis were associated with low birth 
weight infants [26]. A study that examined 50 pregnancy-induced hypertension 
(PIH) placentas and 50 placentas from normotensive mothers verified an increase in 
placental calcification, number of syncytial knots, areas of fibrinoid necrosis, and 
hyalinization in PIH placentas [27]. Concurrently, pregnancy-induced hypertension 
has been correlated with placental pathologies, including syncytial knots, fibrinoid 
necrosis, vasculosyncytial membrane formation, sclerosis, chorangiosis, and pla-
cental calcification [28].

While some groups have suggested that placental calcification has no clinical 
and no pathological significance [29], several others have determined that identifi-
cation of grade III placental calcification is an indicator of increased risk for adverse 
pregnancy outcomes [24, 25, 30, 31]. Indeed, the early identification of grade III 
placental calcification before 36 weeks’ gestation (preterm placental calcification) 
has been associated with pregnancy-induced hypertension and fetal growth restric-
tion [32] and often prompts cesarean delivery [24, 30]. Furthermore, the prevalence 
of preterm placental calcification has been reported to range widely from 3.8% [32] 
to 23.7% [33]. This discordance in study findings may relate in part to regional 
population differences, study design, or the grading system by which calcium 
deposits are typically assessed and documented. With respect to differences relating 
to race or ethnicity, a study that included 32,295 African-American and Caucasian 
women showed that African-American women had a lower prevalence of placental 
calcification [34].

Placental calcification results in an echogenic foci that can be observed noninva-
sively by ultrasonography examination [17, 18, 35]. The Grannum classification 
system can be used to grade placenta ultrasounds into one of four categories accord-
ing to specific mineral findings at the basal and chorionic plates as well as the pla-
centa itself (Fig. 13.1). This Grannum system was developed in 1979 [36] and has 
been used in most studies that evaluate the relationship between placental calcifica-
tion and clinical outcomes. Under the Grannum classification, grade 0 placentas 
display homogenous texture and uniform echogenicity, with minimal mineral depo-
sition and a smooth chorionic plate, whereas grade III placentas are marked by 
abundant basal calcifications and characterized by significant chorionic plate inter-
ruption by echogenic indentations or ring-like structures resembling cotyledons that 
reach up to the basal plate [23, 36]. The Grannum system for grading placental tis-
sue does not account for the tissue-specific microcalcification patterns that have 
been documented in other studies [25, 37].

While varying widely in study design, cohort characteristics, and findings and 
being limited by a crude grading system, several strong associations between placental 
calcification and delivery outcomes have been made. An early study of 2000 pregnant 
women identified an association between grade III placental calcification and the risk 
of low birth weight, poor condition at birth, and perinatal death [38]. An alternate study 
supported an association between grade II placental calcification and lower birth 
weight and grade III with growth retardation, but neither correlated with poor perinatal 
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Fig. 13.1 The Grannum system of placental grading. The Grannum system for placental grading 
defines four grades. Grade 0 placentas lack echogenic foci, grade 1 placentas are characterized by 
randomly dispersed echogenic foci in the placenta, grade 2 placentas contain significant basal 
densities, and grade 3 are the most highly calcified placentas with chorionic plate indentations, 
acoustic shadowing, and echospared fallout regions (Images published with permission from 
Grannum et al. 1979 [36] and Mastrolia et al. 2016 [23])
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outcome, maternal hypertension, fetal distress, or perinatal asphyxia [39]. In contrast, 
Miller et al. evaluated 246 placentas and found a grade III incidence of 39.4% and no 
association with altered fetal growth or birth weight [40]. Moreover, Vosmar et  al. 
found no association between grade III and fetal growth restriction at term and a posi-
tive correlation between growth retardation and grade III detected prior to 36 weeks [41].

Poor fetal health has been associated with grade III placentas in several high- 
powered studies. Two studies by Chen et  al. that included 776 and 889 low-risk 
pregnancies, respectively, found that the presence of preterm grade III placental 
calcification is a predictor of poor uteroplacental flow and adverse maternal and 
fetal outcomes including preterm birth low birth weight, low Apgar score, and neo-
natal death [30, 31]. A study of 15,122 pregnancies determined that the grade III 
preterm placental calcification is associated with increased risk factor of third- 
trimester stillbirth [42]. A study of 802 low-risk pregnancies observed an associa-
tion of grade III placental calcification at 36  weeks’ gestation with proteinuric 
pregnancy-induced hypertension and fetal growth restriction [32]. A study by Jamal 
et al. that enrolled 293 pregnancies demonstrated that preterm placental calcifica-
tion is associated with abnormal placental and umbilical Doppler waveforms, low 
birth weight, and caesarean section deliveries and found that passive smoking was 
the only predictor of preterm placental calcification [43]. In contrast to these stud-
ies, a recent meta-analysis supports a positive association between grade III preterm 
placental calcification and labor induction, but not fetal distress, Apgar score, neo-
natal resuscitation, nor neonatal intensive care unit admission [24].

The conflicting conclusions drawn from these studies may relate to several 
aspects: poor ultrasound resolution in older scans; the limiting nature of Grannum 
grading, which does not distinguish cell type-specific calcification patterns; variance 
in clinical practices and protocols; population characteristics and sample size; low-
risk and high-risk pregnancies; gestation day of the scan; and confounders such as 
cigarette smoking or alcohol consumption. In agreement with these conclusions, two 
studies have identified poor intraobserver agreement in grading placentae according 
to Grannum grades even among experienced observers despite standardized viewing 
conditions [44, 45]. Future studies with larger and more diverse cohorts are likely to 
shed new light on the biomedical significance of placental calcification.

Overall, these studies suggest that early detection of placental calcification is 
recognized to be associated with high-risk clinical outcomes in pregnancy. Highly 
calcified grade III placentas often promote early delivery and have been associated 
with a higher risk of adverse pregnancy outcome [24, 30]. Placental calcification 
usually increases with progressing gestational age and becomes apparent at 
36  weeks’ gestation, which is considered as preterm placental calcification [23]. 
Some of the studies showed that preterm placental calcification may be associated 
with maternal and fetal complications, such as intrauterine growth restriction (IUGR) 
[33, 39, 46–48], low birth weight [33, 38, 39, 46, 47, 49], low Apgar score [38], fetal 
distress [33], and pregnancy-induced hypertension [33, 47, 48, 50]. The exact mech-
anism for deposition of calcium in the placenta and its impact on fetal and maternal 
health remains unclear. In fact, placental dysfunction and the magnitude of these 
alterations may be keys to identify pregnancies at risk and to direct novel therapeutic 
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strategies to prevent it [51]. Moreover, exploration of cell type-specific calcification, 
their location, mineral structure, and nodule size and temporal analysis across gesta-
tion are required to determine mechanisms of calcification onset and progression 
and to distinguish which mineral profiles are pathologic in cases of placental dys-
function and high-risk pregnancies. This could potentiate the development of new 
biomedical tools for assessment, screening, and diagnosis of placental calcification 
to predict high-risk clinical outcomes in pregnancy.

 Observed Mineral Deposition Patterns in Human Placenta

Mineral deposits in the placenta are composed of calcium and phosphate [17, 18]. In 
the placenta, mineral is arranged predominantly near the basement membrane, con-
cordant to the site where both phosphate and calcium transporters reside and have 
been suggested to assist in the import of calcium and phosphate from the maternal 
circulation [52]. Accordingly, calcified lesions have been detected by the calcium 
stain Alizarin Red in terminal villi and surrounding basement membrane- containing 
nodules [53]. Alterations of placental phosphate or calcium transporters may under-
lie some placental calcification pathologies. In support of this, animal model studies 
have identified Slc20a2 as the first genetic link to placental calcification. Wallingford 
et al. propose an evaluation of the association between type III phosphate transporter 
Slc20a2 expression, placental calcification, and placental dysfunction in high-risk 
pregnancies, such as preeclampsia [53]. In accordance, reduced expression of 
Slc20a2 has been observed in severe early preeclampsia [54]. Preeclampsia has also 
been associated with calcified tissue, fibrinoid necrosis of the vascular wall, lipid-
loaded endothelial cells, diffuse trophoblastic hypertrophy, microinfarctions, fibrin 
deposits, vascular-syncytial, membrane surface reduction, and basement membrane 
thickening in a small cohort of 13 preeclamptic and 22 normotensive cases [55].

Placental calcification deposits on the basal plate have been associated with 
maternal floor infarction [56] as well as fetal growth restriction and mid-trimester 
loss [57]. A study by Zeng et al. (2017) identified a fine placental calcification that 
is typically located at the basement membrane of chorionic villi and can only be 
seen microscopically, termed the intravillous and intrafibrinous particulate micro-
calcification (IPMC) [37]. These particulates were predominantly located in the 
basement membranes of fibrotic chorionic villi and in perivillous fibrin. Compared 
to placentas without adverse outcomes, a higher incidence of IPMC was seen in 
intrauterine fetal demise cases [37].

 Calcium and Phosphate Homeostasis in Pregnancy

An increased mobilization of minerals and altered mineral metabolism during preg-
nancy enables the unidirectional transport of these minerals across the maternal- 
fetal interface, the bulk of which occurs during the third trimester as skeletal 
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ossification progresses. In the nonpregnant state, the kidneys, intestines, and skele-
tal system play dominant roles in the maintenance of mineral homeostasis through 
interaction with several regulatory hormones including parathyroid hormone, fibro-
blast growth factor-23 (FGF23), calcitonin, vitamin D, and the sex steroids estradiol 
and testosterone. It remains largely unknown whether these factors or others regu-
late placental mineral transport and/or placental calcification. As discussed in other 
chapters, dyshomeostasis of these pathways leads to ectopic calcification and in 
many cases is associated with disease-associated ectopic vascular calcification. 
Animal models have been used to evaluate the impact of Fgf23 and PTH levels on 
placental function and fetal growth, concluding that the placenta may harbor unique 
regulatory mechanisms [58, 59]. The relationship between mineral homeostasis and 
ectopic placental calcification may come to light as our knowledge of placental 
mineral transport mechanisms advances and as placental calcification analyses, 
methods, and depth of study improve.

In pregnancy, the placenta meets the fetal need for mineral by actively transport-
ing calcium, phosphorus, and magnesium from the maternal circulation to the fetus 
where they are accreted in the fetal skeleton before birth [60] (Fig. 13.2). Transport 
of minerals from the maternal circulation is supported by significant hormonal 
adaptations during pregnancy that mobilize minerals, such as decoupling of the 
bone resorption and bone formation rates that normally maintain homeostatic bone 
turnover [61]. The total net accumulation of calcium in a full-term fetus is about 
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Ca2+ binding proteinParathyroid
hormone (PTH),
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Pregnancy pathologies (e.g. PE)

Cardiovascular disorders Renal disorders Thyroid disorders
? ? ?

Fig. 13.2 Mineral homeostasis and transport and ectopic calcification in pregnancy and interac-
tion of predisposing, coexisting, or resulting diseases. Transport of calcium from the maternal 
circulation to the fetal circulation occurs via carrier proteins located in the placenta. The calcium- 
phosphate homeostasis is regulated by the interaction of parathyroid hormones, vitamin D, 
calcium- binding protein, and plasma membrane calcium ATPases. The deposition of calcium in 
the placenta and its impact on pregnancy pathologies as well as its association with cardiovascular, 
renal, and thyroid disorders in maternal/fetal development are largely unknown
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30 g [62–64], phosphorous is 20 g [65, 66] and magnesium is 0.8 g [62, 65, 66]. In 
late gestation, the placenta transports large amounts of calcium and phosphate to 
allow rapid fetal skeletal mineralization. The maternal-fetal transfer of calcium and 
phosphate uses an active transcellular transport mechanism that overcomes a con-
centration gradient across the placenta. This active transcellular transport mecha-
nism occurs through the syncytiotrophoblast that cover the surface of villi and faces 
the intervillous space filled with maternal blood.

In the case of calcium, the transcellular transport of calcium across the placenta 
occurs in three steps. First, calcium is transported from the maternal circulation 
down an electrochemical gradient into the syncytiotrophoblasts through the epithe-
lium calcium channel transient receptor potential vanilloid type 6, TRPV6, which is 
located on the maternal-facing microvillous (apical) membrane [67–69]. Second, 
after buffering with calcium-binding proteins such as calbindin-D9K in the tropho-
blast cytosol, it is delivered to the fetal-facing basal membrane. Finally, the calcium 
is effluxed across the basal membrane against the electrochemical gradient medi-
ated by the plasma membrane calcium ATPase (PMCA) [70].

It has been reported that the fetal serum has higher concentration of phosphate 
than maternal serum as transport efflux is against a concentration gradient suggest-
ing active transport of phosphate [71, 72]. It is also facilitated transport via transport 
proteins. Placental phosphate transport is regulated by parathyroid hormone, pH, 
and sodium availability [73–75]. In mammals, sodium-dependent phosphate sym-
porters are categorized in three families: the type I, type II, and type III sodium-
dependent phosphate transport families. Type I (SLC17) belong to the major 
facilitator family (MFS), and some family members transport anions in addition to 
phosphate. The type II sodium-dependent family (SLC34) members exclusively 
transport divalent HPO (4)(2−), whereas the type III family members (SLC20) 
transport monovalent H2PO (4)(−) [76]. Recent studies have shown that phosphate 
from maternal circulation is transported by SLC20A1 and SLC20A2. Both 
SLC20A1 and SLC20A2 are expressed in human placenta [77], and altered expres-
sion of SLC20A1 and SLC20A2 is associated with placental dysfunction and pre-
eclampsia (PE) [54]. Ohata et al. demonstrated that SLC34A2 is also expressed in 
the placenta, and its expression increases with the gestational age, whereas SLC34A1 
and SLC34A3 gene expression was increased in late gestation, with very less 
expression compared to SLC34A2 [58]. Out of all of the sodium-dependent trans-
porters, only Slc20a1, Slc20a2, and Slc34a2 result in subviability or embryonic 
lethality when ablated from the mouse genome.

Although serum phosphate and phosphate transporters both regulate ectopic cal-
cification mechanisms, there are numerous other active and passive calcification 
pathways and candidate regulators, including PTH. In nonpregnant individuals, hor-
monal dysregulation leading to loss of mineral homeostasis can present significant 
consequences such as hypoparathyroidism, hyperphosphatemia (leading to ectopic 
calcifications), hypercalciuria (leading to nephrolithiasis and nephrocalcinosis), and 
low bone turnover. Vitamin D deficiency can lead to reduced calcium and phospho-
rus levels in serum (but not as low as in hypoparathyroidism) and rickets or osteo-
malacia [78]. The reduced activity of FGF23 results in hyperphosphatemia, 
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extraskeletal calcifications, and early mortality. Loss of calcitonin increases bone 
resorption, which is most apparent during lactation. The dysregulation of sex ste-
roids increases bone resorption and may lead to osteoporosis. In pregnancy, creati-
nine clearance and glomerular filtration rate [79, 80] are increased during pregnancy. 
Other investigators have shown that PE and pregnancy-induced hypertension have 
been associated with hypocalciuria [81–85]. Further studies have found hypocalci-
uria to be associated with low 1,25-dihydroxyvitamin D levels [81–84], but inde-
pendent of PTH, calcitonin, or ionized calcium levels [82–85]. The abnormalities in 
1,25-dihydroxyvitamin D and urine calcium excretion are, therefore, probably sec-
ondary to a primary renal tubular defect occurring in PE and pregnancy-induced 
hypertension and are likely not the primary cause of the hypertension [83].

Indeed, it remains poorly understood how predisposing or coexisting conditions 
of the heart, kidney, or thyroid interact with mineral homeostasis, placental trans-
port, and ectopic calcification mechanisms during pregnancy (Fig. 13.2). Maternal 
hypoparathyroidism in human pregnancy has been associated with the development 
of intrauterine fetal hyperparathyroidism [86–90], which is associated with sponta-
neous abortion, stillbirth, and neonatal death [91]. Moreover, placental dysfunction 
(specifically PE) may influence kidney damage and increase risk for chronic kidney 
disease, and indeed, prior PE is a risk factor for chronic kidney disease [14]. A 
direct assessment to delineate the association of placental calcification and PE and 
its impact on cardiovascular disease and renal and thyroid disorders is lacking from 
the literature. Furthermore, the direct link between serum calcium, phosphorous, 
and magnesium levels and transporter expression in the placenta and their role in the 
placental calcification remains to be elucidated. Overall, the molecular hallmarks of 
placental calcification are unclear. Further investigations are warranted to under-
stand the underlying mechanism of placental calcification, its association with preg-
nancy pathologies such as PE and IUGR, and its impact on maternal and/or offspring 
health in later life.

 Lessons from Animal Model Development Studies

The laboratory mouse (Mus musculus) is a tractable model that is amenable to 
genetic manipulation and as such is a useful model system for investigating mam-
malian placental development and function. The recently identified Slc20a2 mouse 
is the first available model of ectopic placental calcification and currently remains 
the only available model [53]. However, the genetic link between Slc20a2 and pla-
cental calcification argues that other models may have been overlooked and pro- 
calcific and anti-calcific gene knockout mice should be examined. Although 
placental mineralization phenotypes have not yet been reported for genetic models 
with the exception of Slc20a2, there is an immense body of developmental studies, 
which report on embryonic growth and development phenotypes and in some cases 
report expression or localization in mouse placenta. In the following paragraphs, we 
review the comparative anatomy of mouse and human placenta and summarize the 
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clinical and developmental studies for a subset of pro-calcific and anti-calcific fac-
tors that are good candidates for evaluation in placental pathologies.

In order to evaluate potential translation of mouse model findings to biology of 
the human placenta, there are a number of similarities and differences between 
human and mouse placentae that should be understood. Both human and mouse 
placentae are discoid in shape. Both have hemochorial maternal-fetal exchange 
interfaces, which are anatomically defined by direct interaction of the maternal cir-
culation with trophoblasts, unique epithelial cells that develop from an extraembry-
onic structure termed the chorion. The fetal circulation in both human and mouse 
fetal blood interacts directly with placental endothelial cells that are also of extra-
embryonic origin arising from a transient embryonic structure termed the allantois. 
Finally, in both species, trophoblasts invade the maternal compartment of the pla-
centa and remodel maternal spiral arteries, but to varying degrees. There are ~7000 
placental orthologs expressed in both species. Of the genes known to cause placen-
tal phenotypes, 80% are common to both species [92]. Thus, the anatomical and 
genetic similarities coupled with the scope of available genetic tools together iden-
tify the mouse as a good candidate model organism to study placental calcification 
mechanisms.

There are however multiple differences between mouse and human placenta 
that should be accounted for when interpreting findings. These differences include 
cellular composition, structural differences in the maternal-fetal interface, and 
developmental rates. The cellular composition in mouse placenta includes tropho-
blast giant cells that border decidua, glycogen trophoblast cells, spongiotropho-
blasts of the junctional zone, and multiple trophoblast cell types in the 
labyrinth – sinusoidal trophoblast giant cells, syncytiotrophoblast I, and syncytio-
trophoblast II. Human placenta contains cytotrophoblasts that give rise to villous 
and extravillous trophoblasts during development, villous trophoblasts that fuse 
and form syncytiotrophoblast, and extravillous trophoblasts (EVT) that are defined 
by the expression of HLA-G and can be further subdivided into invading intersti-
tial EVTs, endovascular EVTs that remodels spiral arteries, and endoglandular 
EVTs. Mouse placenta contains a labyrinthine interface with a trilaminar tropho-
blast layer, whereas the human placenta interface is a chorionic villi structure that 
contains one trophoblast monolayer termed the syncytiotrophoblast, which is 
replenished by an underlying noncontiguous cytotrophoblast layer. Outside of the 
maternal-fetal interface, other trophoblast subtypes termed extravillous and endo-
vascular trophoblasts invade the decidua and uterine arteries. This invasion is 
much less extensive in mouse and is better modeled with the rat. Finally, the rate 
of development in relation to gestational length is in sharp contrast. Human gesta-
tion is 37–42  weeks, and the placenta is fully formed by 18–20  weeks [93], 
whereas mouse gestation is 18–21  days, and the placenta is fully formed by 
embryonic day (E) 12.5 [93].
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 Molecular Biology of Calcification in the Placenta

Numerous pro- and anti-calcific proteins that have been associated with calcifica-
tion in both development and disease contexts are detected in a spatiotemporally 
specific manner as reported in the Human Placenta Atlas available from http://
www.proteinatlas.org [94], the mouse placental transcriptome [95], and primary 
research articles (Table  13.1). Some of these candidate genes display altered 
expression in placental disease, and the deletion of most results in embryonic 
lethality, yet placental phenotypes remain unanalyzed for most knockout lines 
(Table  13.1). Among these, candidate pro-calcific placental proteins include 
members of multiple signaling pathways and, in effect, multiple types of pro-
teins, including membrane proteins such as αKlotho and alkaline phosphatase, 
secreted factors such as Adm, BMPs, and MMPs, and transcription factors such 
as Runx2 and Sp7.

Table 13.1 Candidate regulatory calcification molecules in human and mouse placenta

Type Gene
Alternate title 
(OMIM)

HPA 
RNA 
(pTEM)

FANTOM5 
RNA (STM)

Mouse placenta 
expression KO lethal stage

Pro Adm Adreno-
medullin

192.2 756.6 TS11: 
ectoplacental 
cone; RNA-seq 
Hs, Mm 
[94–96]

Embryonic 
lethality, 
~E13.5, 
abnormal 
placenta [97]

Anti Ahsg Fetuin A 0.2 0 RNA-seq Mm 
[95]

ND

Pro Alpp Plap; Palp 56 1666.7 RNA-seq Hs 
[94]

Embryonic 
lethality, ~E3.5 
[98]

Anti Ankh Hank 14.5 15.4 RNA-seq Hs 
[94]

ND

Pro Atf4 Cyclic Amp 
response 
element- 
binding protein 
2; Creb2

423.6 404.6 RNA-seq Hs, 
Mm [94, 95]

Rmbryonic 
lethality prior 
to tooth bud 
stage, ~E12.5 
[99]

Anti Axl Axl 
transforming 
gene

59.5 95 TS28: placenta, 
RNA-seq Hs, 
Mm [94, 95]

ND

Pro Bglap Bone Gla 
protein; 
osteocalcin

0.8 2.8 not determined ND

(continued)
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Table 13.1 (continued)

Type Gene
Alternate title 
(OMIM)

HPA 
RNA 
(pTEM)

FANTOM5 
RNA (STM)

Mouse placenta 
expression KO lethal stage

Pro Bmp2 Bone 
morphogenetic 
protein 2a; 
Bmp2a

19.7 2.7 TS17: 
chorioallantoic 
placenta, 
RNA-seq Hs 
[94, 95, 100, 
101]

Embryonic 
lethality, 
complete 
penetrance, 
~E8.0 [102]

Pro Bmp4 Bone 
morphogenetic 
protein 2b; 
Bmp2b

77.9 13 TS17: 
chorioallantoic 
placenta, 
RNA-seq Hs, 
Mm [94, 95, 
100]

Embryonic 
lethality, 
complete 
penetrance, 
~E6.5 [103]

Anti Bmp7 Osteogenic 
protein 1; Op1

44.8 50.4 RNA-seq Hs 
[94]

Preweaning 
lethality, 
complete 
penetrance, P1 
[104]

Anti Chrd Chordin 4.2 3.4 TS15: 
ectoplacental 
cone, RNA-seq 
Hs, Mm [94, 
95, 105]

Embryo 
turning, ~E8.5 
[106]

Anti Enpp1 Alkaline 
phosphodie-
sterase I

76.8 63.7 RNA-seq Hs 
[94]

ND

Pro Fgf23 Fibroblast 
growth 
factor 23

0.4 0 ND ND

Anti Gas6 Axl stimulatory 
factor; Axsf

91.7 58.8 RNA-seq 
Hs,Mm  
[94, 95]

ND

Anti Grp Gastrin- 
releasing 
polypeptide

0 0 ND ND

Pro Kl Alpha-Klotho 53.8 57 RNA-seq Hs 
[94]

ND

Anti Mgp Matrix gla 
protein; Mglap

350.3 319.2 RNA-seq 
Hs,Mm [94, 95, 
105]

ND

Pro Mmp13 Collagenase 3; 
Clg3

0 0 ND ND
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Table 13.1 (continued)

Type Gene
Alternate title 
(OMIM)

HPA 
RNA 
(pTEM)

FANTOM5 
RNA (STM)

Mouse placenta 
expression KO lethal stage

Pro Mmp9 Collagenase 
type V

3.5 12.7 TS11: 
ectoplacental 
cone, RNA-seq 
Hs [94, 107]

Not lethal

Anti Msx2 Muscle 
segment 
homeobox, 
Drosophila, 
Homolog Of, 2; 
Msx2

57.7 76.3 RNA-seq 
Hs,Mm  
[94, 95]

ND

Anti Nog Mouse, 
Homolog Of; 
Nog

19.3 45.2 TS15: 
ectoplacental 
cone, RNA-seq 
Hs, Mm  
[94, 95]

Birth [108]

Pro Pgf Plgf 86.9 438.9 TS28: placenta, 
RNA-seq Hs 
[94, 109]

Not lethal, 
decreased 
placenta 
weight

Pro Phos-
pho1

Phosphoe-
thano lamine/
phosphocholine 
phosphatase 1

12.1 16.8 RNA-seq 
Hs,Mm [94, 
95]

ND

Pro Runx2 Core-binding 
factor, runt 
domain, alpha 
subunit 1; 
Cbfa1

2.7 4.2 RNA-seq Hs 
[94]

Birth [110]

Pro Slc20a1 Pit1 49.5 343.7 RNA-seq 
Hs,Mm [94, 
95]

Embryonic 
lethality during 
organogenesis, 
~E12.5, pale 
placenta [111]

Pro Slc20a2 Pit2 23.7 46.3 RNA-seq 
Hs,Mm [94, 
95]

Preweaning 
lethality, 
incomplete 
penetrance, 
ectopic 
calcification 
[99]

(continued)
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Table 13.1 (continued)

Type Gene
Alternate title 
(OMIM)

HPA 
RNA 
(pTEM)

FANTOM5 
RNA (STM)

Mouse placenta 
expression KO lethal stage

Pro Sox9 Testis-specific 
enhancer of 
Sox9

1.7 4.9 TS11: 
ectoplacental 
cone, RNA-seq 
Mm [95, 112]

Embryonic 
lethality, 
complete 
penetrance, 
~E17.5  
[113]

Pro Sp7 Osterix; Osx 0 0 ND Neonatal 
lethality, 
complete 
penetrance, P1 
[114]

Pro Spp1 Osteopontin; 
Opn

4918.4 1560.8 TS28: placenta, 
RNA-seq  
Hs [94, 115, 
116]

Abnormal EPC

Pro Tnap Alkaline 
phosphatase, 
tissue- 
nonspecific

5.3 2.3 ND Postnatal 
lethality, 
complete 
penetrance, 
P14 [117]

Pro Tnf Tumor necrosis 
factor, alpha; 
Tnfa

0.1 7.1 TS28: placenta 
[118, 119, 120]

ND

Pro Tnfrsf-
11b

Osteo-
protegerin; Opg

6.9 10 TS28: placenta, 
RNA-seq Hs, 
Mm [94, 95, 
120]

Postnatal 
lethality, 
incomplete 
penetrance, 
>P63  
(6 months)  
[121]

HPA human placenta atlas, pTEM transcripts per million, FANTOM5 functional annotation of 
mammalian genomes 5, STM standardized tags per million, ND not determined, NA not applicable, 
TS Theiler stage, E embryonic day, EPC ectoplacental cone
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 Pro-calcific Transmembrane Proteins

Alpha-Klotho (αKlotho) is a transmembrane protein that is involved in the mainte-
nance of cellular calcium homeostasis and my play a role in regulating transfer of 
phosphate and calcium across the placenta [122]. It is detected in plasma as well as 
in syncytiotrophoblasts and endothelial cells of the maternal-fetal interface [123]. 
Low levels of αKlotho during pregnancy have been suggested to disrupt homeo-
static balance resulting in calcified lesions along the umbilical cord and altered cord 
blood levels [122]. Even under normal conditions, αKlotho is found at higher con-
centrations in the blood of pregnant women compared to nonpregnant women [124].

Tissue-non-specific alkaline phosphatase (Tnap), encoded by the Alpl gene, has 
been detected on both the maternal and fetal sides of the placenta and has been 
localized to both syncytiotrophoblasts and cytotrophoblasts [125–127]. Extensive 
in vitro and mouse model studies have demonstrated that Tnap has a positive asso-
ciation with vascular calcification, but this relationship has not yet been examined 
in the context of pregnancy [128, 129]. Importantly, placental alkaline phosphatase 
has been detected at higher concentrations in pregnant women with preeclampsia 
than in women with uncomplicated pregnancies [127], and human in vitro fertiliza-
tion studies support that the placenta-specific alkaline phosphatase Alpp plays an 
essential role in embryo fertilization and implantation [130]. Both αKlotho and 
alkaline phosphatase are promising candidates for the regulation of maternal-fetal 
mineral transport and protection against calcification, but their roles in these pro-
cesses remain incompletely understood.

 Secreted Pro-calcific Factors

Secreted proteins such as growth factors (BMPs), signaling peptides (Adm and 
Bglap), and matrix metalloproteases (MMP9 and MMP13) have been studied for 
their role in both physiological and disease-associated calcification. Adrenomedullin 
(Adm) encodes both adrenomedullin and proadrenomedullin which are peptides 
produced by post-translational modifications that are released by the endothelium 
and have vasodilative effects on blood circulation [131, 132]. Adm is highly 
expressed in the placenta and in vascular endothelial cells. Adm and Endothelin-1 
act in a negative feedback loop in rat follicles and corpora lutea in which Adm 
decreases Endothelin-1 levels and Endothelin-1 increases Adm levels [133]. During 
embryonic development, Adm is also expressed in trophoblast giant cells, decidua, 
yolk sac, ectoplacental cavity, and the embryo [96]. Adrenomedullin knockout 
mice are lethal at midgestation presenting hydrops fetalis and cardiovascular 
abnormalities, including hyperplastic ventricular trabeculae and underdeveloped 
arterial walls [134]. Adm ablation during embryo development induces trophoblast 
apoptosis at the maternal-fetal interface and reduced branching of the labyrinth 
vessels indicating a critical function of fetal Adm in the maternal adaptation to 
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pregnancy [135]. In accordance with the animal model phenotypes, Adm may also 
serve a role in the development of preeclampsia in pregnant women through regu-
lation of the invasive potential of trophoblasts [136, 137], but its role in placental 
calcification is unexplored.

Bone gamma-carboxyglutamate protein (Bglap), also known as osteocalcin 
(OCN), is a small molecule secreted by osteoblasts. The gamma carboxyglutamate 
(Gla) domain is important for bone matrix mineralization being responsible for 
binding calcium and hydroxyapatite [138]. During skeletal development, Bglap 
expression is regulated by Bmp7 and is detected in cells of the osteoblast lineage 
during mesenchymal condensations [139]. Bglap is also induced by both TGFβ and 
VEGFC stimulation in SG2 cells, suggesting that these pathways, which are also 
present in the placenta can regulate mesenchymal commitment to osteoblastic phe-
notypes [140]. Its effect on placental calcification is uninvestigated.

Bone morphogenetic proteins such as Bmp2 are members of the TGFβ super-
family and can bind TGFβ receptors to participate in many biological processes 
including mesoderm development, heart development, skeletal development, and 
axis formation. BMPs have been well characterized by their ability to induce ecto-
pic bone formation when exogenously implanted in muscular tissue in vivo [141]. 
BMPs can also stimulate osteoblast differentiation from mesenchymal cells and 
induce osteocalcin and alkaline phosphatase expression [142]. The Bmp2 gene 
encodes a preproprotein containing two subunits that are linked by a disulfide bond 
after post-translational modification [143]. In mice, Bmp2 expression can be 
detected at the cartilaginous primordia during skeletal development of limbs and 
ribs, at cardiac valves, and at the ventricular-atrial cushioning during heart develop-
ment [144]. Bmp2 expression is also correlated with embryo implantation in mice 
[145]. Both in vivo conditional knockout and in vitro studies support that Bmp2 is 
essential for endometrial decidualization and fertility in mice and humans [146]. In 
humans Bmp2 is detected in primary human extravillous trophoblasts during 
implantation and early placentation [147] and has been suggested to play a role in 
decidualization [148]. Similar to MMP findings, Bmp2 acts to promote trophoblast 
cell invasion during development potentially through production of the adhesion 
molecule N-Cadherin that may modulate epithelial-mesenchymal transition during 
spiral artery remodeling [146].

Bmp4 plays essential roles in mesoderm induction, bone and limb formation, 
heart development, tooth development, and fracture repair [149], although Bmp4 is 
a weaker inducer of osteogenic markers compared to Bmp2 [150]. Homozygous 
null mice for Bmp4 die with little or no mesoderm. Specifically knocking out Bmp4 
at later stages has induced abnormalities during ventricle septation, atrioventricular 
cushioning [151], outflow tract septation [152], and craniofacial development [153]. 
In humans Bmp4 is found on the maternal side of human placenta, and its role in 
trophoblast cell development has been studied to consider its role in cell signaling 
during complications in pregnancy, but the role of Bmp4 in development of pre-
eclampsia remains poorly understood [154–157]. In vitro, when self-renewal is 
blocked, Bmp4 has been shown to induce differentiation of human pluripotent cells 
into trophoblast [154].
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Bmp7 is a secreted ligand belonging to the TGFβ superfamily of proteins that 
can regulate gene expression by binding TGFβ receptors. This signaling mecha-
nism recruits and activates members of the Smad family of transcription factors. 
This protein induces ectopic bone formation and may promote fracture healing in 
human patients. Mechanisms for this were evaluated through an assay that mea-
sured the ability of BMPs to induce osteogenic transformation in a panel of cell 
lines. BMP7 was able to induce alkaline phosphatase (Alp), osteocalcin (Bglap), 
and matrix mineralization in mesenchymal stem cells; however, Bmp7 was a 
weaker inducer than Bmp2, Bmp6, and Bmp9 [150]. Bmp7-null embryos present 
postnatal lethality and do not survive more than 10 days; their phenotype is defined 
by severe ocular defects and kidney defects [158]. In humans Bmp7 localizes to the 
fetal side of the placenta, and its expression has been correlated with calcifica-
tion [159].

The placental growth factor (Pgf) is homologous to the vascular endothelial 
growth factor gene and can regulate angiogenesis via selective binding to Vegfr1 
[160–162]. Pgf can also upregulate the potent vasoconstrictor Endothelin-1  in a 
PAX5-dependent manner [163]. Pgf knockout mice develop a placental phenotype 
presenting with an enlarged junctional zone and reduced labyrinth. Double knock-
out mice for both Pgf and catechol-O-methyltransferase (Comt) results in an 
increase in the placental glycogen content and a reduction of maternal blood pres-
sure, consistent with a role of Pgf in the development of preeclampsia [164]. 
However Pgf can also increase the levels of uteroplacental Mmp2 and Mmp9 poten-
tially providing a route to amelioration of hypertension and intrauterine growth 
restriction in preeclampsia [165]. In human placenta, Pgf localizes to the syncytio-
trophoblast layer [166], and this immunoreactivity is decreased in preeclamptic 
pregnancies [167]. Pgf has also been observed on the fetal side of the placenta in 
pregnancies complicated by fetal growth restriction [168].

The metalloproteinases Mmp9 and Mmp13 have both been detected in human 
placenta [167]. Mmp9 protein localizes to the placental bed, decidua, and villous 
trophoblast in human placenta [169]. Mmp13 localizes to maternal first trimester 
fibroblasts [170]. These molecules are secreted zinc metalloproteases that break 
down type I, III, IV and V collagens in the extracellular matrix [171]. Mmp9 extra-
cellular matrix degradation activity improves extravillous trophoblast invasiveness 
[172]. Demethylation of the Mmp9 promoter by Tet2 (Ten-eleven translocation 2) 
is associated with trophoblast invasion, and downregulation of Tet2 has been sug-
gested to contribute to preeclampsia-like phenotypes [173]. Mmp9 null mice exhibit 
impaired maternal-to-fetal connections, impaired embryonic development, and pla-
cental abnormalities, including an expanded layer of trophoblast giant cells and a 
reduction of the labyrinthine layer [174]. Clinically, pregnant women with pre-
eclampsia have lower concentrations of Mmp9 which may relate to the decreased 
invasion and remodeling of the uterine spiral arteries that has been associated with 
preeclampsia [173].

Additional secreted factors that may play pro-calcific roles in the placenta 
include fibroblast growth factor 23 (Fgf23), secreted phosphoprotein 1 (Spp1), 
tumor necrosis factor alpha (TNFα), and TNF receptor superfamily member 11b 
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(Tnfrsf11b). Fibroblast growth factor 23 (FGF23) has been suggested to promote 
syncytiotrophoblast development alongside αKlotho [58]. Spp1, which is also 
called osteopontin (OPN), is upregulated during decidualization [175] and has been 
implicated in embryo implantation and early placentation [176]. Tumor necrosis 
factor alpha (TNFα), a cell signaling protein, promotes the development of matrix 
metalloproteinases, found in cytotrophoblasts of the maternal side of the placenta 
[177]. It has been suggested to enhance smooth muscle cell death and inflammation 
during spiral arteries remodeling based on histological examination of chorionic 
villi from human placenta [178, 179]. Finally, Tnfrsf11b, which encodes for osteo-
protegerin, promotes calcification and is present in human placenta, but has yet to 
be studied for its potential role in placental calcification [180].

 Pro-calcific Transcription Factors

Intracellular factors such as the transcription factors Atf4, Runx2, Sox9, and Sp7 
also provide promising candidates for investigation of calcific signaling pathways in 
placenta. Activating transcription factor 4 (Atf4) has been studied extensively for its 
role in stress response during early development [181]. Atf4 expression has been 
detected in women with both early- and late-onset preeclampsia, with weaker sig-
naling during early-onset stages during placental dysfunction [182]. Functionally, 
this may relate to increased levels of Pgf, as Atf4 has been shown to restrict placen-
tal growth factor expression in trophoblast cells under stress [183].

Runt-related transcription factor 2 (Runx2) is a transcription factor with a con-
served Runt DNA-binding domain that contains 128 amino acids. Runx2 was iden-
tified as an inducer of the osteocalcin gene (Bglap) and has been extensively shown 
to have osteogenic effects both in bone development and in vascular disease [139, 
184–186]. Runx2 has a primary role during osteoblast differentiation, cartilage 
hypertrophy, vascular invasion of the bone, and vascular calcification in atheroscle-
rotic lesions [187]. Homozygous mice carrying a Runx2 mutation show complete 
absence of mature osteoblasts, Sp1, Bglap, and bone and are lethal just after birth 
due to breathing problems [188]. Runx2 expression has been detected in human 
placenta and has been shown to increase in response to GnRH treatment, also result-
ing in increased Mmp9 [189]. Runx2 has been suggested to promote formation of 
extravillous trophoblast cells during the first trimester of human pregnancy [189]. 
Runx2 has also been shown to promote osteogenesis in the placenta by impacting 
the conditions of both calcium and alkaline phosphatase regulation in amniotic epi-
thelial cells [190].

SOX9 is a master transcriptional activator of chondrogenesis and is predomi-
nantly expressed in mesenchymal condensations during embryogenesis, both before 
and during the deposition of cartilage [191, 192]. SOX9 regulates chondrocyte dif-
ferentiation during commitment of mesenchymal cells to a precursor of osteochon-
drogenic progenitors through both positive gene regulation and silencing the BMP 
inhibitors Noggin and Chordin [193]. Sox9 also encodes for sex determination 
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[192]. Although Sox9 is a master regulator of chondrocyte development and Sox9 
positive cartilage has been detected in human placenta, the functional relationship 
between Sox9 and ectopic cartilaginous deposition in the placenta remains unknown.

Sp7, also called osterix, is a master regulator of osteoblast differentiation that 
contains a conserved three zinc-finger DNA-binding motif [194, 195]. During 
osteoblast differentiation, the osteogenic function of Sp7 can be independently reg-
ulated by Runx2 or Msx2, which are induced by Bmp2 [196]. Sp7 ablation in mice 
leads to bone formation failure due to complete absence of osteoblasts despite a lack 
of downregulation of Runx2 and chondrocyte marker genes [114]. Expression of 
Sp7 can be detected in a wide range of tissues including the heart, brain, placenta, 
and lung [194], but the role of Sp7 in placental calcification remains unexplored.

 Anti-calcific Transmembrane Proteins

Ectonucleotide pyrophosphatase/phosphodiesterase 1, Enpp1, encodes for a mem-
brane protein that has been shown to promote anti-calcific effects during develop-
ment [197, 198]. Enpp1 inhibits joint mineralization [197]. Remarkably, inactivation 
of Enpp1 results in ectopic connective tissue calcification during fetal development 
which can be rescued in part by maternal oral consumption of pyrophosphate [198]. 
The placenta is likely a mediator of the Enpp1/PPi interaction during gestation, but 
placental effects remain unexamined in this model.

The membrane protein ANKH inorganic pyrophosphate transport regulator is 
also a pro-calcific molecule that has been detected in the placenta. Fetal develop-
ment studies support that ANKH inhibits calcification in instances in which under-
modeling for bone mineralization occurred [199]. ANKH is found on membranes of 
hypertrophic and chondrocytes of osteoblasts [200] and detected in placenta [201], 
but has not been evaluated for anti-calcific potential in the placenta.

AXL receptor tyrosine kinase, Axl, is a membrane protein that is stimulated by 
Gas6 and is localized to endothelial cells during fetal development and serves as a 
protective genetic factor during angiogenesis [202]. Altered genomic methylation 
of the Axl promoter has been associated with recurrent miscarriage, but the role for 
Axl in placenta and pregnancy is not well understood [203, 204].

 Secreted Anti-calcific Factors

Mgp, Grp, Ahsg, Nog, Chrd, and Gas6 all encode for anti-calcific proteins that are 
secreted by the placenta [205–208]. Matrix Gla protein, Mgp, is a calcification 
inhibitor which is expressed by bone cells and vascular smooth muscle cells. 
Decreased expression and activity of Mgp is thought to play a role in vascular cal-
cification mechanisms in the context of chronic kidney disease [209, 210]. Mgp has 
been detected in placental pericytes and may play a role in regulating calcification 
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in the placenta [209]. Gastrin-releasing peptide, Grp, is detected on the fetal side of 
the placenta [211] and has been shown to regulate angiogenesis, but the role of Grp 
in placental angiogenesis is not understood [212]. Alpha 2-HS glycoprotein (Ahsg) 
plays roles in both metabolism and vasculature development [213]. Ahsg also serves 
as a mineral chaperone and may have anti-calcific effects [214].

Noggin (Nog) is a secreted polypeptide that plays an important role in neural 
tube development and is known to directly inactivate pro-calcific members of the 
TGFβ superfamily, such as Bmp4 [215]. The primary physiological role of 
Noggin is to directly antagonize BMPs during vertebrate dorsal-ventral pattern-
ing and skeletal development. Noggin null mice die at birth from multiple defects 
including bony fusion of the appendicular skeleton [216]. Noggin acts by seques-
tering its ligand and thus inhibiting BMP signaling by blocking the molecular 
epitopes that are essential for binding both type I and type II receptors [217].
Similar to Noggin, Chordin (Chrd) also sequesters ventralizing BMPs into latent 
complexes [218]. Functionally, reduced expression of Chordin associates with 
de-differentiated, pro- calcific smooth muscle cell states, and loss of Chordin 
enhances the osteogenic differentiation of human mesenchymal stem cells 
[219, 220].

Growth arrest-specific 6, Gas6, is a vitamin K-dependent coagulation protein. 
Gas6 plays a role in tissue scarring and inflammation during vascular development 
and has been localized to trophoblast cells [221]. Although Gas6 has an anti- 
inflammatory effect in patients with atherosclerosis [222], interaction of Gas6 with 
anti-inflammatory effects with placental calcification has not been established.

 Anti-calcific Transcription Factors

Msx2 is a member of the homeobox gene family and encodes a transcriptional regu-
lator. Msx2 negatively regulates the expression of Bglap (osteocalcin) during osteo-
blast differentiation through direct association with chromatin, and thus it works in 
balance with Runx2, Dxl5, and Dxl3, which promote transcriptional initiation of 
Bglap and osteoblast proliferation [223]. During development Msx2 is expressed as 
early as the blastocyst stage where it has been identified as a member of a core fam-
ily of transcriptional activators that promote the differentiation of trophectoderm 
and trophoblast lineages [224]. Msx2 has also been detected at later stages of preg-
nancy in human placental trophoblast lineages where it has been suggested to pro-
mote signaling for the WNT/β-catenin pathway as syncytiotrophoblast and 
extravillous cytotrophoblast cells develop in vivo [225].

While the Slc20a2 null mouse currently remains the only in vivo genetic model 
of calcification, this large body of evidence suggests that placental calcification may 
be regulated and/or programmed through a paradigm of increasing activity of pro- 
calcific genes and decreasing activity of anti-calcific proteins across gestation. 
Together, these embryonic phenotypes and in vitro assays suggest that a systemic 
review should be done of placentas from pro- and anti-calcific animal models in 
order to test whether these signaling and mineralizing functions are maintained in 
the placenta. In addition to genetic manipulation and histological assessment, new 
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frontiers in computer vision provide promising routes to evaluate placental calcifi-
cation mechanisms and pathophysiology through noninvasive in vivo body imaging 
approaches and computational image analysis.

 Computer Vision: A New Frontier in Placental 
Calcification Research

True understanding of how ectopic calcification does impact placental function will 
be dependent upon nuanced analysis of in vivo body imaging data. While histology 
is still the gold standard for deducing tissue localization at the micron level, access 
to samples is limited, and histological sampling is often time-consuming, incom-
plete, and retrospective. In contrast, in vivo body imaging can permit an evaluation 
of both anatomy and physiology. In both clinical and basic science research fields, 
there are several imaging modalities that may be used and/or coupled to pursue this 
overarching question. For example, in the clinic, both magnetic resonance imaging 
(MRI) [226] and ultrasound imaging can be employed [30] during pregnancy. Basic 
science research using animal models is amenable to a wider range of imaging 
modalities including MRI, contrast-enhanced microCT, ultrasound biomicroscopy, 
deconvolution fluorescence microscopy, confocal microscopy, multiphoton micros-
copy, and optical transmission microscopy [227, 228]. In concert with technical 
advancements in imaging modalities, computational approaches to evaluating 
in vivo placenta imaging data are also advancing.

Computer vision image analysis techniques provide a particularly promising 
new frontier for the evaluation of placental physiology and structure-function rela-
tionships. A variety of computer vision techniques can be used to determine differ-
ent properties of the placenta that are represented by features. Features are in 
practice simply numeric descriptors of certain properties of an image. Once deter-
mined, features can be used to test for correlation with clinical characteristics of the 
pregnancy as well as clinical maternal-fetal outcomes. A fundamental assumption 
of this approach is that image properties such as texture and contrast relate to vari-
ous physical properties of the placenta. For example, deposition of calcium in the 
placenta can be simulated through texture analysis because calcification makes the 
placenta coarser.

Image type and image selection are important factors to consider in designing a 
computer vision analysis approach. MRI imaging is typically used to generate a 
three-dimensional view of the placenta, yet MRI imaging is costly and rarely applied 
in routine obstetric care, so the available data is limited. Alternatively, ultrasound 
(US) image evaluations are ubiquitous with much lower costs. While 3D US render-
ing is feasible, most ultrasound scans generate 2D cross-sections. Thus, 2D US 
images housed within clinical body imaging divisions can provide a wealth of 
largely untapped information. The choice of image type is mostly problem depen-
dent and depends on what kind of data is needed and how much time can be allo-
cated to this process. In addition to image type, image selection is of paramount 
importance while selecting an ultrasound image. The image must provide necessary 
details of the placenta without obstructing important areas.

13 Placental Calcification: Long-standing Questions and New Biomedical Research…



284

Image features can be identified and quantified through texture analysis. Indeed, 
this approach has been used to support a positive relationship between placental 
maturity and sonographic texture [229]. Texture analysis can provide a numeric 
value to intuitive qualities like smoothness and roughness. Texture analysis has 
been employed to MRI image analysis to test for gestational age with positive 
results. Specifically, gray-level co-occurrence matrix (GLCM) texture features, also 
known as Haralick texture features, have been used to show an increase in placental 
heterogeneity throughout gestational age [19]. This knowledge permits identifica-
tion of baseline textures in healthy placental MRI and has been used by Do et al. to 
demonstrate an association with gestational age. It remains to be seen how these 
baseline textures compare to cases of placental insufficiency and disease, as well as 
whether they aid in detection and diagnosis of maternal and fetal health conditions.

Image analysis is also increasingly combined with machine learning techniques 
that provide a prediction model for examining correlation with clinical characteristics 
and outcomes. A recent study by Sun et al. applied this approach to suspicious invasive 
placentation and identified correlates to adverse maternal clinical outcomes [226]. A 
multitude of machine learning and clustering methods, including Naïve Bayes, K 
Nearest Neighbor, k-means, and Multilayer Perceptron have been successfully used 
alongside texture analysis techniques for MRI and ultrasound images. For example, 
Romeo et al. used these machine learning methods to assess the presence of placenta 
accreta spectrum in patients with placenta previa with up to 98% accuracy [230]. 
Neural networks have also been used to evaluate in vivo placental imaging, namely, 3D 
ultrasounds. Looney et al. used neural networks to isolate the placenta from 3D ultra-
sounds and estimate placental volume, supporting that this method could be employed 
as a universal screening tool that provides an identifier for pregnancies at risk of devel-
oping problems [231]. As an alternate segmentation approach, wavelet decomposition 
using conditional random fields has been successfully used to develop segmentation 
methods for the fetus; these tools could potentially be applied to placenta segmentation 
using proper constraints and choice of the training set features [232].

Overall, machine learning approaches have shown immense promise in analyz-
ing placental and fetal images. Image selection and number of data points required 
are crucial experimental design decisions. A model is only as good as the data we 
provide in it, and the data must be accurate enough for a correct prediction. In con-
trast, with too few data points, one runs the risk of overfitting to a dataset, and this is 
also an important consideration. Therefore, image analysis, in tandem with machine 
learning, is a powerful tool that may assist analysis of placental calcification both in 
basic and clinical research, but these approaches require us to exercise caution.

 Conclusions

The placenta is an essential yet transient organ that supports healthy pregnancy and 
normal healthy fetal development. Placental vascular dysfunction is associated with 
preeclampsia, eclampsia, HELLP (hemolysis, elevated liver enzymes, low platelets) 
syndrome, fetal growth restriction, hemorrhage, preterm birth, and loss of life. 
Placental dysfunction can also negatively impact long-term maternal and offspring 
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health, as exposure to preeclampsia increases risk for cardiovascular disease, coro-
nary artery calcification, and stroke later in life. The concept that adverse intrauter-
ine factors such as preeclampsia can increase risk of diseases later in life was 
founded by epidemiologist David Barker and is now known as the Developmental 
Origins of Health and Disease (DOHaD) concept [233–236]. It remains largely 
unknown why calcium phosphate mineral deposits form in placental tissue in both 
normal and disease contexts and whether placental calcification and/or spatiotem-
porally specific calcification patterns will provide new insight into pathophysiology 
or serve as early diagnostic indicators of placental dysfunction. Herein we reviewed 
the association between placental calcification and clinical outcomes, histoanatomi-
cal features of mineral deposits in the placenta, mechanisms of calcium and phos-
phate homeostasis during pregnancy, and lessons learned about pro- and anti-calcific 
signaling molecules in placental tissue from both clinical and animal model studies. 
Many questions remain as to how mobilization, homeostasis, and maternal-fetal 
transport of calcium and phosphorus are regulated during pregnancy and how these 
processes may relate to ectopic placental calcification and both acute and long-term 
maternal and fetal health. Together, a large body of in vivo developmental pheno-
typing and mechanistic in vitro calcification studies warrant further investigation of 
these biology relationships and their biomedical significance. The rapidly advanc-
ing fields of noninvasive imaging and computational image analysis are also likely 
to provide structural and functional insight into the significance of placental calcifi-
cation in the interpretation of placental diseases, while new molecular insights will 
likely come from assessment of placental development and pathophysiology in 
ectopic calcification animal models in which placental biology has been overlooked.
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MSC Mesenchymal stem cell
NSAID Non-steroidal anti-inflammatory drug
POH Progressive osseous heteroplasia
RAR Retinoic acid receptor
SCI Spinal cord injury
SP Substance P
TBI Traumatic brain injury
TGF Transforming growth factor
TNF Tumour necrosis factor
VEGF Vascular endothelial growth factor

 Blast Injury

Blast is the mechanism of injury that results following explosion. Blast injuries fall 
into four categories [1]:

 1. Primary – the wave of blast overpressure passing through the body
 2. Secondary – caused by debris hitting the body
 3. Tertiary – caused by the body hitting an object
 4. Quaternary – all other injuries, including crushing and burns

These types of injuries have likely existed since the first utilisation of explosives 
[2]. The original explosive, black powder, was invented in China in the ninth cen-
tury for use in rockets, eventually guns and canon in the fourteenth century, and 
mining in the seventeenth century [3]. A mixture of naturally occurring compounds, 
black powder was only replaced with the advent of organic chemistry in the nine-
teenth century, and the production of the infamously unstable nitroglycerin. This 
was followed by compounds such as 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5- 
trinitro- 1,3,5-triazine (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine 
(HMX), the explosives of choice today [4].

Accidental blast injuries, for example, from industrial incidents, are rare in civilian 
life though they do happen [5]. Explosions caused by deliberate action are far more 
notorious: terrorist explosive events have increased with the turn of the century, with a 
fourfold rise in occurrence and an eightfold increase in injury between 1999 and 2006 
[6]. However, blast injuries are most common in warfare, particularly in recent con-
flicts. Blast accounted for only 9% of injuries in the American Civil War (1861–1865), 
and 35% in the Great War (1914–1918) [7]. Figures then rose in the later twentieth-
century wars, until blast became the dominant injury mechanism in the recent conflicts 
in Iraq and Afghanistan. Between 70 and 80% of injuries to British and American 
soldiers in these conflicts were as a result of blast, the highest in any recent conflict 
[8–10]. The majority of these injuries were caused by improvised explosive devices 
(IEDs), which gave rise to over 70% of combat casualties in Iraq and 50% in 
Afghanistan, the most significant threat to the soldiers in these regions [11, 12]. In 
addition, 43–54% of wounds occurred in the extremities, the most commonly injured 
area in these conflicts [8, 9]. This is in contrast to thoracic injury, which made up only 
5% of wounds in these conflicts, reduced from 13% in the Second World War.
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 Heterotopic Ossification

 Aetiology and Epidemiology

Heterotopic ossification (HO) is the formation of bone where it ought not to exist. 
Etymologically, the term is derived from the Greek hetero topos (other place) and 
the Latin ossification (bone making). Different types of bone have been reported in 
HO, and indeed different types of bone may form depending on aetiology. Analysis 
of trauma-related HO revealed that it is composed of a heterogeneous mix of corti-
cal and cancellous bone, in addition to fibrocartilage, with varying levels of miner-
alisation [13]. Like skeletal bone, the structure of which is discussed in detail in 
Chap. 17, HO contains arterioles, Haversian canals, and bone marrow and is subject 
to continuous remodelling, even after 3 years following presumed ‘maturation’ of 
the bone. These features of HO separate it from the mere calcification of tissues; HO 
is structured and organised at the cellular level, with a microstructure like orthotopic 
bone (Fig. 14.1). Macroscopically, however, HO is very different to skeletal bone. It 
grows polyaxially and appears floral in form, intimately associated with the soft tis-
sue. It has also been reported to grow faster than skeletal bone, at 1.7 μm per day 
compared to the 1.0 μm per day of normal bone [14].

HO is not a new phenomenon; it was first described by Albucasis, the father of 
surgery, over a millennium ago [15]. Patin, the Doyen of the Faculty of Medicine in 
Paris, then described the condition in children in 1692 [16]. The disorder he 
described is now commonly called fibrodysplasia ossificans progressiva (FOP), a 
rare genetic form of HO. FOP is characterised by malformation of the hallux at 
birth, but is followed by gradual HO in the soft tissues, which can be exacerbated by 
even the smallest of traumatic events [17]. The cumulative effects of this ossifica-
tion lead to gradual immobility and, ultimately, early death. Other genetic causes of 
HO include progressive osseous heteroplasia (POH), the intramembranous 

Fig.  14.1 Comparison of HO and skeletal bone (calcaneus) in a rodent, showing similar micro-
structure and osteocyte density but vastly increased numbers of osteoblasts and osteoclasts
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ossification of dermal tissue, Albright hereditary osteodystrophy (AHO), and other 
similar conditions [18].

Thankfully, the genetic forms of HO are extremely rare; global incidence of FOP 
is one in two million [19]. However, the acquired form is far more common. HO can 
form following musculoskeletal trauma, including surgery, damage to the central 
nervous system (CNS), particularly traumatic brain injury (TBI) and spinal cord 
injury (SCI), and burns [20]. In addition, perhaps the most devastating cause of 
acquired HO is that following blast trauma. While it may be asymptomatic, HO can 
cause chronic pain, ulceration of the skin, particularly when the ectopic bone forms 
over a skin graft, ankylosis of the joints, arthrofibrosis, neurovascular entrapment, 
and issues with fitting and utilising prosthetic limbs [21].

The association between HO and combat is not new; one of the first descriptions 
of acquired HO was made following observations from the American Civil War and 
the Great War [22]. However, prevalence of HO in soldiers has recently increased 
due to two key reasons. The first, as discussed above is the rising use of IEDs mak-
ing blast the predominant injury mechanism of injury, and the extremities the pri-
mary zone of wounding. The second is the increased survival rate, due to improved 
body armour, ubiquitous tourniquet use, improved air evacuation and care, haemo-
static dressings, and other modern survival innovations [23–26]. Because of this, 
more people with multiple limb loss are surviving their injuries [27]. It is this com-
bination of a higher survival rate but an increased incidence of severe extremity 
injury which has caused the recent upsurge in HO formation in wounded combat-
ants [28].

The prevalence of HO in combat-related amputees has been consistently reported 
as around 63%. Risk factors include a blast mechanism, amputation through the 
zone of injury, presence and severity of TBI, an age less than 30, multiple extremity 
injuries, delayed wound healing, a high injury severity score, and bacterial colonisa-
tion [29–31]. In contrast, the rate of HO is only around 23% in civilian (non-blast- 
related) amputees, and the HO was mild in 94% of these cases [32]. This corroborates 
the finding that blast, and not just amputation, is a risk factor for HO. Non-blast 
cases may also be less likely to have TBI, and other risk factors for HO (Table 14.1).

 Biology

 Environment/Inflammation

With the exception of POH and AHO, which are formed by intramembranous ossi-
fication, HO, including FOP, is a process of endochondral bone formation. The for-
mation of HO therefore requires three key things: osteoprogenitor cells, capable of 
differentiating into endochondral bone-forming cells, the signalling pathways that 
induce this differentiation, and a local environment which is conducive to bone 
formation [33]. The disease progression pathway of acquired HO begins with an 
inciting event, such as a blast injury, which causes an inflammatory response and the 
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cell-signalling cascade that induces cells to differentiate and begin forming bone 
[34]. These cells may be local to the injury site, or recruited from circulation.

Inflammation is a common requisite to all types of HO. Macrophages, mast 
cells, and adaptive immune cells are known to play a role; the exact inflamma-
tory mechanism that leads to HO remains unknown [35]. Inflammation precedes 
mineralisation, and as such anti-inflammatory therapies may be effective in pre-
venting HO, but do not affect HO formation once mineralisation has begun. The 
inflammatory response following severe trauma is highly complex, with local 
and systemic components, acute and chronic factors, and an associated anti- 
inflammatory response [36]. Tissue analysis of combat-injured patients showed 
that formation of HO was associated with high levels of interleukins 3, 6, 10, 
and 12p70, monocyte chemoattractant protein 1 (MCP1/CCL2) in the serum, 
and interleukins 3 and 13, interferon gamma-induced protein 10 (IP-10/
CXCL10), and macrophage inflammatory protein 1 alpha (MIP-1α/CCL3) in the 
wound effluent, in addition to bacterial colonisation [37, 38]. A summary of both 
the clinical and biological risk factors for combat-related HO is given in 
Table 14.1.

Hypoxia is also a prerequisite condition for the formation of HO, as it is for nor-
mal bone, that stimulates hypoxia-inducible transcription factor 1 alpha (HIF1α) 
[39]. HIF1α has roles in cartilage proliferation and differentiation, as well as angio- 
and osteogenesis, all of which are critical in osteochondral bone formation [40]. 
HIF1α upregulates vascular endothelial growth factor (VEGF) and transcription 
factor SOX9, critical for angiogenesis and chondrogenesis, respectively. Both of 
these factors are upregulated in cells derived from patients with high-energy combat 
injuries who developed HO, along with a host of others including matrix metallo-
protein 9 (MMP9) and insulin-like growth factor 2 (IGF2) [41]. It has also been 
suggested that the increased use of tourniquets, in addition to saving lives, may 
contribute to the increased incidence of HO by inducing hypoxia in the residual 
limb [42].

Table 14.1 Clinical and biological risk factors for combat-related HO

Clinical Biological

Blast mechanism of injury Hypoxia
Extremity injuries (presence and number) Serum cytokines:

High injury severity score IL-3
Amputation (particularly through the zone of injury) IL-6
Traumatic brain injury (presence and severity) IL-10
Age (<30 years) IL-12p70
Delayed wound healing MCP1
Bacterial colonisation Wound effluent cytokines:

IL-3
IL-13
IP-10
MIP-1α
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 Cells

In addition to the necessary environment and the signals that induce osteochondral 
differentiation, there needs to be a population of cells both able and available to dif-
ferentiate down this lineage. Perhaps the most promising candidate is the mesen-
chymal stem cell (MSC), a multipotent stromal cell which can differentiate into 
chondroblasts, osteoblasts, and brown adipocytes and form endochondral bone 
when implanted in vivo [43, 44]. MSCs were found in the debrided extremity mus-
cle of combat-injured patients, and were found to have increased alkaline phospha-
tase (ALP) expression and mineralised matrix production compared to bone 
marrow-derived MSCs, and did not terminally differentiate [45, 46]. Additionally, 
MSCs were found to be fewer in number and less able to differentiate with increased 
age, correlating with the decrease in HO seen with age [47, 48]. When pretreated in 
hypoxic conditions, MSCs displayed an enhanced angiogenic capacity, increased 
VEGF production, and decreased apoptosis, showing that MSCs thrive in the 
hypoxic conditions seen in HO [49].

There are a number of other cell types that have the potential to produce 
HO. Skeletal muscle cells, myoblasts, have been shown to dedifferentiate and 
progress through an osteochondral route when exposed to transforming growth 
factor beta (TGFβ), an inflammatory cytokine [50]. In response to bone morpho-
genetic protein 2 (BMP2), muscle cells were found to produce ALP and partici-
pate in HO formation, producing similar amounts of bone to MSCs [51, 52]. In 
addition to mature muscle cells, muscle stem cells, termed satellite cells, can also 
differentiate into adipocytes and osteocytes given the proper molecular cues, such 
as BMP2 [53]. There is also some evidence of these cells undergoing osteogenic 
differentiation even without BMP2 [54]. However, other studies suggest that sat-
ellite cells are terminally differentiated and that these results are due to co-con-
tamination of other cell types [55]. A FOP model showed that smooth muscle cells 
don’t contribute to HO, and the contribution of skeletal muscle progenitors was 
<5% [56].

A recently proposed source of cells is from the endoneurium. These cells have 
been shown to express osteogenic factors and to travel through the general circu-
lation to the site of HO in a mouse model [57]. Either direct trauma, for example, 
from blast, or BMP2 can initiate the neuroinflammatory cascade. This involves 
the release of pain mediators, substance P (SP) and calcitonin gene-related pep-
tide (CGRP), which recruit mast cells that in turn degranulate to release chemo-
kines and recruit cells that open the blood-nerve barrier (BNB) [58]. This 
opening, which may be controlled by histamines secreted by mast cells or MMP9, 
allows the perineurial and endoneurial cells to cross the BNB [59]. SP has been 
found to be upregulated in both traumatic HO and FOP lesions, and preventing 
the SP signalling pathway at any point has been shown to inhibit injury-induced 
HO [60].

Additional potential contributors include epithelial cells, endothelial cells, 
and pericytes. Epithelial cells can transform into MSCs, which are known to 
occur during embryonic gastrulation and triggered by BMP and TGFβ [61, 62]. 
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Both of these factors were found to be overexpressed by the epithelial cells in the 
HO lesions of transgenic mice [63]. Endothelial cells are similarly able to trans-
form into MSCs when exposed to TGFβ [64]. Chondrocytes and osteoblasts in 
FOP lesions were found to express endothelial markers, suggesting a vascular 
endothelial origin, and brown adipose tissue may share this origin [65, 66]. A 
different study suggested that cells of endothelial origin contributed 40–50% of 
cells in a FOP model [56]. However, the role of these cell types may be less 
direct. Some studies suggest that epithelial cells do not differentiate into osteo-
blasts, but instead secrete factors that induce osteochondral differentiation in 
other cells [67]. Endothelial cells release paracrine factors that induce chondro-
cyte hypertrophy, which are not secreted by myoblasts, fibroblasts, or other 
hypertrophic chondrocytes [68]. Further, the angiogenic growth factor Ang1 
enhances BMP2 signalling, osteoblast differentiation, and ectopic bone forma-
tion [69]. Endothelial cells are further important in their own right, as angiogen-
esis is a key requirement for HO formation. Pericytes, cells which line the outside 
of capillaries, have been shown to display osteogenic differentiation in vitro and 
in vivo [70]. However, these cells have a similar phenotype, gene expression, and 
differentiation potential to MSCs, making these cells and their potential role dif-
ficult to distinguish [71].

Endochondral HO lesions contain several tissue types, in addition to the soft 
tissue(s) it is formed in, including bone, cartilage, brown fat, and vasculature. The 
formation of HO thus requires all of the cell types found in these tissues, precisely 
located in both spatially and temporally. For example, the hypoxic conditions 
required for chondrogenesis and neovascularisation must precede and be separate 
from the normoxia required for osteogenesis. It is clear that several cell types have 
the potential to differentiate into HO forming cells, given the proper cues; however, 
elucidating which cells play a part in blast-related HO is far more complicated. 
There may be more than one source for the cells found in HO, and the different cell 
types that make up HO may have the same of differing precursor cells. It is also 
important to consider the cells that do not give rise to HO tissue, but have an indirect 
role by secreting paracrine factors. The cell types required for HO, and potential 
progenitor cells, are summarised in Table 14.2. Overall, it is clear that HO is a com-
plex biological process, and it is likely that there are several pathways that can 
lead to it.

Table 14.2 Summary of cell 
types found in HO tissue and 
potential progenitor cells

Cell types found in HO Potential progenitor cells

Osteoblasts Mesenchymal stem cells
Osteoclasts Myoblasts
Osteocytes Satellite cells
Chondroblasts Perineurial cells
Chondrocytes Endoneurial cells
Brown adipocytes Epithelial cells
Endothelial cells Endothelial cells

Pericytes
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 Diagnosis, Prevention, and Treatment

 Diagnosis

The initial stages of HO diagnosis are rooted in clinical examination, which can 
provide some important information. Swelling, stiffness, warmth, and redness are all 
early signs of HO; however these symptoms are not specific to the condition, and 
may also indicate thrombophlebitis, cellulitis, myelitis, or a tumour [72]. Once HO 
is suspected, plain X-ray radiographs are the most common modality to image and 
monitor lesions. X-ray computed tomography (CT) is more expensive and time- 
consuming, but provides a more detailed 3D picture, which is a valuable periopera-
tive tool. However, both X-ray modalities can only detect mineralised tissue and thus 
can only detect HO once mineralisation has begun [73]. Bone scintigraphy is a cur-
rently used technique for diagnosis, which can detect HO within 3 weeks of injury, 
several weeks earlier than radiographs. This technique can also be used to detect 
lesion maturity in order to correctly time excision surgery and to detect recurrence 
[74]. Elevation of serum ALP has been suggested as a marker of HO; however, ALP 
levels are dependent on hepatic and renal function, which may differ in blast- injured 
patients [75]. In HO caused by SCI, it was found that less than half of patients dis-
played elevated ALP levels [76]. It has also been proposed that the serum cytokines 
upregulated in HO may be used for early detection. However, these cytokines may 
differ by patient and wound type, and may be upregulated by the severe injury expe-
rienced by blast-injured patients, rather than specifically indicating HO [20].

New techniques are thus required in order to detect HO earlier, in order to begin 
a prophylactic regime as soon as possible. Given the issues with detecting serum 
markers of HO, focus is instead placed on imaging modalities. In Achilles tenotomy 
plus burn models, ultrasound, near-infrared, and Raman modalities were able to 
detect HO within a week of injury, which was only visible in microCT after several 
weeks [77–79]. Ultrasound was found to detect HO in 88.9% of afflicted SCI 
patients; however, at 62 days the mean interval was similar to confirmation of the 
condition by CT at a mean interval of 64 days [80]. Near-infrared imaging, though 
useful, requires the injection of a fluorescent tracer that may make it less attractive 
than Raman, which does not. In an ex vivo study of tissue from combat-wounded 
patients, Raman spectroscopy was able to differentiate between uninjured and 
injured muscle, unmineralised and mineralised HO lesions [81]. This technique can 
thus measure mineral maturity to aid surgical timing, but also may be used during 
the operation to identify lesion boundaries.

 Current Preventions

Given the historical lack of mechanistic insight into HO formation, current preven-
tions are based around non-specific anti-inflammatories. The exceptions to this are 
bisphosphonates, molecules with a P-C-P bridge that imitate the role of pyrophos-
phate in  vivo but are not broken down by ALP.  This is the only FDA-approved 

T. E. Robinson et al.



305

medication to prevent or treat HO [31]. Bisphosphonates prevent the formation and 
aggregation of calcium phosphate crystals, and act as crystal poisons after adsorb-
ing to the surfaces, in addition to interfering with biochemical processes when inter-
nalised by osteoclasts [82]. However, their efficacy in preventing HO is inconsistently 
reported. Etidronate, a first-generation bisphosphonate, was reported to lower the 
rate of HO following TBI and SCI [20]. However, etidronate was also shown to 
increase incidence of HO in burns patients [83]. A more consistent report, however, 
is that bisphosphonates only delay mineralisation, which recommences when treat-
ment is stopped [84]. Another consideration is that bisphosphonates may delay frac-
ture union, a common complication following blast injury [85]. However, this only 
appears to be following prolonged use of the drug, e.g. for osteoporosis, and rarely 
affects fracture healing when used for the first time following injury [86]. One inter-
esting finding is that nitrogen-containing bisphosphonates hastened HO maturity, 
leading to prompter surgical excision [87]. However, due to the lack of clear evi-
dence for efficacy, bisphosphonates are rarely administered for prevention of HO.

Commonly utilised prophylaxes for HO include non-steroidal anti-inflammatory 
drugs (NSAIDs) and radiotherapy. Both of these modalities are most commonly 
studied, and frequently administered clinically, for the prevention of HO in the hip. 
NSAIDs inhibit cyclooxygenase-2 (COX2), a key factor required for endochondral 
ossification, regulating the differentiation of MSCs and preventing angiogenesis 
[88]. Additionally, NSAIDs have been shown to suppress proliferation and induce 
apoptosis in osteoblasts and chondrocytes [89]. The efficacy of NSAIDs in prevent-
ing HO in the hip is generally taken to be good, though some studies dispute this 
[90, 91]. However the side effects of NSAIDs, including postoperative bleeding, 
hepatic and renal toxicity and failure, haematochezia, asthma, gastrointestinal 
bleeding, and other effects, often lead to discontinuation even in relatively healthy 
patients [91–94]. Blast-injured patients typically display severe systemic poly-
trauma, complex contaminated wounds, skeletal fractures, TBI, renal impairment, 
gastritis, and bleeding, which make the side effects of NSAIDs intolerable [95]. 
Primary prophylaxis against HO is therefore utilised rarely in combat-related ampu-
tees. However, there are attempts to curb these side effects. Local delivery of indo-
methacin, the most commonly prescribed NSAID for HO prophylaxis, was shown 
not to inhibit wound healing [96]. Local delivery allows a high concentration at the 
site, but a low systemic drug concentration, reducing side effects. The majority of 
NSAIDs utilised, including indomethacin, are non-selective, in that they inhibit 
both COX1 and COX2. Celecoxib is a selective COX2 inhibitor, which displayed 
equal efficacy to indomethacin but with fewer gastrointestinal side effects [97]. 
However, there are concerns about the effect of selective COX2 inhibitors on the 
cardiovascular system. Despite this, a small clinical trial of celecoxib in blast- 
injured patients showed a decrease in HO formation [21].

Radiotherapy is the other primary prophylaxis for HO, inhibiting proliferation 
and inducing terminal differentiation of MSCs [98]. In the hip, pre- and postopera-
tive radiotherapy are equally as effective, though the total dose is usually higher 
when given in several fractions postoperatively compared to the single preoperative 
dose [99–101]. Preoperative radiotherapy is usually preferred as it reduces patient 
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burden following the procedure. However, radiotherapy in the elbow has been 
shown to have no effect on HO formation, but significantly increased non-union 
[102]. Additional side effects of radiotherapy include compromised soft tissue heal-
ing and detrimental effects on immunological functions [103]. There are also logis-
tical limitations to the use of radiotherapy. Though timing guidelines are inconsistent, 
it is generally accepted that radiotherapy must be administered within 48–72 hours 
of injury. This may be unfeasible for blast-injured patients, particularly in combat 
where radiotherapy is not available in far-forward medical facilities [31]. Another 
concern of radiotherapy is carcinogenesis. There is thus far no evidence of carcino-
genesis following radiotherapy in the hip [104]. However, given the discrepancy in 
the average age between combat-wounded patients and those who undergo proce-
dures in the hip, and the potentially decades-long latency period following radio-
therapy, this is a risk which must be considered in younger patients [105].

Comparisons between radiotherapy and administration of NSAIDs for HO pro-
phylaxis in the hip reveal near-equal efficacy, with a slight leaning towards radio-
therapy because of dose-dependent efficacy, fewer side effects, and greater patient 
compliance [106–108]. However, neither are suitable for the majority of blast-
injured patients. In addition, neither modality showed prophylactic efficacy in a 
rodent blast model of HO [109, 110]. There is a clear need for new prophylaxes for 
HO with greater efficacy and fewer side effects which, combined with improved 
early diagnosis, can successfully be implemented in combat-injured patients.

 Current Treatment

Thankfully, HO is often asymptomatic, even with large lesions, or only transiently 
symptomatic after prolonged activity or mechanical irritation, which may subside 
with maturation of the HO and the associated inflammation. The first line of treat-
ment is always conservative and includes rest, physical therapy, stretching, dynamic 
splinting, injections, nerve ablations, pain medication, and prosthetic sock adjust-
ment and padding [31, 73]. However, if symptoms persist, excision surgery is the 
only current treatment for HO; this is required for 41% of transfemoral and 15% of 
transtibial combat-related amputees [111]. Complete marginal excision of the ecto-
pic bone lesions is recommended, and surgery should take place at least 180 days 
post-injury to allow the HO to mature, to reduce the risk of recurrence and re- 
excision [112]. In addition to HO excision, amputation revision, quadricepsplasty, 
contracture release, and excision of neuroma or skin graft are often required [95]. 
Excision surgery is technically demanding, with risk of haemorrhage, infection, 
wound complication, and neurovascular damage [112]. This surgery can be made 
more difficult by the HO changing the native anatomy and incarcerating important 
nerves and blood vessels [73]. Because of this preoperative planning is crucial, and 
CT is often utilised for both planning before and reference during surgery [95]. 
NSAIDs are routinely used as secondary prophylaxis to prevent recurrence; radio-
therapy is only used in high-risk cases, because of concerns about impairment of 
wound healing [31].
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 Novel Therapies

Given the lack of safe and effective prophylaxes against HO for combat-injured 
patients, it is clear that new therapies are needed to prevent patients having to go 
through surgical excision. As the biological mechanisms behind HO are being 
elucidated, new druggable targets are emerging. Perhaps the most exciting poten-
tial new prophylaxis is through retinoic acid receptor γ (RARγ) agonism. Retinoid 
signalling is a strong inhibitor of chondrogenesis, and thus endochondral bone 
formation. RARγ agonists were shown to prevent chondrogenic differentiation 
in vitro and prevent HO in traumatic animal models [113]. The treatment was 
shown to inhibit BMP2 signalling and to stop cells from differentiating into 
chondroblasts even when subsequently exposed to BMP2 or implanted into oth-
erwise osteogenic environments in vivo. However, a delay in fracture repair was 
seen, a clear contraindication for blast-injured patients, though the investigators 
suggest a window of opportunity for treatment after stabilisation but prior to 
healing [113].

Palovarotene, a RARγ agonist, was examined further; while not the most potent 
of the molecules studied, palovarotene was already in clinical trials for emphysema 
[114, 115]. In a FOP model, palovarotene was shown to prevent HO and restore 
long bone growth, and in a complex combat blast injury model, it also significantly 
reduced HO but may delay wound healing especially in the presence of bacteria 
[116, 117]. However a further study, while confirming that palovarotene prevents 
chondrogenic differentiation and reduces HO, showed deleterious effects on the 
skeleton including overgrowth of synovial joints and long bone growth plate abla-
tion [118]. Regardless, palovarotene was taken to clinical trial for FOP.  A 28% 
reduction in HO was seen in phase two; 65% was the benchmark, though there was 
some dispute as the drug was only administered for flare-ups above a certain thresh-
old [119]. Despite this, a phase three trial is ongoing, which is scheduled to end in 
2020 [120].

Another potential strategy is inhibition of activin receptor-like kinase-2 (ALK2), 
a BMP receptor. Activated receptors phosphorylate the SMAD 1, 5, and 8 pathways 
that lead to bone formation; constitutive ALK2 activation is the genetic defect that 
leads to FOP. Thus, by inhibiting ALK2 with LDN-193189, a study has shown inhi-
bition of HO formation in a FOP model [121]. The same ALK2 inhibitor also inhib-
ited HO in an Achilles tenotomy plus burn model of HO [122]. Interestingly this 
study also showed that, by applying apyrase to the burn site, remote hydrolysis of 
ATP also inhibited HO, by decreasing extracellular ATP and increasing intracellular 
cyclic adenosine monophosphate (cAMP), an inhibitor of SMAD 1, 5, and 8 
phosphorylation.

As discussed above HIF1α plays a crucial role in osteochondral bone forma-
tion, by upregulating VEGF and SOX9, which are critical for angiogenesis and 
chondrogenesis, respectively. It has also been shown to increase the intensity 
and duration of BMP signalling and that inhibiting it restores normal BMP2 
signalling and reduced HO formation in a FOP model [123]. In addition to a 
genetic model, treatment with PX-478 or rapamycin was shown to inhibit HIF1α 

14 Heterotopic Ossification Following Traumatic Blast Injury



308

and prevent HO in a trauma model [124]. Another HIF1α inhibitor is the antibi-
otic echinomycin, which was shown to prevent HO in an Achilles tenotomy 
model [125]. Other antibiotics have also been shown to inhibit HO; vancomycin 
was shown to prevent HO in a complex blast with infection model [126]. Though 
presumed that this was due to antimicrobial action, vancomycin also inhibited 
HO even in the absence of MRSA infection. The authors postulate that this is 
due to upregulation of tissue necrosis factor alpha (TNFα), IL-6, and IL-10 and 
thus that vancomycin alters the immune response pathway to reduce HO.

Several other potential prophylaxes are also under investigation. Macrophages 
contribute to the inflammatory process and release factors, including BMP, which 
support differentiation and maturation of osteoblasts. By utilising clodronate to 
deplete macrophages, HO has been shown to be reduced in genetic and spinal cord 
injury plus cardiotoxin injection models [127, 128]. Cells transduced to produce 
Noggin, a BMP antagonist, decreased HO in Achilles tenotomy and demineralised 
bone matrix implantation models [129]. Pulsed electromagnetic fields, by increas-
ing blood flow and preventing hypoxia, have been shown to reduce HO in hip and 
SCI patients [130, 131].

 Outlook

Despite being described for over a millennium, HO is still a significant problem 
today. The increasing frequency of terrorist incidents and the growing prevalence 
of high-energy extremity injuries in combat mean that blast-related HO is likely to 
continue to be an issue in the future. Inconsistent efficacy and side effects that are 
intolerable in a blast-injured population mean that current prophylaxes for HO are 
unsuitable, leaving excision surgery as the only option for many. Promisingly, the 
biological processes behind blast-related HO are gradually being elucidated, 
revealing the critical biological pathways and new druggable targets. Many of 
these new therapies have shown great success in various animal models of 
HO. Nevertheless, the translation of new prophylaxes into the clinic is thus far 
lacking. This is, in part, due to the currently diminished combat leading to low 
numbers of new blast-related HO patients. However, there is still work to be done 
in order to illuminate the entire biological network behind blast-related HO.  In 
addition, few studies utilise blast-injury models for HO, and it may be that new 
models are required in which to test potential therapeutics. A multidisciplinary 
approach is thus called for, in order to fully uncover the pathways behind the con-
dition, design therapeutics to target these pathways, develop delivery systems and 
models to test these therapies, and finally to translate these therapies through trials 
and into the clinic. This work is ongoing, in the hope that when a major conflict 
next occurs, there will be a therapy waiting so that blast-injured patients do not 
have to suffer HO.
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Chapter 15
The Paradoxical Relationship  
Between Skeletal and Cardiovascular 
Mineralization

Sidney Iriana, Yin Tintut, and Linda L. Demer

 Introduction

Calcific vasculopathy, also known as vascular calcification, is a widespread condi-
tion affecting almost all people over the age of 65 and involving most of the cardio-
vascular system, including the aorta, coronary arteries, carotid and other peripheral 
arteries, heart valves, and even arterioles. While calcification of these structures has 
been attributed to age, it is rapidly accelerated with metabolic disturbances such as 
atherosclerosis, chronic kidney disease, and diabetes, consistent with its regu-
lated nature.

An important clue about the mechanism of vascular calcification is the close 
association between the severity of vascular calcification, especially aortic 
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calcification, and the severity of osteoporosis. This potential interdependency 
between skeletal and vascular systems has important implications for treatment of 
either condition, in that any agent that treats one of the conditions may aggravate 
the other.

 Similarities Between Vascular and Skeletal Mineralization

Based on electron microprobe analysis, the mineral produced by vascular cells has 
the stoichiometry of hydroxyapatite, the same mineral as in skeletal bone [1]. In ath-
erosclerosis, fully mature, ectopic bone tissue is found in 25–65% of calcified lesions 
[2, 3]. It is also often found in medial calcification [3] and even in saphenous vein 
bypass grafts (personal communication, J-H Qiao), indicating that it is not inherently 
limited to the arterial side of the vascular tree. This ectopic bone includes the cellular 
components considered specific to bone, such as osteoblasts, osteoclasts, chondro-
blasts, chondroclasts, and osteocytes [4] as well as hematopoietic marrow [5]. 
Osteoclast-like cells in calcific atherosclerosis are important because of their poten-
tial for reversal of calcific vasculopathy. They are found in a minority of calcified 
arteries [3, 6]. They express canonical markers of osteoclasts including receptor acti-
vator of nuclear factor-kappa B, but their response to the receptor’s ligand is impaired. 
Furthermore, their cathepsin K and resorptive activities are reduced, in part due to 
IL-18 released by vascular smooth muscle cells [7] and by IL-4 and loss of respon-
siveness to RANKL [8]. This failure of active resorption of hydroxyapatite by osteo-
clast-like cells may explain why calcified vascular lesions fail to regress despite 
interventions [9]. More information on osteoclastogenesis is provided in Chap. 18.

The mineralization process appears to follow nearly identical processes of gene 
expression cascades, extracellular vesicle release, and collagen-based crystal propa-
gation [10]. The anatomical units of cortical bone have marked similarities to blood 
vessels. Cortical bone is made up of a parallel array of osteons, cylindrical units 
approximately 1 mm2 in cross-sectional area, centered on blood vessels, where the 
endothelial cells are surrounded adluminally by a basement membrane, which is, in 
turn, surrounded by osteoblasts in a mineralizing matrix (Fig. 15.1). The osteoblasts 
that surround the vessel are the least advanced along the pathway to the mature 
osteocyte phenotype. Mineralization of their matrix increases with distance from 
the vessel. Both vascular smooth muscle cells and osteoblasts are mesenchymal in 
origin, and both produce collagen.

 Location of Cardiovascular Calcification

Calcification may arise in vessels of all sizes in almost any tissue [11]. Other tissues, 
including the pineal gland, intestines, kidney, skeletal muscle, and myocardium, 
have been known to undergo mineralization; even the skeletal vasculature 

S. Iriana et al.



321

mineralizes [12]. The mineral deposits usually form in the intimallayer in patients 
with atherosclerosis, in the mediallayer in patients with chronic kidney disease, and 
in both layers in patients with diabetes. In the aortic valve, the mineral deposits 
occur in the fibrosa layer; in the mitral valve, the deposits occur in the fibrous annu-
lar ring. Atherosclerotic (intimal) calcification is associated with hyperlipidemia, 
inflammation, and oxidative stress. In many cases, the earliest site of mineral depo-
sition is along the internal elastic lamina. Medial calcification is associated with 
uremia, hyperphosphatemia, and hyperglycemia. In general, calcification reduces 
vasomotion and raises blood pressure, and these contribute to mortality [13]. About 
13% of surgical specimens of calcific valvulopathy also contain ectopic bone tissue 
[14], known as osteoid metaplasia, and/or ectopic cartilage tissue, known as chon-
droid metaplasia [15].

 Clinical Significance

The clinical consequences of calcific vasculopathy depend on the location. In the 
aorta, calcification increases stiffness, causing loss of the Windkessel effect, the 
recoil of the elastin-rich aorta during diastole. This impairs cardiac function, pro-
motes systolic hypertension, and diminishes diastolic pressure, which is needed to 
perfuse the coronary arteries. In cardiac valves, leaflet calcification reduces excur-
sion leading to a smaller orifice size, which increases resistance to flow, and may 
reduce ability of the valve to close fully. In the aortic valve, this causes symptoms 
of aortic stenosis such as hemodynamic instability, dyspnea, chest pain, and syn-
cope. In coronary arteries, calcification serves as a marker for subclinical athero-
sclerosis, and it may directly contribute to plaque rupture, which leads to acute 
coronary syndrome or myocardial infarction [16]. Calcification in the aortic arch 
increases the work of the heart, and, by decreasing diastolic recoil, reduces diastolic 
perfusion of the coronaries, leading to myocardial ischemia. Peripheral artery calci-
fication with symptomatic ischemia is a better predictor for lower extremity 
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Fig. 15.1 Schematic showing similarities between the structure of arterial and bone tissues.  
(With permission from Trends in Endocrinology and Metabolism)
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amputation than traditional risk factors [17], and the extent of coronary artery calci-
fication is an independent predictor of all-cause mortality [18–21]. Controversy 
remains as to whether calcification directly promotes cardiovascular events or if it 
may be protective, and this appears to depend on micro-architectural and macro-
architectural features. For a given volume of mineral, a spotty pattern of calcium 
deposits has greater surface area than a contiguous pattern. Theoretical finite ele-
ment analysis [16] predicts that rupture due to von Mises stress increases at the 
surfaces of a rigid inclusion in a distensible material and its amplitude is greater for 
larger deposits. Thus, the spotty pattern of multiple smaller deposits, which has 
greater mineral surface area per mineral volume, would theoretically be character-
ized by higher rupture risk for a given total amount of mineral, and this is confirmed 
in clinical studies [22].

 Paradoxical Relation to Osteoporosis

Epidemiologic studies support an inverse relationship between vascular calcifica-
tion and bone loss that is independent of age [23]. In a cohort of middle-aged 
women, bone mineral density (BMD) and aortic calcification were inversely associ-
ated in an age-independent manner [24]. In a cohort of postmenopausal Asian 
women, the degree of aortic calcification correlated with risk of vertebral fracture 
[25]. A study of 300 postmenopausal women showed severe abdominal aortic calci-
fication only in the women with the most severe osteoporosis [26]. Other studies 
have also suggested an inverse association between coronary artery calcification 
and bone mineral density after adjusting for age, previous fracture history, physical 
activity, and other potential confounders [27]. In asymptomatic postmenopausal 
women with normal or low BMD, total coronary calcium scores are significantly 
higher in groups with osteoporosis compared with control groups [28]. In a study of 
over 2000 healthy postmenopausal women, the degree of aortic calcification was an 
independent predictor of hip fractures, diminished BMD, and accelerated bone loss 
[29]. Conversely, after normalizing for confounding factors, increased bone density 
was associated with reduced coronary artery calcification [30].

Notably, bone density is often measured by DEXA (dual energy x-ray analysis) 
at the lumbar spine. This technique measures the amount of x-ray attenuation from 
a beam passing from the front of the abdomen through the back of the lumbar spine. 
Since this beam pathway includes the abdominal aorta, changes in aortic calcifica-
tion would be misinterpreted as changes in bone density in response to whatever 
intervention was tested. This apparent responsiveness to drugs may have caused 
investigators to choose the lumbar spine for testing treatments, given that the lumbar 
spine is rarely a site for fracture.

From a teleological perspective, a similar paradoxical relationship is seen for 
responses of soft tissue and skeletal bone to infectious processes and foreign body 
reactions. Evolutionarily, the immune system is focused on infection and foreign 
bodies. In soft tissues, the response of the immune system is to first send acute 
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cellular and antibody immune defenses. If the infectious agent or foreign body sur-
vives, chronic inflammation ensues. And, if that defense fails, it appears that soft 
tissues resort to an ultimate immune defense  – erecting a wall of mineral, and, 
eventually, bone, to wall off the noxious agent. By contrast, when skeletal bone tis-
sue is confronted with an infectious process, such as osteomyelitis that does not give 
in to cellular and humoral immune defenses, bone responds by osteolysis – dissolv-
ing of the bone tissue around the noxious agent to eliminate its preferred environ-
ment. One may speculate that similar processes explain the paradox of vascular 
calcification in the face of osteoporosis. However, the precise mechanisms that con-
trol the relationship between chronic inflammation and ectopic calcification are still 
under investigation.

In the past, the paradoxical relationship between vascular calcification and osteo-
porosis was attributed to natural aging processes and menopause [31, 32]. However, 
current evidence suggests that it is independent of aging and that oxidant stress, 
lipids, and inflammatory cytokines may be key factors linking the two pathological 
processes, as described below.

 Oxidant Stress, Lipids, and Inflammatory Cytokines

It is well established that atherogenesis is driven in large part by accumulation of 
LDL nanoparticles in the subendothelial space of the artery wall and oxidative modi-
fication of their phospholipid components [33]. Antibodies to these oxidized phos-
pholipids have been shown to inhibit atherosclerosis in transgenic hyperlipidemic 
mice [34]. This mechanism explains many of the risk factors, including hyperlipid-
emia, hypertension, smoking, age, and diabetes, each of which amplifies some 
aspect of this process, including mechanical and chemical injury. Oxidized phospho-
lipids trigger inflammation, causing endothelial cells to release inflammatory cyto-
kines, which attract monocytes, which, in turn, release further cytokines. Recruitment 
of activated monocyte-macrophages and vascular smooth muscle cells (VSMC) to 
the subendothelial space forms the atherosclerotic neointima known as plaque.

VSMC may be a source of osteoblasts in the artery wall. They share embryonic 
mesenchymal origins with osteoblasts. In atherosclerotic plaque and in tissue cul-
ture dishes, they also have the plasticity to dedifferentiate into a “synthetic pheno-
type” [35]. This phenotype is associated with a substantial increase in synthesis of 
collagen type I, the matrix component that is key to mineralization [36], suggesting 
that synthetic phenotype may be a first stage of osteogenic differentiation. VSMC 
are also shown to redifferentiate or transdifferentiate into osteoblast-like cells [10, 
37, 38]. Even endothelial cells have the plasticity to differentiate along an osteoblas-
tic lineage, through endothelial-mesenchymal transition [39]. Several studies have 
shown that activated monocyte-macrophages and pro-inflammatory cytokines stim-
ulate VSMC and valvular interstitial cells (VIC) to undergo osteoblastic differentia-
tion and mineral deposition [14, 40–44]. Inflammatory markers colocalize with 
early osteogenic activity in calcific vasculopathy in mouse models [45].

15 The Paradoxical Relationship Between Skeletal and Cardiovascular Mineralization



324

The same oxidatively modified lipids and phospholipids that drive atherogenesis, 
known as inflammatory lipids, also affect skeletal bone. Skeletal bone is a vascular-
ized tissue. When cut, it bleeds. The same mechanism by which LDL crosses the 
endothelium in arteries allows it to cross the endothelium of bone vasculature. 
Progenitors of bone-resorbing osteoclasts also pass through the endothelial layer of 
osteon vessels as monocytes. Lipids are found in the subendothelial space of osteons 
in human osteoporotic bone adjacent to osteoblasts, and osteoblasts have been 
shown to have the capacity to oxidatively modify LDL [46]. Products of that oxida-
tive reaction are found in the bones of mice administered a high-fat diet [47] 
(Fig. 15.2), and bones of those mice have reduced mineral density [48, 49].

In vitro, oxidized phospholipids inhibit differentiation and mineralization of 
osteoblasts [50, 51] as evidenced by inhibition of alkaline phosphatase activity, 
type I collagen, and matrix mineralization [52] as well as enhancement of 

Fig. 15.2 Staining for 
lipids by Oil Red O in 
non-osteoporotic (top)  
and osteoporotic (bottom) 
human bone. Arrow 
represents a typical 
osteocyte, and arrowhead 
represents perivascular 
space of the Haversian 
canal. (With permission 
from Arteriosclerosis, 
Thrombosis and Vascular 
Biology and the American 
Heart Association. Tintut 
et al. [47])
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adipogenic differentiation [52]. In vivo, this results in bone loss and reduced bone 
strength [48, 49]. Conversely, inflammatory lipids also promote resorptive activity 
of bone- resorbing osteoclasts [47, 53]. Altogether, these effects are expected to 
promote bone loss, in a diffuse manner. One possibility is that the diffuse bone 
loss of osteoporosis may, in part, be caused by oxidized phospholipids and 
inflammation.

 Statin Class of Drugs

Given the above mechanism, one would expect that reducing accumulation of LDL 
in the artery wall by lowering serum lipid levels would reduce vascular calcification. 
Lipid lowering is widely achieved in hyperlipidemic patients by statins and PCSK9 
inhibitors. Yet, despite their remarkable capacity to lower circulating LDL- 
cholesterol levels, they do not reduce coronary artery calcification (CAC) or halt its 
progression. Indeed, randomized control trials show an increase in CAC progres-
sion in patients on statins even in the setting of its serum lipid-lowering effects 
[54–56]. This unexpected finding raises important questions about the current 
understanding of mechanisms linking lipids to calcification and calcification to car-
diovascular events. Remarkably, current clinical recommendations are to discon-
tinue the practice of following progression of CAC in patients on statins [57].

With respect to the skeleton, statins may promote both skeletal and ectopic bone 
growth. Mundy et al. reported that statins promote skeletal bone growth through 
bone morphogenetic protein [58], and slow-release statins have been used to treat 
non-healing fractures in preclinical studies. Initially, observational studies have 
reported dramatic reductions of fracture incidence in patients taking statins [59]; 
however, randomized, control trials have not confirmed this finding [60, 61].

 Teriparatide

Teriparatide is an injectable recombinant human parathyroid hormone (PTH) 1-34 
and an FDA-approved bone anabolic agent for osteoporosis. It is well-known that 
chronically and continuously elevated PTH levels, as in hyperparathyroidism, cause 
bone loss [62]. However, it turns out that intermittent elevations in PTH have bone 
anabolic effects. Thus, intermittent teriparatide injections are used to stimulate bone 
formation, which occurs, in part, through stimulation of insulin-like growth factor 
(IGF)-dependent pathways [63]. The end results include markedly enhanced bone 
mineral volume, micro-architecture, and overall structure. Interestingly, the efficacy 
of this bone anabolic agent is blunted in the presence of inflammatory lipids due to 
inhibited expression of bone morphogenetic protein 2 (BMP2) [64]. In vivo, PTH 
(1–34) anabolism is also blunted in hyperlipidemia, most likely through protein 
kinase A, Wnt, and insulin-like growth factor I-dependent mechanisms [65].
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As for the cardiovascular system, PTH receptors are present in VSMC [66]. 
Chronically high levels of PTH that occur in the secondary hyperparathyroidism 
accompanying chronic kidney disease are associated with atherosclerosis, stiffening 
of arteries, hypertension, and cardiovascular events [67]. They also have a high 
prevalence of vascular calcification [68] and cardiovascular mortality not attribut-
able to conventional risk factors. In contrast, intermittent activation of PTH recep-
tors with PTH [1–34] prevented vascular calcification in diabetic low-density 
lipoprotein receptor-deficient mice via Msx2 suppression [69]. Interestingly, in 
mice with pre-existing atherosclerotic calcification, PTH (1–34) did not affect the 
amount of calcification but altered micro-architecture of aortic calcium deposits, in 
a manner that may affect plaque stability [70]. Activation of the PTH receptors with 
PTHrP also inhibited matrix mineralization of vascular smooth muscle cells [71]. 
PTH appears to induce IL-6 and RAGE in human endothelial cells [72], but little is 
known about the cellular mechanisms.

 Bisphosphonates

Bisphosphonates, used for treatment of osteoporosis, inhibit resorption by blocking 
osteoclast activity. They are now under consideration as potential therapy for vascu-
lar calcification. However, concerns about hypermineralization and low-impact 
fractures have led to recommendations of limits on duration of treatment. Some 
evidence suggests that they may reduce vascular calcification. In hemodialysis 
patients, etidronate was found to reduce progression of coronary and aortic calcifi-
cation [73–75]. In kidney transplant patients, an 18-month treatment decreased the 
progression of aortic calcification [76, 77]. In the absence of chronic kidney disease, 
bisphosphonates do not appear to affect vascular calcification [78, 79]. In preclini-
cal animal models, bisphosphonates inhibited warfarin or warfarin/vitamin 
D-induced aortic medial calcification that is similar to calcification developed in 
renal patients [80]. Interestingly, serum levels of calcium and phosphate did not 
fluctuate with the treatment, suggesting that inhibition of calcification may not be 
due to the transient changes in serum levels [80]. As an analogue of pyrophosphate, 
a potent inhibitor of vascular calcification, in vitro studies show that bisphospho-
nates inhibit vascular calcification locally through inhibiting alkaline phosphatase 
(ALP)-related osteogenic activity [81, 82]. Newer biologic therapy with denosumab 
appears to have the same effects on coronary calcification as alendronate [83].

 Vitamin D and Calcium Supplementation

Vitamin D and calcium have long been recommended for osteoporosis prevention 
and treatment based on numerous studies that support a modest improvement in 
bone density. However, the vitamin D assessment (ViDA) study, a randomized, 
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double-blind, placebo-controlled trial of over 5000 patients, showed no benefit of 
vitamin D supplementation on nonvertebral fractures [84]. In addition, a recent 
randomized clinical trial from Canada showed no benefit and possible harm from 
vitamin D doses exceeding 400 IU per day; results showed a reduction in bone 
density at the radius with moderate and high doses of vitamin D, and a reduction 
in bone density in the tibia at high doses [85]. In addition, some of the publications 
that supported vitamin D treatment for osteoporosis have been retracted due to 
data fabrication, systematic authorship misconduct, text duplication, concerns 
about data integrity, and scientific misconduct by one particular group of authors 
[86]. Thus, new evidence raises some questions about the benefit of vitamin D 
to bone.

With respect to the vasculature, the Women’s Health Initiative of the National 
Institutes of Health found no significant effect of calcium/vitamin D supplementa-
tion on cardiovascular disease in over 36,000 healthy postmenopausal women [87]. 
However, a later re-analysis of the data showed a modest increase in cardiovascular 
risk for women taking calcium that was masked by the widespread free use of per-
sonal calcium supplements among the subjects [88].

A source of concern is that high-dose vitamin D reliably induces vascular calci-
fication in animals and humans [89–91], to the degree that it has been used widely 
as an experimental model for vascular calcification for over four decades. Although 
the doses in rodents are higher than those in humans, it is generally accepted that 
effects of high doses of agents over the short life span of a rodent are predictive of 
the effects of lower doses in the longer life span of humans. The mechanism by 
which vitamin D induces vascular calcification is not clear; however, a dose- 
dependent, receptor-mediated relationship has been demonstrated for 
1,25- dihydroxyvitamin D3 on vascular smooth muscle cell Ca-ATPase as well as 
cellular Ca2+ uptake [92].

In the Framingham Offspring Study, a biphasic relationship was found for vita-
min D levels and cardiovascular risk, which increased at both high and low levels 
(<15 and > 30 ng/ml) of serum 25-hydroxy-vitamin D [93]. This study involved 
over 1700 asymptomatic participants without previous cardiovascular disease, with 
a mean follow-up of 5.4 years [93]. A similar biphasic relationship was found for 
vitamin D levels and vascular calcification in children on dialysis [94]. In a small 
study of patients on dialysis, CAC was associated with intravenous pulse dosing of 
active vitamin D [84].

Contrary to prior observational studies, results of the vitamin D assessment 
(ViDA) study showed no benefit of vitamin D supplementation on cardiovascular 
disease [84]. The lack of benefit to cardiovascular disease was also seen in the ran-
domized, controlled, vitamin D and omega-3 (VITA) trial of over 25,000 subjects 
[84]. Another randomized controlled trial showed no effect on the risk factor profile 
by vitamin D supplementation [95].Given that aortic calcification is typically more 
severe in patients with osteoporosis, independently of age, and that vascular calcifi-
cation may come in the form ectopic bone, a key question is whether calcium and 
vitamin D supplements promote ectopic bone growth as much or even more than 
skeletal bone growth.
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Chapter 16
Cellular Contributors to Bone Homeostasis

Martina Rauner, Katharina Jähn, Haniyeh Hemmatian, Juliane Colditz, 
and Claudia Goettsch

 Introduction

Bone is a multi-functional organ. The skeletal system serves as connective tissue but 
also exhibits mechanical, metabolic, and endocrine functions [1]. It provides 
mechanical support to protect the brain, as well as other soft organs within the rib 
cage from damage. Bone is a storage site for calcium and phosphate and serves as a 
target organ for paracrine and endocrine factors that maintain mineral homeostasis 
and regulate energy outlay. Moreover, as an endocrine organ, the skeletal system 
contributes to body homeostasis through secreted molecules that exhibit effects on 
peripheral organs [2–4]. The skeleton is a complex and dynamic tissue that, in addi-
tion to its biomechanical properties, harbors stem cells and specific precursor cells 
of the hematopoietic and immune system [5, 6].

To maintain physiological bone mass, the skeleton undergoes constant remodel-
ing processes. Bone remodeling is a lifelong dynamic process that guarantees effi-
cient degradation of old bone in balance with replacement by new mineral. Bone 
mass is determined by the coordinated actions of four distinct bone cell types: bone- 
forming osteoblasts, bone-resorbing osteoclasts, bone-lining cells, and osteocytes. 
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Bone-lining cells build a monolayer that covers the bone surface in the quiescent 
state. Osteocytes, embedded within the bone matrix during skeletal maturation, are 
important mechanosensing cells and therefore key skeletal communicators [7]. 
Under physiological conditions, the equilibrium and coupling of bone resorption 
with bone formation is tightly fine-tuned to ensure proper bone mass and quality. 
Bone remodeling occurs in four steps in a highly vascularized special space called 
“bone remodeling compartment” (BMC, Fig.  16.1) [8]. Remodeling initiates by 
recruitment of osteoclasts to BMC by osteocytes. Differentiated and functional 
active osteoclasts cause bone resorption and concurrent recruitment of mesenchy-
mal stem cells. Osteoblasts differentiate and form new bone. In the final step, the 
osteoid mineralizes [7].

In many pathophysiological conditions, the impairment of these mechanisms 
triggers a dysregulation of bone remodeling, causing unbalanced between bone 
resorption and formation. A consequential loss in bone mass and/or alteration in 

Bone
remodeling
compartment

RANKL
Sclerostin

Osteocytes Osteoclasts Osteoblasts

RANKL

RANK
c-Fms
M-CFS
αvβ3
NFATc1

Fig. 16.1 Bone remodeling occurs in the bone remodeling compartment through the coordinated 
action of osteocytes, osteoblast, and osteoclasts. The molecular machinery in each cell contributes 
to proper cellular function. Images below: Left – osteocytes (red arrow) in murine cortical bone, 
silver precipitation technique: Nuclei were visualized using thionin counter stain. Middle – pri-
mary mouse osteoclast differentiated in vitro from bone marrow progenitors using M-CFS and 
RANKL. Immunofluorescence staining of actin rings (green), trap (red). Nuclei were visualized 
using DAPI (blue). Right – osteoblasts (yellow arrow) in human trabecular bone specimen embed-
ded undecalcified in poly(methyl methacrylate), toluidine blue staining. The figure was partially 
created using Servier Medical Art, licensed under a Creative Commons Attribution 3.0 
Unported License
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bone microarchitecture can lead to skeletal destruction and increased fracture risk, 
in conditions like osteoporosis, rheumatoid arthritis, and skeletal metastases [9].

 Osteoblasts

Osteoblasts stem from mesenchymal stem cells (MSC), similar to chondrocytes, 
adipocytes, myocytes, and other stromal cells. More recently, studies characterized 
the skeletal stem cell more precisely, showing that osteoblasts, chondrocytes, and 
stromal cells share a progenitor cell that does not give rise to adipocytes or myo-
cytes, indicating that these cells are more closely related in the hierarchical tree 
[10]. Importantly, these observations also hold true for human skeletal stem cells 
[11]. Osteoblasts are specialized cells that produce the bone matrix by first laying 
down the organic matrix (i.e., osteoid), which mostly consists of type I collagen and 
other non-collagenous proteins such as osteocalcin or osteopontin, and then contrib-
uting to the mineralization of the matrix. During matrix production, osteoblasts 
have a cuboidal shape and are packed with endoplasmic reticulum and mitochon-
dria. Hydroxyapatite-based microcrystals are deposited into the collagen matrix, 
which requires two phases: (I) the removal of acid evolved during hydroxyapatite 
nucleation by the osteoblast to allow for matrix deposition, and (II) mineral matura-
tion from amorphous calcium phosphate to hydroxyapatite, which is associated 
with important changes in mineral orientation and organization, leading to the dense 
lamellar structure of mature bone. This process is critically dependent on pH and the 
function of tissue non-specific alkaline phosphatase (TNAP) as a supplier of phos-
phate, which works best at an alkaline pH [12–14].

Besides producing the bone matrix, osteoblasts have additional functions includ-
ing providing a niche for hematopoietic stem cells [5, 15], as well as regulation of 
energy production [16, 17], male fertility [18, 19], and brain function by producing 
osteocalcin [20], which has been identified as a factor with hormonal actions on 
distant organ sites. Most importantly, however, osteoblasts are key regulators of 
bone resorption by osteoclasts, as they produce receptor activator of NF-κB ligand 
(RANKL) and its endogenous inhibitor osteoprotegerin (OPG), to determine the 
rate of osteoclastogenesis and bone resorption [21–24]. Thus, bone formation and 
bone resorption are tightly coupled processes that underlie a strict regulation within 
not only the communication between osteoblasts and osteoclasts but also other cells 
that influence their communication, including osteocytes and immune cells.

 Osteoblast Differentiation

Osteoblast differentiation is a multi-step process, beginning with maturation from 
stem cell into an osteoblast progenitor, then to a pre-osteoblast, and finally to a 
mature osteoblast. These stages are paralleled by different functional steps, 
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including cell proliferation, matrix production, and mineralization. Once fully 
matured, osteoblasts either undergo apoptosis, become quiescent bone-lining cells 
that can be reactivated quickly after proper stimuli (e.g., parathyroid hormone 
(PTH) or inhibition of sclerostin), or terminally differentiate into osteocytes. How 
the osteoblast fate is chosen remains largely unknown.

To differentiate, two transcription factors are absolutely necessary: Runt-related 
transcription factor 2 (Runx2) and osterix (Osx). Deficiency of either of these tran-
scription factors in mice results in a non-mineralized skeleton made of only carti-
lage [25–27]. Both intramembranous and endochondral ossification are completely 
lacking in Runx2−/− and Osx−/− mice. These transcription factors are important not 
only in mice but also in humans. Mutations in the gene encoding for Runx2 are 
associated with cleidocranial dysplasia [28]. Several growth factor signals that are 
crucial for osteoblast differentiation, such as bone morphogenetic protein (BMP) 
signaling, fibroblast-like growth factor, or insulin-like growth factor signaling, use 
either Runx2 or Osx as their downstream transcriptional mediators. Besides Runx2 
and Osx, Msx1 and Msx2 are critical for osteoblast differentiation in cranial bone 
[29]. In addition, several other transcription factors are important for osteoblastic 
differentiation at various sites including Dlx5, Dlx6, AP1, ATF4, NFATs, and Twist 
proteins [30].

 Regulatory Pathways

Osteoblast differentiation is regulated by several growth factor pathways and sys-
temic hormones (e.g., vitamin D or glucocorticoids). However, studies in mice and 
humans have shown that two pathways are central regulators of ossification and 
osteoblast differentiation. These are the BMP and Wnt signaling pathways.

BMPs belong to the transforming growth factor beta (TGFβ) superfamily and 
have essential functions during embryogenesis, organogenesis, as well as cell pro-
liferation and stem cell differentiation. Of the 15 identified BMPs, BMP2, 4, 6, 7, 
and 9 exhibit osteoinductive capabilities. They promote the commitment of mesen-
chymal stem cells to osteoprogenitors and further stimulate osteoblastogenesis and 
bone mineralization [31–33]. BMP2 and BMP4 deficiencies are embryonically 
lethal. Conditional knockout of BMP2 and BMP4 alone or in combination in osteo-
blasts results in impaired bone formation caused by dysfunctional chondrocyte and 
osteoblast differentiation as well as function [33, 34]. Besides the ligands, BMP 
receptors (e.g., ALK2, ALK3, ACVR1) in osteoblasts were also shown to play a role 
in ossification [35–38]. Constitutive activation and/or different ligand susceptibili-
ties of mutated ALK2 lead to a rare genetic disease called fibrodysplasia ossificans 
progressiva, which is characterized by excessive heterotopic ossification [39, 40].

The BMP signal transduction is initiated upon BMP ligand binding to a receptor 
heterodimer complex, which consists of type I and type II BMP transmembrane 
serine/threonine kinase receptors (BMPR). The constitutively active BMPR type II 
activates BMPR type I through phosphorylation upon ligand binding. The 
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SMAD-dependent pathway is the classical, canonical BMP pathway and is based on 
the activation of R-Smads (Smad 1, 5, 8) and co-Smads (Smad 4), which, when 
translocated into the nucleus, can bind to BMP responsive elements and initiate the 
transcription of osteoblastic genes. Furthermore, BMP signaling can induce non- 
canonical signaling pathways, including mitogen-activated protein kinases such as 
extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNK), and 
P38 mitogen-activated protein kinases (P38) to induce osteopromoting outcomes 
[33]. Also the phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) pathway 
has been implicated to play a role in BMP-mediated signaling in osteoblasts [41, 42].

The BMP signaling pathway is regulated via numerous inhibitors including 
inhibitory SMADs (Smad 6, Smad 7) as well as extracellular antagonists such as 
gremlin, chordin, and noggin [43]. Noggin has been investigated in great detail in 
the context of bone. Either overexpression or conditional knockout of noggin leads 
to low bone mineral density and reduced bone formation [44, 45], suggesting that 
optimal levels of BMP signaling are required for proper bone formation.

The Wnt signaling pathway is among the most critical pathways to regulate 
osteoblast differentiation. Mutations in components of the Wnt signaling pathway 
result in drastic skeletal alterations in both mice and humans. In brief, activation of 
Wnt signaling leads to enhanced osteoblast differentiation and bone formation, 
while inhibition results in decreased osteoblastogenesis. Thus, Wnt signaling has 
also been a major target to develop new treatments for osteoporosis [46].

Wnt signaling exhibits a similarly complex pathway as BMP signaling, contain-
ing 19 Wnt ligands, 10 Frizzled-receptor (FZD) variants, and multiple intracellular 
and extracellular inhibitors [46]. Moreover, Wnt signaling is divided between 
canonical Wnt signaling, which uses β-catenin as transcriptional mediator, and non- 
canonical β-catenin-independent pathways [47]. Canonical Wnt signaling is acti-
vated when canonical Wnt ligands (e.g., Wnt1, Wnt3a, Wnt10b) bind to the FZD 
receptors and LDL receptor-related protein (LRP)5/6 co-receptors. This leads to the 
resolution of the β-catenin destruction complex, which consists of scaffold protein 
axin, adenomatous polyposis coli, casein kinase 1, and constitutively active glyco-
gen synthase kinase 3. Destruction of this complex leads to phosphorylation of 
cytosolic β-catenin, resulting in its ubiquitination and degradation. The non- 
degraded β-catenin accumulates in the cytosol and eventually translocates into the 
nucleus where it activates the transcription of target genes by recruiting transcrip-
tional activators to the T cell factor/lymphoid enhancer factor (TCF/LEF) transcrip-
tion complex [46–48]. In contrast to the β-catenin-dependent activation of 
transcription factors in canonical Wnt signaling, non-canonical Wnt signaling is 
independent of LRPs and activates other pathways including small Rho GTPases/
JNK signaling, calcium-dependent NFAT signaling, and PI3K/Akt signaling that 
are known to control planar cell polarity, cell differentiation, and tissue patterning. 
Both canonical and non-canonical signals are important regulators of trabecular and 
cortical bone homeostasis. Mutations in the genes encoding Wnt signaling mole-
cules (e.g., Wnt1, Wnt5a, Wnt16) lead to altered bone phenotypes, affecting either 
osteoblast differentiation or osteoblast-mediated communication [49–51]. As such, 
human mutations in WNT1 are associated with early-onset osteoporosis, and 

16 Cellular Contributors to Bone Homeostasis



338

mutations in the WNT5A gene lead to autosomal dominant Robinow syndrome-1, 
which is characterized by short stature [52, 53]. In the case of LRP5, gain-of- 
function mutations lead to high bone mass in mice and humans, while loss-of- 
function mutations lead to osteopenia [54, 55].

As with all developmental pathways, Wnt signaling is tightly regulated. It can be 
blocked at various levels including extracellular and intracellular inhibitors. At the 
ligand level, secreted frizzled-related proteins and Wnt inhibitory factor 1 associate 
with the Wnt ligands themselves, sequestering them and thus inhibiting their bind-
ing to FZD [46, 47]. The family of Dickkopf (Dkk) proteins and sclerostin, on the 
other hand, bind to LRP5/6, thereby preventing their interaction with FZD. In the 
bone context, Dkk1 and sclerostin have been shown to be main regulators of bone 
mass. Deficiency of either protein leads to a high bone mass, whereas overexpres-
sion of Dkk1 or sclerostin leads to low bone mass [56–59]. Sclerostin is mainly 
produced by osteocytes, whereas Dkk1 is expressed in different organs including 
bone, skin, placenta, and the prostate. Due to the site-specific expression of scleros-
tin, neutralizing antibodies were developed that are now available as one of the few 
bone-anabolic options to treat postmenopausal osteoporosis [60]. Interestingly, 
however, deficiency or suppression of Dkk1 or sclerostin leads to a compensatory 
increase in the other Wnt inhibitor, thereby limiting the long-term efficacy of block-
ing sclerostin or Dkk1 [56, 61, 62]. Thus, at least experimentally, bi-specific anti-
bodies targeting Dkk1 and sclerostin show the greatest increase in bone mass and, 
therefore, may be the most potent option to induce bone anabolism in the future [61].

 Osteoclasts

The physiological removal of old bone by osteoclasts is necessary for growth, 
development, and bone remodeling to adapt the adult skeleton to function and exter-
nal conditions. Loss of bone mass is the consequence of increased skeleton degrada-
tion rate relative to its formation. Pathophysiological osteoclast differentiation and 
activation plays a key role in osteolysis (e.g., osteoporosis). Thus, understanding the 
complex biology and regulatory mechanisms of osteoclasts is necessary to develop 
strategies to prevent pathologic bone resorption.

Osteoclasts exclusively resorb bone. They are terminally differentiated cells 
derived from the hematopoietic linage and therefore phenotypically related to mac-
rophage and dendritic cells [7]. Osteoclasts are giant multinucleated cells (Fig. 16.1) 
that form from maturation and fusion of mononuclear precursor cells, which dif-
ferentiate from bone marrow monocytes/macrophages [7]. The origin of osteoclasts 
was demonstrated using a parabiosis model more than 40 years ago [63]. Recent 
evidence shows that osteoclasts derive from embryonic erythro-myeloid progeni-
tors and are in fact long-lived cells that use iterative fusion of monocytic precursor 
cells for their maintenance throughout life [64]. Osteoclast precursor cells express 
cell surface receptors, like macrophage-1 (mac-1), macrophage colony-stimulating 
factor (M-CFS) receptor c-fms, receptor activator of NF-κB (RANK), and receptors 
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for co-stimulatory molecules such as osteoclast-associated receptor (OSCAR) [65, 
66]. It is suggested that the recruitment of osteoclast precursors from the bone mar-
row occurs by either crossing the bone-lining cells or from capillaries that penetrate 
into BMC [67, 68].

The generation of mature osteoclasts capable of resorbing bone is a multi-step 
process. It includes the presence and priming of osteoclastic precursor cells, multi-
nucleation and maturation, and finally activation that triggers specific cytoskeletal 
rearrangements, cell motility, attachment to bone matrix, and resorption [7].

 Osteoclast Differentiation

There are only two essential and sufficient cytokines for osteoclastogenesis in vitro: 
(I) macrophage colony-stimulating factor (M-CFS) that participates in promoting 
cell proliferation and survival of osteoclast precursors and (II) RANKL that drives 
osteoclast differentiation, fusion, activation, activity, and survival [24, 69, 70].

M-CFS stimulates the expression of RANK – the signaling receptor for RANKL – 
in osteoclast precursor cell [7]. The central role of RANKL in osteoclast differentia-
tion led to the successful development a neutralizing antibody, denosumab, which 
inhibits bone resorption and reduces fracture risk [71]. Mature osteoclasts tightly 
adhere to bone and release hydrogen ions that acidify the interface between bone 
and osteoclast, leading to bone resorption.

Physiological osteoclast differentiation requires the presence of RANKL- 
secreting bone-resident cells, like osteoblasts, marrow stromal cells, and osteocytes 
[72]. Mice lacking RANK or RANKL develop osteopetrosis due to lack of osteo-
clasts, demonstrating the importance of the RANK/RANKL system [73, 74].

When RANKL binds to RANK expressed on osteoclast precursors, a set of tran-
scription factors (e.g., NF-κB, activator protein-1 (AP-1), and nuclear factor of acti-
vated T cells (NFAT)) are activated that modulate the expression of osteoclast-specific 
effector proteins [75].

Binding of M-CFS to its receptor c-fms activates the receptor by dimerization 
and promotes alteration in the cytoskeleton and expression of RANK on osteoclast 
precursors, increasing susceptibility to RANKL binding [7]. The transcription fac-
tor PU.1 promotes the expression c-fms. In fact, mice lacking PU.1 show a failure 
in macrophage differentiation [76] and inhibition of osteoclastogenesis [77].

RANK lacks intrinsic kinase activity. Therefore, the activation of RANK by 
RANKL causes the recruitment of intracellular adaptor protein tumor necrosis fac-
tor receptor-associated factors (TRAFs) to three different motifs of the intracellular 
domain of RANK [78, 79]. As a consequence, a cascade-like intracellular signaling 
transduction initiates osteoclast formation, function, and survival and inhibits osteo-
clast apoptosis via several signaling pathways. The TRAF-6 recruiting motif acti-
vates NFκB, JNK, ERK, p38, and Akt. NFκB signaling pathway then activates 
NFATc1 [80]. TRAF-6-deficient mice exhibit an osteopetrosis bone phenotype [81]. 
The role and function of the two other TRAF motifs are not clear yet [82].
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Concurrent activation of co-stimulatory molecules/immunoreceptor tyrosine- 
based activation motif (ITAM) signaling (like osteoclast-associated receptor 
(OSCAR), DNAX-activating protein of 12 kDa (DAP12), or FC receptor common 
gamma subunit (FcRγ)) modulates RANK-mediated processes [83]. This causes 
Ca-dependent activation of calcineurin that directly activates NFATc1. Deficiency 
of DAP12 or FcRγ results in subtle osteoclastic defects, while deletion of both mol-
ecules causes severe osteopetrosis [84]. NFATc1 is an established master transcrip-
tion factor of osteoclastogenesis. As part of a transcription factor complex with 
MIFT, PU1, CREB, and AP1, NFATc1 participates in differentiation and fusion of 
osteoclasts. NFATc1-regulated genes are cathespinK, MMP9, H+ ATPase, and 
CIC7 [85].

 Osteoclast Resorptive Capacity

The bone matrix consists of inorganic (mainly crystalline hydroxyapatite) and 
organic components (e.g., collagen type I) [86]. Therefore, the resorption has to 
involve the dissolution of hydroxyapatite followed by the proteolytic cleavage of 
organic components.

The osteoclast activation is primarily characterized by the establishment of two 
essential structural and functional features for proper resorption: the ruffled border 
and the isolated resorption compartment [7]. The resorption compartment is iso-
lated from the general extracellular space. It is formed by the attachment of osteo-
clasts to the bone matrix though a structural feature called the sealing zone. This 
forms a closed microenvironment between the underlying matrix and the osteoclast 
also called “clear zone” that is key for resorptive events. This physical interaction of 
bone matrix and osteoclast is mediated by integrin αvβ3 and corresponding proteins 
in the extracellular matrix (e.g., osteopontin, vitronectin, or bone sialoprotein) [87]. 
The interaction induces cytoskeleton re-organization cooperatively with M-CFS via 
the c-Src-signaling complex. Osteoclasts polarize fibrillary actin to circular struc-
tures to create the typical actin ring surrounding of the ruffled border that generates 
the isolated resorptive compartment [88]. In vitro and in vivo studies demonstrated 
that integrin αvβ3 is the main integrin mediating bone resorption [89]. Integrin 
αvβ3-deficient mice develop osteopetrosis [90].

The ruffled border is the resorptive organelle of osteoclasts and a morphological 
characteristic to increase the surface area [7]. The transport of protons and proteo-
lytic enzymes into the resorption compartment is required to dissolve mineral and 
degrade bone matrix proteins [91]. The ruffled border is formed by migration and 
insertion of acidified vesicles loaded with proton pumps and cathepsin K through 
microtubules and actin to the plasma membrane facing the bone leading to the 
expression of vacuolar H +  -adenosine triphosphate (H +  -ATPase) and chloride 
channels, and release of proteolytic enzymes into the clear zone by endocytosis 
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[92]. Diminished function of each of the three proteins results in human disease with 
excess bone mass demonstrating their critical role in bone resorption [92]. 
H + -ATPase then transports protons to decrease the pH (to about 4) of the resorp-
tion compartment, while chloride ions are transported to maintain electro-neutrality. 
Cytoplasmic carbonic acid is the main source of protons [93]. Passive chloride- 
bicarbonate exchanger supplies chloride ions. Acidification mobilizes hydroxyapa-
tite crystals from the bone and provides an optimal activity environment for 
proteolytic enzymes like cathepsin K [92]. Collagen type I degradation products are 
removed by transcytosis. Products are endocytosed and transported in vesicles to 
basolateral surface of the cell and discharged into surrounding intracellular fluid [94].

 Fine-Tuning of Osteoclast Formation and Function

The RANKL signaling cascade is regulated at multiple levels to ensure proper con-
trolled osteoclastogenesis. OPG is a neutral antagonist that controls the interaction 
between RANK and RANKL [23]. OPG has a high affinity to RANKL and acts as 
soluble decoy receptor. Cells of the mesenchymal origin secrete OPG basally and in 
response to regulatory signals like cytokines or bone-targeting steroids [95]. The 
OPG/RANKL system ensures physiological balance of bone resorption and forma-
tion. Genetic deletion of OPG in humans and mice causes osteoporosis, while OPG 
overexpression results in osteopetrosis [23, 96]. Under pro-inflammatory condi-
tions, cytokines suppress OPG and increase RANKL, causing increased osteoclast 
formation and activity [95].

RANKL-independent osteoclastogenesis remains controversial. The combina-
tion of TNFα with TGFβ or IL6 can induce osteoclastogenesis dependent on 
NFATc1 and DAP12 under pathophysiological conditions [97–99]. Other studies 
showed that IL-1 and TNFα stimulate osteoclastogenesis via TRAF-6 and TRAF-2 in 
postmenopausal osteoporosis and rheumatoid arthritis but cannot induce it indepen-
dent of RANKL [100]. IL-1 and TNFα seem to increase the expression of M-CFS 
and RANKL [101], concluding that pro-inflammatory cytokines synergize RANKL- 
induced osteoclastogenesis.

Interferon (IFN)γ may serve as an anti-osteoclastogenic cytokine [102]. It has 
been shown to be a suppressor of osteoclast formation and function via a negative 
feedback pathway in vitro [102], but existing data are conflicting [103]. RANKL 
induces IFNγ, which simultaneously suppresses RANKL and its downstream genes.

Other cytokines have also been suggested, but the data remain unclear. The lin-
gering confusion may be related to a lack of translation of mouse observations in 
human physiology. For example, another c-fms ligand interleukin (IL)-34 can sup-
port osteoclastogenesis together with RANKL [104]. However, since mouse models 
that lack functional M-CFS reveal reduced osteoclast, IL-34 may only play a role in 
pathophysiological conditions like rheumatoid arthritis [105].
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 Osteocytes

Within the mineralized bone matrix, a cellular network of specialized bone cells 
directs bone homeostasis. Osteocytes are star-shaped cells that possess several long 
dendritic processes connecting osteocytes to one another and cells on the bone 
matrix surface to form a global communicative cell network in bone. Nutrient sup-
ply and waste product removal are managed by the surrounding fluid-filled intersti-
tium. The osteocyte cell body lies within a lacuna and each process in a fluid-filled 
canaliculus. Through exercise and body movements, the bone matrix and thereby 
the fluid inside the lacuno-canalicular system are stretched and compressed and put 
a strain upon the osteocytes. The resultant mechanotransduction that dictates bone 
remodeling resulted in osteocytes being termed the “mechanosensor of bone”. 
Osteocytes can direct the function of both bone-producing osteoblasts and bone- 
resorbing osteoclasts, adapting the local bone matrix to withstand loading.

 Regulatory Pathways Involved in Osteocytogenesis

Osteocytes are considered terminally differentiated osteoblasts belonging to the 
mesenchymal cell lineage. Once a seam of active osteoblasts “finish” their work of 
producing the collagen type I-rich osteoid, three potential cell fates have been dis-
covered: I) Osteoblasts can undergo apoptosis as a final endpoint [106]. II) Some 
osteoblasts lose their cuboidal, active phenotype and transform into flat bone-lining 
cells covering inactive bone surfaces, waiting to be reactivated by signals (e.g., 
parathyroid hormone (PTH)) [107]. III) A selective group of osteoblasts will be 
embedded into the newly formed matrix. The latter process of embedding requires 
the osteoblast to lose most of its cytoplasm, and cell membrane extends to form 
dendritic processes [108]. This morphological transformation occurs stepwise to 
allow for an initial dendrite budding into the osteoid laid out below the cell body. 
During embedding the entire osteocyte forms dendrites in all directions [109]. 
Several proteins are sequentially expressed during osteocytogenesis and character-
ize the transition from an early, matrix-embedding osteocyte to a late, deeply 
embedded osteocyte (Table 16.1).

The molecular drivers of osteocyte differentiation are of current scientific inter-
est, and only a few puzzle pieces have been identified so far. Factors that induce 
bone formation by osteoblasts (reviewed in [110]) as well as the external matrix 
quality can drive osteocytogenesis [111]. Some specific molecules that promote the 
transition of osteoblasts to osteocytes have been identified. E11/podoplanin is one 
driver of osteocyte transition by promoting dendrite formation [112]. Fibroblast 
growth factor 2 (FGF2) was identified as regulator of E11 in osteocytes. FGF2 pro-
motes osteocytogenesis by E11 translocation to the cell membrane and increases 
expression of dentin matrix protein 1 (Dmp1) and phosphate-regulating gene with 
homologies to endopeptidases on the X chromosome (Phex) [113].
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Further, miRNAs are involved in the osteocyte differentiation. The potential con-
tribution of miRNAs within bone became apparent through observations that the 
osteoblast progenitor-specific deletion of Dicer, a miRNA processing RNase III 
endonuclease, resulted in early mortality and mineralization defects in mice [114]. 
The miR23a cluster has been shown to regulate TGFβ signaling through the repres-
sion of PR-Domain Zinc Finger Protein 16 (Prdm16) and thereby stimulates osteo-
cytogenesis in mice [115].

 Regulatory Pathways Involved in Mineralization

During matrix embedding and osteocyte differentiation, osteocytes are also involved 
in the mineralization of the newly produced matrix. Several proteins that contribute 
to matrix mineralization are sequentially expressed during osteocyte differentiation 
and can be considered differentiation markers as mentioned above.

Dmp1 is an acidic phosphoprotein and a member of the small integrin-binding 
ligand N-linked glycoprotein (SIBLING) family that is expressed in tooth and bone. 
Osteocytes produce large amounts of Dmp1 during the mid-stage of osteocytogen-
esis [116]. Dmp1 aids mineralization of the bone matrix by binding to initial cal-
cium phosphate nanoparticles. This oligomerization stabilizes the calcium phosphate 
nanoparticles to direct their binding to the collagenous osteoid [117]. Initial studies 
also determined the mechanoresponsiveness of Dmp1 expression in osteocytes 
[118]. The role of Dmp1 in bone matrix mineralization was demonstrated by both 
Dmp1-deficient mice and the genetic analysis of patients with autosomal recessive 

Table 16.1 Regulatory molecules and pathways involved in bone homeostasis by osteocytes

Function Osteocytogenesis
Matrix 
mineralization

Phosphate 
homeostasis

Osteocytic 
osteolysis

Mechanosensation 
and 
mechanotransduction

Signaling 
molecule

E11/podoplanin
FGF2
Dmp1
Phex
miR23a
TGFβ
Prdm16

Dmp1
Wnt3a

Dmp1
FGF23/
FGFR1
Phex
MEPE/
OF45

Vacuolar 
ATPase 
MMP13/
TGFβ
TRAP
Cathepsin 
K
PTHrP/
PTHR1
Calcitonin
Sclerostin

NO
PGE2/Cx43/COX2
Wnt/β-catenin
BMPs
RANKL/RANK
OPG
Sclerostin
DKK1
IGF1
M-CSF

BMP bone morphogenetic protein, COX2 cyclooxygenase-2, Cx43 connexins 43, DKK1 Dickkopf 
1, Dmp1 dentin matrix protein 1, FGF23 fibroblast growth factor 23, IGF1 insulin-like growth 
factor 1, M-CSF macrophage colony-stimulating factor, MEPE matrix extracellular phosphoglyco-
protein, NO nitric oxide, OPG osteoprotegerin, PGE2 prostaglandin E2, Phex X chromosome, 
RANKL receptor activator for nuclear factor kB ligand, TGFβ transforming growth factor-beta, 
TRAP tartrate-resistant acid phosphatase
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hypophosphatemic rickets [119, 120]. Dmp1-deficient mice showed defective min-
eralization of bone that coincided with impaired osteocyte differentiation. Dmp1 
regulation of mineralization is based on the full-length form of the protein, which is 
not found in bone. Three peptide forms of Dmp1 (37kD N-terminal, 57kD 
C-terminal, and a chondroitin-sulfate-linked N-terminal fragment) have been iden-
tified within the mineralized matrix that all bind to hydroxyapatite and could affect 
mineralization [121]. Subsequently, Wnt signaling induced by Wnt3a ligand was 
shown to inhibit mineralization and Dmp1 expression in osteocyte cultures, result-
ing in altered mineral properties with larger and poorly arranged crystals negatively 
affecting the mechanical properties of the mineral [122]. Also, Notch signaling 
appears to disturb mineralization as well as osteocytogenesis in an autocrine man-
ner, causing a disassembled deposition of hydroxyapatite and by downregulation of 
Wnt signaling and impaired osteocytogenesis [123, 124].

 Regulatory Pathways Involved in Phosphate Homeostasis

A process inevitably linked to mineralization is the regulation of the phosphate 
homeostasis, and several proteins expressed by osteocytes are found to be involved 
in this regulation. The Dmp1 null mice exhibited decreased serum phosphate levels 
and elevated serum fibroblast growth factor 23 (FGF23) levels caused by excessive 
expression of FGF23 by osteocytes [125]. This pathological situation resembles the 
autosomal recessive hypophosphatemic rickets [126] characterized by inactivating 
mutations in Dmp1, but also the dominant form of heritable hypophosphatemic 
rickets due to cleavage-resistant mutations in FGF23 [127] and X-linked hypophos-
phatemia with mutations in the Phex protein [128]. These diseases result in high 
FGF23 expression by osteocytes, elevated FGF23 serum levels, and renal phosphate 
wasting by FGF23-induced suppression of the abundance of phosphate-transporting 
molecules in the proximal renal tubule leading to reduced reabsorption of phosphate 
from the urine. The pathologies cause similar skeletal abnormalities, including 
defective mineralization of the bone matrix and dysplasia pronounced as rickets 
during childhood and osteomalacia during adulthood. The pathological role of 
FGF23 is also associated with chronic kidney disease, where osteocyte expression 
of FGF23 serves as an endocrine regulator of the phosphaturia in the kidneys and 
contributes to the increased cardiovascular mortality [129].

FGF23 can be induced by several humoral factors, e.g., PTH or vitamin D 
(reviewed in [130]). The ratio of the mineralization-substrate phosphate to the 
mineralization- inhibitor pyrophosphate appears particularly important in the regu-
lation of FGF23 secretion [131]. Mice lacking the pyrophosphate generating 
enzyme ectonucleotide pyrophosphatase (ENPP1) present a rickets phenotype and 
elevated FGF23 levels [132]. FGF23 seems to direct bone mineralization by the 
transcriptional suppression of TNAP.  This effect was independent of the FGF23 
receptor α-Klotho that is expressed at a relevant level in bone tissue [133]. While the 
molecular pathways regulating FGF23 production are not entirely elucidated to 
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date, FGF receptor 1 (FGFR1) signaling may be involved as the osteocyte-specific 
ablation of FGFR1 partially rescues FGF23 secretion in Hyp mice [134]. Gain-of- 
function mutations in FGFR1 can promote FGF23 secretion in patients [135]. The 
regulatory pathways to control FGF23 expression in osteocytes are tightly linked to 
Dmp1 and Phex expression. Double mutant Phex and Dmp1 mice (Hyp/Dmp1−/−) 
showed non-additive elevations of serum FGF23, resulting a similar osteomalacia 
and rickets phenotype as seen in the single mutants [136]. Dmp1 contains the so- 
called ASARM motif (small protease-resistant phosphorylated acidic serine 
aspartate- rich MEPE-associated motif) that can be bound by Phex and prevent 
FGF23 transcription [137].

The intricacies of FGF23 regulation appear endless considering the revealed 
complexity of the posttranslational modifications of FGF23, and the protein may 
be protected from cleavage by O-glycosylation via polypeptide 
N-acetylgalactosaminyltransferase 3 (GalNT3), or phosphorylated by family with 
sequence similarity 20, member C (FAM20C), to favor cleavage of FGF23 [138].

 Regulatory Pathways Involved in Osteocytic Osteolysis

Osteocytes control their surrounding bone matrix – the perilacunar and pericana-
licular matrix – by means of osteocytic osteolysis [139]. With lactation, a calcium 
demanding condition due to milk production, osteocytes contribute to osteoclast- 
driven bone resorption and generation of free calcium from their surrounding bone 
matrix [140]. During this process, osteocytes demineralize their perilacunar matrix 
by acidifying the microenvironment involving the vacuolar ATPase as a proton 
pump [141]. By mechanisms unclear to date, osteocytes can resist the acidic envi-
ronment produced and sustain a significantly higher viability compared to other 
cell types in similar conditions [141]. The process is reversible and osteocytes 
likely contribute to bone re-formation post-lactation [142]. During the lytic pro-
cess, osteocytes not only demineralize the matrix but also utilize proteases (e.g., 
matrix metalloproteinase 13 (MMP13), tartrate-resistant acid phosphatase (TRAP), 
and cathepsin K) to digest the organic part of the perilacunar matrix [140, 143]. 
TGFβ signaling has been shown to be involved in the process of osteocytic osteoly-
sis involving MMP13 [144]. The osteocytic osteolysis with lactation involves the 
PTH related peptide (PTHrP)-induced PTHR1 signaling, which if blocked in 
Dmp1- expressing osteocytes prevents the enlargement of osteocyte lacunae with 
lactation [140].

The calcium hormone calcitonin is also implicated in osteocytic osteolysis. 
Lactating calcitonin receptor-deficient mice reveal larger osteocyte lacunae than lit-
termate controls [145]. The protective role of calcitonin was indicated by calcitonin 
inhibition and periosteocytic demineralization in disuse osteoporosis [146].

The presence of osteocytic osteolysis remains seems a matter of controversy 
with immobilization or disuse (reviewed elsewhere [142]). The Wnt inhibitor 
sclerostin is involved in both unloading and osteocytic osteolysis. Sclerostin act in 
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an autocrine/paracrine fashion to induce osteocyte expression of resorptive genes 
and lower the pH of culture medium in vitro [147].

 Regulatory Pathways Involved in Mechanosensation 
and Mechanotransduction

The location within a fluid-filled lacuno-canalicular system in the mineralized bone 
matrix makes osteocytes well-suited to sense, transduce, and translate the mechani-
cal load that is placed upon the skeleton. Early work by Frost et al. predicted an 
adaptive process of bone turnover that depends on the activity level of the individ-
ual [148]. In response to mechanical loading, osteocytes release secondary mes-
sengers including prostaglandin E2 (PEG2) and nitric oxide [149, 150], thereby 
regulating bone turnover. Osteocytes were shown to be highly sensitive to fluid flow 
in vitro that simulate forces that osteocytes could experience in vivo [151, 152]. 
Osteocytes also align to the load axis and possess different cytoskeletons if harbor-
ing in a non- load- bearing calvaria or a load-bearing fibula [153, 154], implying 
direct sensation of bone matrix deformation by osteocytes. These mechanosensa-
tion mechanisms are influenced by the morphological features of the osteocyte 
lacuno-canalicular network, since shape affects the applied shear stresses to osteo-
cytes and the transmission of strain to the immediate osteocyte microenvironment 
[155, 156].

The mechanical forces transmitted by the fluid and matrix deformation to the 
osteocyte are most likely sensed by either tethering elements, connecting the den-
drite to the pericanalicular matrix [157], the primary cilia of the osteocytes [158], or 
potentially mechanosensitive ion channels. While high-resolution imaging and 
experimental models support the theory that tethering elements along with strain 
amplification are the main osteocyte mechanosensor [159], the intracellular trans-
mission is less clear. The primary cilium is a microtubule-based structure that 
extends outward from the cell. A lack of response to anabolic loading was found in 
in osteoblast-specific kinesin-like protein 3a (Kif3a)-deficient mice [160] and 
osteocyte-specific polycystic kidney disease 1 (PKD1)-deficient mice [161]. Both 
genes regulate the function and structure of the cilium. Recently, the mechanosensi-
tive ion channel Piezo1 was shown to play an important role in mechanosensation 
of osteocytes [162].

Several key molecules have been identified that are important for mechanotrans-
duction. One of the most prominent is connexin 43 (Cx43), which functions as part 
of the gap junctions connecting osteocyte dendrites to one another and as part of 
hemichannels mediating the release of the secondary messenger PGE2 into the fluid- 
filled lacuno-canalicular system [163]. The expression of Cx43 is induced in osteo-
cytes of the alveolar bone in an in  vivo model of tooth movement and in  vitro 
induced by fluid shear stress, demonstrating the potential role of Cx43 in the regula-
tion of bone mechanotransduction [164, 165]. Mice lacking Cx43  in osteocytes 
exhibit increased bone-anabolic mechanoresponsiveness in vivo and are protected 
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against bone loss induced by unloading [166, 167], suggesting that osteocytes 
restrain bone responsiveness to the mechanical stimuli through the expression 
of Cx43.

 Immune Cells That Participate in Skeletal Homeostasis

Over the past years, the reciprocal interaction between the immune and the skeletal 
system gained recognition in bone research, resulting in a new interdisciplinary 
research field called “osteoimmunology” [168–170]. The most important concepts 
in osteoimmunology arose from the observation of increased bone loss and fracture 
risk in various inflammatory and autoimmune diseases such as rheumatoid arthritis 
and chronic viral infections [171–177]. The discovery of RANK and RANKL, two 
molecules that were first identified as important factors expressed on T cells and 
dendritic cells, and their later identification as key osteoclastogenic molecules have 
clearly established the link between the immune and the skeletal system. The impor-
tance of RANKL as a key regulator of osteoclastogenesis especially during inflam-
mation was further underlined by the discovery of Kong and colleagues, who 
identified that activated T cells in adjuvant arthritis are capable of inducing osteo-
clastogenesis through the RANKL/RANK/OPG axis [172]. Since then, a number of 
regulatory molecules including cytokines, receptors, signaling molecules, and tran-
scription factors have been identified in both the skeletal and the immune system 
[178]. Therefore, changes in one system under physiological or pathological condi-
tions likely affect the other. Thus, understanding the mechanisms of action of osteo-
immunology will help in the development of new therapeutic drugs to treat bone 
loss in inflammatory diseases. In the following, we will discuss the impact of differ-
ent immune cell populations on bone turnover (Fig. 16.2).

For instance, macrophages promote osteoblastogenesis by the secretion of inter-
leukin- 18 [179], whereas T cells are known to influence osteoclastogenesis mainly 
by secretion of various cytokines such as IL-1, IL-6, IFNγ, or IL-4 [180, 181].

 T Lymphocytes

Among the immune cells, T lymphocytes play a predominant role in the regulation 
of bone turnover. According to the subunits that form the T cell receptor (TCR), 
these lymphocytes can be divided into two classes expressing either αβ or γδ TCR 
on their surface [182]. The majority of T lymphocytes are αβ T cells, which express 
either CD4 or CD8. Most of γδ T cells lack CD4 and CD8 expression, and their 
functions remain largely unknown [183]. How T cells affect bone remodeling 
depends on their activation state. Under pathological conditions such as estrogen 
deficiency [184, 185] and inflammatory diseases such as rheumatoid arthritis and 
periodontitis [172, 186], activated T cells (CD4+, CD8+, and TH17) modify bone 
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homeostasis. One of the most important findings in this context is that activated T 
cells express high levels of RANKL, thereby promoting osteoclastogenesis and 
bone loss [181]. However, little is known about the role of T cells in physiological 
bone homeostasis and about their crosstalk with osteoblasts. Under physiological 
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Fig. 16.2 Interaction of bone and immune cells. RANKL secreted by activated T and B cells initi-
ates osteoclastogenesis by binding to its receptor, RANK, which is expressed on preosteoclasts. 
OPG secreted by osteoblasts and Treg cells acts as a RANKL decoy receptor and subsequently 
prevents RANKL-RANK binding. Under physiologic conditions, OPG/RANKL is in equilibrium 
and preserves bone homeostasis. Under inflammatory conditions, RANKL is upregulated, while 
OPG is downregulated. T helper cells (Th1/Th2/Th17) secrete numerous pro-inflammatory cyto-
kines, stimulating RANKL expression and thereby osteoclast formation and activity. Also pro- 
inflammatory M1 macrophages and mast cells are known to produce cytokines that promote bone 
resorption. Dendritic cells on the other hand are indirect players in inflammation-induced bone loss 
as they regulate T cell activity through a direct RANK-RANKL interaction
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conditions, T cells are not considered a significant source of RANKL as T cell-
deficient mice do not show diminished Rankl mRNA expression in their bone mar-
row [187]. Previous studies indicate that resting T cells blunt osteoclast formation 
in vitro [188] and attenuate bone resorption in vivo [187]. In line with this, T cell-
deficient mice exhibit increased bone resorption, resulting in reduced bone density 
when compared to controls [189]. Indeed, depletion of CD4+ and CD8+ T lympho-
cytes in mice showed that T cells can also mediate anti-osteoclastogenic signals 
in vivo. The authors suggested that T cells enhance vitamin-D3-stimulated osteo-
clast formation in vitro by yet unknown mechanisms involving decreased OPG pro-
duction [190]. CD4+ T cells can be subdivided into different subsets based on the 
produced cytokines (Th1 (IFNγ), Th2 (IL-4), and Th17 (IL-17)). Even though Th1 
and Th2 produce cytokines that mediate osteoclast formation and function (e.g., 
TNF, IL-6), they might also be capable of inhibiting osteoclast differentiation by 
releasing IFNγ and IL-4, respectively [191]. The role of IL-17 in bone homeostasis 
was first demonstrated by Kotake et al. who identified IL-17 is a potent stimulator 
of osteoclastogenesis in the synovial fluid of rheumatoid arthritis patients [192]. 
Indeed, it is now validated that Th17 cells are increased in various bone diseases and 
that it significantly contributes to increased bone resorption [191, 193]. While the 
previously mentioned CD4+ T cell subsets have been shown to mainly promote 
osteoclastogenesis, anti-inflammatory CD4+ Tregs are known to inhibit osteoclast 
differentiation by secreting OPG [194–196]. Similar to Tregs, CD8+ T cells have a 
bone protective role, as they suppress osteoclastogenesis mainly due to soluble mol-
ecules [197].

Beside their function as regulators for osteoclastogenesis, an increasing body of 
evidence points toward an important role of T cells as activators of bone formation, 
as they are able to produce and secrete Wnt ligands (e.g., Wnt10b) that can activate 
Wnt signaling in osteoblastic cells [198–200]. A role of the canonical Wnt pathway 
in T cell biology (T cell development, CD8+ memory T cell formation, and regula-
tory T cell function) has been suggested in multiple experimental systems with 
varying results [201–204]. Chae et al. showed that Dkk1 is uniquely expressed at 
the cell membrane of Foxp3+ Treg cells to inhibit T cell-mediated autoimmune coli-
tis [205]. Furthermore, we previously demonstrated that T cell-specific Dkk1 dele-
tion resulted in a high bone mass primarily due to an increased bone formation 
(Colditz and Rauner, unpublished data). In line with this, co-culture experiments 
revealed that inactive T cells promoted osteoblast differentiation. It should be noted 
that bone cells spontaneously or in response to specific stimuli secrete cytokines, 
thereby inducing the differentiation of naïve helper T cells into mature T cell popu-
lations that in turn regulate bone homeostasis [206]. Interestingly, activated T cells 
suppressed osteogenic differentiation and thus had opposing effects on osteoblasts 
than resting T cells. It was already shown that the activation of T cells increases 
their cytokine production, which may exert negative effects on osteoblasts [207]. 
Taken together, T cells can have multiple effects on bone, depending mainly on their 
activation status and phenotype.
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 B Lymphocytes

B cells not only represent an important cell population of our immune system by 
producing antibodies and working as antigen-presenting cells, but they are also 
important regulators of bone resorption as they are considered the dominant produc-
ers of bone marrow OPG [187]. B cell-deficient mice exhibit a reduced bone mass, 
indicating that these immune cells play an important role in the maintenance of 
bone homeostasis [187]. Indeed, the osteopenic phenotype of B cell knockout mice 
was associated with a loss of OPG mRNA and protein expression [187]. While rest-
ing B cells have not been shown to produce high amount of RANKL, they are con-
sidered an important RANKL source under inflammatory conditions [208]. B cells 
in multiple myeloma have been shown to increase osteoclastogenesis directly by 
producing RANKL [209] or indirectly by IL-7 secretion [210, 211]. Malignant B 
cell-derived plasma cells in multiple myeloma patients also produce an increased 
amount of Dkk1 and sclerostin, two important inhibitors of osteoblast differentia-
tion [212–214]. Additionally, B lymphopoiesis is upregulated during estrogen defi-
ciency [215], while it is downregulated by estrogen treatment [216], suggesting a 
role of B cells in estrogen deficiency-induced bone loss [217]. Indeed B cells that 
express the B220 marker have not only been shown to be able to transdifferentiate 
into osteoclasts in vitro [218], but they are also more abundant in ovariectomized 
mice [219] and have been demonstrated to secrete RANKL in estrogen-deficient 
postmenopausal women [220]. In line with this, mice lacking RANKL in B cells are 
protected from ovariectomy-induced bone loss [221]. However, peripheral blood B 
cells have also been shown to inhibit osteoclast formation in vitro, which is partially 
mediated by TGFβ secretion [222], a cytokine that stimulates the apoptosis of 
osteoclasts [222–224]. Depletion of B cells in vivo aggravated periodontitis-induced 
bone loss, indicating that B cells do limit bone resorption under certain conditions 
[225]. Thus, the role of resting B cells in bone remodeling seems to be minimal, 
while activated B cells seem to play a more prominent role in many inflammatory 
or malignant diseases which are associated with bone changes.

Previous studies showed that T cell-deficient CD40 knockout mice are osteopo-
rotic, suggesting that T and B cells cooperate with each other by enhancing OPG 
production by a CD40/CD40L mediated co-stimulation [187]. Accordingly, low 
bone density has been found in children with X-linked hyper-Ig syndrome, where 
CD40L production is impaired due to a mutation of the CD40L gene [226]. However, 
as T cells need to be activated to express CD40L and only a few activated T cells are 
found under basal conditions, the relevance of this mechanism for basal bone 
homeostasis remains unclear.

 Mast Cells

Mast cells are found in most tissues including bone and are known to exert critical 
immunoregulatory roles in various immune disorders through the release of media-
tors such as histamine, leukotrienes, cytokines, and chemokines [227–229]. 
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However, up until now, the exact molecular mechanisms by which mast cells con-
tribute to the pathogenesis of arthritis, atherosclerosis, cancer, and obesity are 
unclear. Mast cells are known to not only produce TGF-β, TNF, IL-1, IL-3, and 
IL-6, cytokines known to stimulate bone resorption, but also RANKL [230, 231]. In 
line with this, a number of studies found an association between mastocytosis and 
reduced bone quality [146, 232–235]. Under physiological conditions, mast cells 
modulate bone homeostasis as mast cell-deficient mice exhibit enhanced osteoclas-
togenesis with concomitant slow formation of newly synthesized bone matrix, while 
mineralization rates remain normal [231]. Lack of chymase, a mast cell restricted 
protease, however, led to expansion of diaphyseal bone, which was associated with 
increased levels of a bone-anabolic serum marker and a higher periosteal bone for-
mation rate [236]. Furthermore, mice that lack histamine decarboxylase, an enzyme 
required for the production of histamine, exhibited increased bone resorption [237]. 
An increased number of mast cells have been found in ovariectomized rat [238] as 
well as postmenopausal women suffering from osteoporosis [239], indicating an 
important role of mast cells in estrogen deficiency-induced bone loss. Overall, there 
is still a lack of knowledge on the role of mast cells on bone turnover under physi-
ological and pathological conditions.

 Monocytes/Macrophages

Monocytes and macrophages have crucial and distinct roles in tissue homeostasis 
and immunity. Macrophages are heterogeneous immune cells and are polarized into 
pro-inflammatory M1 and anti-inflammatory M2 macrophages depending on the 
environment [240]. Macrophages as well as macrophage-derived factors play an 
important role in the pathogenesis of inflammatory diseases. Macrophages have 
been shown to directly interact with bone cells and play a critical role in bone for-
mation [241]. Under physiological conditions the majority of macrophages display 
an M2 phenotype, which maintain tissue homeostasis as they secrete IL-10 and 
TGF-β, thereby inhibiting bone resorption [242, 243]. However, under inflamma-
tory conditions macrophages are activated and polarized to the M1 phenotype that 
contribute to tissue damage by the production of nitric oxide and pro-inflammatory 
cytokines (TNF-α, IL-1β, and IL-12), resulting in an induction of bone resorption 
[244]. Bone-resident macrophages, also called “osteomacs,” have been shown to 
promote bone formation, as removal of osteomacs from primary calvarial osteoblast 
culture resulted in a significant decrease in mineralization of osteoblasts [245]. 
Similar to resident macrophages, inflammatory macrophages can influence bone 
formation. While classically M1 macrophages have been shown to produce 
oncostatin M [246], which promotes osteogenesis, alternatively activated M2 mac-
rophages have been shown to induce osteoblast formation in a oncostatin 
M-independent manner [247, 248]. It is well established that macrophages play a 
crucial role in the pathogenesis of rheumatoid arthritis, as they are considered the 
main source of the pro-inflammatory cytokines, which in turn activate endothelial 
cells, induce synovial inflammation, and increase osteoclastogenesis, thus finally 
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leading to joint damage [249, 250]. Indeed, macrophages are able to promote T cell 
migration and polarization, as they secrete cytokines known to induce Th1 and 
Th17 polarization [251]. Furthermore the differentiation of macrophages into osteo-
clasts contributes to bone erosion due to induced expression of RANKL in synovial 
fibroblasts by pro-inflammatory cytokines [240]. Taken together, these results sug-
gest that macrophages have crucial effects on bone remodeling during bone 
inflammation.

Apart from macrophages, monocytes can differentiate into dendritic cells (DC), 
which are the most efficient antigen-presenting cells and key players in the regula-
tion of T cell immunity against pathogens and tumors [252]. DCs seem to not con-
tribute to normal bone homeostasis, as DC-deficient mice have no altered bone 
phenotype [253]. While DCs are rarely localized in the bone under physiological 
conditions, active lesions in rheumatoid arthritis and periodontitis contain both 
mature and immature DC in different compartments of affected tissue surrounded 
by bone [254–259]. DCs have been described to interact through RANK-RANKL 
with T cells and are thereby considered active indirect players in inflammation- 
induced bone loss through regulation of T cell activity [254–260]. Apart from influ-
encing T cell biology, DCs have been shown to transdifferentiate into osteoclasts in 
the presence M-CSF and RANKL and thereby might directly contribute to osteo-
clastogenesis [261]. Hence, DCs are of great importance in inflammatory condi-
tions, while they do not seem to contribute to normal bone homeostasis.

 Coupling of Bone Resorption and Formation

Bone tissue functions to withstand and enable our daily locomotion, while ensuring 
mineral homeostasis of the body, two intricate functions that rely on the timely and 
locally coupled activity of bone formation and bone resorption [262]. Osteocytes 
contribute to bone remodeling via osteocytic osteolysis and the regulation of miner-
alization; those functions will not be further elucidated here; rather the orchestration 
of osteoclast and osteoblast activities by osteocytes will be discussed.

The coordinated activity of bone remodeling relies on two major activities: (i) 
the demineralization and proteolytic degradation of the bone matrix by osteoclasts 
and (ii) the activity of osteoblasts to form the unmineralized type I collagen-rich 
osteoid. Bone remodeling may start with the formation of microcracks caused by an 
inappropriately high loading for the existing bone matrix quality. Thereby, RANKL 
is released as part of apoptotic bodies of microcrack-damaged osteocytes and is 
actively produced by neighboring osteocytes [263, 264]. RANKL produced by cells 
of the osteoblast lineage (osteoblasts and osteocytes) contributes in the activation of 
signaling pathways involved in osteoclast differentiation, osteoclast activity, and 
survival through the interaction with the surface receptor RANK to promote bone 
resorption [265]. With unloading, the role of osteocyte-released RANKL becomes 
apparent [266]. RANKL conditional knockout mice are protected from hind-limb 
unloading-induced bone resorption [72, 267]. RANKL is initially produced as a 
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membrane-bound protein that once cleaved by proteases exists also in a soluble 
form (sRANKL). Both forms seem to have different roles in resorption activation, 
with sRANKL being indispensable for estrogen deficiency-induced bone loss [268]. 
Further, osteocytes produce the signaling molecules M-CFS and OPG to directly 
drive osteoclast differentiation or oppose osteoclast formation, respectively 
[269, 270].

Once the resorptive activity of osteoclasts ceases and the reversal phase is initi-
ated, bone formation proceeds. Bone formation can be both induced and inhibited 
by osteocyte signals depending on the loading situation. Nitric oxide, a signaling 
product of mechanically loaded osteocytes [149], has emerged as a stimulator for 
osteogenic response. Inhibition of nitric oxide in rats has been shown to inhibit 
bone formation [271, 272]. Accumulating evidence exists that PGE2 secreted by 
mechanically loaded osteocytes through Cx43 hemichannels contribute to the 
bone’s adaptive response to mechanical stimuli [163, 273]. Mechanical loading 
results in increased production of cyclooxygenase-2 (COX2), the key enzyme 
required for PGE2 synthesis, as shown in bone cells of rat in vivo as well as in 
human and chicken osteocytes in vitro [150, 274]. On the other hand, in the absence 
of mechanical stimuli or with postmenopausal estrogen deficiency, the bone-ana-
bolic Wnt signaling is inhibited in osteoblasts through the release of the Wnt inhibi-
tors sclerostin and Dkk1 from osteocytes [56, 59]. Sclerostin inhibits the activation 
of Wnt/β- catenin signaling in osteoblasts, resulting in reducing bone formation 
activity, but also resulting in enhanced osteoclast recruitment via increased RANKL 
and reduced OPG expression [275, 276]. Osteocytes respond to different stimuli 
(e.g., exercise, PTH, and estrogen) by secreting less sclerostin, resulting in increased 
activity of the Wnt signaling pathway and enhanced osteoblast-mediated bone for-
mation [277, 278].

In addition to the regulation by osteocytes, osteoclasts couple to osteoblasts and 
vice versa by utilizing several factors, some of which (e.g., RANKL and OPG) have 
already been mentioned. However, it may not always appear straightforward to 
imagine that this cellular crosstalk of osteoclasts and osteoblasts exists on the same 
bone surface at the same time [279]. There is a true multitude of factors known to 
signal in between the actors of bone remodeling, and intensive reviews can be found 
elsewhere [280, 281]. During bone resorption some coupling factors are released 
from the bone matrix and could potentially act upon osteoblast precursors, signal-
ing their replication, recruitment, and differentiation. Here, platelet-derived growth 
factor (PDGF), BMP2 and 4, IGF1, and TGFβ1 play a role [282–285]. In addition, 
osteoclasts secrete coupling factors (e.g., sphingosine-1-phosphate, cardiotro-
phin-1, complement factor 3a, and many more) [286–288]. Though not widely 
accepted, a potential cell-to-cell contact might also direct interactions between 
osteoclasts and osteoblasts or their progenitors. Coupling factors that are mem-
brane-bound have been defined, and EphrinB2 [39] and Semaphorin D were pro-
posed to be of importance in bone homeostasis [289, 290]. Future research will 
demonstrate the biological relevance of the individual regulatory mechanisms of 
bone remodeling and most likely introduce further new players into the signaling 
machinery.
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 Bone Homeostasis Contributes to the Inter-organ Crosstalk 
Between Bone and Peripheral Organs

For many years, bone was only considered as an endocrine target organ that responds 
to hormones like PTH. However, several lines of evidence suggest that the skeletal 
system participates in inter-organ crosstalk through secreted factors called osteo-
kines that have effects on peripheral organs such as the muscle, liver, kidney, pan-
creas, and brain and the cardiovascular system. Therefore bone actively contributes 
to whole body homeostasis (Fig. 16.3). Mainly osteoblasts and osteocytes produce 
and secret endocrine factors that are capable of altering distant tissue functions. In 
recent years, the function of bone-derived circulating FGF23 and osteocalcin was 
intensively studied.
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Fig. 16.3 The multifaceted inter-organ crosstalk between bone and peripheral organs through 
osteokines. Bone cells secrete osteokines like osteocalcin, fibroblast growth factor 23 (FGF23), 
dentin matrix protein-1 (DMP-1), matrix extracellular phosphoglycoprotein (MEPE), phosphate- 
regulating gene with homologies to endopeptidases on the X chromosome (PHEX), receptor acti-
vator of nuclear factor-kappa B ligand (RANKL), prostaglandin E2 (PEG2), and WNT-3A [291]. 
An exemplary list of peripheral organs is shown. The figure was created using Servier Medical Art, 
licensed under a Creative Commons Attribution 3.0 Unported License
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 FGF23

FGF23 is one of the most important osteocyte-secreted molecules [292]. The 
binding of FGF23 to its receptor FGFR is Klotho-dependent [293]. Targets organs 
of FGF23 are multifaceted (e.g., kidney, parathyroid gland, and the cardiovascular 
system).

The FGF23 bone-kidney axis plays an important role in phosphate homeosta-
sis that is dependent on bone-secreted FGF23. FGF23 inhibits the expression of 
renal sodium/phosphate co-transporters as well as 1-α hydroxylase, which are 
essential for renal phosphate reabsorption and vitamin D metabolism [294, 
295], causing increased urinary phosphate excretion and reduced phosphate 
absorption.

The signaling between bone and the parathyroid gland is also bidirectional. 
Parathyroid gland-secreted PTH increases FGF23 expression in osteocytes, which 
acts on the parathyroid gland to diminish PTH secretion [292].

A major milestone in the understanding of the bone-heart/vascular axis was the 
observation that circulating FGF23 levels associated with altered cardiac and vas-
cular function [296]. High serum FGF23 levels were independently associated 
with elevated risk for cardiac hypertrophy and mortality in patients with and with-
out chronic kidney disease [297–300]. There are numerous explanations for the 
prognostic finding, including FGF23-induced endothelial dysfunction [301], arte-
rial stiffness [301, 302], vascular calcification [303, 304], inflammation [305], 
stimulation of the renin-angiotensin system [306], and left ventricular hypertrophy 
[300, 307].

 Osteocalcin

Osteocalcin (OCN) acts as a marker for osteoblast activity and bone formation and 
regulator of osteoclast activity. OCN is a non-collagenous, vitamin K-dependent 
protein that acts on multiple peripheral organs, especially in its metabolic active 
uncarboxylated form [308]. OCN plays an important role in brain development and 
cognitive function [309] and in energy metabolism [16]. Evidence from animal 
studies showed that OCN can have an effect on pancreas, adipose tissue, male 
gonads, and muscle to regulate insulin secretion, insulin sensitivity, male fertility, 
and muscle power through the peripheral receptor G protein-coupled receptor 6a 
[17, 19, 310]. Interestingly, exogenous OCN treatment preceding exercise was suf-
ficient to enhance exercise capacity in mice [17]. OCN also affects muscle tissue in 
human [311]. Recent data revealed that OCN acts as a mediator for vascular calcifi-
cation in vivo that is mediated by the Wnt/β-catenin signaling pathway and mito-
chondrial dynamics [312].
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 Other Osteokines

Other osteocyte-derived osteokines (e.g., PHEX, DMP-1, sclerostin, RANKL, 
PGE2, and Wnt 3a) are known to have paracrine effects on peripheral tissue [292]. 
PGE2 and Wnt 3a, two molecules secreted in response to shear stress, support myo-
genesis and muscle function [313, 314]. Recently, it was shown that RANKL 
impairs muscles strength and insulin sensitivity in mouse and human [315].

 Conclusion

The importance to maintain bone homeostasis is underlined by the tightly regulated 
process of bone cell communication via mechanical sensors and secreted factors. In 
this process each cell is highly specialized. A better understanding of bone homeo-
stasis has led to the development of successful therapeutic strategies targeting dis-
tinct pathways (e.g., osteoclast differentiation by RANKL antibodies and osteocyte 
biology using sclerostin antibodies).

The knowledge that bone is not only an endocrine target organ but also signals 
via secreted factors to peripheral organs triggered the development of new research 
fields that study bidirectional inter-organ crosstalk (e.g., the bone-muscle axis 
(musculoskeletal research), bone-immune system axis (osteoimmunology), and 
bone- vascular axis). Clinical findings and animal models indicate an association 
between osteoporosis and cardiovascular calcification [316, 317]. Various in vitro 
and in vivo studies suggest that cellular and molecular processes in cardiovascular 
calcification are similar to those seen in pathological bone remodeling. However, 
whether the calcification paradox is a cause of shared risk factors and common 
underlying mechanisms or due to unknown bone-secreted factors is currently 
under debate.

Placing the bone as a central organ of our body, a deeper understanding of the 
role of physiological and pathophysiological bone homeostasis on the secretion of 
molecules that affect target organs will be helpful in the identification of new targets 
that prevent comorbidities.
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Chapter 17
Bone Biology, Modeling, Remodeling, 
and Mineralization

Matthew R. Allen and Sharon M. Moe

 Introduction

Arterial calcification and bone loss (osteopenia/osteoporosis) often occur in the 
same patient. Multiple cohort studies have described an inverse relationship: 
decreased bone mineral content assessed by a variety of methods is associated with 
increased calcification in coronary arteries, aorta, hand arteries, or heart valves. Kiel 
et  al. [1] assessed the original population-based Framingham Heart study cohort 
(364 women and 190 men) and found that after more than 25 years of follow-up, the 
metacarpal cortical area decreased by 22% in women and 13% in men. In contrast, 
aorta calcification assessed semiquantitatively on lumbar spine radiographs 
increased over eightfold in women and sixfold in men. Importantly, after controlling 
for confounders, this relationship was significant in women (p = 0.01) but not men. 
A meta-analysis of four cross-sectional studies [2] found a significantly lower hip 
and spine bone mineral density in those with vascular calcification compared to 
those without calcification, and those with vascular calcification were more likely to 
have osteoporosis (OR = 1.72, 95% CI: 1.14–2.60).

Other studies have examined the relationship between vascular calcification and 
fractures. Naves et al. [3] found in 624 older individuals that the presence of severe 
arterial calcification by abdominal radiograph was associated with a nearly twofold 
increase in fractures by cross-sectional analyses. In the Perth Longitudinal Study of 
Aging [4], 1024 white women with moderate to severe aortic calcification assessed 
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on lumbar spine films had increased risk of clinical fractures, even after adjusting 
for age and hip BMD (HR 1.33; 95% CI, 0.98 to 1.83, p = 0.073). Furthermore, the 
mortality of patients with a high coronary artery calcification score (>400) is nearly 
double when patients also have low bone mineral density [5]. Multiple other studies 
have found similar associations, although this does equate to causality.

One explanation for these observations is the presence of common clinical risk 
factors for both bone loss and arterial calcification, including advanced age, estro-
gen deficiency, chronic kidney disease, vitamin D deficiency, smoking, inflamma-
tion, and oxidative stress. Another hypothesis for these findings is the presence of a 
pool of calcium that fluxes from the bone to the artery (and presumably vice versa) 
[6]. However, a more likely explanation is that vascular calcification and osteope-
nia/osteoporosis share common mechanistic signaling pathways including mineral 
metabolism [7], OPG/RANKL/RANK system [8], sclerostin signaling [9], vitamin 
K gamma-carboxylation [10], and others described in this book. More information 
on skeletal vs. vascular calcification is provided in Chap. 15. A key difference 
between the two processes is that skeletal mineralization is a highly regulated pro-
cess with developmental cues that occur in a time-dependent manner, whereas vas-
cular calcification is a process that occurs with many of the same components as 
skeletal mineralization, but with aberrant environmental triggers. The purpose of 
the current chapter is to describe skeletal remodeling and mineralization.

 Bone Biology

 Components of the Bone

The bone is a composite structure comprised primarily of mineral and organic 
matrix [11]. By weight, the majority of the structure is mineral (typically around 
65%), with organic components such as type I collagen and non-collagenous pro-
teins accounting for roughly 25%. The bone is about 10% water [12] and contains 
lipids within the matrix (both cellular and extracellular) [13].

Type I collagen within bone exists in the form of fibers that, over time, become 
surrounded by mineral (Fig. 17.1). The collagen fibers are made of individual mol-
ecules, each containing two alpha1 and one alpha2 chains that are formed into a 
triple helix [14]. The chains are comprised of repeating glycine-X-Y amino acid 
motifs, with X and Y typically being proline and hydroxyproline. Glycine is essen-
tial for proper helical structure formation. Hydroxyproline is important for the for-
mation of hydrogen bonds with water molecules.

The cellular production of collagen by osteoblasts is typical of any collagen- 
producing cell. Intracellularly, non-helical registration peptides are attached to both 
ends of the molecule (termed N-propeptide and C-propeptide). Once extruded from 
the cell into the extracellular environment, the registration portions are cleaved and 
the molecule is considered a mature collagen fibril – containing N- and C-telopeptide 
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end segments. The collagen fibrils aggregate and align in discrete patterns, typically 
forming fibers that are roughly 150 nM in diameter and 10um in length. The colla-
gen molecule has various cross-links, some enzymatically mediated (such as pyridi-
noline and deoxypyridinoline) and others are non-enzymatically mediated (such as 
pentosidine, carboxymethyllysine, and vesperlysine). Cross-links serve to stabilize 
the collagen and impart stiffness, yet high levels are associated with tissue brittle-
ness as they impede collagen sliding during loading [15].

Mineral within the bone is in the form of carbonated apatite. It fills gaps between 
collagen fibers, both at the ends of adjacent fibers and in longitudinal spaces (where 
it forms plate-like structures) (Fig. 17.1) [11, 16]. The initial deposition of mineral 
is as calcium phosphate and calcium carbonate. Over time, the mineral crystals grow 
such that crystal size is related to tissue age. Various cations, such as magnesium and 

Mineral
particles

Collagen
molecule

Mineral
particles

40 nm

a

b

Fig. 17.1 The key components of bone matrix. (a) Collagen molecules (green helix) are cross- 
linked within the fibril by bonds that are formed through enzymatic processes and by those formed 
without the need for an enzymatic reaction. Enzymatically formed cross-links (black bars), such as 
pyridinoline or deoxypyridinoline, form near the ends of the molecules, the C- and N-termini. 
Nonenzymatically formed bonds (red bars), such as pentosidine, are randomly located between the 
molecules. Mineral (gray blocks) is deposited in the hole and pore zones between the collagen 
fibrils. Water (blue lines) and hydrogen bonds (yellow dots) contribute to the bonding of mineral 
and collagen within the fibril. (b) Hole and pore zones between the molecules contain plates of 
bone mineral (hydroxyapatite). Water is bound to collagen in these spaces, and this alters the dis-
tribution of load sharing between the collagen and bone mineral deposited in this location regions. 
(Images reproduced with permission from Burr and Allen [11])
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sodium, can substitute for calcium, while fluoride can substituted for the hydroxyl 
groups within the mineral. Non-collagenous proteins play a role in collagen fiber 
assembly and mineralization while also having functions in cell signaling [17]. 
Proteoglycans such as biglycan, decorin, fibromodulin, and versican bind to colla-
gen and orchestrate aspects of bone formation and mineralization.

Water within the bone is generally classified as free or bound [12, 18]. Free 
water is found in the vasculature, lacunar-canalicular system, marrow, and any 
other spaces within the bone. This pool of water provides nourishment to the cells 
and likely also plays a key role in ion exchange to the blood. Bound water is 
attached to the collagen-mineral, either on the surface where it provides ductility 
during mechanical stress, within the collagen triple helix where it provides stabil-
ity or within the mineral crystal lattice where it mediates mineral aggregation. 
Alterations in bone water have clear effects on bone mechanical properties [12, 
19, 20].

 Types of Bone Matrix

Bone matrix, that is, the mineral/collagen composite, is classified as either woven or 
lamellar. Woven bone, typical of bone formed during development, fracture healing, 
and some pathological conditions (such as Paget’s disease), is characterized by ran-
domly organized collagen fibers and disparate bone mineralization. It can be formed 
very quickly but has sub-optimal mechanical properties. Conversely, lamellar bone, 
produced normally in non-pathological conditions, is highly organized and mechan-
ically optimized yet is formed relatively slowly.

 Bone Formation During Development

Bone formation occurs through either intramembranous or endochondral mecha-
nisms [11]. Intramembranous bone formation, typical of the craniofacial bones, 
occurs when mesenchymal cells differentiate into osteoblasts and then begin pro-
ducing matrix de novo within the mesenchyme. The matrix mineralizes and entombs 
osteocytes, and the bone then exists and is remodeled. Endochondral bone forma-
tion, the pathway through which the majority of bones in the skeleton are formed, 
begins with a cartilaginous template (termed an anlage). In a series of highly coor-
dinated, sequential steps, the cartilaginous template is replaced by the bone matrix. 
Most of the dynamic activity associated with endochondral bone formation occurs 
at the growth plate, a region within long bones that permits longitudinal growth of 
the mineralized organ. The process of endochondral ossification occurs with distinct 
regions undergoing bone modeling and remodeling, the fundamental processes that 
govern bone formation and renewal.
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 Bone Remodeling

Bone remodeling is a temporally and spatially coordinated process that functions to 
renew the skeleton over time. Bone remodeling is a combination of stochastic and 
targeted events [21, 22]. Stochastic remodeling is thought to be the primary means 
through which calcium homeostasis is regulated, while targeted remodeling serves 
to replace discrete regions of bone. Stimuli for targeting include regions with micro-
damage, apoptotic osteocytes, elevated collagen cross-links, and high 
mineralization.

Bone remodeling occurs through a five-step process, starting with the initiating 
event, followed by bone resorption, reversal, formation, and then finally ending with 
quiescence (Fig. 17.2) [11, 23, 24]. Two key concepts of remodeling are that (1) it 
is spatially coordinated, where the region targeted and removed by osteoclasts is 
then re-formed by osteoblasts and (2) it is temporally coordinated such that osteo-
clasts finish resorption activity prior to osteoblasts starting formation. A bone 
remodeling unit is called a BMU (bone multicellular unit).

Once a bone remodeling event is initiated, osteoclast precursors are signaled to 
the BMU through the OPG/RANK/RANKL system where they fuse and form 
mature osteoclasts. These cells attach to the matrix and begin to acidify it, either on 
a bone surface or tunneling through the cortical bone. Resorption continues until the 
signal is gone – the mechanisms driving cessation of a given remodeling unit are 
unknown. Once resorption is finished, the reversal stage begins in which the osteo-
clasts leave the area and osteoblasts arrive on the scene. The process of reversal is 
one of emerging knowledge [25]. Historically thought of as a passive process, it is 
now appreciated that there is not only active communication between osteoclasts 
and osteoblasts but that disruption of the normal reversal compromises the whole 
remodeling cycle.

Bone Remodeling

Main function

Cells

Mechanism

Timing

Net effect on bone
mass

Bone loss

Throughout life

Activation - resorption
- formation

Osteoclasts,
osteoblasts and their
precursors

Renew bone matrix

a
b

c
d

e

Fig. 17.2 Bone remodeling. The main characteristics are presented in the table. Right image: The 
remodeling cycle involves five stages: (a) activation; (b) resorption; (c) reversal; (d) formation; 
and (e) quiescence. At any one time, remodeling cycles throughout the body are at various stages. 
(Images reproduced with permission from Burr and Allen [11])
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The bone formation stage of the remodeling cycle consists of osteoblastic cells 
producing unmineralized matrix (osteoid) which then becomes mineralized over 
time. Osteoblasts fill in the hemi-osteons of trabecular bone (or on the endocortical 
surface), or the radial cavities removed during intracortical remodeling. The amount 
of bone formed at any remodeling site tends to be less than the amount removed 
through resorption. In intracortical remodeling, this allows a central canal to remain 
(which contain blood vessels), the reason why slightly less bone is formed during 
surface-based remodeling is unknown. The smaller amount of bone formed relative 
to what is resorbed at a given remodeling unit is referred to as a negative bone bal-
ance. It is because of this negative bone balance at every remodeling site that bone 
remodeling, in general, is associated with bone loss and the higher the rate of bone 
remodeling the more rapid the rate of bone loss. Positive BMU balance has been 
shown with anabolic drug treatment [26].

Once bone formation (the production of osteoid) is complete, the newly formed 
bone region is covered with osteoblasts that become quiescent. These cells trans-
form their morphology to look more like endothelial cells elongated and flat. 
Although they retain the phenotype of osteoblasts, they are often referred to as bone 
lining cells. All bone surfaces internal to the bone (trabecular, endocortical, and 
within central canals of osteons) are covered with bone lining cells. In response to 
certain stimuli, such as parathyroid hormone, bone lining cells can be activated to 
once again produce bone matrix [27]. This process, which is technically called bone 
modeling (see below), is thought to be a mechanism through which bone matrix can 
be quickly formed to respond to high stresses/strains.

 Bone Modeling

Bone modeling is when either bone formation or bone resorption occurs without the 
other in a given spatial location (Fig. 17.3) [11, 23, 24]. Bone modeling is most 
prominent during growth but also occurs with normal aging, in periods of mechani-
cal adaptation, and is the underlying basis of orthodontic tooth movement. Classic 
experiments illustrating how bone morphology changes following dramatic changes 
in mechanical loading (such as treatment of extreme ricketic bone) provide the 
clearest example of bone modeling. Driven by the altered mechanical stresses/
strains on the bone, new bone formation is stimulated on periosteal surfaces of the 
one side of cortex. This bone formation is not preceded by bone resorption on this 
surface, thus bone modeling. In the same way, the cortex on the opposite periosteal 
surface undergoes osteoclast-based resorption, with no associated formation. These 
two events, occurring on different surfaces, are both bone modeling events because 
of the spatial uncoupling. In either resorption or formation modeling, there is typi-
cally an activating stimulus which is followed either by resorption and then quies-
cence or formation and quiescence. Other examples of modeling include the activity 
at the metaphyseal region of long bones during longitudinal bone growth, where 
modeling on the surfaces helps maintain the consistent shape of the bone as growth 
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occurs. The majority of bone modeling is formation modeling, thus modeling is 
typically thought of as increasing bone mass. Although the process of bone forma-
tion during modeling or remodeling is technically complete once the local osteo-
blasts stop forming osteoid, an important and essential component of bone formation 
is the incorporation of mineral into the osteoid, described below.

 Measures of Bone Modeling/Remodeling

The gold standard method for assessing bone modeling/remodeling is histomor-
phometry [28]. In humans, this is predominantly done using iliac crest biopsies, the 
lone site accessible for a tissue biopsy (technically ribs can be used but volunteers 
rarely line up to provide a rib biopsy) [29]. In order to make the measures of bone 
modeling/remodeling, fluorochrome labels (dosed orally at specific times) need to 
be administered prior to obtaining a biopsy (Fig. 17.4). The fluorochromes bind to 
the calcium that is incorporated into the mineralizing osteoid and, when viewed on 
a histological section under fluorescent light, provide a view of where bone forma-
tion was occurring at one or both periods of tetracycline administration. The tradi-
tional approach is to give two labels, separated by roughly 2 weeks, although some 
studies incorporate two sets of double labels to look at changes in the same indi-
vidual over time [30, 31]. Although not often done, it is possible to differentially 
assess bone modeling and remodeling using histology (Fig. 17.5). This is done by 

Main function

Cells

Mechanism

Timing

Net effect on bone
mass

Activation - resorption or
Activation - formation

Osteoclasts, osteoblasts 
and their precursors

Increase bone mass,
shape bone

Mainly during growth but
also in adulthood during
periods of altered loading
Increase

Bone Modeling
Formation modeling
Resorption modeling

Formation 
modeling

Resorption 
modeling

Fig. 17.3 Bone modeling. The main characteristics are presented in the table. Upper right: As the 
bone grows longitudinally, there is coordinated modeling activity on the metaphyseal bone sur-
faces that serve to preserve the bone shape. Lower right: Radial bone growth involves formation 
modeling on periosteal surfaces and resorption modeling on the endocortical surface. Over time, 
these processes preserve cortical thickness, while increasing the width of the bone. (Images repro-
duced with permission from Burr and Allen [11])
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Fig. 17.4 Histological assessment of tissue-level remodeling in humans. The most common site 
for histological assessment in humans is on a small core of tissue from the iliac crest. If patients 
are administered tetracycline-based compounds prior to biopsy, tissues can be embedded, sec-
tioned, and assessed for dynamic bone remodeling activity. Scale bar is 1 cm

Scalloped
cement line

Smooth
cement line

RBF

MBF

Fig. 17.5 Histological techniques exist to differentiate modeling- and remodeling-based forma-
tion. Shown are schematic illustrations of remodeling-based formation (RBF) and modeling-based 
formation (MBF) using two sets of double label DEM = demeclocycline (the first set of labels); 
TET = tetracycline (the second set of labels). Dark field images showing fluorochrome labels are 
in the lefthand panels with corresponding bright field images in the righthand panels. The top fig-
ures demonstrate remodeling-based bone formation on the cancellous surface. Note the first and 
second sets of labels (arrows with (1) and (2), lefthand panel) and the underlying scalloped reversal 
line (arrow, righthand panel). The bottom figures demonstrate modeling-based bone formation on 
the cancellous surface. Note the second set of double labels (arrow with (2), lefthand panel) and 
the underlying smooth cement line (arrow, righthand panel). (Images reproduced with permission 
from Dempster et al. [26])

assessing not just the fluorochrome labels, but then taking it one step further to 
assess the morphology of the remodeling unit relative to the cement line (the defined 
edge of the newly formed remodeling site) [26].
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The main limitation of histological assessment of bone remodeling is that results 
are limited to iliac crest tissue. Although ample data exists to support the idea that 
measures at the iliac crest correlate to other sites [32–34], there remains some level 
of skepticism over site-to-site correlations. Clinically this limitation of site- 
specificity can be overcome by measuring bone formation/resorption biomarkers in 
the urine or serum. These biomarkers are either collagen fragments produced during 
collagen formation or collagen breakdown or products of osteoblast or osteoclasts. 
The advantage of these measures is they are easier to obtain and they provide a 
whole body assessment of formation/resorption. The downside of using these bio-
markers is that these measures lack the specificity of a single skeletal site or between 
cortical and trabecular bone.

Advances in imaging are bringing forth novel approaches to assess bone model-
ing/remodeling. High-resolution peripheral quantitative computed tomography 
(HR-pQCT) has the ability to scan distal tibia and radial sites with a voxel size of 
60 um3 [35, 36]. Although this cannot resolve individual remodeling sites, parallel 
advances in imaging in rodents (where in vivo resolutions have reached 9–20 um3) 
have shown what the future may hold from imaging-based assessment. For exam-
ple, using repeated scans in rodents, regions where bone formation and resorption 
are occurring can be noted and quantified (Fig. 17.6) [37–40].

Day -8 Day 0 Day 12

Pre-treatment Treatment

Formation Resorption Constant bone

0.5 mm

Fig. 17.6 Preclinical imaging has the ability to resolve local changes in morphology that equate 
to formation and resorption. In this study, rats were scanned on days 0 and 12, and the 3D in vivo 
dynamic bone histomorphometry technique was applied to identify regions of bone formation 
(green) and resorption (red). A subset of rats was also scanned at day 8 to allow for a pretreatment 
measure of bone remodeling. (Image reproduced with permission from: de Bakker et al [39])
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 Bone Matrix Mineralization

As is apparent from above, the process of bone modeling and remodeling is highly 
controlled. After the osteoblasts have laid down collagen and non-collagenous pro-
teins, called osteoid, there is a sequence of events that result in mineralization of 
collagen. The cellular stimulation of mineralization, and accumulation of mineral 
on proteins, involves regulation by dentin matrix protein (DMP1) [41], SIBLING 
proteins (osteocalcin, osteopontin, and others) [42], and NOTCH signaling [43]. 
The process of mineralization occurs in two stages. Primary mineralization occurs 
rapidly, typically over 2–3 weeks, and results in nearly 70% of the total mineral 
accrual within the collagenous matrix. Thereafter secondary mineralization occurs, 
bringing the region to its physiological level of mineralization. The optimal or max-
imum mineralization level that a given region of bone can reach is not entirely clear. 
Mineral substitute 1:1 for water, such that at the level of the collagen-mineral inter-
face, increasing the amount of mineral will lead to lower bound water. Since bound 
water imparts ductility to this interface, increasing mineral leads to brittleness.

While numerous studies have shown that the level of mineralization can be 
increased over time, this is thought to be due to more regions of a bone achieving 
their optimal physiological levels, rather than increasing mineral content in regions 
that are already close to maximally mineralized. As more regions of bone become 
more fully mineralized, this reduces the heterogeneity across this tissue. 
Heterogeneity of mineral (and likely other constituents such as collagen and water) 
is mechanically beneficial as it serves to arrest microdamage growth and prevent 
catastrophic fracture.

Similar to arterial calcification, a major driver of mineralization (calcification) 
are vesicles. These small vesicular structures were identified in the 1960s by elec-
tron microscopy in mouse cartilage microscopy [44, 45]. These were called matrix 
vesicles (MVs) because of their role in mineralizing bone matrix proteins. MVs are 
similar to other extracellular vesicles but have characteristics of both exosomes and 
microvesicles [46]. As shown in Fig. 17.7, by transmission electron microscopy, 
vesicles accumulate in unmineralized osteoid beneath osteoblasts. Imaging and 
spectroscopy techniques show the vesicles contain amorphous calcium and phos-
phate near the membrane which then converts into hydroxyapatite that are needle- 
like in shape [47]. When large enough, the crystalline structures penetrate the 
plasma membrane of the vesicle and form calcifying nodules (Fig. 17.7) [48].

Molecular biology studies and lessons learned from genetic mutations have 
allowed understanding of the sequence of events of matrix vesicle mineralization in 
bone [44, 46, 47, 49] and arterial calcification [50]. Inside the vesicle, calcium accu-
mulates from abundant nearby extracellular sources or entry into the vesicle  through 
annexin calcium channels [51]. Another, possibly additive, hypothesis is that the 
calcium is incorporated during the vesicle formation and may be a byproduct of the 
mitochondria during oxidative stress [52]. The regulation of mineral formation, 
however, is predominately through enzymes that control the concomitant phosphate 
production and entry into the vesicles (Table 17.1).
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a

b

Fig. 17.7 TEM 
observation of matrix 
vesicles and calcifying 
nodules in osteoid. Panel 
(a) demonstrates many 
calcifying nodules (black) 
in the osteoid beneath 
mature osteoblasts (Ob). 
Panel (b) is a higher 
magnification of the 
osteoid; many matrix 
vesicles indicated by white 
arrowheads, calcifying 
nodules (CN) and collagen 
fibrils (Co) can be seen. 
Bars (a): 2 um, (b): 1 um. 
(From T. Hasegawa, 
Histochemistry and cell 
biology. 149: 
289–304, 2018)

Table 17.1 Enzymes important in the regulation of matrix vesicle mineralization in the bone

Role Human “null” manifestation

ENPP1 Enzyme that generates pyrophosphate, 
inhibitor of mineralization both inside 
and outside of matrix vesicles

Deficiency in humans leads to 
spontaneous infantile arterial and 
periarticular mineralization [67, 68]

ANK Transmembrane channel that allows PPi 
to enter and exit vesicles

Deficiency in humans leads to a 
decrease in extracellular PPi, 
mineralization in joints and other tissues 
[53, 69]

TNAP Enzyme on membrane of osteoblasts 
and matrix vesicles that cleaves PPi to 
remove the mineralization inhibitory 
effects of PPi, thus releasing PO4

−3 for 
entry into matrix vesicles

Deficiency in humans leads to skeletal 
hypomineralization, seizures, and 
inflammation. Variety of presentations 
due to type of mutation and age of onset 
[57]

PHOSPHO1 Enzyme within matrix vesicles that 
degrades lipid to form free PO4

−3

Unknown
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ENPP1: Ecto-nucleotide pyrophosphatase/phosphodiesterase 1 is an enzyme 
located on the osteoblast cytoplasm and membrane and generates inorganic pyro-
phosphates (PPi). The PPi made intracellularly can be transported extracellular 
through ankyloses (Ank) channels. Conversely the ENPPI located on membrane 
can generate PPi through extracellular ATP.  Pyrophosphate inhibits extracellular 
mineralization and thus regulates the amount of PO4

−3 free in the cytoplasm to be 
transported into the matrix vesicle through the plasma membrane through ankylosis 
(ANK), a transmembrane channel [53]. In the extracellular space, PPI help to regu-
late the amount of available PO4

−3 for mineralization.
TNAP (tissue non-specific alkaline phosphatase; also called TNSAP) is an 86 

kD homodimeric protein enzyme associated with the basolateral cell membrane 
of osteoblasts, matrix vesicles, and calcifying nodules [54]. Approximately 95% 
of the total alkaline phosphatase measured routinely on blood chemistry panels in 
humans is TNAP; the remainder are tissue specific. TNAP hydrolyzes PPI and 
other phosphate esters producing inorganic PO4

−3 monomers that are transported 
into matrix vesicles [55]. The latter is believed to occur through PiT1 (type III 
sodium/phosphate co-transporter) [56]. By hydrolyzing PPi, the normal inhibi-
tory effects of PPi are negated, allowing mineralization to occur. The human dis-
ease hypophosphatasia [57] is a heterogeneous group of diseases caused by a 
number of different loss-of- function mutations in the alkaline phosphate liver-
type gene. This leads to generalized reduction of activity of TNAP. The clinical 
presentation can be lethal or very mild depending on the inheritance pattern, the 
mutation, and the age of onset, but in all patients there is a reduced level of alka-
line phosphatase. In the bone, there is skeletal hypomineralization, but other sys-
temic manifestations include seizures and inflammation. A recombinant mineral 
targeted TNAP is now available for treatment of these individuals [58]. 
Interestingly, a mouse model of tnap−/− are born with normal bones but gradu-
ally develop skeletal deformities characterized by disorder in hydroxyapatite 
crystal alignment in long bones [59].

PHOSPHO1, orphan phosphatase 1 is a soluble cytosolic enzyme that catabo-
lizes the lipids [60] but not PPi. It is located inside the MV and leads to increased 
intravesicle PO4

−3. It is believed that PHOSPHO1 may generate the PO4
−3 from 

enzymatic action of the vesicles phospholipid membrane [61, 62], degrading phos-
phoethanolamine (PEA) and phosphocholine(PC) [63]. Animals deficient in 
PHOSPHO1 have normal bone volume but impaired mineralization [64]. The abil-
ity of PHOSPHO1 to metabolize PEA and PC, two of the most abundant lipids in 
the body, implies systemic effects of this enzyme and its homolog PHOSPHO2. The 
by-product, choline, is an important energy metabolite, and epigenomic studies 
have shown the importance of PHOSPHO1 in disorders of altered energy metabo-
lism such as diabetes and obesity [65]. In addition, PHOSPHO1 is important in 
terminal erythropoiesis [66]. These diverse roles explain why there is no known 
human model of complete deficiency.

To summarize the importance of these multiple enzymes in mineralization of oste-
oid in bone (Fig. 17.8), the initiating step appears to be the formation of MVs from 
osteoblasts that contain amorphous calcium and phosphorus leading to the formation 
of hydroxyapatite crystals that continue to accumulate and grow inside the vesicle. 
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The calcium is from the cell making the vesicle and/or entry into the vesicle via 
annexins from the extracellular space. In contrast, the phosphorus content is highly 
regulated and is normally in a state of inhibition through the activity of PPi and other 
regulatory enzymes and proteins. The activity of PPi can be inhibited by TNAP, facil-
itating release of PO4

−3 outside of the matrix vesicle with subsequent transport into 
the vesicle through the transporter PiT1. In addition, the presence of PHOSPO1 
inside the matrix vesicle leads to degradation of lipids, generating choline for energy 
and PO4

−3 for mineralization. The dual importance of TNAP and PHOSPHO1 is 
demonstrated by the finding that mice lacking either enzyme still form bone mineral, 
whereas the double knockout does not [64]. The result of this collective group of 
enzymes is highly regulated mineralization. While there are many parallels between 
mineralization in bone and ectopic mineralization in arteries, the difference lies in the 
regulation in the bone by temporal cues with redundant regulatory processes versus 
the induction of mineralization by aberrant environmental cues in arteries.
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Chapter 18
Osteoclasts in Cardiovascular Calcification

Samantha K. Atkins, Farwah Iqbal, Johana Barrientos, Cecilia Giachelli, 
and Elena Aikawa

 Osteoclasts Are Crucial Regulators of Bone Resorption

Calcium, the major component of bone and teeth, is abundant in the human body 
and can occur in three primary forms: calcium phosphate, hydroxyapatite, and mag-
nesium whitlockite [1]. Ectopic calcification in the heart valves and vasculature is 
of great medical interest due to the increased risk of heart failure, atherosclerotic 
plaque rupture [2], thrombus [3], or stroke [4, 5]. Cardiovascular calcification, 
which includes calcification of the blood vessels and heart valves, is an active 
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process regulated by numerous cell types. The mechanisms of development of ecto-
pic calcification will not be discussed in this chapter. Instead, this chapter will 
focus on a particular subset of immune-derived cells known as osteoclasts, which 
are crucial regulators of bone remodeling due to their ability to resorb calcification. 
Osteoclasts are large, multinucleated bone-resorbing cells that are hematopoietic in 
origin [6, 7]. The potential to regress ectopic calcification may be unlocked by 
activation of osteoclasts in the atheroma or calcified valve, hence the need to char-
acterize osteoclast biology outside of the bone niche. The activation of receptor 
activator of NF-κB (RANK)/RANK ligand (RANKL) combined with colony-stim-
ulating factor-receptor (c-Fms)/macrophage colony-stimulating factor (M-CSF) is 
required for the maturation, differentiation, fusion, and function of mature osteo-
clasts [8, 9]. M-CSF and RANKL direct osteoclastogenesis through activation of 
transcription factor nuclear factor of activated T cells 1 (NFATc1). While these 
canonical regulators of osteoclastogenesis are well studied, the modulatory effects 
of microRNAs on bone resorption and remodeling are only beginning to be under-
stood. This chapter will summarize the signals that drive and inhibit osteoclasto-
genesis at the gene and protein levels. It will also discuss the bone-vascular axis in 
the context of atherosclerosis and calcific aortic valve disease, known as the “calci-
fication paradox.” The mechanisms governing osteoclast differentiation and bone 
resorption within the bone niche may provide contextual clues of how to harness 
their natural potential to regress calcification in the areas such as the blood vessels 
and heart valves.

 Osteoclastogenesis

Osteoclasts, first identified in 1873 [10], are the only bone-resorbing cell in mam-
mals and are hematopoietic in origin. Revolutionary studies in the 1970s confirmed 
the hematopoietic origin of osteoclasts by transplanting osteoclast-deficient mice 
with either spleen or bone marrow cells from wild-type mice to restore normal bone 
resorption [11]. Today, it is well recognized that osteoclasts arise from hematopoi-
etic stem cells (HSCs) from either bone marrow or peripheral blood mononuclear 
cells (PBMCs) [12]. Recently, and contrary to the accepted dogma regarding osteo-
clast formation from monocyte/macrophage precursors, murine models have dem-
onstrated that osteoclast precursors do not express the macrophage lineage marker 
CD68 [13]. Mesenchymal-originating osteoblasts are primarily responsible for 
secreting and rebuilding bone matrix. Together with osteocytes, osteoblasts regulate 
mineral metabolism by producing various extracellular factors required for osteo-
clast proliferation, differentiation, and fusion (Fig. 18.1) [7]. Regardless of the pro-
genitor cell, osteoclast differentiation is an orchestrated event that is composed of 
four main stages: (1) proliferation and differentiation; (2) osteoclast precursor cell 
(OCP) commitment; (3) OCP motility and fusion; and (4) mature osteoclast bone 
resorption.
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 Proliferation and Differentiation of Osteoclast Precursors

The first stage of osteoclastogenesis is proliferation and differentiation of HSCs into 
OCPs. The first group of genes include M-CSF, Csf1r/c-Fms (receptor for M-CSF), 
and transcription factor PU.1 [14, 15]. This group of genes activate HSCs to give 
rise to common macrophage and osteoclast progenitors. M-CSF induces the prolif-
eration of osteoclast precursors and upregulates RANK on the surface of osteoclasts 
[16]. The transcription factor PU.1 binds to the promoter of Csf1r, which encodes 
for c-Fms and further upregulates transcription [17]. Animals with deficiencies in 
any of these genes lack macrophages and osteoclasts, while displaying phenotypes 
of osteopetrosis, similar to osteopetrotic op/op mice [18–20]. M-CSF signaling also 
induces the expression of microphthalmia transcription factor (MITF), necessary 
for mitigating apoptosis in proliferating osteoclasts [21]. MITF binds to the Bcl-2 
promoter and upregulates the expression of Bcl-2 [22, 23]. Mutations in either 
MITF or Blc-2 result in an osteopetrosis phenotype [23, 24].
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Fig. 18.1 Schematic diagram representing osteoclast differentiation and activation. (1) 
Proliferation and differentiation: The secretion of M-CSF activates HSCs by upregulating MITF 
and PU.1 transcription factors, and osteoclast precursor cells (OCPs) become mononucleated 
osteoclasts via RANKL and M-CSF signaling. (2) Commitment: Osteoclast differentiation: 
Stimulation of NF-kB further activates NFATc1, a primary driver of osteoclast differentiation. (3) 
Fusion: Mononucleated osteoclasts fuse dependent on RANKL signaling and DC-STAMP. (4) 
Resorption: Functional osteoclasts express cathepsin K, Atp6vd, CLC-7, MMPs, OSTMI, and 
c-SRC for optimal bone resorption. AP-1 activator protein, Atp6v0d2 v-ATPase subunit d2, CLC-7 
chloride channel 7, DC-STAMP dendritic cell-specific transmembrane protein, HSC hematopoi-
etic stem cell, MITF microphthalmia transcription factor, MMPs matrix metalloproteinases, 
NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells, NFATc1 nuclear factor of 
activated T cell 1, OSTM1 osteopetrosis-associated transmembrane protein 1, RANKL receptor 
activator of nuclear factor kappa-Β ligand
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Both RANKL and M-CSF also activate Src signaling pathways to support osteo-
clast survival and differentiation. Following the activation of RANK, interactions 
between TRAF6 and Cbl scaffolding proteins activate the pro-survival factor PI3- 
kinase (PI3K)/Akt pathway [25–28]. Activated PI3K produces phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3) at the plasma membrane and recruits Akt/
PKB. Recruitment and activation of PI3K/Akt is Src-dependent, since the down-
regulation of c-Src inhibits RANKL-mediated Akt activation [25]. Inhibition of 
PI3K reduces survival and proliferation of osteoclast precursor cells (due to attenu-
ated NFATc1) [29]. PI3k has also been implicated in the formation of actin filament 
in osteoclasts [30]. Akt induces osteoclast differentiation by regulating glycogen 
synthase kinase-3 β (GSK3β)/NFATc1 signaling cascade [31]. In the absence of 
RANKL, NFATc1 is phosphorylated by GSK3β and remains outside of the nucleus. 
The leucine-rich repeat-containing G protein-coupled receptor 4 (LGR4) is a com-
petitive receptor for RANKL. The LGR4/RANK complex activates GSK3-B. This 
suppresses NFATC1 and limits osteoclast differentiation [32]. Mice with LGR4 
deficiency suffer from osteoporosis due to increased osteoclast activity [33–35]. 
RANK signaling inhibits GSK3β by inducing phosphorylation at its inhibitory ser-
ine residue (Ser9). NFATc1 is then dephosphorylated by calcineurin, leading to its 
translocation into the nucleus [32]. Transgenic mice that overexpress GSK3β 
develop osteopetrosis due to the lack of NFATc1 activation and absent functional 
osteoclasts [36]. Overexpression of Akt induces the phosphorylation and inactiva-
tion of GSK3β, leading to NFATc1 activation and nuclear translocation [31]. M-CSF 
is also involved with activating Src signaling pathways [37]. M-CSF signaling 
recruits c-Src to activate PI3K and c-Cbl, eventually activating Akt and ERK signal-
ing [38–41]. Similar to RANK-mediated activation of Akt, these steps promote 
osteoclast precursor proliferation and survival [42].

 Osteoclast Precursor Commitment

The second stage is OCP commitment. In this stage, monocyte progenitors are acti-
vated through the binding of two key regulatory growth factors to their receptors: 
macrophage colony-stimulating factor (M-CSF) to colony-stimulating factor-1 
receptor (CSF1R) and receptor activator of NF-κB ligand (RANKL) to 
RANK. M-CSF and RANKL binding activates signaling cascades that queue early 
differentiation events and promote OCP commitment. When RANK is activated 
during RANKL binding, the RANK adaptor molecule TNF receptor-associated fac-
tor 6 (TRAF6) forms a complex with TGF-β-activated kinase-1 binding protein 
(TAB1) and TGF-β-activated kinase-1 (TAK1) to recruit SMAD3 [43]. NF-κB 
translocates to the nucleus after the formation of the TRAF6-TAB1-TAK1-SMAD3 
complex, which promotes the transcription of the master osteoclastogenesis tran-
scription factor nuclear factor of activated T cells 1 (NFATc1) [44]. The roles of 
M-CSF, RANK/RANKL, and RANK’s inhibitor osteoprotegrin (OPG) will be dis-
cussed in further detail later on in the chapter.
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 Osteoclast Precursor Motility and Fusion

The third stage of osteoclast differentiation is OCP motility and fusion. The main 
integrin involved in OCP and osteoclast motility is integrin αvβ3. Upon OCP αvβ3 
substrate binding, spleen tyrosine kinase (SYK), a non-receptor tyrosine kinase, is 
directly phosphorylated by c-Src [45]. In Syk-/- mice, OCPs have reduced adhesion 
and spreading and, importantly, fail to resorb bone [46]. Recently, NR4A1, an 
orphan member of the nuclear receptor superfamily, has been shown to be a crucial 
negative regulator of osteoclast precursor migration and recruitment. Myeloid- 
specific deletion of NR4A1 resulted in proliferation of osteoclasts with a hyper- 
motile phenotype, while pharmacological activation of NR4A1 inhibited osteoclast 
migration and protected against osteoporosis in mice [47]. OCP motility is a require-
ment for preosteoclast fusion.

The merging of outer plasma membranes is a hallmark of OCP fusion, which 
eventually leads to multinucleated, functional osteoclasts. Macrophages themselves 
have the potential to fuse together with other macrophages to form multinucleated 
cells known as polykaryons, an innate immune response. However, macrophages 
must first become “fusion competent” to become multinucleated [48]. An essential 
facilitator of macrophage fusion is the signaling adaptor DNAX-activating protein 
12 (DAP12). Mutations in DAP12 or TREM2 are associated with Nasu-Hakola dis-
ease, a disorder of the brain and bone, as both DAP12 and TREM2 are essential for 
macrophage fusion and formation of functional osteoclasts [48, 49]. When TREM2 
binds to DAP12, SYK binding of TREM2 to DAP12 leads to the recruitment and 
activation of SYK, which results in signaling phosphoinositide 3-kinases (PI3Ks) 
activation in osteoclasts [48]. During inflammation, extracellular ATP and adenos-
ine signals can be detected and transduced by purinergic P1 and P2 receptors, of 
which the P2RX7 receptor activated during inflammation as a “danger signal” and 
a common OCP fusion mediator. P2RX7 is involved in both inflammasome activa-
tion and cytokine release, and its overexpression has been shown to drive spontane-
ous fusion in macrophages, while antibody inhibition of P2RX7 suppresses 
macrophage multinucleation [50]. Because osteoclasts are involved in bone turn-
over, intuitively, modulation of calcium ions (Ca2+) can also regulate RANKL- 
mediated signaling and drive OCP fusion through the potassium calcium-activated 
channel subfamily N member 4 (KCNN4) regulation of NFATc1.

MITF is required for the survival of osteoclast precursor cells [51–53], but also 
plays a role in mediating osteoclast fusion by inducing DC-STAMP expression. 
MITF is a unique transcription factor due to its tissue-restricted effects. The deletion 
of MITF affects specifically osteoclasts, melanocytes, retinal pigmented epithelium, 
and mast cells [54]. Osteoclasts express two major isoforms of MITF (MITF-A, 
MITF-E) [55, 56]. First, MITF is upregulated following M-CSF signaling. M-CSF 
induces the formation of MITF/PU.1 complex at the promoter regions of target 
genes including Oscar, Acp5, and cathepsin K, but not activating transcription [23, 
57]. This is followed by RANK-mediated activation of MITF. RANK and TRAF6- 
mediated activation of MAPKs (p38) phosphorylate MITF (serine 307) and further 
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activate it [58–60]. This leads to the formation of NFATc1 transcriptional complex, 
comprised of AP-1, PU.1, and MITF. These transcription factors bind to the pro-
moter regions of cathepsin K, OCAR, TRAP, and CCL7 and promote transcription 
[51, 53]. MITF and NFATc1 share similar properties; both are dependent on 
RANKL-mediated activation, share overlapping transcription targets, and are both 
required for osteoclast fusion [60–63]. NFATc1 together with transcription factors, 
including c-Fos, MITF, and PU-1, mediate osteoclast fusion by inducing the expres-
sion of DC-STAMP, Atp6v0d2, and Tks5 [62, 64, 65]. Synergistically with RANKL, 
tumor necrosis factor (TNF) is also involved in macrophage fusion and OCP multi-
nucleation by activation of c-Jun N-terminal kinase (JNK) [66].

For the development of multinucleated osteoclasts, mononuclear osteoclast pre-
cursor cells are required to fuse together. Dendritic cell-specific transmembrane pro-
tein (DC-STAMP) and osteoclast stimulatory transmembrane protein (OC-STAMP) 
are required for osteoclast cell fusion and multinucleation [67]. Both are RANKL-
induced transmembrane proteins with similar features. DC-STAMP is expressed as 
a dimer on the cell surface of both human and murine osteoclast precursor cells 
[68–70]. DC-STAMP-deficient mice exhibit moderate osteopetrosis, where TRAP-
positive (tartrate-resistant acid phosphatase marker of differentiated osteoclasts) 
mononuclear osteoclast precursors do not fuse into functional osteoclasts [65, 71, 
72]. Both DC-STAMP and OC-STAMP are required for osteoclastogenesis, since a 
deficiency in one cannot be compensated by the other [67]. The overexpression of 
DC-STAMP promotes maturation and function of multinucleated osteoclasts [42, 
73, 74], but the ligand of DC-STAMP remains unknown [48]. Recently, RANKL 
was described to activate a tyrosine-based inhibitory motif (ITIM) on the cytoplas-
mic tail of DC-STAMP, mediating osteoclast differentiation via NFACTc1 [71]. 
Unlike DC-STAMP, OC-STAMP is only expressed by osteoclast lineage-committed 
cells [74, 75]. Downregulation or the inhibition of OC-STAMP significantly reduces 
the number of mature multinucleated osteoclasts, while overexpression significantly 
increases the number of mature osteoclasts [74, 75].

In addition to STAMP signaling, the Rho family of small GTPases reorganize the 
cytoskeleton (mainly actin) for cell fusion [59, 76]. Rho-related GTPases including 
Rac and Cdc41 both regulate cell shape, motility, and adherence by rearranging the 
actin cytoskeleton [76]. Following the formation of mature osteoclasts, the develop-
ment of actin rings and resorption lacunae are regulated by Rac and Rho [77]. These 
GTPases also regulate cell differentiation in myoblasts and epithelium, where 
knockout of Rac1 leads to embryonic lethality [78]. Studies individually inhibiting 
Rac1 and Rac2 suggest that Rac1 is the primary regulator of osteoclastogenesis by 
regulating the actin cytoskeleton, cell migration, and ROS generation [79].

 Osteoclast Functionality

The final stage of osteoclastogenesis is functional bone resorption. In this stage, the 
osteoclasts are activated and form a resorption lacuna. The group of genes respon-
sible for functional bone resorption include c-Src, ClC-7, Atp6i, cathepsin K, and 
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LTBP3. These genes encode proteins that are necessary for transitioning multinu-
cleated osteoclasts into functional, bone-resorbing osteoclasts. Mice deficient in 
these molecules have osteoclasts with limited bone-resorbing activity [80–85]. 
Following the attachment of mature osteoclasts to bone, osteoclasts become polar-
ized multinucleated cells to accommodate the sealing zone and ruffled border [86, 
87]. Osteoclasts attach and dock to bone via the sealing zones. The sealing zones are 
comprised of integrins and cytoskeletal and filamentous actin [42, 88]. The ruffled 
border secretes various hydrolytic enzymes and factors required for osteoclast 
resorption. The ruffled border is comprised of many folds, increasing the surface 
area required for bone dissolution and endocytosis of bone degraded remnants. 
Acidification of the lacunar compartment is necessary for bone resorption. The pro-
ton pump vacuolar ATPase (V-ATPase) couples ATP hydrolysis with proton trans-
port across the ruffled border [89]. The V-ATPase pump works together with the 
chloride channel (CLC-7) to establish the acidification (~4.5) of resorptive lacunae 
and the extracellular space [90–93]. Decreases in pH dissolve the mineral phase to 
expose the organic phase for acidic proteases and phosphatases [94]. Intracellular 
acidification is also important for protein sorting, zymogen activation, and receptor- 
mediated endocytosis [95]. The V-ATPase proton pump consists of the peripheral 
V1 component and membrane-bound Vo component with 13 subunits [96, 97]. The 
V1 component is regulated by ATP hydrolysis, which drives the rotation of Vo 
domain and transfers protons across the membrane. In addition to ATP hydrolysis 
and proton transport, both the V1 and V0 components regulate V-ATPase function 
[98, 99]. Mutations that involve V-ATPase can lead to osteopetrosis. Deletions in the 
T-cell immune regulator 1 (TCIRG1) gene, which encodes the a3 subunit of 
V-ATPase, cause osteopetrosis [100]. Deficiencies in V-ATPase diminish extracel-
lular acidification while maintaining intracellular lysosomal proton pump activity 
[100]. The Atp6v0d2 is one of the more abundant isomers of V-ATPases active in 
osteoclasts and is imperative for extracellular acidification [101, 102]. The release 
of protons and chloride ions dissolves hydroxyapatite in resorption lacunae, while 
proteases including matrix metalloproteinases (MMP-9, MMP-14) and cathepsin K 
digest the bone matrix [103–105].

Both MMPs and cathepsins play different roles in terms of osteoclast-mediated 
bone resorption [106]. Cathepsin K is a cysteine protease with type I and II collage-
nase activity. Cathepsin K is the primary lysosomal collagenolytic proteinase in the 
resorbing zone. Cathepsin K-null mice and pycnodysostotic patients have osteo-
clasts incapable of resorbing bone, leading to the buildup of unmineralized collagen 
fibers [82, 107]. The unique properties of cathepsin K allow the cleavage of colla-
gen triple helix at multiple sites [108]. Once the helix is uncoiled, proteinases with 
gelatinolytic properties are activated. Cathepsins are responsible for the solubiliza-
tion of bone matrices, while MMPs initiate and cease the breakdown of organic 
matrix [81]. Studies show that cathepsin K and MMPs act serially, where MMP 
activity occurs before and after cathepsin K activation [109, 110]. Combination of 
in  vivo knockout studies and clinical investigations of human disease identifies 
MMP-2, MMP-9, MMP-13, MMP-14, and MMP-16 necessary for normal skeletal 
development [111]. Both RANKL and vitamin D upregulate the production of 
MMP-9, which degrades only unmineralized matrix [108]. In addition to resorption, 
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MMP-9 is involved with osteoclast survival, chemotaxis, fusion, and activity [110, 
112, 113]. Deletion of MMP-9 results in abnormalities associated with bone devel-
opment and fracture repair rather than effects on bone resorption [114, 115]. MMP-2 
is involved with osteoclastogenesis, since MMP-2 knockout mice had significantly 
reduced numbers of osteoclasts and deficits in osteoclast differentiation [116]. 
MMP-12 is characterized for its role in osteoclast-bone matrix interactions since it 
can cleave vitronectin, osteopontin, osteonectin, and bone sialoprotein [117]. 
Deletion of MMP-12 does not impair osteoclast function, suggesting the role of 
other overlapping MMPs for bone resorption [108, 117]. MMP-13 is not secreted by 
osteoclasts but secreted by osteoblasts or chondrocytes [118]. Nonetheless, MMP-13 
is required in the subosteoclastic resorption compartment for initial osteoid solubi-
lization by activating osteoclasts prior to bone adhesion [119]. MMP-14 is unique 
because it is located at the leading edge of motile osteoclasts or at the sealing zones 
of polarized osteoclasts [104, 120]. MMP-14 is important for regulating osteogen-
esis since it sheds RANKL from osteoblast membranes [121]. Lastly, tartrate- 
resistant acid phosphatase (TRAP), specifically TRAP5b, is an essential enzyme 
required for bone resorption. TRAPs are implicated directly in matrix degradation 
and released into the circulation following resorption [122].

The involvement of GTP-binding proteins is required to ensure appropriate 
targeting of transport vesicles to the ruffled border membrane [123]. Rab5c is 
involved with endosomal recycling, while Rab11b ensures intracellular recycling, 
turnover at the ruffled border, and osteoclast motility [42]. Both Rab7 and Rab9 
which are identified in late endosomes of other cell types are also detected in the 
ruffled border. The ruffled border shares similar properties and function with late 
endosomal compartments [94, 124]. Many lysosomal proteins are also identified 
in the ruffled border, suggesting similar function or origin of transport vesicles in 
lysosomes.

 Critical Pathways in Bone Resorption

 M-CSF/RANK/RANKL/OPG

M-CSF (also known as CSF-1) plays a vital role in osteoclast proliferation and sur-
vival [125, 126]. M-CSF expressed by osteoblasts is required for progenitor cells to 
differentiate into osteoclasts; however, M-CSF is unable to complete the process 
alone [127]. M-CSF binds to its associated receptor (c-Fms), leading to the phos-
phorylation of tyrosine sites at its cytoplasmic tail. Phosphorylated c-Fms recruits 
and forms a complex with c-Src, a tyrosine kinase. This complex in turn recruits 
phosphatidylinositol 3-kinase (PI3K), an E3 ubiquitin ligase. The activation of these 
proteins triggers Akt and ERK pathways, leading to the proliferation and survival of 
osteoclast precursor cells [37, 39–41]. Mouse and rat models with point mutations 
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in the csf1 gene and nonfunctional M-CSF lack osteoclasts and display phenotypes 
of osteopetrosis [20, 128]. In osteoclast precursor cells, M-CSF induces receptor 
activation of RANK expression to promote efficient response between the RANKL-
RANK signaling [129].

RANKL (identified as OPGL, ODF, and TRANCE) binds to its associated recep-
tor (RANK) on preosteoclasts. Transgenic mouse models with absent RANKL or 
RANK exhibit severe phenotypes of osteopetrosis, suggesting its indispensable role 
for osteoclastogenesis [130–136]. RANKL binding induces the trimerization of 
RANK, which then recruits adaptor molecules including TNF receptor-associated 
factors (TRAFs). The TRAF family of proteins is comprised of seven members (1, 
2, 3, 4, 5, 6, 7) and facilitates signaling through the TNF family cytokines and 
pathogen-associated molecular patterns (PAMPs) [137–140]. TRAF2, TRAF5, and 
TRA6 have positive effects on osteoclast differentiation, while TRAF3 demon-
strates inhibitory effects [66, 141, 142]. TRAF knockout animal models identified 
TRAF6 as the main adaptor protein required for transducing RANK signaling for 
osteoclastogenesis. TRAF6 knockout mice suffer from osteopetrosis due to limited 
osteoclast differentiation and bone resorption [143, 144]. RANK binds to TRAF6 
via three TRAF6-binding sites on its c-terminal cytoplasmic tail and induces trimer-
ization of TRAF6 [28, 145, 146]. Hematopoietic precursor cells with mutations in 
RANK specifically for TRAF6-binding sites are unable to restore effective osteo-
clastogenesis [137, 147]. The formation of RANK/TRAF6 complex induces multi-
ple downstream signaling pathways including the activation of transcription factors 
(nuclear factor kappa-light-chain-enhancer of activated B cells (NF-Kb) and activa-
tor protein-1 (AP-1)) (Fig. 18.2) [146]. Both transcription factors are activated by 
specific protein kinases including IKB kinases (IKK1/2) and JNK1, respectively 
[7]. The RANK-TRAF6 complex activates TGF-β-activated kinase 1 (TAK1), 
TAK-1-binding protein 1 (TAB1), and TAB2, leading to the downstream activation 
of the IKK complex and NF-kB [148–150]. Activated TAK1 phosphorylates IKK 
which target IkB for proteasomal degradation and releases NF-KB from the inhibi-
tory mechanisms of IKB [151]. TAK1- or TAB2-deficient mice have greater bone 
mass and have fewer osteoclasts [152, 153]. 

While RANK/RANKL is known to regulate and activate the formation of 
osteoclasts from their precursors in bone remodeling, osteoprotegrin (OPG) pro-
tects excess resorption by binding to RANKL and preventing it from interacting 
with RANK [154]. The three structural domains for OPG influence biological 
activities including inhibition of osteoclastogenesis, interactions with other pro-
teoglycans, and apoptosis [155]. Under inflammatory conditions, the ratio of 
RANKL to OPG increases resulting in increased osteoclastogenesis [156]. The 
RANKL/OPG ratio is a major determinant of bone mass [154, 157]. OPG-deficient 
mice resulted in not only osteoporosis but extensive valvular calcification. The 
dysfunctional equilibrium between the RANK/RANKL/OPG triad leads to patho-
logic conditions; therefore, novel therapeutic approaches are being researched to 
target these molecules [157].
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Fig. 18.2 Activated signaling pathways required for osteoclastogenesis. At the earlier stages of 
osteoclast differentiation, M-CSF binds to associated receptor (c-Fms) and activates Akt and ERK 
pathways. The transduction of these signals promotes the survival and proliferation of osteoclast 
precursor cells. This is followed by RANK/TRAF6-mediated activation of NF-kB. This recruits 
transcription factors (MITF, CREB, AP-1, PU.1, and NFATc1) to the promoter regions of specific 
genes required for osteoclastogenesis. RANK also activates MAPKs and c-Src signaling pathways 
required for the transition of osteoclast precursor cells into mature osteoclasts. Stimulation of 
OSCAR and TREM2 further strengthens RANKL signaling. Induction of DAP12/FCRγ-Syk- 
PLCγ stimulates intracellular Ca2+ cycling and eventually the autoamplification of NFATc1. AP.1 
activator protein, AKT Ser/Thr kinase, CREB cyclic adenosine monophosphate response element- 
binding protein, DAP12 DNAX-activating protein 12, Grb2 growth factor receptor-bound protein 
2, ERK extracellular signal-regulated kinases, FcRγ Fc receptor common γ subunit, MAPK, ITAM 
immunoreceptor tyrosine-based activation motif; mitogen-activated protein kinase, MITF 
microphthalmia transcription factor, PI3K, NFATc1 nuclear factor of activated T cells 1, OSCAR 
osteoclast-associated immunoglobulin-like receptor, OPG osteoprotegerin; phosphatidylinositol 
3-kinases, PLC phospholipase C, RANKL receptor activator of nuclear factor κB, RANKL, ligand, 
TAB transforming growth factor-β kinase 1 binding protein, TAK1 transforming growth factor-β 
kinase 1, TRAF TNF receptor-associated factors, TREM2 triggering receptor expressed on 
myeloid cells 1
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 Classical and Alternative NF-κB Pathways in Osteogenesis

NF-kB signaling is recognized as an earlier molecular signaling pathway induced 
by RANK and TRAF6 activation. NF-kB is a family of dimeric transcription fac-
tors, which recognize the kB DNA sequence. The NF-kB superfamily is composed 
of five members, including p65 (RelA), RelB, c-Rel, NF-kB1 (p50), and NF-kB2 
(p52 derived from p100 precursor) [23]. Both p50 and p52 heterodimerize with Rel 
proteins for subsequent activation [158, 159]. Mutagenesis of the p50/p52 domains 
of NF-kB prevents osteoclast differentiation and results in osteopetrosis [148, 160, 
161]. Typically, NF-kB remains within the cytoplasm (inactive state) but is quickly 
translocated into the nucleus following RANK activation [23, 162, 163]. NF-KB 
activation is dependent on two mechanisms referred to as the “classical” and “alter-
native” pathway. The classical method is mediated by a trimeric complex, com-
prised of the NF-KB essential modulator (NEMO) and inhibitors of NF-kB (IKKα, 
IKKβ). This complex induces the phosphorylation and ubiquitin-mediated degrada-
tion of inhibitors of KB (IkBs). This frees the P50/P65 dimer, which is translocated 
into the nucleus [151, 152, 158, 159]. The alternative (non-canonical) pathway 
involves NF-kB-inducing kinase (NIK), which phosphorylates IKKα dimers. 
Induction of IKKα initiates cleavage of the p100/RelB complex. Following cleav-
age, the p52/RelB dimer translocates into the nucleus (Fig. 18.3) [23, 158, 159, 164, 
165]. TRAF6 only activates the classical pathway, while both TRAF2 and TRAF5 
can activate both the classical and alternative pathway [166]. The deletion of IKKα 
(necessary for alternative pathway) impairs in vitro but not in vivo osteoclastogen-
esis, while the deletion of IKKβ (necessary for classical pathway) leads to osteope-
trosis in both in vitro and in vivo studies [165]. Studies recognize classical pathway 
as a requirement for osteoclastogenesis, while the alternative pathway may not be as 
essential [23, 135].

 c-Fos and AP-1-Associated Pathways

The activator protein 1 (AP-1) is another transcription factor complex required for 
osteoclastogenesis. RANK activates AP-1 through the induction of its critical com-
ponent (c-Fos) [167–169]. Activated NF-kB binds to target genes and upregulates 
the c-Fos component of AP-1 [7, 149]. The AP-1 transcription factor is a dimeric 
complex composed of Fos (c-Fos, FosB, Fra-1, Fra-2) and Jun (c-Jun, JunB, JunD) 
[168, 170]. Mice lacking c-Fos present with severe osteopetrosis and experience a 
complete block of osteoclast differentiation [149, 171, 172]. Following RANKL 
stimulation, c-Fos-deficient cells cannot activate NFATc1 required for osteoclasto-
genesis, while the overexpression of c-Fos binds to NFATc1 and upregulates osteo-
clast differentiation and function. c-Fos is recruited to the NFATc1 promoter, 24 
hours following RANKL stimulation, while induction of NFATc1 is absent in 
c-Fos-deficient cells [52, 169, 171, 173, 174]. ChIP experiments highlight the role 
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of AP-1 complex in the autoamplification of NFATc1 [52]. Exactly how c-Fos 
works with AP-1 proteins is unclear, but c-Fos in the AP-1 complex may have spe-
cific affinity to target genes required of osteoclastogenesis. Alternatively, c-Fos may 
facilitate AP-1 interactions with other specific transcriptional partners required for 
osteoclastogenesis [23]. In the context of AP-1, the Jun protein family are partners 
with the Fos family [175]. Mice deficient in either c-Jun or JunB are embryonically 
lethal, while osteoclastogenesis is not completely diminished in conditional knock-
out models [168, 176].
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Fig. 18.3 Classical and alternative pathways of nuclear factor (NF-kB) activation in osteoclasts. 
Both the classical and alternative NF-kB pathways are stimulated by TNF receptor-related proteins 
(TNF-α, IL-1R). The classical pathway can be activated by B-cell and T-cell receptors as well. 
Downstream signaling form the tri-complex, composed of NEMO, IKKα, and IKKβ. This com-
plex phosphorylates IKB, leading to its degradation. P50 and RelA translocate into the nucleus and 
promote transcription of genes involved with osteoclastogenesis. The alternative pathway is acti-
vated by B-cell-activating factor receptor as well as CD40. This recruits NIK and activates IKKα. 
Phosphorylation of p100 results in the formation of p52 coupled with RelB. Both p52 and RelB 
translocate into the nucleus and activate transcription. Both pathways upregulate the expression of 
genes involved with osteoclast survival, proliferation, fusion, and differentiation. IKK inhibitor of 
NF-κB kinase, IKB inhibitors of Kb, MEKK mitogen-activated protein kinase kinase kinase, 
NEMO NF-κB essential modulator, NIK NF-κB-inducing kinase
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 Inflammatory Regulators of Osteoclastogenesis

Multiple studies have identified a connection between the immune and skeletal sys-
tem. Multiple inflammatory stimuli affect various stages of osteoclast function. 
Correlation of abnormal osteoclast number and function with inflammatory dis-
eases (rheumatoid arthritis, psoriatic arthritis, Crohn’s, and celiac disease) led to the 
study of osteoimmunology [177, 178]. Multiple inflammatory cytokines stimulate 
or inhibit receptor-mediated intracellular signaling required for osteoclastogenesis. 
Primary osteoclastogenic cytokines include TNF-α, IL-1, IL-6, IL-7, IL-8, IL-11, 
IL-15, IL-17, IL-23, and IL-34 [6]. TNF-α is implicated in osteoclast differentia-
tion, bone resorption, bone metabolism, and inflammatory bone diseases [9]. TNF-α 
mediates the formation of multinucleated osteoclasts in the presence of M-CSF or 
activates NF-kB in the absence of RANKL [66, 179]. TNF-α can also induce RANK 
expression and propagate RANK signaling by activating TRAF2/5 and MAPKs to 
activate NF-kB and AP-1 [66, 141, 180]. Patients with rheumatoid arthritis have 
increased osteoclasts and associated osteoclastogenic cytokines (IL-34), which are 
upregulated by TNF-α [181]. Inhibiting TNF-α with pharmacological inhibitors 
(infliximab) has successfully been used in patients [182].

Il-1b inflammatory cytokine is associated with osteoclast differentiation and 
bone resorption via RANKL signaling [183]. Il-1b indirectly stimulates TNF-α/
RANK and initiates osteoclastogenesis. IL-1b stimulates p38 MAPK for osteoclast 
differentiation in conditions with adequate RANKL levels [184]. IL-1b also induces 
the expression of osteoclast proteins including TRAP, cathepsin K, MMP9, NFATc1, 
and MITF [185]. Inhibitors of Il-1b have successfully been used in patients with 
rheumatoid arthritis [186]. IL-6 stimulates the production of RANKL by osteoblasts 
and stromal cells [187]. IL-6 mutations inhibit osteoclast formation both in vivo and 
in  vitro [188]. The secretion of IL-7 upregulates TNF-α, leading to increased 
RANKL levels and osteoclast formation [189, 190]. IL-8 is an autocrine regulator 
of osteoclastogenesis. RANKL signaling stimulates IL-8 secretion by osteoclasts, 
to further enhance RANKL-mediated osteoclastogenesis [191].

Inflammatory cytokines including IFN-α, IFN-β, and IFN-γ are characterized as 
anti-osteoclastogenic cytokines [9]. Both IFN-α and -β inhibit RANKL-induced 
osteoclastogenesis [192]. IFN-α inhibits the expression of c-Fos leading to decreased 
RANKL-induced osteoclastogenesis. INF-α also activates Fas/FasL-mediated 
apoptosis in osteoclasts and inhibits TNF-α induced osteoclastogenesis [193]. The 
secretion of IFN-β negatively affects JAK1/STAT3/c-Fos signaling pathways [194]. 
IFN-β indirectly inhibits osteoclastogenesis by upregulating nitric oxide (NO) and 
NO synthase signaling [195]. IFN-γ is primarily secreted by natural killer cells, Th1 
cells, and cytotoxic cells [9], which inhibits RANKL-mediated signaling [163]. In 
vitro studies revealed significant degradation and inactivation of TRAF6 following 
IFN-γ exposure [196]. Mice with deficient INF-γ receptor have increased number 
of osteoclasts and bone loss (hyperactivity) [163]. Together with TLR signaling, 
INF-γ downregulates RANK and c-Fms expression in osteoclast precursor cells 
[197]. Under some pathophysiological conditions, IFN-γ can enhance osteoclasto-
genesis, but the exact mechanisms are not well understood [198, 199].
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 MicroRNAs in Osteoclast Differentiation and Function

MicroRNA (miRNA; miR) is a short (21–27 base pairs) non-coding sequence of 
RNA assembled in a protein complex that posttranscriptionally regulates genes by 
binding to their target mRNA sequence and causing either mRNA cleavage, transla-
tion inhibition, or destabilization of the mRNA target sequence [200]. The differen-
tiation and functionality of osteoclasts is orchestrated, in part, through miRNAs that 
can act as either positive or negative regulators of these processes [201]. While there 
are multiple miRNAs that participate in the regulation of osteoclastogenesis, a 
handful of positive and negative regulators will be discussed in this section.

 Positive miRNA Regulators of Osteoclastogenesis

The most common models to study miRs involved in osteoclastogenesis and osteo-
clast function are murine. In a mouse model, the miR-29 family participates in early 
osteoclastogenesis, first by guiding the commitment of bone marrow precursors to 
osteoclast differentiation and next by facilitating in cellular motility through target-
ing Rho-GTPase Cdc42 and SLIT-ROBO GTPase-activating protein 2 (srgap2). 
Targeting srgap2 negatively regulates RAC1 and fine-tunes actin remodeling. 
Inhibition of miR-29  in mouse RAW264.7 cells leads to a decreased number of 
osteoclasts that lack motility [202]. Also during the early stages of osteoclastogen-
esis, three miRs from the same family, miR-99b/let-7e/125a, are significantly 
upregulated. They participate in OCP fusion, by fine-tuning thrombospondin tran-
scription to facilitate the interaction with DC-STAMP, CD-47, and thrombospon-
din. In addition, miR-let-7e participates in osteoclast differentiation by targeting 
integrin α4β1 [203]. While some miRNAs participate in osteoclast differentiation, 
motility, and fusion, others can prevent apoptosis. Upregulation of miR-21 pro-
motes cellular survival through directly targeting the cell-surface death-receptor 
FAS-ligand (FASLG) present on OCPs, preosteoclasts, and mature osteoclasts in a 
murine model [204]. Other miRNAs influence the activity of mature osteoclasts 
through actin ring organization. Once osteoclasts are mature and adherent to the 
resorption area, miR-31 upregulation is thought to play a role in forming the sealing 
zone by organizing the actin ring formation through degradation of RhoA [205].

Some miRNAs have been discovered in osteoporosis models where increased 
osteoclastogenesis leads to decreased bone mineral density (BMD). miR-34c is 
involved in Notch signaling of osteoblasts, and in vivo, the upregulation of miR-34c 
has been associated with increased formation of osteoclasts leading to age- dependent 
osteoporosis [206]. While the role of osteoblasts in osteoclastogenesis has been well 
characterized in terms of the RANKL/OPG axis, the modulation that osteoclasts 
have on osteoblasts is less understood. Recently, elevated serum levels of exosomal- 
derived miR-214-3p have been shown to be linked with a reduction in bone forma-
tion in postmenopausal women and ovariectomized mice. This miRNA enhanced 
osteoclast formation and activity while inhibited osteoblast activity, suggesting that 
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osteoclasts can transfer miRNAs to osteoblasts through exosomes to inhibit bone 
formation [207]. Researchers have begun to postulate the miRNAs can be used as 
biomarkers for bone diseases. Additional miRNAs involved in bone metabolism 
that may serve as potential biomarkers or therapeutic targets are elegantly reviewed 
by Foessl et al. [208].

 Negative miRNA Regulators of Osteoclastogenesis

In the early stages of osteoclast differentiation, expression of miR-124  in mouse 
bone marrow macrophages suppresses NFATc1, RhoA, and Rac1 expression to 
decrease OCP proliferation and motility [209]. Ectopic expression of three miRs, 
miR-133a, miR-141, and miR-219, also inhibits early stages of osteoclast differen-
tiation by directly targeting Mitf [210]. During OCP motility and fusion stages, 
miR-7b upregulation leads to downregulation in DC-STAMP through NFATc1 and 
c-Fos signaling [211]. Alternatively, miR-26a can inhibit the osteoclast fusion pro-
tein DC-STAMP by targeting connective tissue growth factor (Ctgf). The degrada-
tion of Ctgf by miR-26a prevents DC-STAMP signaling [212]. Although miRs have 
been shown to modulate NFATc1 and other osteoclast-related gene expression pat-
terns, the opposite is also possible in that osteoclast-associated genes like NFATc1 
and NF-κB can bind directly to the promoter regions of certain miRs to counterbal-
ance osteoclastogenesis. For example, during early OCP commitment and differen-
tiation, the binding of RANKL to RANK causes the recruitment of the adaptor 
protein TRAF6 as previously described. NFATc1 directly binds to the promoter 
region of miR-125a whose expression in human PBMCs downregulates TRAF6. 
Likewise, NF-κB directly binds to the promoter of miR- 146a [213]. In human 
PBMCs, miR-146a has been demonstrated to directly inhibit osteoclast formation, 
and in vivo overexpression in an osteoarthritic mouse model was shown to attenuate 
bone loss [214]. This data suggests there may be an underlying mechanism involved 
in both regular bone resorption and inflammatory disorders for osteoclasts to act as 
self-regulatory and may lead to potential therapeutic targets for osteoporosis. 
Finally, miRs can also negatively regulate osteoclast function through downregula-
tion of proteases. miR-186 and miR-365 negatively regulate MMP-9 and cathepsin 
K, respectively, in murine models [215, 216].

 The Calcification Paradox

Ectopic calcification found in the major blood vessels and cardiac valves was once 
considered a passive process, but is now regarded as a highly active, cell-mediated 
process [217]. Clinical studies have associated cardiovascular calcification with 
decreased bone mineral density (BMD). This conflicting association has been 
termed the “calcification paradox” [218]. Both osteoporosis and atherosclerosis 
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significantly increase morbidity and mortality [219–221]. Negative associations 
between BMD and cardiovascular calcification have been clinically demonstrated in 
the general population [219, 222], postmenopausal women [223–225], CKD 
patients [226], and those with progressive bone loss associated with Paget’s disease, 
with the highest incidences occurring in CKD and osteoporosis [218]. These asso-
ciations between decreased BMD and ectopic calcification have been found in the 
arteries as well as the heart valves [227]. The underlying mechanism driving the 
association between increased ectopic calcification and decreased BMD remains to 
be clarified and will be explored in this section.

There are two main types of calcification that can affect the blood vessels. The 
first type is intimal calcification, which is characterized by focal calcification within 
the atherosclerotic plaque milieu. The second type is media calcification and is 
characterized by arterial stiffening from diffuse calcification of the medial layer 
named Mönckeberg’s sclerosis or arteriosclerosis which is associated with aging, 
type 2 diabetes, CKD, and osteoporosis [218]. While the mechanisms between vas-
cular and valvular calcification may differ, it is worth noting that valvular calcifica-
tion predominantly affects the leaflet fibrosa. Despite potential mechanistic 
differences, a similar negative correlation between BMD and calcific aortic valve 
disease (CAVD) has been observed [228].

Some studies have postulated that the negative correlation between BMD and 
ectopic calcification is a direct result of osteoporosis; i.e., that calcium lost in the 
bones is reallocated to the vessel walls and cardiac valves [227]. However, more 
recent studies have shed light on the disrupted signaling pathways in plaque- resident 
macrophages. While cardiovascular calcification follows a similar process to bone 
formation, inflammatory processes typically proceed or coincide with calcification 
[229]. These inflammatory processes cause an influx of monocyte-derived macro-
phages in the cardiac valves and atherosclerotic plaque. Why then do these macro-
phages fail to differentiate into functional bone-resorbing osteoclasts? And how can 
osteoclastogenesis be upregulated in the long bones in osteoporosis, but downregu-
lated in the areas of ectopic calcification? While TRAP-positive, multinucleated 
osteoclast-like cells have been reported in human atheromata [230], these cells fail 
to resorb adjacent calcification. Simultaneously, these macrophages, along with 
SMCs, release calcifying extracellular vesicles that promote ossification. In fact, up 
to 13% of calcified lesions show true ectopic bone formation, even containing mar-
row elements, while the remainder is more similar to dystrophic calcification [231]. 
Perhaps, the unorganized nature of ectopic ossification leads to a decreased propen-
sity for macrophages to become bone-resorbing osteoclasts; or, conversely, perhaps 
dystrophic calcification in general would have more favorable resorption kinetics, 
but the surrounding tissue milieu prevents osteoclastogenesis. It could be that the 
structure of ectopic mineralization impacts the potential for resorption; in fact, finite 
element analysis studies have suggested that while microcalcifications destabilize 
plaques, macrocalcification can help prevent plaque rupture [232]. Physiologically, 
it may be more advantageous to drive the formation of macrocalcification in the 
vasculature. Plaque rupture is deadly, and we must consider the potential compro-
mise to the mechanical integrity of the vessel or valve during mineral resorption. 
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Understanding the kinetics around mineral resorption in the cardiovascular system 
is paramount before trying to resolve mineralization in humans. Key questions we 
must consider are as follows: Could the mineralization structure affect resorption 
potential? What happens to the remaining extracellular matrix components during 
resorption? And, importantly, could resorption compromise the biomechanical 
integrity of cardiovascular tissues?

In terms of the cardiovascular milieu, one potential mechanism preventing min-
eral resorption involves inflammatory signals within the sites of ectopic calcifica-
tion acting as inhibitory signals to macrophage osteoclastogenesis. As described 
above interleukins (ILs) involved in inflammatory diseases have been shown to 
enhance osteoclastogenesis. However, in a recent study by Chinetti-Gbaguidi et al., 
researches have demonstrated increases in anti-inflammatory IL-4 near areas of cal-
cification in atherosclerotic plaques. IL-4 leads to a reduction in NFATc1 transcrip-
tion and results in osteoclast-like cells that have low calcification resorption potential 
due to impaired cathepsin K expression [233]. The results of that study indicate that 
plaque-resident macrophages surrounding areas of calcification are phenotypically 
defective from becoming functional osteoclasts. While pro- inflammatory signals 
enhance osteoclast differentiation and function, anti- inflammatory signals may have 
an opposing effect; therefore, macrophage heterogeneity may be an underpinning 
mechanism for the calcification paradox [234]. Alternatively, inorganic phosphate 
in ectopic calcification can prevent osteoclastogenesis and has been hypothesized to 
result in nonfunctional osteoclast-like cells [235]. Additionally, some clinical stud-
ies have demonstrated a link between aortic valve stenosis and circulating levels of 
osteoclastic inhibitor molecule OPG [236, 237]. The heterogeneity of macrophages 
and their response to pro- and anti- inflammatory stimuli may impact cardiovascular 
calcification via defective differentiation into osteoclast-like cells that are incapable 
of mineral resorption. Identifying disrupted signaling pathways in macrophages 
near areas of calcification may aid in the development of anti-calcification therapies 
and help solve the calcification paradox [234].
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Chapter 19
Imaging Cardiovascular Calcification 
Activity with 18F-Fluoride PET

Evangelos Tzolos and Marc R. Dweck

 Introduction

Calcification is a common response to vascular injury and a key pathological pro-
cess in atherosclerosis, heart valve disease, and peripheral vascular disease. Imaging 
of vascular calcification has previously been limited to computed tomography (CT), 
which detects large macroscopic deposits of calcium. However, by the time such 
deposits can be detected, the disease process leading to their formation is often 
resolved. There is, therefore, great interest in detecting the earlier stages of calcium 
formation, microcalcification, when the disease process remains active and calcifi-
cation activity ongoing.

18F-Fluoride PET has recently emerged as an imaging modality capable of detect-
ing such calcification activity, and over the past 10 years, this approach has been 
applied to multiple different cardiovascular disease states. This has provided impor-
tant insight in the underlying pathophysiology of these conditions and unique infor-
mation that may prove of clinical utility in the future. In this review we will first 
discuss how 18F-fluoride PET works and then explore how this approach has been 
used to study calcification activity in aortic stenosis, mitral annular calcification, 
bioprosthetic valve degeneration, abdominal aortic aneurysm disease, erectile dys-
function, cardiac amyloidosis, and both carotid and coronary atherosclerosis. We 
will discuss studies that have employed both PET/CT and MR/PET imaging 
techniques.
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 How Does 18F-Fluoride PET Work?

 Positron Emission Tomography

Advanced hybrid PET/CT and MR/PET scanners now provide detailed molecular 
information about the activity of specific disease processes occurring in the body. In 
principle, the activity of any biological process can be a subject to study the avail-
ability of a targeted PET radiotracer. After manufacture, these radiotracers are 
injected in to the body and accumulate in areas where that disease process is active, 
emitting radiation that can be detected by the PET scanner to create an image. Since 
the PET images lack spatial resolution, they are fused with an anatomical dataset 
provided by either CT or MR acquired simultaneously with the patient remaining in 
the same position on a single gantry. These anatomical scans also provide attenua-
tion correction allowing precise quantification of tracer accumulation in different 
tissues. Indeed modern hybrid PET/CT and MR/PET now effectively combine func-
tional information from PET with fine anatomical detail from CT or MR, such that 
the activity of a range of pathological processes can be visualized within very small 
structures in the body [1]. Current clinical computed tomography (CT) and mag-
netic resonance systems are only able to accurately identify macrocalcification with 
a diameter between 200 and 500 μm [2, 3]. Fusion PET/CT and PET/MR can visu-
alize microcalcification (<50 μm) not visible on the computed tomography or mag-
netic resonance systems.

PET/CT has been extensively used in the clinical assessment of patients with 
cancer for many years, resulting in the widespread accessibility of scanners [4]. 
Recent technological innovations including motion correction, improved PET reso-
lution, and fusion with detailed CT angiographic images have allowed the use of 
this technology to image the heart and cardiovascular system. To date most studies 
have made use of established tracer already widely available for oncology imaging. 
These include 18F-fluorodeoxyglucose (18F-FDG) as a marker of vascular inflamma-
tion but more recently 18F-fluoride to investigate calcification activity.

18F-Fluoride is a PET tracer with favorable pharmacokinetic properties and an 
excellent safety profile that has been used since the 1960 as a bone tracer [5, 6]. 
After intravenous injection, approximately 70% of 18F-fluoride is plasma-based 
with the remaining 30% found in erythrocytes. Because of its small size and negli-
gible protein binding, 18F-fluoride demonstrates almost complete clearance from the 
blood stream on first pass [7, 8], resulting in low blood pool activity. One hour after 
administration of 18F-labeled NaF, only about 10% of the injected dose remains in 
the blood. Moreover, 18F-fluoride uptake in the myocardium is even lower than in 
the blood pool, allowing relatively low levels of uptake in adjacent structures such 
as the aortic valve and coronary arteries readily apparent with excellent signal 
to noise.

The mechanism of 18F-fluoride uptake in bone is well-established. First it dif-
fuses via the capillary network into the bone extracellular fluid. Then it exchanges 
with hydroxyl groups on exposed regions of hydroxyapatite crystals on the bone 
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surface, to form fluoroapatite. The intensity of the signal depends both on the bone 
blood flow and also upon the surface area of exposed hydroxyapatite, which is 
increased in regions of new bone formation and remodeling [5, 6, 9]. As a result, 
18F-fluoride has been widely utilized as a marker of bone turnover and used to study 
various bone-related clinical conditions such as Paget’s disease [10, 11], osteoporo-
sis [11], and fracture healing [12].

Like bone, hydroxyapatite is also the key structural component of vascular calcium 
and perhaps similar mechanisms of binding appear to underlie 18F-fluoride uptake in 
the vasculature. Indeed, Beanlands et  al. [13] recently established the association 
between 18F-fluoride activity and histological staining for hydroxyapatite in excised 
atherosclerotic plaque. More recently, Creager et al. [14], showed that 18F-fluoride 
preferentially binds to the surface of hydroxyapatite in regions remote to established 
macrocalcification. Moreover, they confirmed that near-infrared fluorescence calcium 
tracer OsteoSense (OsteoSense680, Perkin Elmer, NEV10020EX) also binds prefer-
entially to hydroxyapatite similarly to 18F-fluoride. These findings were supported by 
histology in coronary artery and carotid endarterectomy samples. There was a linear 
correlation between the OsteoSense and 18F-fluoride autoradiography signal. More 
importantly, the investigators using PET/CT demonstrated 18F-fluoride activity in 
noncalcified regions (PET-positive/CT-negative) suggesting that 18F-fluoride binding 
cannot be explained by the presence of macrocalcification alone.

The surface area of exposed hydroxyapatite also appears to govern the vascular 
18F-fluoride signal. Electron microscopy studies have demonstrated that during the 
early stages of calcification, hydroxyapatite crystals are nanosized, very thin, and long 
[15]. This results in a much larger surface area of hydroxyapatite for 18F-fluoride bind-
ing in the early stages of microcalcification compared to macroscopic calcification in 
which much of the hydroxyapatite is internalized and not accessible to the tracer.

Irkle et al. [16] showed that binding of 18F-fluoride to calcium appears to be criti-
cally dependent upon the surface are of calcium orthophosphate available for incor-
poration. 18F-Fluoride, therefore, preferentially binds regions of newly developing 
microcalcification (beyond the resolution of CT), which have a nanocrystalline 
structure and very high surface area, rather than to large macroscopic deposits, where 
much of the calcium is internalized and, therefore, not available for binding. Aikawa’s 
studies also confirmed that 18F-fluoride binds predominantly to hydroxyapatite, simi-
lar to the near-infrared imaging calcium tracer, OsteoSense, previously shown and 
now broadly used to visualize microcalcifications in small animal models of athero-
sclerosis and aortic valve calcification [17]. This phenomenon first demonstrated in 
mice has been confirmed in human patients and now is active area of investigation.

18F-Fluoride binds to developing microcalcification beyond the resolution of 
CT. It, therefore, provides a marker of early calcification and possibly calcification 
activity, demonstrating a close association with histological markers of osteogenic 
activity including alkaline phosphatase staining (r = 0.65; p = 0.04) [18]. Moreover, 
it provides different information to the established macrocalcification detected on 
CT: an observation recreated in each disease state 18F-fluoride has been investigated 
but first described by Derlin et al. in a study of 75 patients undergoing whole-body 
18F-fluoride PET/CT [19]. Increased 18F-fluoride uptake in large vessels (aorta, 
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carotids, and femoral arteries) was observed in about three quarters of the patients. 
Yet uptake was detected remotely for calcium on CT, and, remarkably, only 12% of 
all calcified plaques on CT demonstrated increased 18F-fluoride uptake.

 Aortic Stenosis

Aortic stenosis is the most common form of valve disease in the Western world, and 
its burden is set to increase over the coming decades [20]. Despite this, there are no 
medical therapies to delay disease progression, and the only current available treat-
ment options are aortic valve replacement and valvuloplasty, to which not all 
patients are suited. The development of effective medical therapies will be acceler-
ated by an improved understanding of the underlying pathology and the develop-
ment of biomarkers of disease activity that might be used as endpoints to test the 
efficacy of potential interventions.

Ring of Fire was the first prospective cardiovascular 18F-fluoride PET study. It 
recruited 121 patients with calcific aortic valve disease (20 controls, 20 aortic sclero-
sis, 25 mild, 33 moderate, and 23 severe aortic stenosis) underwent both 18F-FDG 
and 18F-fluoride PET/CT imaging and repeat echocardiography and CT calcium 
scoring to track disease progression. Increased 18F-fluoride uptake was clearly 
observed in patients with aortic valve disease compared to controls (2.87 ± 0.82 vs. 
1.55 ± 0.17; p < 0.001), and activity increased progressively with more advanced 
stages of aortic stenosis. Increased 18F-FDG activity was also detected; however, 
uptake values were lower than 18F-fluoride and only increased gradually with disease 
severity. Valvular 18F-fluoride activity, therefore, far exceeded 18F-FDG uptake in the 
later stages of moderate and severe stenosis (the opposite pattern to that observed in 
regions of atherosclerosis) confirming that calcification but not inflammation is the 
predominant process in the late stages of aortic stenosis and perhaps explaining the 
disappointing results of statin therapy in aortic stenosis [21–23].

When patients returned for repeat CT calcium scoring of the valve in 1 and 
2 years, new calcium could be spotted in the areas of increased 18F-fluoride activity 
seen on the baseline scan. As a consequence, a close correlation was observed 
between the baseline valvular 18F-fluoride uptake and the progression of the aortic 
valve CT calcium score (r  =  0.80; 95% CI: 0.69 to 0.87; p  <  0.001), with PET 
appearing to offer some additional predictive information over and above the base-
line calcium score (Fig. 19.1). Moreover, this translated into an ability to predict 
hemodynamic progression on echocardiography, with moderate correlations also 
observed between 18F-fluoride activity and the mean (r = 0.32; 95% CI: 0.13 to 0.50; 
p = 0.001) and peak (r = 0.32; 95% CI: 0.12 to 0.49; p = 0.002) aortic valve gradi-
ents. Finally, after a median of 1526 days of follow-up, 18F-fluoride emerged as a 
prognostic marker serving as an independent predictor of the combined endpoint of 
aortic valve replacement and cardiovascular mortality (hazard ratio, 1.55; 95% CI, 
1.33 to 1.81, after adjusting for age and sex; p < 0.001).
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 Mitral Annular Calcification

Mitral annular calcification (MAC) is associated with aortic, coronary artery, and 
aortic valve calcification and with both mitral valve dysfunction and cardiovascular 
events; however, its pathophysiology and mechanism remain incompletely under-
stood [24, 25]. In a recent study Massera et al. [26] employed a multimodality imag-
ing approach including 18F-fluoride and 18F-FDG positron emission tomography. 
Patients who had MAC (34% of patients) had increased inflammatory and calcifica-
tion activity by positron emission tomography imaging in the mitral annulus, with 
PET uptake again observed in a different distribution to calcium on CT. A strong 
correlation was observed between mitral annular 18F-fluoride activity and baseline 
CT-MAC score (r = 0.79, P < 0.001), while a moderate correlation was observed 
with 18F-FDG uptake (r = 0.32, P = 0.001). MAC progression on repeat computed 
tomography scans after 2  years appeared to occur at sites of increased baseline 
18F-fluoride activity with a close association observed between baseline 18F-fluoride 
and the change in CT calcium score (r = 0.75, P < 0.001) (Fig. 19.2). By contrast, 
traditional cardiovascular risk factors and calcification activity in bone or remote 
atherosclerotic areas were not associated with disease activity or progression. 
Similar to aortic stenosis, these data suggest that MAC is characterized by a vicious 

Fig. 19.1 Change in aortic valve CT calcium score and 18F-fluoride PET activity after 1 year. 
Baseline CT calcium scores (left) for patients 1 and 2 (top and bottom). Fused coaxial 18F-fluoride 
PET/CT scans (middle) show fluoride uptake (red yellow areas) in a different distribution to the 
calcium observed in CT. On the repeat CT calcium scores scans performed after 1-year follow-up 
(right), new areas of macroscopic calcium can be observed in much the same distribution as the 
18F-fluoride PET activity observed at baseline. (Jenkins et al. [23])
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cycle of established calcium causing increased mechanical stress and injury that 
prompts further calcification activity and that successful therapies will need to focus 
on breaking this vicious cycle of calcification.

 Bioprosthetic Valve Degeneration

The only available treatment for the patients that progress to symptomatic severe 
aortic stenosis remains the surgical implantation of a new valve or a transcatheter 
aortic valve replacement. In the United States alone, more than 90,000 surgical 

a b c

Fig. 19.2 Baseline computed tomography mitral annular calcification (CT-MAC), 18F-fluoride 
positron emission tomography (PET) activity, and 2-year progression in three patients. First row, 
mild MAC at baseline (a), associated with mild mitral annular 18F-fluoride uptake (b) and modest 
progression after 2 years (change in CT-MAC 69 AU (c). Second row, moderate MAC at baseline 
(a), moderate 18F-fluoride uptake (b), and intermediate progression after 2 years (change in 
CT-MAC 2404 AU (c). Third row, severe MAC at baseline (a), bifocal high-intensity 18F-fluoride 
uptake (b), and rapid progression (change in CT-MAC 9446 AU (c). Note de novo areas of MAC 
that developed at the site of intense 18F-fluoride uptake in the lateral annulus. (Massera et al. [26])
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aortic valve replacements are performed annually, with over 75% featuring biopros-
thetic valves [27]. Furthermore, over 80,000 transcatheter aortic valve implantation 
procedures have been performed since 2011 [13]. Recently Cartlidge et al. showed 
that 18F-fluoride could play a significant role in predicting bioprosthetic valve 
degeneration [28].

The pathophysiology of bioprosthetic valve degeneration is still to be under-
stood, but calcification appears to be the final common pathway of degeneration and 
the major pathological contributor to both progressive valve narrowing and leaflet 
tears [29]. The current standard of care relies on serial clinical assessment and echo-
cardiography aimed at detecting the valve dysfunction that occurs only toward the 
end stages of the degeneration process. Unfortunately, despite close monitoring 
many patients present acutely with valve failure complications due to rapid onset of 
valvular obstruction or regurgitation. Repeat operation carries a high risk with 
emergency repeat aortic valve replacement surgery associated with a mortality of 
22.6% compared with 1.4% for elective repeat surgery [30]. Allowing valve degen-
eration to be identified early would allow close tailored monitoring and better tim-
ing of repeat elective intervention, thereby reducing morbidity and mortality.

Given that calcification is one of the key pathological processes underlying bio-
prosthetic valve degeneration, Cartlidge et  al. hypothesized that increased 
18F-fluoride uptake would identify prosthetic valve degeneration and predict subse-
quent deterioration in bioprosthetic valve function. They recruited patients over 
40 years of age who had undergone previous surgical aortic valve replacement using 
a bioprosthetic valve. Fifteen failed explanted bioprosthetic aortic valves were 
obtained for ex vivo investigation. All 15 valves demonstrated 18F-fluoride leaflet 
uptake that correlated with a range of histological markers of bioprosthetic tissue 
degeneration. In particular, 18F-fluoride activity detected both micro- and macrocal-
cific deposits within the valve leaflets that colocalized predominantly with regions 
of pannus (fibrous thickening) and thrombus formation on histology. However, 
18F-fluoride uptake was additionally observed in the absence of calcification on his-
tology at sites of leaflet thickening and disrupted collagen architecture (Fig. 19.3).

Seven participants were recruited to the cohort with suspected bioprosthetic valve 
failure. Increased 18F-fluoride PET leaflet uptake was observed in the bioprosthetic 
valves of all these patients, and target to background ratios (TBR) values were nearly 
three times higher than in patients without known valvular dysfunction (TBR 2.91 
[interquartile range (IQR), 1.75 to 4.09] vs. 1.12 [IQR, 1.04 to 1.51]; p < 0.001). 
Seventy-one patients without known bioprosthetic valve dysfunction were also stud-
ied. Increased 18F-fluoride uptake was more common than abnormalities on CT and 
was seen in 24 patients (34%) (TBR 1.55 [IQR: 1.44 to 1.88]). Similar to the ex vivo 
findings, increased 18F-fluoride uptake colocalized with areas of spotty calcification, 
noncalcific leaflet thickening (suggestive of thrombus), and pannus observed on the 
CT, but was also observed remote from CT abnormalities. Sixty- seven of the patients 
without established valve degeneration at baseline underwent repeat echocardiogra-
phy at 2 years and demonstrated increased peak velocities compared with baseline 
(2.87 [IQR, 2.52 to 3.13] m/s vs. 2.73 [IQR, 2.38 to 3.07] m/s; p = 0.002). The 24 
patients with increased 18F-fluoride uptake at baseline demonstrated clear evidence 
of deteriorating bioprosthesis function after 2 years, whereas patients without uptake 
displayed no change in valve function (change in peak velocity, 0.30 [IQR, 0.13 to 
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0.61] vs. 0.01 [IQR, −0.05 to 0.16] m/s/year; p < 0.001). Similarly, valves demon-
strated progressive hemodynamic deterioration during follow-up on moving across 
tertiles of 18F-fluoride uptake, while baseline 18F-fluoride uptake correlated strongly 
with all echocardiographic measures of hemodynamic progression regardless of the 
method used to quantify 18F-fluoride uptake. Ten patients developed new biopros-
thetic valve dysfunction during follow- up: two with valve regurgitation, six with 
valve stenosis, and two with mixed dysfunction. Of these patients, 5 had an abnor-
mal baseline CT, whereas all ten patients had increased 18F-fluoride uptake (TBR 
1.89 [IQR: 1.46 to 2.59]), and this included the seven patients with the highest TBR 
values in the cohort. This study suggests that 18F-fluoride uptake has a role as an 
early maker of bioprosthetic valve degeneration and an independent predictor of 
deteriorating bioprosthetic valve performance, outperforming all other variables, 
with potential to identify patients at pending risk of valve failure.

Fig. 19.3 In vivo 18F-fluoride PET and CT imaging of patients with bioprosthetic aortic valves. 
Baseline CT (left) and 18F-fluoride PET (right) images from patients with bioprosthetic aortic 
valves. En face CT images of aortic bioprosthetic valves showing spotty calcification and large 
calcification (top left), circumferential pannus (bottom left), and noncalcific leaflet thickening sug-
gestive of thrombus (top right) (all abnormalities identified by red arrows). Hybrid en face PET/CT 
images in the same patients: increased bioprosthetic 18F-fluoride activity (red/yellow areas) is 
observed in each patient colocalizing with the CT abnormalities. 18F-Fluoride activity was also 
commonly observed remote from leaflet changes on CT (bottom right). Target-to-background 
(TBR) values are annotated on the hybrid PET/CT images in white text. (Cartlidge et al. [28])
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 Coronary Atherosclerosis

James Muller introduced the concept of the vulnerable plaque in 1989 when he 
described “hemodynamically insignificant, albeit dangerous lesions” [31], at high 
risk of rupturing and causing myocardial infarction. Subsequently multiple observa-
tional studies have confirmed that most of the plaques causing myocardial infarction 
are non-flow limiting at the time of antecedent angiography. Cardiovascular research 
of the last two decades has now established that ruptured plaques exhibit common 
key histopathological features including a thin fibrous cap (<65 μm), large necrotic 
core, a positively remodeled vessel, macrophage infiltration resulting in plaque 
inflammation, hypoxia leading to neovascularization, and finally early stage micro-
calcification [32–36]. Histopathological features of rupture-prone plaques are also 
reviewed in Chap. 2.

18F-FDG is an excellent tracer for identifying inflammation in large arteries such 
as the aorta and carotids [37–40]. However, due to its limited specificity and its 
strong uptake in the left ventricular myocardium, imaging of the coronary arteries is 
impaired. By contrast, 18F-fluoride demonstrates an excellent signal to noise ratio in 
the coronary arteries with very low uptake in the adjacent myocardium. Moreover, 
as a marker of developing microcalcification, this tracer appears capable of provid-
ing important clinical information with respect to disease activity and as a marker 
of potentially unstable coronary plaque [41, 42] (Fig. 19.4).

Dweck et al. first described 18F-fluoride uptake in the coronary arteries as a novel 
marker of plaque biology in subjects with and without aortic valve disease [43], 
with excellent reproducibility and feasibility. Furthermore, increased uptake of this 
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Fig. 19.4 18F-Fluoride binds to regions of microcalcification prior to the presence of CT deter-
mined macrocalcification. 18F-Fluordie binds in relation to the exposed surface area of hydroxy-
apatite. This explains why uptake is proportionally greatest in the early, active stage of 
microcalcification while the plaque remains vulnerable to rupture. This stage precedes the poten-
tial development of stable, macroscopic calcification that is detected by traditional CT imaging. 
PET, positron emission tomography; CT, computed tomography. (Adamson et al. [42])
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tracer localized to individual coronary plaques and importantly identified patients 
with increased Framingham risk scores and a history of prior MACE. This study 
again confirmed that 18F-fluoride provides different information to the presence of 
coronary calcium on CT.  Indeed, >40% of patients with coronary artery calcium 
scores >1000 Agatston Units did not demonstrate increased 18F-fluoride uptake, 
suggesting that 18F-fluoride might be able to differentiate between dormant and 
active atherosclerotic disease states in patients with advanced plaque burden.

In a subsequent study, Joshi et al. [44] recruited 40 patients with stable angina 
referred for invasive angiography, who all underwent 18F-NaF PET/CT imaging 
alongside CT coronary angiography, invasive coronary angiography, and intravas-
cular ultrasound. Increased tracer activity localized to individual coronary plaques 
in approximately 40% of patients. Using intravascular ultrasound (IVUS) and CT, 
they have demonstrated that these plaques had multiple high-risk features, including 
microcalcification, positive remodeling, and a large necrotic core. It was impossi-
ble, however, to undertake histological analysis of the 18F-fluoride signal in these 
patients. Instead, the authors confirmed that increased 18F-fluoride activity colocal-
izes to carotid plaques (removed at the time of endarterectomy) with histological 
evidence of increased macrophage accumulation, cell death, and calcification.

In a similar study, Li et al. [45] demonstrated that increased 18F-fluoride uptake 
in the coronary arteries was observed in patients at increased cardiovascular risk. 
Finally, Oliveira-Santos M. et al. showed that patients with ≥5 risk factors (60%) 
had increased overall 18F-NaF uptake (1.1 ± 0.3 vs. 0.7 ± 0.3, p < 0.01) and that a 
positive correlation was observed between 18F-fluoride uptake and the predicted 
fatal cardiovascular risk score (r = 0.49, p = 0.01) [46].

For the first time, Joshi et  al. examined 18F-fluoride PET uptake fused with 
contrast- enhanced CT coronary angiography using ECG gating to correct for car-
diac motion [44]. In 37 out of 40 patients following a recent type 1 myocardial 
infarction, the authors observed increased 18F-fluoride uptake at the exact site of the 
culprit coronary plaque (that had ruptured and caused the event) independent of the 
effects of coronary stenting (Fig. 19.5).

Fig. 19.5 Focal 18F-fluoride and 18F-fluorodeoxyglucose uptake in patients with myocardial infarc-
tion and stable angina. Patient with acute ST-segment elevation myocardial infarction with (a) proxi-
mal occlusion (red arrow) of the left anterior descending artery on invasive coronary angiography and 
(b) intense focal 18F-fluoride (uptake at the site of the culprit plaque (red arrow) on PET/
CT. 18F-fluorodeoxyglucose PET/CT image (c) showing no uptake at the site of the culprit plaque 
patient with anterior non-ST-segment elevation myocardial infarction with (d) culprit (red arrow; left 
anterior descending artery) and bystander non-culprit (white arrow; circumflex artery) lesions on inva-
sive coronary angiography that were both stented during the index admission. Only the culprit lesion 
had increased 18F-NaF uptake on PET/CT (e, f) 18F-fluorodeoxyglucose PET/CT showing no uptake 
either at the culprit or the bystander stented lesion. In a patient with stable angina, invasive coronary 
angiography (g) showed non-obstructive disease in the right coronary artery. Corresponding PET/CT 
scan (h) showed a region of increased 18F-NaF activity (positive lesion, red line) in the mid-right coro-
nary artery and a region without increased uptake in the proximal vessel (negative lesion, yellow line). 
Radiofrequency intravascular ultrasound shows that the 18F-NaF negative plaque (i) is principally 
composed of fibrous and fibrofatty tissue (green) with confluent calcium (white with acoustic shadow) 
but little evidence of necrosis. On the contrary, the 18F-NaF positive plaque (j) shows high-risk features 
such as a large necrotic core (red) and microcalcification (white). (Joshi et al. [44])
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Encouraging the retrospective identification of culprit plaque is not of major 
clinical value. The real challenge is to assess prospectively whether 18F-fluoride can 
identify patients at increased risk of subsequent MI. This question is being addressed 
in the Prediction of Recurrent Events with 18F-Fluoride to Identify Ruptured and 
High-Risk Coronary Artery Plaques in Patients with Myocardial Infarction 
(PRE18FFIR) Study (NCT02278211). PRE18FFIR is a multicenter observational 
study that will follow about 700 high-risk patients with coronary artery disease to 
determine whether baseline 18F-fluoride PET imaging can identify patients at 
increased risk of subsequent myocardial infarction and whether it can predict coro-
nary arterial disease progression. Meanwhile, the Dual Antiplatelet Therapy to 
Inhibit Coronary Atherosclerosis and Myocardial Injury in Patients with Necrotic 
High-risk Coronary Plaque Disease (DIAMOND) Study (NCT02110303) will be 
the first randomized controlled trial to examine the relationship between 18F-fluoride 
uptake and high-sensitivity troponin concentrations and whether the latter can be 
modified through the use of potent antiplatelet agents.

 Carotid Atherosclerosis

Atherosclerosis affects arteries and structures outside the heart in the same way 
described in the coronary arteries. Indeed, carotid atherosclerotic plaque rupture is a 
major cause of stroke and most commonly associated with vulnerable plaques char-
acterized by increased inflammation, cell death, and microcalcification. The rationale 
for carotid 18F-fluoride PET imaging is, therefore, similar to the coronary arteries.

Vesey et al. [47] reported a case-control study examining the use of NaF and FDG 
PET/CT after transient ischemic attack or minor stroke. They evaluated 26 patients 
following a recent cerebrovascular event. Eighteen patients were found to have a 
culprit carotid stenosis awaiting carotid endarterectomy and 8 patients lacked an 
identifiable carotid atheromatous culprit (controls). All individuals underwent PET/
CT scanning using FDG and NaF. In the subset of patients who underwent carotid 
endarterectomy, histological analysis was performed on the excised plaques. The 
authors observed increased NaF uptake within culprit lesions in comparison to the 
contralateral artery and arteries from controls. Uptake was focal, readily identifiable, 
and discriminated between culprit and non-culprit. 18F-Fluoride uptake was associ-
ated with high-risk plaque phenotype and predicted cardiovascular risk (Fig. 19.6).

In contrast, while 18F-FDG uptake was present in plaque and correlated with car-
diovascular risk, it was more diffuse and prone to spillover and therefore less discrimi-
natory. 18F-FDG also failed to correlate with established high-risk plaque morphological 
features. In a smaller study of nine patients, Quirce et al. [48] explored 18F-fluoride 
and 18F-FDG uptake in symptomatic patients. They showed that 18F-fluoride uptake 
appeared to be higher in the symptomatic carotid and that 18-FDG uptake was non-
discriminatory. 18F-Fluoride uptake correlated with plaque burden, positive remodel-
ing, and luminal stenosis: all established markers of plaque risk. Similarly, in a smaller 
study by Cocker et al. [49], 11 patients (69 ± 5 years old, 3 women) with high-risk 
cerebrovascular disease who were scheduled for endarterectomy were recruited. 
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18F-NaF PET/CT imaging of the carotid arteries was acquired within 2 weeks before 
surgery. Plaque associated with symptoms had evidence for greater 18F-NaF uptake 
than plaque not associated with symptoms. 18F-NaF uptake was related to active 
microcalcification (hydroxyapatite stained with Goldner’s trichrome) rather than the 
overall extent of calcification (Alizarin Red S), consistent with 18F-NaF acting as a 
marker of calcification and developing microcalcification.

 Abdominal Aortic Aneurysms

18F-Fluoride has recently been investigated in abdominal aortic aneurysm disease 
(AAA). In the SOFIA3 study, Forsythe et al. [50] first performed micro-PET/CT and 
histological analysis of excised aneurysm tissue (n = 72), establishing once more 
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Fig. 19.6 18F-Fluoride micro-positron emission tomography (PET)/computed tomography (CT), 
autoradiography, and alizarin red staining. Two examples of ex vivo 18F-fluoride micro-PET/CT 
are shown (a–d, f). (a) Coronal micro CT slice; (b) corresponding micro PET; (c) fused image; (d) 
the plaque. Green arrow, adherent thrombus over plaque rupture. Red arrow, associated area of 
18F-fluoride uptake (microcalcification). Black arrows, Areas of macrocalcification showing com-
paratively little uptake (a, c, f). These examples show that 18F-fluoride provides information of the 
presence of microcalcification and does not simply highlight all calcification. (e) An example of 
micro-CT slice registered to an alizarin red-stained section and the corresponding autoradiogram 
from a specimen that had been incubated whole in 18F-fluoride. It can be seen that the tracer is 
unable to penetrate the deeper layers of macrocalcification (black arrow) but is able to highlight 
microcalcification beyond the resolution of even micro-CT (red arrow), thus explaining the find-
ings in the micro-PET/CT images (Vesey et al. [47])
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that 18F-fluoride acts as a marker of calcification activity. Then in prospective case-
control (n = 20 per group) and longitudinal cohort (n = 72) studies, patients with 
AAA (aortic diameter > 40 mm) and control subjects (aortic diameter < 30 mm) 
underwent abdominal ultrasound, 18F-NaF PET/CT, CT angiography, and calcium 
scoring. Clinical endpoints were aneurysm expansion and the composite of AAA 
repair or rupture. Aneurysms in the highest tertile of 18F-NaF uptake expanded 2.5× 
more rapidly than those in the lowest tertile (3.10 [interquartile range (IQR): 2.34 to 
5.92 mm/year] vs. 1.24 [IQR: 0.52 to 2.92 mm/year]; p = 0.008) and were nearly 
three times as likely to experience AAA repair or rupture (15.3% vs. 5.6%; log-rank 
p = 0.043). This predictive effect was independent of the size of the aneurysm (the 
current gold standard for aneurysm assessment). The authors also showed that CT 
calcium scoring was not associated with expansion or AAA events, again highlight-
ing the different information on calcification provided by PET and CT. This inter-
esting finding requires confirmation in a larger trial, while ongoing studies are 
investigating the utility of 18F-fluoride PET in thoracic aortic aneurysms and dissec-
tion (FAASt study, NCT03647566).

 Penile Uptake

Finally, in a recent study Nakahara et al. [51] investigated 18F-fluoride uptake in the 
penile arteries of prostate cancer patients as a potential marker of erectile dysfunc-
tion (ED). The authors demonstrated that NaF uptake in the cavernous and dorsal 
penile arteries (remote from the urethra) was associated with the both the presence 
of existing erectile dysfunction and the likelihood of its development in the future. 
Indeed, penile 18F-fluoride activity in prevalent ED (SUVmax 1.88; IQR: 1.67 to 
2.16) and incident ED (SUVmax 1.86; IQR: 1.72 to 2.08) was 30% higher than in 
no ED (SUVmax 1.42; IQR: 1.25 to 1.54) patients (p < 0.001). Using an SUV max 
cutoff value of 1.56, NaF uptake showed a sensitivity of 85% and a specificity of 
80% on ROC curve analysis for prevalent or incident erectile dysfunction. The 
authors concluded that due to the limited spatial resolution (3 to 5 mm) of PET 
imaging, it is not certain if the penile NaF uptake is localized to cavernous arteries. 
Since there was no significant correlation between iliac calcification and penile 
fluoride uptake, they assume that is also possible that calcification could be associ-
ated with the venous compartment or smooth muscle cell damage leading to possi-
ble venous insufficiency and ED. Further studies are keenly anticipated.

 Limitations

Both positron emission tomography/computed tomography and positron emission 
tomography/magnetic resonance imaging of the heart have evolved significantly 
over the last decade. Despite that they still face significant challenges. These include 
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radiation exposure, the high costs of imaging, and relatively limited access to scan-
ners particularly in the developing world.

In addition, PET imaging of the heart is made more complicated by the impact 
of cardiac, respiratory, and gross patient movement on positron emission tomogra-
phy image quality. In order to overcome these obstacles, several image optimization 
studies have been undertaken leading to novel imaging reconstructions and the 
development of novel software that can accurately read fused images. In the begin-
ning the fused images were not corrected for cardiac motion. Originally in order to 
overcome this obstacle, Pawade et al. [52] used only the PET counts from the end- 
diastolic phase ignoring more than 3/4 of the total PET signal leading to reduction 
of noise and better image registration. Doris et al. [53] used an alternative technique 
to preserve all PET data and at the same time reduce the background noise using an 
anatomy-guided registration algorithm. Lassen et al. [54], using joint corrections 
for cardiac, respiratory, and gross patient motion in combination with background 
blood pool corrections markedly improved test-retest reproducibility of coronary 
18F-NaF PET. The excellent 18F-fluoride PET coronary plaque imaging reproducibly 
has been established in several other studies [55–58]. Recently Andrews et al. [59] 
showed that PET/MR demonstrates good visual and quantitative agreement with 
PET/CT. These well-established techniques allow for accurate image co- registration, 
precise localization of 18F-fluoride activity, and highly reproducible tracer 
localization.

 Conclusion

18F-Fluoride PET has now been investigated across the cardiovascular system and 
consistently provides complementary information to CT regarding calcification 
activity and vascular injury. This technique has already provided some key patho-
physiological insights with further work now required to investigate whether it can 
advance patient diagnosis and risk prediction.
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ACEi Angiotensin-converting enzyme inhibitors
AGE Advanced glycation end products
ALP Alkaline phosphatase
ARBs Angiotensin receptor blockers
B-GP or β-GP Beta-glycerophosphate
Ca Calcium
CAC Coronary artery calcium
CAD Coronary artery disease
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HA Hydroxyapatite
HAECs Human aortic endothelial cells
HASMCs Human aortic smooth muscle cells
huRANKL-KI Human RANKL knock in
IFNγ Interferon gamma
IL-1β Interleukin-1 beta
LAP Latency-associated peptides
LLC Large latent complex
LOX Lysyl oxidase
LRP6 Low-density lipoprotein receptor-related protein 6
LTBP Latent TGF-β binding protein
LVH Left ventricular hypertrophy
MAC Medial arterial calcification
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MCRAs Mineralocorticoid receptor antagonists
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MMP Matrix metalloproteinase
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PGG Pentagalloyl glucose
Pi Inorganic phosphate
PLGA Poly(lactic-co-glycolic acid)
PPi Pyrophosphate
PTH Parathyroid hormone
PWV Pulse wave velocity
RAAS Renin-angiotensin-aldosterone system
RAGE Receptor for advanced glycation end products
sHPT Secondary hyperparathyroidism
SMCs Smooth muscle cells
SMαA Smooth muscle alpha actin
STS Sodium thiosulfate
TGF-b Transforming growth factor-beta
TIMP Tissue inhibitor of matrix metalloproteinases
TNFα Tumor necrosis factor alpha
VC Vascular calcification
VDRAs Vitamin D receptor activators
VEGF Vascular endothelial growth factor
Vit D3 Vitamin D3
Vit K Vitamin K
Vit K2 Vitamin K2
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 Definitions

Due to diversity in uses in the literature of the term “elastin” and its derivatives, a 
Glossary is included here for reference.

Elastic fiber Also referred to as elastin fiber. Insoluble cross-linked 
fiber found in connective tissue and consisting of elastin 
and associated microfibrillar proteins.

Degraded elastic fiber The changes in the structure of elastic fiber due to 
mechanical loading, oxidative stress, inflammation, 
 proteolysis, and calcium deposition, that results in 
 fragmentation of elastic fiber. The damage in elastic fiber 
causes release of elastin peptides that initiate inflamma-
tory cascades. 

Elastin Insoluble protein formed from tropoelastin and a compo-
nent of elastic fiber. Elastin itself as a component of elas-
tic fiber is also damaged by factors described under 
degraded elastin fiber.

Elastin gene (ELN) The gene that provides instructions for cells to manufac-
ture the soluble protein tropoelastin.

Tropoelastin (TE) Water-soluble protein and precursor to the insoluble 
structural protein elastin.

 Introduction

 Vascular Calcification in Intima and Media

As described in previous chapters in this book, two types of calcification are 
observed in the vasculature, calcification of intimal plaque (also known as calcific 
atherosclerosis) [1–4] and medial arterial calcification (MAC, also known as cal-
cific arteriosclerosis or Monckeberg’s sclerosis) [5] that is associated with the elas-
tic lamina. Intimal calcification is typically considered the last step in classical 
atherosclerosis and is a multifactorial process involving inflammation, macrophage 
infiltration, and transformation to foam cells, dyslipidemia, and presence of 
advanced glycation end products (AGEs). On the contrary, medial calcification is 
characterized by diffuse mineral deposition circumferentially along or within elastic 
lamellae of the medial layer of the arterial wall. It can occur independently or in 
conjunction with intimal calcification and is more common in chronic kidney dis-
ease (CKD) or diabetic patients [6, 7]. Morphologically, at the macroscopic scale, 
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atherosclerotic calcification occurs as dispersed, spotty, and patchy deposits of cal-
cium in a matured plaque, whereas MAC gives a “tram-line”- or “railroad track”-
like appearance as more and more lengths of the arterial tree calcify. At micro- and 
nanoscopic scale, each type begins at an early stage often undetectable in standard 
clinical tests [8] and by currently available imaging modalities. Intimal calcification 
results in vessel narrowing and dysfunction, possibly causing a thrombotic event 
eventually [9]. MAC, on the other hand, contributes to loss in vessel elasticity, 
increased arterial stiffness resulting in increased pulse pressures, increased systolic 
blood pressure, and left ventricular hypertrophy (LVH) ultimately causing arrhyth-
mias and heart failure [10].

To understand how elastic lamina degradation in the artery plays a significant 
role in both types of calcification, we first need to review the structure of arteries.

 Elastin Is an Integral Part of the Arterial Structure 
to Maintain Homeostasis of Cells

Arterial walls comprise of three basic layers: intima, media, and adventitia. The 
architectural components determine the function of each layer (Fig. 20.1) [11]. The 
innermost layer of the wall, intima, is directly adjacent to the lumen and consisted 
of a single layer of endothelial cells anchored to a basal lamina composed of lam-
inin, collagen type IV, and proteoglycans [12]. The media is the largest among all 
three layers in the arterial wall structure. A series of “lamellar units” forms the basis 

Tunica media

Tunica externa Tunica intima

Endothelium

Internal elastic
membrane

Smooth muscle

External elastic
membrane

Fig. 20.1 Arteries have three distinct regions – tunica intima, tunica media, and tunica adventitia 
(left). They are separated by internal elastic lamina (IEL) and external elastic lamina (EEL). 
Elastic laminae are the prominent feature of tunica media of arteries and are essential to maintain 
the three-layered structure and cellular homeostasis (top right – H&E, and bottom right – VVG 
stain for elastin of the tunica media) [11]
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of this layer and described as concentric fenestrated elastic lamellae separated by 
the interlamellar spaces composed of vascular smooth muscle cells (VSMCs), col-
lagens type I, III, and IV, and proteoglycans [13]. In terms of their anatomical loca-
tion in the aortic tree, these lamellar units differ in numbers, thickness, endogenous 
molecular composition, as well as biological functions [14]. In the adult human, the 
thoracic aorta consists of 56 elastic lamellae, whereas the abdominal aorta com-
prises only 28 units with strikingly higher thickness than thoracic lamellar units 
[15]. The tension per lamellar unit is markedly constant between abdominal vs. 
thoracic aorta across all species, although marked differences have been found in 
adult human, which contains significantly elevated tension/lamellar unit in the 
abdominal aorta [15].

The internal elastic lamina supports the basement membrane, which is attached 
with the endothelial layers in the intima. Moreover, in large arteries, the external 
elastic lamina separates media from the outermost layer of adventitia [14]. The abil-
ity of fibroblasts and endothelial cells to synthesize elastin indicates that they might 
participate in the construction of external and internal elastic lamina, respectively, 
probably in responding to medial cell signals [16]. The adventitia is the relatively 
thin outermost layer composed mainly of a collagen-rich matrix. Because of the 
abundance of collagenous matrix, the adventitia is the strongest among all three lay-
ers [17]. The primary function of adventitia is to protect the vessel from extensive 
distensibility during elastic recoil [17]. Fibroblasts are the predominant cell types in 
this layer but may also contain immune cells and lipids. The microenvironment of 
adventitia is complex and dynamic that operates as a “processing center” for inte-
grating, storing, retrieval, and release of molecular components associated with ves-
sel wall function. Adventitia also provides a niche for resident or circulating stem/
progenitor cells that take part in vascular repair in response to various stimuli 
through vasa vasorum [17]. It also assists in inflammatory cell trafficking. 
Additionally, vasa vasorum may serve as a conduit for progenitor cells to travel to 
the intima, where they differentiate into VSMCs [17].

It is thus clear that in healthy artery, intima, media, and adventitia are separated 
by elastic lamellar structures. Any migration of inflammatory cells and progenitor 
cells or smooth muscle cell (SMC) proliferation in pathological vascular calcifica-
tion process would need elastic lamina compromised. The role of elastic lamina 
degradation is greatly under-recognized in most mechanistic descriptions of athero-
sclerotic plaque formation.

 Elastin Is Essential for Regulating Arterial 
Mechanical Properties

In the arterial wall, the structural proteins are responsible for the material or intrin-
sic stiffness of the aorta [18]. The two major extracellular matrix (ECM) proteins in 
the large elastic arteries are elastin and collagen. The proportion and unique assem-
bly of elastin and collagen in the vascular wall impart passive mechanical behavior 
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of large arteries [19]. VSMCs in the medial layer are responsible for actomyosin 
contraction and cell-ECM signaling for mechanical homeostasis in muscular arter-
ies (composed mainly of VSMCs and less elastin in the media in contrast to large 
arteries, where elastin is more abundant), however, contributes only minimally to 
the mechanical properties of large elastic arteries [20].

Elastin is profound in the major blood vessels of nearly all vertebrates formed of 
a pulsatile, high-pressure closed circulatory system [21]. Elastic fiber imparts 
reversible distensibility to the large arteries, allowing the aorta to deform during 
cyclic hemodynamic loading, with no permanent deformation or energy dissipation 
upon load retrieval [12]. Collagen, on the other hand, supports tensile strength and 
prevents excessive vessel distension at high pressure [22]. Arterial distension during 
systole and elastic recoil during diastole provide the dampening function of large 
arteries, known as Windkessel effect, which converts the pulsatile flow into a con-
stant flow, thereby ensuring steady-state perfusion from the left ventricle to the dis-
tal arterioles and capillaries [20]. Perturbation in Windkessel effect either by genetic 
or acquired elastinopathies jeopardizes the microcirculation of downstream organs, 
such as the brain and kidney [12].

Unlike other ECM components that show continual remodeling over the lifespan 
of organisms, mature elastin formation and elastic fiber assembly occur in a defined 
and limited period primarily during early development with little remodeling later 
in life, which makes the elastin unique among all ECM molecules [23]. Of note 
however is that tropoelastin continues to be manufactured by cells later in life but is 
not completely converted into cross-linked elastin protein or elastic fiber. This 
incomplete elastogenesis explains why high levels of tropoelastin are found in ath-
erosclerotic plaque and blood, for example, in older adults [24, 25].

Further, elastic fiber fragmentation due to age or disease results in altered ECM 
biochemical compositions [22]. Since elastic fiber cannot be regenerated in adult 
tissues, the degraded elastin is replaced by more collagen, which increases the col-
lagen to elastic fiber ratio, allowing the mechanical shifts toward the stiffer scale of 
collagen fibers, which are approximately 100–1000-folds stiffer than elastic fibers 
[26]. The stiffness is further increased by calcification that is mediated by elastin 
degradation as described later in this chapter. The  pulse wave velocity (PWV), 
which is a measure of a pressure wave that propagates through the vascular tree as 
a function of time, is dependent on intrinsic stiffness of the arterial wall [18]. PWV 
increases with the increased arterial stiffness and it is inversely proportional to the 
arterial wall distensibility [27]. PWV is considered as a reliable approach to mea-
sure intrinsic stiffness of large arteries [27]. However, this approach requires careful 
consideration as the concept of PWV relies on Moens-Korteweg equation, which 
assumes that, the aorta is perfectly cylindrical with no branching or tapering, and 
consisting of a linear elastic, isotropic material that undergoes small distortions dur-
ing cardiac cycle, neither of which is specifically accurate [12]. Increased PWV can 
be a predictor of future cardiovascular events. 

Lastly, the large elastic arteries, in addition to their nonlinear mechanical proper-
ties, also show viscoelastic behavior marked by energy loss (limited and minimal, 
15–20%) during cyclic loading and unloading, that participates in the dampening of 
traveling pressure waves [19]. It is accepted that energy loses or viscous loses are 
due to VSMCs or collagen and proteoglycans [19]. Enhanced viscous contribution 
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to the aortic wall is an important and independent predictor of coronary artery dis-
ease [19]. Using mice lacking elastin (Eln−/−), lysyl oxidase (Lox−/−), and fibulin-4 
(Fbln 4−/−), Kim et al. showed that not just presence of elastin but cross-linking and 
proper assembly of elastic fiber is essential for low energy loss in the large elastic 
arteries [19]. Thus, elastin in arteries plays a significant role in arterial biomechan-
ics and fluid dynamics of blood. Any degradation of elastic lamella can affect both 
and cause cells to respond to these altered conditions.

 Proper Elastic Fiber Assembly During Development Is Required 
to Resist Vascular Calcification

Elastic fiber assembly is a complex process and comprises tightly coordinated spa-
tiotemporal regulation of approximately 30 different proteins [12, 28]. Amorphous 
elastin is the core component of elastic fiber. The other major component of elastic 
fiber is the scaffolds of fibrillin-rich microfibrils, comprised largely of fibrillin-1 
and fibrillin-2 [28] (Fig. 20.2). Few other known elastic fiber-associated molecules 
are fibulin family of ECM proteins. The cells secrete microfibrils to the extracellular 
space before the expression of tropoelastin. Fibulin-1, an essential assembly protein 
found to be coregulated with early markers of VSMCs αSMA and 1E12 antigen 
during aortic vessel wall development and prior to the presence of elastin precur-
sors, suggests that formation of microfibrils is independent of tropoelastin forma-
tion since some flexile tissues lacking elastin also contain abundant microfibrils [28, 
29]. Fibulin-2 binds elastin to fibrillin-rich microfibrils, whereas fibulin-5 provides 
cell anchorage to elastic fibers via interacting with cell-surface integrins [30]. 
Moreover, fibulin-4 and fibulin-5 regulate size and conformation of growing elastin 
aggregates [12]. All these accessory proteins form a complex with elastin or micro-
fibrils resulting in formation of mature elastic fibers. Indeed, the structure of mature 
elastic fiber differs as required by tissues, which implies tissue-specific functional-
ities of elastic fibers [28].

After microfibrillar scaffolds are present in the ECM, tropoelastin is shuttled to 
the specific location on the cell surface via secretory vesicles [31]. Aggregates of 
tropoelastin then deposit onto the preformed microfibrillar structure, and through 

Tropoelastin synthesis and
extracellular transport Microfibrillar assembly Tropoelastin association with

microfibrils and lysyl oxidase
mediated crosslinking

Mature amorphous elastin
fiber with a microfibrillar coat

Microfibrillar
components
-Fibrillins
-Fibulins
-LTPB
-LOXLs
-Versican
-Biglycan
-MAGP1 2 3

Fig. 20.2 Microfibril and elastic fiber formation. (1) Fibrillin is assembled into microfibrillar 
arrays. Mature microfibrils form parallel bundles that may be stabilized at inter-microfibrillar 
cross-linked regions. (2) In elastic tissues, tropoelastin is deposited on microfibril bundles, and 
lysyl oxidase-derived cross-links (Desmosine and isodesmosine) then stabilize the elastin core

20 The Role of Elastin Degradation in Vascular Calcification: Possibilities to Repair…



448

the catalysis of lysyl oxidase (LOX), the oxidative deamination converts peptidyl 
lysine residues of tropoelastin into allysine. Following oxidation reaction, a 
sequence of condensation reaction takes place between unconverted lysine residues 
and the newly formed allysine group to produce covalent cross-links, desmosine, 
and isodesmosine [12]. These cross-links between tropoelastin units covalently bind 
tropoelastin molecules with one another to form elastin matrix [26]. Thus, desmo-
sine links serve to anchor the entire elastin matrix, and the deformability of its 
cross-links imparts the elasticity to elastic fiber [26, 27]. Besides, desmosine con-
centration in the whole tissue hydrolysates strongly associates with the total elastin 
in that tissue, providing the basis for elastin quantification [32].

The importance of elastin cross-linking and proper assembly of elastic fiber has 
been demonstrated in a substantial number of research studies. These studies found 
the decisive role of structural malfunction of elastin to either acquired or genetic 
diseases. Examples include Marfan syndrome (MS), a genetic connective tissue dis-
order caused by mutations in fibrillin-1 microfibrils. Since microfibrils guide the 
assembly of developing elastic fiber via regulating tropoelastin deposition during 
embryogenesis or early development, it was presumed that MS-associated vascular 
disease results in when mutations in fibrillin-1 gene lead to the disruption of micro-
fibrillar assembly of elastic fiber and inhibit their maturation. However, by develop-
ing a fibrillin-1 targeting mice model, Pereira et  al. [33] reported that fibrillin-1 
predominantly regulates tissue homeostasis probably by assisting the proper organi-
zation of collagenous tissue in the adventitia, which supports the majority of hemo-
dynamic stress. Therefore, aortic dilatation in MS is primarily due to the malfunction 
of the microfibrillar array in the adventitia and consequent loss of tensile strength to 
sustain hemodynamic stress. This mechanical failure in adventitia is followed by 
overstretching and breakdown of medial elastic laminae, a process that results as 
part of the dysfunction of fibrillin-1 microfibrils to create a wavy structure of elastic 
lamellae and to anchor the basal lamina in the intima [33]. A separate study showed 
that fibrillin-1 expresses in late embryonic development and its synthesis parallels 
with the appearance of developed organ structures.

Conversely, fibrillin-2 turns up in early stages and predominately governs the 
elastic fiber assembly [34]. These findings suggest that, directly or indirectly, both 
forms of fibrillin microfibrils contribute to the elastin structure and function. 
Moreover, to get an insight on how fibrillin-1 associates with the MS pathogenesis, 
the researchers developed mice model with targeted mutations in fibrillin-1 gene 
that triggered severe elastic lamellae fragmentation and calcification in the aortic 
media, as well as adventitial dilatation and fibroblasts hyperplasia overserved at 
6 weeks of age, followed by intimal hyperplasia at 9 weeks [35].

Another essential component of elastic fiber-associated microfibrils is the latent 
TGF-β binding protein (LTBP) that sequesters pleiotropic cytokine transforming 
growth factor-beta (TGF-β) in the elastic lamina. TGF-β is multifunctional, and its 
bioactivity is necessary for numerous cellular processes. Through TGF-β sequestra-
tion, fibrillin microfibrils regulate elastic fiber formation, various cell signaling, tis-
sue development, and homeostasis [36]. In vivo, cells secrete TGF-β either as a 
small latent complex consisting of TGF-β including its latency-associated 
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propeptide (LAP) or as a large latent complex (LLC), which contains LTBP, TGF-β, 
and LAP [37]. LTBP1 and LTBP3 can efficiently form a complex with all three 
isoforms of TGF-β [38]. Small glycoproteins or matrix-associated Gla proteins 
MAGPs (MAGP1 and MAGP2) are also localized to the microfibrils. Besides fibril-
lins, MAGPs are thought to be essential constituents of microfibrils that take part in 
elastin synthesis. MAGP due to γ-carboxylation are inhibitors of vascular calcifica-
tion. Thus, improper elastic lamina assembly can cause loss of TGF-β anchoring to 
elastin fibers and loss of MAGPs that protect elastin from calcifying. As discussed 
below, an activated TGF-β can cause vascular calcification.

 Elastin Degradation and Vascular Calcification

Elastin is one of the most stable proteins in our body with a half-life of 70 years or 
more. Because of its almost nonexistent turnover rate, elastin is prone to accumula-
tion of age-related changes [26]. In addition to the age-associated decrease in elastin 
fiber content, changes occur to the structure of elastin fiber due to repeated mechan-
ical loading, oxidative stress, proteolysis during inflammatory conditions with evi-
dent fragmentation and rupture, and calcification (Fig. 20.3).

Medial arterial
calcification

Intimal acherosclerotic
calcification

Direct Ca deposition
due to exposure of Ca
binding sites

MMPs,
Cathepsins

-Release of TGFβ
-Loss of MAGP, Fibrillin

Free EDPs
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Matrix vesicles
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Fig. 20.3 Elastic lamina degradation is the central process in intimal and medial calcification. 
During aging and diseases processes, inflammatory cells can degrade elastin, releasing elastin- 
derived peptides (EDPs) and other elastin-associated proteins than can lead to further inflamma-
tory cell recruitment, the proliferation of vascular smooth muscle cells (SMCs), and transformation 
in osteoblast-like cells. Degraded elastin can become a nidus for calcium binding, and osteoblast- 
like cells can further aggravate intimal and medial calcification

20 The Role of Elastin Degradation in Vascular Calcification: Possibilities to Repair…



450

As shown above, amorphous elastin protein is surrounded by glycoproteins such 
as fibrillins and fibulins and thus protected. These negatively charged microfibrils 
prevent elastin calcification. It has been shown that fibrillin knockout mice show the 
disintegration of elastic fiber and severe calcification in aortic media [35]. Moreover, 
loss of MAGP has been associated with severe elastin fragmentation and calcifica-
tion. As reported by Luo et al., mice lacking MAGP died within 2 months after birth 
due to acute calcification in arterial elastic lamina resulting in rupture of the abdom-
inal or thoracic aorta [39].

Loss of microfibrillar protein coat of elastin can expose amorphous elastin to 
calcium binding. Elastin contains uncharged or neutral binding sites that have a 
strong affinity for positive calcium ions. The extensive glycine content along with 
the bulky side-chain residues provides specific conformational changes in elastin 
with a strong affinity for cations [40]. Elastin, being positively charged due to the 
bound calcium ions, attracts charge-neutralizing carbonate and phosphate ions, 
allowing further binding of calcium ions – an iterative process that ensues until the 
initiation of crystallization. Binding calcium ions to a single peptide chain and, 
particularly, sharing calcium ions between two peptide chains rigidify the elastin 
structures and causes the loss of its elasticity. Further, charge repulsion between the 
adjacent calcium ions might extend the elastin structure; as such calcification is 
expected in extended areas of elastin. Thus, charge neutralization theory indicates 
that there must be a physiological mechanism in elastin-rich tissues that protects 
elastin from calcification [40].

 Role of Elastolytic Enzymes in Calcification

There is a large amount of literature suggesting how VSMC transformation to 
osteoblast-like phenotype causes vascular calcification [41]. However, we hypoth-
esize that elastic lamina fragmentation occurs before this transformation to take 
place. Elastic fiber is susceptible to proteolytic degradation during physiological or 
pathological processes, such as aging, inflammation, or atherosclerosis. Elastases or 
elastolytic enzymes are peptidases that cleave soluble and insoluble elastin fiber. 
These include serine, cysteine, and metalloproteinases. Matrix metalloproteinases 
(MMP-2, -7, -9, and -12) and cysteine cathepsins (Cat L, K, S, and V) have been 
particularly implicated in elastic fiber degradation. Pathology-associated matrix 
metalloproteinase overexpression, such as MMP-2 (gelatinase A), MMP-7 (matrily-
sin), MMP-9 (gelatinase B), and MMP-12 (macrophage metalloproteinase), can 
substantially degrade elastin framework [42]. Enhanced enzymatic activity leads to 
the deposition of lipids and calcium, which is undeniably a cause of elastic frag-
mentation [43]. An imbalance between elastin-degrading MMPs and endogenous 
tissue inhibitors of MMPs (TIMPs) causes excessive MMP activity and pathologic 
degradation of elastin, linking elastic fiber degeneration and inflammation. Several 
studies have reported a key association between MMP upregulation, especially 
MMP-2 and MMP-9, and vascular calcification [44–46]. Vyavahare et al. identified 
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overexpression of MMP-2 and MMP-9 near calcifying elastin fragments in purified 
elastin implants [47]. Aluminum chloride pretreatment of these purified elastin 
implants imparted resistance to calcification due to irreversible Al3+ ion binding and 
subsequent structural alterations [47]. Further, they demonstrated that periadventi-
tial treatment with calcium chloride-induced MMP-2 and MMP-9 mediated chronic 
aortic degradation and aneurysms and elastin calcification in rat abdominal aortas. 
This was supported by the complete absence of elastin calcification in both MMP-2 
and MMP-9 knockout mice which underwent the same CaCl2 treatment [48]. 
Moreover, a substantial research study evidenced the overexpression of MMPs in 
atherosclerotic lesions that are highly linked to arterial medial degradation [49]. 
Arterial medial elastic degradation and consequent dilatation of the aortic wall are 
characteristic features of aortic aneurysm development. Plaque rupture and devel-
opment of aneurysms are two complications associated with atherosclerosis. MMPs 
and MMP inhibitors TIMP-1, -2, and -3 are overexpressed in atherosclerotic plaque. 
Evidence suggests the overexpression of TIMP-1 during aneurysmal medial degra-
dation, where it colocalized with the VSMCs [49]. Additionally, the atherosclerotic 
lesions of TIMP deficient mice possessed substantial elastic lamellae degradation, 
medial ruptures, macrophage infiltration, and pseudo-microaneurysms formation, 
due to the decreased inhibition of MMP activity [49].

Cysteine cathepsins (CatL, CatS, CatK, and CatV) are also among the most 
potent elastases. Inflammatory cells secrete cytokines and growth factors such as 
TNFα, INFγ, IL-1β, FGF2, and VEGF typically found in human atherosclerotic 
plaques. These pro-inflammatory factors stimulate medial VSMCs or intimal endo-
thelial cells to secrete cysteine proteases that degrade elastin and collagens [50]. It 
has been demonstrated that they are major contributors to the progression of athero-
sclerosis, medial calcification, calcific aortic valve disease, and plaque rupture [51–
53]. In contrast to healthy vessels, high serum content of lysosomal cysteine 
proteases and concurrently decreased endogenous inhibitor cystatin C levels are 
observed in human atheroma [50]. The study suggests a reciprocal relationship 
between cathepsins and their most abundant inhibitor cystatin C in diseased arterial 
tissues of human [50]. Decreased cystatin C content has been found in both aneu-
rysmal and atherosclerotic lesions in humans. Under inflammatory conditions, cys-
tatin C regulates cysteine protease activity by VSMCs. Cystatin C-deficient 
apolipoprotein E-null mice developed fragmented elastic lamina in the arterial 
media and aortic expansion, although no effect has been observed in atheroma 
plaque sizes, lipid core sizes, and macrophage accumulation in the intima [50]. 
However, this is in contrast with other research where cathepsin S-deficient apoli-
poprotein E-null mice reduced atherosclerotic lesion size, lipid content, and macro-
phage accumulation. Thus, it is possible that cystatin C deficiency affects several 
other cysteine proteases, such as cathepsin B and L whose proteolytic activity in the 
pathology of atherogenesis is still not determined [50].

Moreover, Aikawa et al. found conclusive in vivo evidence that CatS-driven elas-
tolysis accelerates arterial and aortic valve calcification in CKD while inhibition of 
elastolysis with a selective CatS inhibitor restores elastin and reduces atheroscle-
rotic inflammation and calcification [53]. These results were further supported by 
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recent work of Andrault et al., who showed the degradation of vascular elastin by 
CatK, S, and V directly stimulates the mineralization of elastin. Elastin peptides 
released by cathepsin-mediated degradation can cause SMC-osteoblast phenotypic 
changes and cellular calcification [54]. In support of this study, Sinha and Vyavahare 
confirmed that elastin peptides promote VSMCs osteogenesis via overexpressing 
elastin-laminin receptor I [41]. Thus, elastin degradation might precede VSMC 
calcification.

 Role of Elastin-Derived Peptides

Not only degradation of elastin can cause elastic lamina calcification as shown 
above, but the degradation of elastin can release elastin degradation products, also 
called elastin-derived peptides (EDPs) typically made of hexapeptide VGVAPG, a 
peptide sequence repeated six times in human tropoelastin [43]. The VGVAPG car-
ries a motif GXXPG (X stands for any amino acid) in its primary structure, which 
stabilizes a type-VIII beta-turn conformation, allowing conjugation with its analo-
gous cell-surface receptor, elastin receptor complex (ERC) [43]. Hence, VGVAPG 
is bioactive and actively associates with vascular disease progression. The increased 
serum concentration of free EDPs has been observed in patients with diabetes, 
hypertension, age-related macular degeneration, atherosclerosis, ischemic heart dis-
ease, hyperlipidemia, and breast cancer. Indeed, elastin fragments are the conse-
quence of physiological or pathological processes, but the free EDPs can further 
exacerbate the disease by acting as chemo-attractant for inflammatory cells. An 
in vitro VMSCs cultures in high glucose conditions with exogenously added EDPs 
along with TGFB-1 (can be released due to loss of TGF-β binding protein on elas-
tin) significantly enhanced osteogenic differentiation of VSMCs. Subsequent path-
way analysis revealed that EDPs in high glucose concentration induced the 
overexpression of cell-surface receptors: elastin-laminin receptor I (ELRI) and 
activin receptor-like kinase 5 (ALK5), resulting in activation of osteogenic markers, 
RUNX2, ALP, and OCN. Blocking of these receptors strongly inhibited osteogenic 
protein expression [41]. Moreover, EDPs shows chemotactic activity and is a potent 
chemoattractant for inflammatory cells, such as monocytes or macrophages. 
Macrophages could then degrade elastin by secreting pro-inflammatory cytokines. 
Macrophages and VSMCs also release calcifying extracellular vesicles that contrib-
ute to formation of microcalcifications and ultimately develop advance intimal ath-
erosclerotic calcification [55, 56]. More information of extracellular vesicles can be 
found in Chap. 5. Additionally, research evidence suggests that EDPs cause an 
imbalance between pro-inflammatory and anti-inflammatory macrophage (M1/M2) 
ratio, which is a critical factor for aneurysm formation. By stimulating M1 polariza-
tion, EDPs fostered pro-inflammatory conditions in aortic tissues. When EDPs are 
neutralized with antibody treatment, C57Bl/6 mice showed reduced MMP activity, 
aortic dilatation, and pro-inflammatory cytokine expression at both early and late 
periods of aneurysm induction [57].
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 Elastin-Associated Components That Activate Osteogenesis 
Through Degradation of Elastic Fibers

A recent study demonstrated the essential role of microfibrils on TGF-β bioavail-
ability [37]. Deposition of a large latent complex containing LTBP1 is mostly 
dependent on the pericellular assembly of microfibrils, and it is a tightly regulated 
process that governs the interaction between LTBP1, fibrillin-1, integrin α5β1, hep-
aran sulfate, and microfibril-associated molecules such as fibulin-4 and MAGP1 
[37]. Disruption of microfibrillar assembly impedes deposition of LTBP1  in the 
fibrillin microfibrils and activates TGF-β [37]. Altered TGF-β signaling may also 
result from improper elastic fiber assembly or proteolytic degradation of elastic 
fibers [12]. Increased TGF-β activity, as well as its high concentration in circulation, 
has been demonstrated in Marfan syndrome [58]. Mice deficient of fibulin-4 showed 
defective elastic laminae in the aortic wall, resulting in the formation of aortic aneu-
rysms, wall stiffening, and subsequently aortic dissection and active TGF-β signal-
ing, suggesting that microfibrillar regulation of TGF-β bioavailability and 
dysregulation of TGF-β are highly linked to vascular pathologies [59]. Also, TGF-β 
is known as a potent inducer of key osteogenic transcription factor RUNX2. 
Activation of MMP9 and subsequent TGF-β signaling has been observed in 
warfarin-induced elastocalcinosis model, in both ex vivo and in vivo experiments 
[60]. These findings indicate the role of TGF-β in arterial elastin calcification.

 Role of Elastin Degradation in Atherosclerotic Calcification

Calcification is a hallmark of advanced atherosclerosis. Lansing et al. identified that 
elastic tissue calcification occurs without intimal plaque formation, but the converse 
is not true [61]. Elastin fiber degeneration and its primary role in plaque formation 
in human atherosclerosis have been reported as early as 1950. Bobryshev et  al. 
showed that calcification occurring within the intima also requires preexisting struc-
tural changes, such as unesterified cholesterol or altered elastin fibers [62]. More 
recently, Gayral et al. provide evidence that elastin-derived peptides (EDPs) have a 
role in atherosclerosis development in mouse models, and this relies on PI3Kγ 
activity within leukocyte during atherogenesis [63]. In humans, the serum concen-
tration of elastin-derived peptides increases during atherosclerosis and correlates 
with the degree and progression of vascular disease.

Further, degradation of extracellular matrix including elastin by MMPs not only 
induces alterations in the preexisting structural conformation but also influences 
plaque development at various stages, for example, promoting the migration and 
proliferation of VSMCs [64]. Elastin degrading CatK and S were also found to be 
expressed in human atherosclerotic lesions. In advanced atherosclerotic lesions, 
both CatK and S are found localized in VSMCs of the fibrous cap and surrounding 
macrophages and in the areas of fragmented elastin [65, 66]. Besides CatK, S, and 
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L were also reported in VSMCs and macrophages of advanced atheromas and 
abdominal aortic aneurysms.

Arterial wall remodeling in atherosclerosis along with elastolysis includes the 
initial recruitment of inflammatory cells through the basement membrane and 
migration of VSMCs from the media into the intimal layer through the broken elas-
tic lamellae. It is viewed that an intact extracellular matrix prevents phenotypic 
switching and keeps VSMC in their contractile state. Breakdown of ECM, espe-
cially of elastin fiber, by MMPs and cathepsins released from any of the inflamma-
tory cells, would promote the phenotypic switch in VSMCs, cell proliferation, and 
migration [67, 68]. Elastin breakdown is thus a critical step in the advancement of 
atherosclerosis and represents an important therapeutic target to prevent plaque 
development. Current therapeutic strategies for atherosclerotic disease are not 
geared toward stabilization of elastin fiber network. Targeting and stabilizing elastin 
fiber in early atherosclerotic lesions could result in a novel therapeutic effect by 
preventing migration, proliferation, and phenotype switching of VSMCs in athero-
sclerotic plaque formation.

In summary, elastic lamina degradation plays a significant role in all types of the 
vascular calcification process. It maintains VSMCs in the contractile phenotype and 
prevents cellular migration. Inflammatory conditions can lead to fragmentation of 
elastic lamina that can exacerbate calcification process by either directly depositing 
hydroxyapatite crystals on elastin to cause medial calcification or releasing elastin-
associated proteins such as TGF-β and MAGPs that can indirectly promote calcifi-
cation. Moreover, EDPs can signal inflammatory cells recruitment as well as the 
transformation of cells into osteoblast-like phenotypes causing further vascular cal-
cification. Fragmentation of elastic lamina can cause VSMCs to become synthetic 
type and can cause neointimal hyperplasia and further atherosclerotic calcifica-
tion [69].

 Potential Treatment Strategies to Prevent 
Vascular Calcification

As shown in Fig. 20.3, vascular calcification is orchestrated by a variety of factors in 
aging and disease conditions. Researchers have tried to target one or more of these 
factors to inhibit the progression of vascular calcification. Table 20.1 describes vari-
ous past methods attempted in animal models or clinical settings with some success.

 Prevention of Vascular Calcification in Chronic Kidney 
Disease (CKD)

Therapeutic approaches and inventions that may stabilize and potentially reverse 
vascular calcification (VC) may be of immense value to patients with CKD also 
covered in Chap. 8. Most of the treatment methods in use have been limited to 
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optimizing and managing the dysregulated mineral metabolism and bone turnover 
diseases, both of which are characteristic to CKD. It should be noted here that the 
strong relationship between progressing renal dysfunction and increased presence 
and severity of VC means that primary prevention may potentially have a positive 
impact on VC. A good number of clinical trials in patients with hypertension and 
normal renal function have shown that antihypertensive treatments reduce aortic 
stiffness [70, 71]. Different classes of antihypertensive drugs may have different 
effects on arterial stiffness. Calcium channel blockers (CCBs), angiotensin-
converting enzyme inhibitors (ACEi), and mineralocorticoid receptor antagonists 
(MCRAs) have a beneficial effect in reducing arterial stiffness and central blood 
pressure. ACEi, angiotensin receptor blockers (ARBs), and aldosterone antagonists 
interfere with the renin-angiotensin-aldosterone system (RAAS) and confer benefits 
on vasculature beyond merely controlling the blood pressure. In a prospective ran-
domized trial with 31 patients having essential hypertension and left ventricular 
hypertrophy (LVH), the effects of combined therapy of an ARB (Valsartan) and 
ACEi (Perindopril) were studied and compared with those of respective monothera-
pies. The findings suggested that compared to respective monotherapies, perindo-
pril and valsartan together exerted more significant favorable effects [72].

Beyond primary prevention using antihypertensives, secondary prevention of VC 
by correcting hyperphosphatemia and secondary hyperparathyroidism (sHPT), 
which are universal consequences of renal failure, embodies a central clinical 
approach. This is accomplished by oral phosphate binders, active vitamin D com-
pounds, calcimimetics, adjusting calcium concentration in the dialysate, and surgi-
cal correction of sHPT.

Oral phosphate binders are the mainstay in the management of serum phosphate 
levels in patients undergoing dialysis. These medications bind to phosphate in the 
gut, either by forming an insoluble complex or by binding it into a resin and are 
usually classified as calcium-containing (calcium acetate, calcium carbonate, cal-
cium ketoglutarate, etc.) and calcium-free (magnesium carbonate, lanthanum car-
bonate, sevelamer hydrochloride, and sevelamer carbonate, etc.). A total of 119 
hemodialysis patients with no sign of coronary calcification showed little evidence 
of disease development over the next 18 months, either on calcium-containing phos-
phate binders or sevelamer (calcium-free). However, subjects with a history of at 
least mild coronary calcification had significant progression at 6, 12, and 18 months 
following treatment with those on calcium-containing phosphate binders showing 
rapid progression [73].

Ameliorating the effects of sHPT is a vital approach to treat disordered bone and 
mineral metabolism. Although high parathyroid hormone itself does not correlate 
positively with and may not cause vascular calcification, its management may help 
in minimizing hypocalcemia. Management of sHPT is achieved by active vitamin D 
compounds and calcimimetics. Vitamin D plays an important role in multiple meta-
bolic pathways, including regulation of mineral metabolism. Active vitamin D for-
mulations or vitamin D receptor activators (VDRAs) including calcitriol, 
alfacalcidol, doxercalciferol, and paricalcitol have been prescribed in the treatment 
of sHPT in CKD.  Hemodialysis and peritoneal dialysis patients who received 
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VDRAs experience better survival outcomes than those who do not, regardless of 
their PTH levels [74]. Calcitriol, alfacalcidol, and doxercalciferol can effectively 
lower PTH but have the side effect of heightening gastrointestinal absorption of Ca 
and P causing an undesirable load [75]. Paricalcitol may preferentially target the 
parathyroid gland while avoiding the gastrointestinal effect and thus is less associ-
ated with VC [76].

Calcimimetics are compounds that mimic the effects of Ca in vivo. They can 
work as a treatment for hyperparathyroidism by binding to calcium-sensing recep-
tors (CaSRs) in the parathyroid glands. By binding to CaSRs, calcimimetics alloste-
rically modulate them to become more sensitive to existing levels of circulating Ca, 
and they, in turn, suppress the excess secretion of PTH. The only significant ran-
domized study to assess the effects of calcimimetics is the ADVANCE study with 
cinacalcet which showed that along with the use of VDRA therapy, cinacalcet 
slowed the progression of VC over VDRA therapy alone in hemodialysis patients 
[77]. However, a more recent EVOLVE study reported that cinacalcet failed to sig-
nificantly reduce the risk of death or major cardiovascular events in patients with 
moderate-to-severe sHPT who were undergoing dialysis [78]. For progressive, bio-
chemically severe, and often symptomatic sHPT, surgical removal of a part of the 
parathyroid gland, known as parathyroidectomy, may be the treatment of choice. 
Subtotal parathyroidectomy has been shown to arrest the progression of CAC in 
dialysis patients [79]. However, total parathyroidectomy was associated with better 
survival, probably due to decreased cardiovascular mortality [80].

In addition to these preventative treatment strategies, there have been several 
potential therapies that tried to target the calcification process directly. Pyrophosphate 
(PPi) is a potent inhibitor of calcium crystallization that circulates at sufficient con-
centrations to prevent hydroxyapatite formation, thus serves as an endogenous 
inhibitor of calcification. Besides dialysis patients, humans lacking ectonucleotide 
pyrophosphorylase (Enpp1), the enzyme that synthesizes extracellular PPi, are also 
known to develop MAC at an early age. However, rapid hydrolysis of PPi in vivo 
limits this therapy and in turn prompted the development and use of nonhydrolyz-
able analogs, known as bisphosphonates. They interfere with osteoclasts activity, 
induce apoptosis, and prevent hydroxyapatite nucleation and growth. Because 
osteoporosis is highly linked to vascular calcification (VC), bisphosphonates seems 
a promising therapy to treat VC [81]. However, preventing vascular calcification 
with systemically delivered bisphosphonates without affecting bone mineralization 
is a problem due to its strong association with the bone [82]. It may be possible that 
local therapy would prevent calcification as others have shown that binding bisphos-
phonates to the bioprosthetic aortic valve tissue prevents its calcification [83].

In patients with different stages of CKD, serum phosphorus is strongly associ-
ated with increased vascular calcification and decreased bone strength. Akin to 
bisphosphonates, osteoprotegerin (OPG) inhibits bone resorption. OPG is a soluble 
decoy receptor for RANKL. RANKL ligation with RANK receptor (expressed on 
osteoclasts precursor) is essential for osteoclasts differentiation. OPG-deficient 
adult and adolescent mice have been found to developed medial calcification in the 
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aorta and renal arteries along with the decreased overall bone density, suggesting an 
active role of OPG in vascular calcification [84]. RANKL suppression by deno-
sumab showed reduced accumulation of aortic calcium in glucocorticoid-induced 
osteoporotic mice [85].

Studies, although small, with etidronate show a beneficial effect in CKD and 
ESRD patients. In a study with a mean patient age of 63.2 ± 8.2 and mean duration 
of dialysis of 7.4 ± 5.5, 35 patients were administered etidronate for 14 days over 
three cycles. CAC progression in these patients was significantly less pronounced 
during treatment than compared to the period before treatment was initiated [86]. 
However, there is still a debate over the efficiency of bisphosphonate therapy, and 
results differ by the agent in question; different studies suggest a beneficial role of 
etidronate, pamidronate to a limited extent but not alendronate or ibandronate [87]. 
Owing to their potential effects on bone formation and accumulation in renal failure 
because of their clearance by kidneys, bisphosphonates are not recommended as a 
therapy for the treatment of uremic vascular calcification. Since bone regulation and 
arterial calcification shares some similarities, studies have been utilized site-specific 
delivery of autologous or allogenic osteoclasts with a hypothesis that osteoclasts 
will demineralize calcified elastin without compromising the structural integrity of 
elastic fibers. The study revealed that osteoclasts can prevent or decalcify elastin, 
both in vitro and in vivo, while preserving the structural integrity of elastin [88]. 
However, successful delivery and activation of osteoclasts to the site of calcification 
remains a challenge. Wu et al. developed a local cell-based therapy to treat ectopic 
calcification by engineering monocytic precursors that in response to a small mol-
ecule turns into osteoclasts. The osteoclastic differentiation is RANKL and M-CSF 
independent as well as unresponsive to its decoy receptor, osteoprotegerin [89].

Sodium thiosulfate (STS) is a small molecule acting as a vasodilator, antioxidant, 
and a calcium chelator in  vivo. In two preliminary studies with hemodialysis 
patients, STS was able to delay the progression of CAC after 4–5 months of intra-
venous administration but with a flipside of decline in bone mineral density of the 
hip in one study [90, 91]. Additional clinical trials are underway, and at this time, 
STS is not recommended for use elsewhere.

Finally, teriparatide is a recombinant protein, consisting of a fraction of human 
parathyroid hormone, particularly the first 34 amino acids from N terminus. It stim-
ulates new bone formation and restores structural defects caused by osteoporosis. 
Currently, teriparatide is the only FDA-approved medicine to treat osteoporosis. 
Owing to its regulatory effects of serum phosphate and calcium levels, teriparatide 
studies have been conducted to uncover its therapeutic role in treating vascular cal-
cification. Shao et al. revealed that teriparatide regulates bone and vascular mineral-
ization process synchronously.  In  low-density lipoprotein receptor-deficient 
(Ldlr−/−) diabetic mice, subcutaneous injection of teriparatide (5 days/week for 4 
weeks) markedly enhanced skeletal osteopontin (OPN) expression and bone min-
eral content, however suppressed aortic OPN and Msx2 expression as well as min-
eral accumulation; suggesting that teriparatide reciprocally regulates bone and 
vascular calcification in responding to diabetes and dyslipidemia [92].
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 Prevention of Vascular Calcification in Diabetics

Arterial diseases, such as atherosclerosis, calcium deposition, and elastin loss in the 
tunica media, are frequent and primary causes of disability and mortality in diabetic 
patients. The study mentioned in the earlier section by Shao et al. evidenced that 
teriparatide exerts beneficial effects in regulating early stages of macrovascular 
complications associated with diabetes and dyslipidemia. In a clinical study with 
478 young type I diabetic patients having albuminuria, ACEi/ARB treatment sig-
nificantly lowered CAC progression over ~2.5 years compared to those without any 
treatment [72]. Signaling pathways have also been investigated as a way of treating 
VC in diabetes mellitus. One of the most significant is AGE-RAGE signaling. 
Activation of advanced glycation end products (AGE) signaling is mediated by its 
receptor RAGE that has been established to strongly correlate with diabetes-induced 
femoral artery calcification. An in vivo experiment showed that RAGE inhibitors – 
pyridoxamine and alagebrium – blocked time-dependent AGE deposition in femo-
ral arteries of diabetic rats. Additionally, ex vivo study emphasized that inhibiting 
AGE-RAGE pathways or their downstream signaling molecules reduced diabetes-
induced medial arterial calcification [93]. Moreover, NAHS (a hydrogen sulfide 
donor) treatment mitigated calcification and elastin loss in high glucose-induced 
calcified human aortic SMCs via inhibiting Stat3/CatS pathway [94].

In diabetic Ldlr−/− mice, atherosclerotic calcification was prevented by treating 
with LRP6 (low-density lipoprotein receptor-related protein 6) that suppressed non-
canonical Wnt signaling pathway known for their positive role in promoting osteo-
chondrogenic differentiation [95]. The same diabetic atherosclerotic Ldlr−/− mice 
model was used for targeted deletion of vascular Msx1, and Msx2 (promotes osteo-
genesis) gene leads to the reduction of atherosclerotic calcification and aortic stiff-
ness coupled with the suppression of multiple Wnt genes [96].

 Prevention of Vascular Calcification in Atherosclerosis

Atherosclerotic plaque calcification can be either metastatic (calcification with 
active osteogenic remodeling or extracellular vesicle release) or dystrophic (necrotic 
tissue calcification). It is not differentiated very well in the literature, and there are 
no therapies to just reversing calcification in atherosclerosis.

Most of the studies are looking at modulation of osteogenesis in arteries com-
prising cartilage/bone formation. Recent research demonstrated that macrophage-
specific loss of calcium-permeable ion channel TRPC3 in Ldlr−/− mice significantly 
decreased plaque size, lipid contents, macrophages, as well as a marked reduction 
of BMP2, Runx2, and phospho-SMAD1/5  in macrophage-rich areas [97]. The 
effects of ACE inhibition on coronary plaque progression in humans in relation to 
its calcium content have been investigated in a study named PERSPECTIVE. A 
substudy of the EUROPA trial, PERSPECTIVE tested the effect of perindopril on 
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the coronary plaque. Only plaques with a calcium score of 0–25% regressed with 
perindopril in comparison to a placebo, but plaques with moderate (25–50%) and 
high (50–100%) calcification progressed equally as in placebo group [98].

Further research has been implemented with EDTA-tetracycline (combined ET) 
chemotherapy in patients (n = 100) with stable coronary artery disease (CAD) and 
definite coronary artery calcification (CAC) scores. This combined ET therapy 
lasted for 4 months, and 77 patients completed the entire treatment. As hypothe-
sized, all of the patients were positive for nanobacteria (blood pathogens that are 
able to trigger inflammation, atherogenesis, thrombus formation, and calcification 
and participate in CAD progression) serology and/or antigen. In most patients 
(responders, n = 44), CAC scores significantly decreased during combined ET ther-
apy, indicating regression of calcified plaque volume in the coronary artery. 
Additionally, the patients showed improved angina and lipid profiles with no nega-
tive physiological responses [99]. However, the study lacked a control group, and a 
long-term follow-up study is necessary to see if the disease relapsed in the respond-
ers after the completion of chemotherapy.

Dietary intake of N-3 fatty acids (part of fish oil) has been shown to reduce CAC 
scores in populations that use more fish in their diet [100]. Others have shown that 
N-3 fatty acids can reduce alkaline phosphatase activity and mineralization of 
VSMCs [101]. More research and better controlled prospective clinical studies are 
needed to test if plaque calcification can be prevented. It has been recently hypoth-
esized that any microcalcification either metastatic or dystrophic can cause drastic 
changes in local mechanical properties of soft arterial tissues and can trigger plaque 
rupture propagation and intraplaque hemorrhages. Therefore, preventing formation 
of microcalcification is an important step for preventing plaque rupture. We also 
hypothesize that elastic lamina breaking is a prerequisite for plaque development, 
and thus stabilizing or repairing elastic lamina would prevent further plaque 
development.

 Regression of Preexisting Vascular Calcification: 
Calcium Sequestration

Nearly all studies on calcification mentioned above either act as limiting or preven-
tive measures for further increase in vascular calcification. The remaining calcifica-
tion in the artery may still create vascular complications. The question remains as to 
whether patients can be put on medication when they have little to no calcification 
to prevent its formation. Therefore, it necessitates the new treatment strategies that 
will efficiently stop and regress existing calcification with fully restoring elastin and 
arterial function and reverse the disease process. One such process of calcium 
sequestration by calcium chelators would be a possible option. Chelating agents – 
ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid 
(DTPA), and sodium thiosulfate (STS) – have been tested for their ability to remove 
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calcium from hydroxyapatite (HA) powder, calcified porcine, and human aorta in 
ex vivo. Both EDTA and DTPA efficiently removed calcium from HA and calcified 
aortas while leaving intact elastin architecture during chelation [102]. In vivo ani-
mal study further support that EDTA-loaded PLGA (poly(lactic-co-glycolic acid)) 
nanoparticles delivered via local periadventitial regressed elastin-specific aortic cal-
cification [102].

Chelation therapy often involves the injection of the disodium EDTA chemical to 
chelate or bind calcium, trace elements, and other divalent cations. EDTA binds 
divalent and some trivalent cations (including calcium, magnesium, lead, cadmium, 
zinc, iron, aluminum, and copper), to assist cations urinary elimination. The Trial to 
Assess Chelation Therapy (TACT) was funded by the National Center for 
Complementary and Alternative Medicine staring in 2003 to determine the safety 
and effectiveness of EDTA chelation therapy in individuals with coronary artery 
disease and has been finished since 2013 [103]. Primary published results showed 
that intravenous chelation therapy with EDTA decreased the risk of adverse cardio-
vascular outcomes, especially in diabetic patients. However, the study did not test 
the effect of therapy on vascular calcification. Based on encouraging results, TACT 
II study is now underway only in the diabetic patients [104]. Unfortunately, this 
clinical trial is only testing heart function and removal of toxic metals in the urine 
and not studying coronary calcification score. Moreover, routine chelation therapies 
have shown many side effects like renal toxicity, hypocalcemia, and bone loss [105]. 
Chelation therapy is still a controversial topic as no systemic scientific studies have 
proven its ability to reverse cardiovascular calcification. The treatment of lead toxic-
ity with chelation was first reported with EDTA in the early 1950s [102]. In 1956, 
the apparent success of EDTA in reducing metastatic calcium deposits led to its 
treatment for various forms of atherosclerotic disease in angina patients. Over the 
next decades, EDTA chelation therapy use was added for coronary and peripheral 
artery diseases [103]. The 2007 National Health Statistics Report showed chelation 
use had increased by 68% (from 66,000 to 111,000 adults using chelation therapy) 
since 2002. However, the indications for therapy were not clearly defined.

 Targeted Drug Delivery to Degraded Elastin to Reverse Vascular 
Calcification and Repair Elastin Causing a Return 
of Homeostasis in Arteries

Bone mineralization and VC have many similarities, and one cannot expect to 
reduce vascular calcification without affecting bone resorption by systemic thera-
pies. As EDTA systemic therapy shows some promise on reduction of vascular cal-
cification, but still can affect bone density, one intriguing option is to target EDTA 
directly to the vascular calcification site. From the previous discussion in this chap-
ter, one can think to target vascular calcification by targeting local MMPs or inflam-
matory cells like macrophages. However, inflammatory cells and enzymes are 
present in a multitude of conditions and not inherent to the vasculature. Moreover, 
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inflammation is a dynamic process, and matrix-degrading enzymes are transient and 
can change with progressive disease conditions. Cellular targeting would deliver 
drugs to the cytoplasm and not to the extracellular matrix. However, as shown 
above, elastic lamina is present in all vasculature, and its degradation is a prerequi-
site in most of the vascular calcifications (intimal atherosclerotic calcification or 
medial arteriosclerotic calcification); thus it is imperative that if one can find ways 
to target drugs to this degraded elastic lamina, it is possible to deliver drug locally 
or site-specifically. Such targeting would require a significantly lower dose of the 
drug and thus cause lower systemic toxicity and bone resorption. Our group tested 
this innovative idea. We showed that amorphous elastin core protein is exposed dur-
ing degradation and provides a suitable target for nanoparticles (NPs) if NPs are 
decorated on the surface with an antibody that recognizes only this amorphous elas-
tin. This targeting system also offers the advantage of increasing particle retention 
in the ECM in comparison to cell marker systems [106] that can deliver drugs to 
cells. Elastin antibody was conjugated to NPs with PEG spacers to improve the 
circulation time of the nanoparticles (Fig. 20.4).

Site-specific nanoparticle-based targeted EDTA delivery to the calcified aorta 
could lower the required EDTA dosage compared to systemic EDTA chelation ther-
apy as a  result of improved bioavailability and sustained release at the site. Our 
group has initially developed a targeted delivery of NPs for reversal of elastin-
specific medial artery calcification (MAC) that would avoid side effects associated 
with systemic EDTA chelation therapy like bone loss. We have shown that the NPs 
coated with elastin antibody that recognizes only degraded elastin and spares 
healthy nondegraded elastin can be targeted to VC sites in a rat model of calcium 
chloride-induced vascular calcification (Fig. 20.4) [106]. We developed NPs from 
the synthetic polymer as poly-lactic acid or biopolymers such as albumin.

Calcium chloride (CaCl2) injury model was used to create local arterial calcifica-
tion (located in the abdominal aortic region) in rats. Calcification was allowed to 
develop for 1 week, and elastin antibody-conjugated EDTA (EL-NP-EDTA)-loaded 
NPs or IgG antibody-conjugated EDTA (IgG-NP-EDTA)-loaded NPs were injected 
through the tail vein (10 mg of NPs/kg body weight in 0.1 ml saline). Rats were 
euthanized 2 weeks after the injection. Within 2 weeks of injections, we observed a 
complete reversal of calcification from four out of five arteries in EL-NP-EDTA 
group as confirmed by alizarin red staining, microCT, and quantitative calcium 
scores. On the other hand, IgG-NP-EDTA-loaded NPs did not deliver EDTA to the 
site and did not remove any calcium (Fig. 20.5) [107]. Such targeted therapy did not 
cause any changes in bone morphology or biomechanics.

As we could remove earlier deposits (1 week after injury), we wanted to test if we 
can remove mineral deposits that is at moderate to late stage. Thus, in the next study, 
the calcification was allowed to develop for 4 weeks instead of 1 week. Treatment 
started after 4 weeks and lasted for another 4 weeks [108]. We showed that targeted 
EDTA therapy removed advanced VC. We also wanted to find out  further if, after 
removal of mineral from fragmented elastin, we could reverse elastin damage. Calcium 
deposits were successfully removed from the elastin, but the elastin fibers damage was 
irreversible and EDTA therapy alone was not effective to repair fragmented elastin, 

20 The Role of Elastin Degradation in Vascular Calcification: Possibilities to Repair…



468

PL
A

DIR

Pl
ai

n
PL

A 
NP

Ab-
co

nju
ga

te
d

PLA
 N

P

Can
jug

at
ian

with
 a

nt
ibo

dy

Ultr
as

on
ica

tio
n

Self
-a

ss
em

bly

PEG m
ale

im
ide

Microfibrils

Amorphous
elastin core

Amorphous
elastin core

Elastic lamina in healthy artery

Elastic lamina fragmentation
in diseased artery allows NP targeting

Loss of microfibrils
Lumen

+ +

+ γ 

a

b c

Fig. 20.4 (a) Nanoparticle schematic. Nanoprecipitation method was used to create PLA nanopar-
ticles (NPs). DIR fluorescent dye (red) was incorporated to track particles. Particle surfaces were 
coated with PEG maleimide groups (PEG as green, maleimide as yellow) where antibodies were 
bound with thiol chemistry. (b) Elastic lamina fibers schematic. In healthy elastic lamina, core 
amorphous elastin is coated on the surface with microfibrils such as fibrillins and fibulins. In the 
diseased state, the microfibrillar proteins degrade along with amorphous elastin, thus exposing 
core amorphous elastin. NPs coated with antibodies that are specific to core elastin are used to 
target degraded elastic lamina in the diseased artery while sparing healthy vessel with native elastic 
lamina [106], (c) NPs can be targeted to the calcification site in CaCl2 injury rat model. Image on 
the left is X-ray showing calcification of the aorta, and the image on the right shows DiR dye- 
loaded NPs target the calcified area. Histology shows NPs (Purple DiR stain) enter aorta from the 
adventitial side, green autofluorescence of elastin in the aorta. (Reprinted with permission)
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suggesting that elastin degradation at the site of injury was persistent even after 
removal of mineral and needs another therapy to regenerate elastic lamina. To repair 
elastic lamina after removal of calcification, we tested the dual therapy of EL-NP-
EDTA  +  EL-NP-PGG.  Pentagalloyl glucose (PGG) has been previously shown to 
regenerate lost elastin [109] and could serve as an effective treatment option for early- 
to middle-stage aneurysms in order to prevent disease progression [108]. We could 
first deliver EDTA-loaded NPs and then follow them with PGG-loaded NPs. This duel 
therapy not only removed vascular calcification but also restored elastic lamina and 
improved vascular function (Fig. 20.6) [108]. When PGG was delivered, we observed 
an increase in desmosine content in the dual therapy of EL-NP-EDTA + EL-NP-PGG 
group compared to EL-NP-EDTA group alone. Histological staining (Verhoeff-Van 
Gieson) demonstrated complete restoration of the elastic lamina in a dual therapy 
group (Fig. 20.7). The dual therapy group also showed suppression of local inflamma-
tion, reduction of MMPs, and restoration of VSMC phenotype and improved 
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Fig. 20.5 Evaluation of aortic calcification for both systemic EDTA chelation therapy and tar-
geted EDTA chelation therapy. (a) Aortic calcification evaluated by Alizarin red stain for control 
IgG antibody-coated and EDTA-loaded NPs (IgG-NPs-EDTA) does not remove calcium deposits, 
and elastin antibody-coated and EDTA-loaded NPs (EL-NPs-EDTA) group shows removal of cal-
cium deposits (n = 5) [107], the quantitative data corroborates histology results, and HD EDTA and 
LD EDTA are systemic EDTA alone delivery. (Reprinted with permission)
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mechanical property of the artery. Systemic inflammation was also reduced most 
probably due to further inhibition of elastin degradation and generation of EDPs [108]. 
These results clearly demonstrated that our therapeutic approach could not only 
remove calcium but could also repair the vascular damage.

Although proof of concept studies were exciting to show that we can now deliver 
drugs to the site of elastic lamina damage, the calcium chloride-induced VC model 
was not considered clinically relevant to CKD as blood chemistry of these animals 
was normal. To show such therapies can work for CKD patients, we wanted to study 
this therapy in animal models of CKD. Several research groups have used the ade-
nine diet rat model for studying mechanisms of MAC in the context of CKD. Feeding 
rats with adenine causes kidney failure. Renal pathology of this model mimics the 
clinical situation with the development of hyperphosphatemia, hypocalcemia, 
severe secondary hyperparathyroidism, and other biochemical changes such as ele-
vated serum creatinine and elevated blood urea nitrogen that lead to vascular calci-
fication similar to what is observed in CKD patients. In this adenine rat model, we 
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Fig. 20.6 Dual nanoparticle therapy reverses calcification and aneurysms: (A) Rat abdominal 
aorta 30 days after CaCl2 injury shows degradation of elastic lamina, loss of SMCs, calcification 
(purple), adventitial inflammation (red cells), and diameter expansion and aneurysm development; 
(B) Systemic EDTA-loaded nanoparticle therapy that is targeted to aneurysmal site by tagging 
with elastin antibody that recognizes degraded elastin removed calcification (purple) from the 
aorta; (C) further systemic PGG-loaded nanoparticles delivered PGG to the aneurysm site and 
reversed aneurysmal expansion and inflammation and restored elastic lamina and SMCs [108]
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demonstrated that NPs loaded with EDTA and targeted to calcified aorta effectively 
removed calcification as confirmed by in vivo ultrasound, whole-mount aorta aliza-
rin red stain, histology with von Kossa stain, and quantitative calcium levels [110]. 
Surprisingly, when rats were allowed to survive after stopping the NP therapy 
(EDTA-NPs-LT), calcification continued to decrease and did not reoccur (Fig. 20.8). 
We are currently testing if we can repair arteries and prevent further vascular disease 
despite the presence of CKD in these animals.

 Summary

Elastic laminae are an essential component of healthy arteries. Elastin biosynthesis 
is a complex process with many proteins involved in the elastic fiber formation. 
Once formed, elastic fibers have a long half-life and low remodeling potential. 
During aging and vascular diseases, loss and fragmentation of elastic fibers and 
degradation of elastin are hallmarks of disease progression. Imbalance of MMPs 
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Fig. 20.7 (a) LOX activity in the abdominal part (CaCl2 injured) over the thoracic aorta (non- 
injured, healthy), showing that LOX activity was reduced in the EL-NP-Blank and EL-NP-BB94 
groups. The EL-NP-PGG and EL-NP-EDTA+EL-NP-PGG groups showed increased LOX; both 
are significantly higher than the EL-NP-Blank and EL-NP-BB94 groups. (b) Desmosine content 
of aorta 30 days post-injury and in the four NP groups was compared to the healthy non-injured 
abdominal aorta. CaCl2 injury caused a substantial decrease in desmosine. Desmosine content was 
not improved after delivery of blank or BB-94-loaded NPs (EL-NP-Blank or EL-NP-BB94). The 
EL-NP-EDTA+EL-NP-PGG group showed the highest desmosine content among the four groups 
[108]. (Reprinted with permission)
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and TIMPs and cathepsins can tilt the scales to elastic fiber degradation. The frag-
mentation of elastic lamina can lead to loss of cellular homeostasis. Contractile 
VSMCs differentiate into synthetic phenotypes and can proliferate causing intimal 
hyperplasia. Elastin-derived peptides are chemotactic to the inflammatory cells and 
can exacerbate the inflammation process. Elastin-derived peptides and TGF-β 
released due to loss of elastin-associated LTPB trigger VSMC differentiation into 
osteoblast-like cells that can secrete extracellular vesicles and cause vascular calci-
fication. Loss of inhibitory molecules in the elastin matrix such as fibrillins and 
MAGPs can allow calcium deposition on elastic fibers. This process is hastened in 
diabetic condition due to oxidative damage and advanced glycation end products 
(AGEs) and in CKD that causes hyperphosphatemia, hypocalcemia, and severe sec-
ondary hyperparathyroidism. Many researchers have investigated methods to halt 
the calcification process by a variety of agents given systemically. Since these 
agents are not targeted to the vascular calcification sites, side effects do exist for 
such treatments. Because elastic lamina fragmentation and exposure of amorphous 
elastin is found in every vascular condition, we developed a nanoparticle-based 
delivery approach that only targets these drug-loaded nanoparticles to the site of 
elastin degradation while sparing healthy elastic lamina. By virtue of the close 
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Fig. 20.8 Reversal of calcification in CKD model by EDTA nanoparticle therapy; (a) calcium 
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cantly reduced calcium levels. Both EDTA-NPs and EDTA-NPs-LT groups show a significant 
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is completely absent in EDTA-NPs (b4) and EDTA-NPs-LT groups (b5). (c) Paraffin-embedded 
sections of the aortas stained with von Kossa stain (black) revealed Ca deposits in saline-IV (c1) 
and blank NPs groups (c2) along the degraded elastic lamina, and these calcium deposits were 
slightly reduced in EDTA-IV group (c3). EDTA-NPs (c4) and EDTA-NPs-LT groups (c5) showed 
no calcium deposits. Scale bar 50 μm [110]. (Reprinted with permission)
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proximity of collagen and elastin fibers, there is a potentially significant side benefit 
of removing calcification from collagen fibers as well. Such therapy has allowed us 
to target calcium-sequestering molecules such as EDTA to the medial calcification 
sites in two different animal models. We showed that such treatment can reverse 
already developed vascular calcification. We further show that after removal of cal-
cium deposits, we were able to target polyphenol PGG to the site of elastin damage, 
and it can repair elastic lamina, decrease local and systemic inflammation, and 
allow VSMCs to return to their normal phenotype. Such targeted therapies are 
attractive for clinical translation.
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Chapter 21
Clinical Trials and Calcification-Based 
Treatment Decisions

Jane A. Leopold

Cardiovascular calcification is a highly prevalent pathophenotype associated with 
risk factors for atherosclerotic disease, including normal aging, chronic kidney dis-
ease, and diabetes mellitus. In fact, in the Multi-Ethnic Study of Atherosclerosis 
(MESA) study, there was concordance between Framingham risk score and coro-
nary artery calcium scores [1]. The prevalence of calcification in the coronary ves-
sels increases with age and is present in more than 90% of men and 67% of women 
over age 70 years [2]. Calcium burden was similar between men and women but 
lower in African Americans compared to Caucasians. Coronary artery calcification 
was observed in 70.4%, 52.0%, 56.6%, and 59.2% of men of Caucasian, African 
American, Hispanic, and Chinese ethnicity, respectively [1].

The association between cardiovascular calcification and major adverse cardiac 
events are well documented. In the MESA study, individuals with a coronary cal-
cium score of >300 had a 6.84 (95% CI: 2.93–15.99) increased risk of myocardial 
infarction: the risk was 3.89 (95% CI: 1.72–8.79) when the calcium score was 
1–100 [3, 4]. Interestingly, approximately 18% of participants who did not have 
coronary calcification at the index study went on to develop coronary calcification 
during a 3-year follow-up period [5]. When examined in a meta-analysis of 30 stud-
ies that included 218,080 patients, the risk of cardiovascular mortality was mark-
edly increased in patients with chronic kidney disease (OR = 6.22; 95% CI: 2.73, 
14.14) or diabetes mellitus (OR = 2.27; 95% CI: 1.07–3.04) (Fig. 21.1) [6]. Taken 
together, the presence of a high burden of coronary artery calcification combined 
with the high prevalence in patients with diabetes mellitus or chronic kidney disease 
likely explains the high risk for cardiovascular events in these populations.
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Cardiovascular disease remains the leading cause of death throughout the world 
with ~15 million deaths in 2016 [7]. This has been associated with an ~$320 billion 
annual expenditure for healthcare related to cardiovascular disease in 2015, which 
is estimated to grow to $820 billion by 2030 [8]. Owing to the high risk of major 
adverse cardiovascular events associated with vascular calcification, efforts to 
reduce the burden of calcium in the hope of improving outcomes are underway. 
These efforts have focused mainly on two areas: drug development and repurpos-
ing, as there are currently no effective therapies that target cardiovascular calcifica-
tion and selection of devices utilized during percutaneous coronary or peripheral 
interventions for symptomatic atherosclerotic disease. This chapter will focus on 
clinical trials that inform decision-making with respect to currently available and 
future methods to assess cardiovascular calcification, pharmacologic interventions, 
and the invasive diagnosis and treatment of symptomatic vascular disease in calci-
fied vessels.

 Clinical Studies of Methods to Assess 
Cardiovascular Calcification

Following large-scale population-based studies that revealed a relationship between 
coronary artery calcification and major adverse cardiovascular outcomes in asymp-
tomatic individuals, noninvasive evaluation of coronary artery calcification, 
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Fig. 21.1 Vascular calcification, risk of adverse events, and risk associated with chronic kidney 
disease and diabetes mellitus. When present, vascular calcification is associated with an increased 
risk of adverse events, including all-cause mortality, cardiovascular (CV) mortality, coronary heart 
disease events, and stroke. Patients with chronic kidney disease (CKD) or diabetes mellitus are at 
increased risk of developing vascular calcification. (Adapted from Ref. [6])
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primarily via multidetector CT scanning, has emerged as a valuable tool for assess-
ing cardiovascular risk [9–13]. Early clinical studies from single centers demon-
strated that coronary artery calcification had predictive value and improved risk 
stratification of patients with intermediate Framingham risk scores [14]. This has 
been shown in both young and elderly individuals, diabetes mellitus, and smokers 
[15–18]. Population-based cohort studies, such as the MESA study, have confirmed 
the benefits of coronary CT assessments for risk prediction [4]. The Heinz Nixdorf 
Recall (Risk Factors, Evaluation of Coronary Calcium and Lifestyle) study included 
4487 participants in its initial study and scheduled follow-up studies after 5 years. 
Here the prevalence of coronary artery calcification was found to be 82% in men 
(n  =  1918) and 55% in women (n  =  2148) [13]. The Rotterdam Study, which 
included 7893 individuals who were age 55 years or older, reported a median coro-
nary artery calcium score of 98, which was similar to MESA and the Heinz Nixdorf 
Recall study [19]. The Framingham Heart Study added coronary artery calcium 
studies to the Offspring and Third Generation cohorts. After 7 years of follow-up, 
the investigators found that both the presence of calcium in the proximal dominant 
vessel and the number of vessels with calcium were associated with major adverse 
cardiovascular events [20].

Coronary artery calcium has also been measured in young adults aged 32–46 years 
in the Coronary Artery Risk Development in Young Adults (CARDIA) study. This 
prospective study demonstrated that coronary artery calcium scores >0 were not 
uncommon and that this predicted cardiovascular risk, beyond the traditional coro-
nary heart disease risk factors [21]. The Jackson Heart Study reported similar find-
ings in an African American population. In this group, coronary artery calcium 
scores also predicted risk beyond traditional risk factors and identified individuals 
for primary prevention [22, 23]. The Women’s Health Initiative reported the same in 
postmenopausal women [24].

Coronary artery plaque characteristics that are associated with adverse cardio-
vascular events were evaluated in the Scottish Computed Tomography of the 
HEART Trial (SCOT-HEART). In a post hoc analysis of this study, which evaluated 
patients with stable chest pain using coronary CT angiography, the investigators 
aimed to determine the association between clinical outcomes and adverse coronary 
plaque characteristics seen on the coronary CT angiogram. Of the 4146 patients 
enrolled in the study, 1778 underwent a coronary CT angiogram. As part of the 
analysis, 15 coronary segments per patient were examined for focal calcifications, 
which may be linked to plaque destabilization and rupture leading to adverse clini-
cal events. Patients who had a higher calcium score were also found to have a higher 
cardiovascular risk score. In fact, compared to patients with nonobstructive disease, 
those patients with obstructive coronary artery disease had an eightfold higher cal-
cium score (435 vs. 54 Agatston units, p < 0.001). Moreover, those patients with a 
coronary artery calcium score ≥1000 Agatston units were found to have a 13-fold 
increase in nonfatal myocardial infarction or death attributable to coronary heart 
disease. Thus, a higher burden of coronary plaque calcification portends increased 
risk of adverse cardiovascular events [25].

21 Clinical Trials and Calcification-Based Treatment Decisions



484

To date, the only risk score that incorporates coronary artery calcification in the 
model was derived from the MESA study. This model includes age, gender,  race/
ethnicity, diabetes, current smoking, family history, cholesterol, systolic blood pres-
sure, the use of lipid lowering and hypertension medications, and coronary artery 
calcification and was created to predict the 10-year coronary heart disease risk [26]. 
Unsupervised machine learning has been applied to define characteristics associ-
ated with adverse events. Algorithms using chest and abdominal CT scans from 
2924 asymptomatic participants in the Framingham Heart Study revealed that 
global calcification, defined as aortic, thoracic, coronary, and valvular calcification, 
was one of the components that conferred increased cardiovascular risk [23].

Despite the evidence that coronary artery calcification improves clinical risk 
assessment beyond traditional cardiovascular risk factors, clinical practice guide-
lines have not universally included coronary artery calcium score. The 2019 
American College of Cardiology/American Heart Association guidelines for the 
primary prevention of cardiovascular disease now recognize that in adults at inter-
mediate risk for coronary heart disease events, coronary artery calcium scores can 
be effective for reclassifying risk that would ultimately determine treatment. The 
guidelines now recommend that initiation of statin therapy is reasonable in patients 
with a coronary artery calcium score of ≥100 Agatston units. Individuals with a 
calcium score of 0 were considered low risk and didn’t warrant pharmacological 
intervention, unless they had diabetes mellitus, active tobacco use, a family history, 
or chronic inflammatory conditions. By contrast, for individuals with a score of 
1–99 Agatston units, where risk reclassification was only modest, the consensus 
opinion was to discuss risk and repeat the scan in 5 years [27].

 Blood Calcification Propensity and Cardiovascular Events

A novel methodology to assess blood calcification propensity has now been 
described. This method involves a blood test that examines an individual’s potential 
for ectopic calcification by measuring the time to form primary calciprotein parti-
cles in serum (Fig. 21.2). The timing of spontaneous formation of secondary calci-
protein particles is, in part, dependent upon serum concentrations of calcification 
inhibitors, such as fetuin-A and pyrophosphate among others [28, 29]. If the trans-
formation time (T50) is short, this indicates that there is rapid formation of calcipro-
tein particles and a higher blood calcification propensity. This finding has been 
associated with an increased risk of adverse clinical outcomes. In patients with 
stage 3 or 4 chronic kidney disease, or following renal transplantation, the test was 
inversely correlated with all-cause mortality [29, 30].

The relationship between calcification propensity evaluated by serum T50 and 
cardiovascular events was tested in the Evaluation of Cinacalcet Therapy to Lower 
Cardiovascular Events (EVOLVE) trial. In this study, baseline serum samples from 
2785 eligible patients with chronic kidney disease on dialysis were evaluated for 
calcification propensity. Approximately 30% of the patients had diabetes mellitus, 
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and 23% had established coronary artery disease. The primary composite endpoint 
included all-cause mortality, myocardial infarction, heart failure, unstable angina 
requiring hospitalization, or a peripheral vascular event. After a median follow-up 
period of 619 days, the primary composite endpoint was reached in 1350 patients. 
A lower T50 time was associated with increased risk of cardiovascular events with a 
HR = 1.38 (95% CI: 1.19, 1.60, p < 0.001) for myocardial infarction, HR = 1.22 
(95% CI: 1.05, 1.42, p = 0.01) for peripheral vascular events, and HR = 1.10 (95% 
CI: 1.00, 1.20, p = 0.05) for cardiovascular death. Interestingly, the T50 time was not 
associated with unstable angina or heart failure [31]. While this study had several 
limitations, including use of only baseline samples and a retrospective study design, 
the findings are not surprising as it has long been recognized that hemodialysis 
patients have excess morbidity and mortality, mostly attributable to cardiovascular 
events [32].

More recently, calcification propensity was evaluated in 3404 patients enrolled in 
the longitudinal Chronic Renal Insufficiency Cohort Study. Mean follow-up time 
for participants was an average of 7.1 years. In this prospective cohort, a lower T50 
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Fig. 21.2 Principle of blood calcification propensity measurement. A new serum assay is able to 
determine the propensity for blood calcification. In this test, a laser is used to determine light scat-
ter in serum that is artificially supersaturated with calcium and phosphate. The addition of calcium 
and phosphate to serum results in the formation of primary calciprotein particles. These particles 
undergo spontaneous transformation to secondary particles that contain calcium phosphate in crys-
talline form and serum proteins. The time for 50% transformation from primary to secondary 
particles is indicative of an individual’s ability to inhibit calcification [28]

21 Clinical Trials and Calcification-Based Treatment Decisions



486

time was associated with an increased risk of atherosclerotic cardiovascular disease 
(HR = 1.14; 95% CI: 1.09–1.24), which was not independent of renal function [33]. 
In a subgroup of 1274 patients who had coronary artery calcification measured by 
CT scan, approximately 65% had prevalent coronary calcification. In these patients, 
the T50 time was found to be associated with the severity of coronary calcification. 
At 3-year follow-up, 20% of patients who did not have coronary artery calcification 
at baseline developed incident coronary calcification, while 19% with calcification 
present at baseline demonstrated calcification progression. Here, a lower T50 time 
and hence a higher serum calcification propensity were associated with coronary 
artery calcification progression and severity [34]. Worsening calcification propen-
sity over 24  months was associated with an increased hazard for cardiovascular 
mortality (HR = 2.15; 95% CI: 1.15–3.97, p = 0.02) [35]. To date, tests of calcifica-
tion propensity have only been applied to patients with some degree of chronic 
kidney disease or on hemodialysis. Whether or not this test has applicability in 
broader community-based populations or in select patients at risk for or with estab-
lished atherosclerotic cardiovascular disease remains to be determined.

 Clinical Trials of Pharmacological Therapeutics

At present, there is no known pharmacologic therapy that has definitively been 
shown to prevent or regress established cardiovascular calcification in a double- 
blind randomized clinical trial and been incorporated into mainstream guidelines 
and practice. However, several therapies have shown promise in smaller studies or 
clinical trials. In many instances, early studies have been done in select patient sub-
sets, such as chronic kidney disease that have a high propensity for cardiovascular 
calcification. Whether or not results from these studies have utility in other patient 
populations is unknown.

 Vitamin K

Vitamin K is a fat-soluble vitamin that mediates blood coagulation as well as car-
diovascular calcification through its regulation of the calcification inhibitor matrix 
Gla protein (MGP). Vitamin K is necessary for the carboxylation of glutamic acid 
in activation of MGP. Vitamin K levels are maintained through the diet by intake of 
leafy green vegetables or ingestion of fermented foods, which are then processed by 
commensal bacteria; however, many patients are vitamin K deficient. This is well 
documented in patients with chronic kidney disease and may be a larger problem in 
the population as a whole [36–38]. A recent survey found that only 58–63% of dia-
betic women and 61–68% of women without diabetes mellitus reported daily intake 
of vegetables [39]. Furthermore, clinical studies of patients taking warfarin, a vita-
min K antagonist, have demonstrated increased vascular calcification compared to 
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patients who do not take this drug. A post hoc analysis of eight randomized trials 
that included serial intravascular ultrasound evaluated the effect of warfarin on cal-
cification in patients with coronary artery disease. Of the 171 patients who were 
treated with warfarin, there was a significant annualized increase in calcification as 
compared to 4129 individuals who were not taking warfarin. Warfarin was found to 
be independently associated with increased calcification (OR, 1.2; 95% CI, 1.1–1.3, 
p = 0.003), and the annual increase in calcification occurred independent of changes 
in atheroma volume [40]. This has also been observed in the peripheral vasculature. 
A cohort analysis of 430 patients matched by age, sex, and diabetes status revealed 
that the prevalence of peripheral vascular calcification was significantly higher in 
warfarin-treated patients (30.2% vs 20.9%, p = 0.0023) [41]. To demonstrate that 
warfarin likely had a causal effect, a randomized trial of 66 patients with nonvalvu-
lar atrial fibrillation was conducted. Patients were randomized to warfarin or apixa-
ban for 1 year, and coronary CT angiography was performed to evaluate calcium 
burden. Here, CT scans demonstrated lower levels of calcified plaque volume in 
apixaban-treated patients as compared to those randomized to warfarin [42].

The association between vitamin K deficiency and cardiovascular calcification 
has led to the strategy of vitamin K supplementation as a method to limit calcifica-
tion and subsequent adverse events. A meta-analysis that included 12,888 patients 
enrolled in 13 controlled trials and 14 longitudinal studies found that vitamin K 
supplementation was associated with a reduction in decarboxylated MGP and a 
significant 9.1% decrease in vascular calcification [43]. Clinical trials are underway 
that will evaluate the efficacy of vitamin K supplementation on the progression of 
coronary artery calcification. Results from these trials will be critical to understand 
whether or not this will be a viable therapeutic option for patients. In a recently 
reported double-blind, placebo-controlled, randomized trial of vitamin K supple-
mentation in patients with type 2 diabetes mellitus and established cardiovascular 
disease, calcification was measured after 6 months using 18F-NaF positron emis-
sion tomography. After 6 months, vitamin K supplementation was associated with 
an increase, and not a decrease, in femoral artery calcification [44]. Since this find-
ing is in contradistinction to results from prior studies, additional data will be 
required prior to issuing recommendations pertaining to vitamin K supplementation 
to reduce cardiovascular calcification.

 Sodium Thiosulfate

Sodium thiosulfate is an inorganic sodium salt with reducing properties and has 
clinical application in the treatment of cyanide poisoning [45]. Sodium thiosulfate 
to limit cardiovascular calcification has been trialed in hemodialysis patients. In 
one study of 87 patients with coronary calcium scores >300, patients received intra-
venous infusions twice weekly. After 4 months, vascular calcification increased in 
63% of patients in the control group, but only 25% of patients received sodium 
thiosulfate (p = 0.03). This benefit, however, occurred at the expense of a decrease 
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in bone mineral density, and patients who were treated with sodium thiosulfate 
experienced metabolic acidosis and persistent anorexia [46]. In a second pilot 
study, 22 hemodialysis patients were treated with sodium thiosulfate 3 times 
weekly. After 5 months, there was no difference in the mean annualized rate of 
calcification; however, 14 out of 22 patients did demonstrate progression of coro-
nary artery calcification [47]. While these results appear promising, the side effects 
of this agent, namely, metabolic acidosis and bone toxicity, suggest that it is 
unlikely to have the acceptable long-term safety profile required to treat cardiovas-
cular calcification.

 Bisphosphonates

The bisphosphonates are used widely to prevent and treat osteoporosis. These 
drugs are analogs of pyrophosphate, which inhibits calcification by chelating cal-
cium ions in hydroxyapatite. Early clinical studies with these agents reported con-
flicting results. One study evaluated alendronate in 56 patients with osteoporosis 
compared to matched controls and a referent cohort. After 2 years, there was no 
observable difference in coronary artery calcification between groups [48]. Another 
study performed in women age 55–80 years who were treated for 3 years with 
either oral or intravenous ibandronate found that there was no difference in the rate 
of aortic calcification at the end of the study between groups [49]. Similarly, a pilot 
randomized controlled trial of alendronate in 51 patients with stage 3–4 chronic 
kidney disease revealed that compared to placebo, at 18 months there was no dif-
ference in the progression of ectopic calcification in the aorta in alendronate-
treated patients [50]. This is in contrast to several small studies in hemodialysis 
patients that reported a positive effect of bisphosphonates on cardiovascular calci-
fication. In these studies, which each enrolled fewer than 25 patients, treatment 
with bisphosphonates was associated with either halting or reversing the progres-
sion of aortic calcification [51, 52].

A recent randomized trial of etidronate in patients with pseudoxanthoma elasti-
cum was performed to test the hypothesis that a bisphosphonate could limit arterial 
calcification in this patient population with low pyrophosphate levels. A cohort of 
74 patients was randomized to etidronate (20 mg/kg for 2 weeks every 12 weeks) or 
placebo. After 12 months of follow-up, arterial calcification assessed by CT scan 
was decreased by 4% in etidronate-treated patients but increased by 8% in control 
subjects. However, when quantified by 18F-sodium positron emission tomography 
activity, there was no difference observed between the active treatment and placebo 
group. Importantly, while patients assigned to etidronate were more likely to experi-
ence hyperphosphatemia, this was reversible, and there were no safety issues 
noted [53].

There have been some issues raised with respect to the long-term durability of 
these drugs to prevent or limit cardiovascular calcification owing to concerns related 
to bone density and cardiac arrhythmias. There has been a long-standing debate 

J. A. Leopold



489

regarding the effect of bisphosphonates on skeletal toxicity. This has been attributed 
to the bisphosphonate drug selected, oral versus intravenous administration, dosage 
regimen with continuous dosing versus cyclical dosing, and the patient’s comorbid-
ity profile [54]. Another issue was raised by the finding that patients treated with 
parenteral zoledronic acid annually for osteoporosis management had a higher sig-
nal of atrial fibrillation [55]. This has not been explored further, so it is unknown if 
bisphosphonate drugs played a causal role in arrhythmia generation. These agents 
continue to be investigated and these issues remain to be resolved.

 Magnesium

Magnesium is suggested to prevent cardiovascular calcification by regulating cal-
cium influx, mediating pro-calcific enzyme activity, and stimulating activity of cal-
cification inhibitory enzymes [56]. Magnesium also prevents the transformation of 
calcium phosphate nanocrystals to apatite [56]. In patients with chronic kidney dis-
ease, in dialysis patients, and in patients with prevalent cardiovascular calcification, 
increased cardiovascular mortality has been associated with low serum magnesium 
levels [57–60]. Small observational clinical studies have suggested that there may 
be some benefit to magnesium supplementation. A pilot study in seven hemodialy-
sis patients found that after 18 months of supplementation with magnesium carbon-
ate, there was no progression of coronary artery calcification by CT scan [61]. These 
findings were confirmed in a similarly small study that compared magnesium sup-
plementation with magnesium carbonate and calcium acetate as a phosphate binder 
with calcium acetate alone. After 1 year, calcification assessed by X-ray was 
improved in 15% of the magnesium group compared to 0% in the calcium acetate 
group [62]. Another small study that included 34 patients with chronic kidney dis-
ease (stage 3, 4) and trialed short-term magnesium hydroxide for 8  weeks was 
shown to decrease calcification propensity measured in the serum [63]. Currently, 
there is a randomized clinical trial of 250 patients with chronic kidney disease that 
is underway that will test magnesium hydroxide versus placebo on coronary artery 
calcium score after 1 year of treatment [64].

 SNF472

The investigational agent, SNF472, a myo-inositol hexaphosphate, is a hexasodium 
salt of phytate and is under development for the treatment of cardiovascular calcifi-
cation. This agent may have utility in patients on hemodialysis as phytate is a low 
molecular mass and highly soluble crystallization inhibitor [65]. The safety and 
tolerability of SNF472 were demonstrated in healthy volunteers and dialysis 
patients. In a Phase I study, there were no clinically significant effects, and pharma-
codynamic analyses showed that SNF472 decreased hydroxyapatite crystallization 
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potential in dialysis patients [66]. A phase 2b double-blind, placebo- controlled 
study of SNF472 in hemodialysis patients randomized patients to one of two doses 
of SNF472 delivered three times per week with dialysis or placebo and evaluated 
calcification by CT scan after 1 year. After 1 year, the coronary artery calcium vol-
ume score was significantly lower in patients treated with SNF472 as compared to 
placebo (11% vs 20%, p = 0.016). There was also a decrease in the progression of 
calcification in the aortic valve (14% vs. 98%, p < 0.001). There was no difference 
between active treatment and placebo groups with respect to treatment-emergent 
adverse events. Thus, while SNF472 attenuated progression of coronary artery and 
aortic valve calcification in this patient population, it remains to be determined if 
this translates to an effect on cardiovascular outcomes and is translatable to other 
patient populations at high risk for cardiovascular calcification [67].

 Denosumab

Denosumab is an FDA-approved human monoclonal antibody against the receptor 
activator of NF-kB ligand (RANKL) and is used primarily to treat bone tumors and 
osteoporosis. Theoretically, denosumab may limit cardiovascular calcification by 
preventing RANKL interaction with its receptor and preventing deposition of calci-
fied minerals. A post hoc analysis of postmenopausal women at high risk for cardio-
vascular events examined lateral spine X-rays to evaluate for progression of aortic 
calcification. The frequency of aortic calcification progression and adverse cardio-
vascular events over 3 years was not different between the denosumab and placebo 
groups [68]. The phase 2 SALTIRE II trial is currently evaluating the effect of deno-
sumab and alendronate as interventions for calcific aortic stenosis. Patients with cal-
cific aortic stenosis assessed by echocardiography will be treated with denosumab, 
alendronate, or both, or placebo and calcification will be examined using standard 
CT calcium scoring and with 18F-fluoride positron emission tomography activity.

While many of the aforementioned agents have shown promise in the treatment of 
cardiovascular calcification, evidence to support routine use in broader patient popu-
lations remains limited. This is not surprising that the mechanism for cardiovascular 
calcification and, therefore, the appropriate pharmacological intervention, likely dif-
fers between patient subsets. Moreover, safety and efficacy profiles will need to be 
evaluated on a longer-term basis to understand optimal dosing regimens. Forthcoming 
results from randomized trials to resolve these questions are eagerly awaited.

 Clinical Studies of the Invasive Diagnosis and Treatment 
of Cardiovascular Calcification

It has been recognized that conventional coronary angiography does not always dem-
onstrate coronary calcification adequately leading to an underappreciation of the 
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severity of calcification. In a series of 1155 target lesions in native coronary arteries, 
angiography detected calcification in 38% of the stenoses, and 26% were classified as 
moderately calcified, while 12% were severely calcified. These same stenoses were 
then evaluated with intravascular ultrasound. This imaging modality detected calcium 
deposits in 73% of lesions, indicating that coronary calcification is both common and 
frequently underestimated [69]. Optical coherence tomography, which has a higher 
resolution than intravascular ultrasound, can assess calcium arc and length in a coro-
nary artery but has limited depth penetration and, therefore, is likely to miss deep 
intramural calcium [70]. This imaging modality can also provide an assessment of the 
degree of the calcific arch in the vessel cross section; calcium area, thickness, and 
length; and, calcium three-dimensional volume [71]. A head-to- head comparison of 
the two imaging modalities with angiography revealed that angiography detected cal-
cium in only 40% of lesions, while intravascular ultrasound and optical coherence 
tomography detected calcium in 83% and 77% of stenoses, respectively [72].

In contemporary percutaneous coronary intervention (PCI), significant coronary 
calcification is present in approximately 20% of patients, and these patients are 
characterized by a demographic, clinical, and angiographic pathophenotype that 
differs from that observed in individuals with less severe calcification [73]. The 
introduction of next-generation DES hasn’t reduced the hazard associated with cal-
cification, and calcified lesions are associated with a threefold increase in adverse 
events [74]. A large registry analysis of 16,001 patients from a single academic 
medical center revealed that patients with moderate or severe target lesion calcifica-
tion tended to be older, Caucasian, have a higher body mass index, less likely to be 
a current smoker, and more likely to have renal dysfunction, anemia, and peripheral 
arterial disease. They had more complex target lesions (classified B2/C) with a 
higher SYNTAX score and had a higher rate of procedural complications. Within 
this group, moderate to severe calcification was associated with an increased risk of 
death, myocardial infarction, and/or target vessel revascularization [75]. These 
patients also have higher 30-day rates of major bleeding (11.2% vs. 7.2% vs. 5.9%, 
p = 0.0003) compared to patients with moderate or mild or no target lesion calcium 
[76]. Coronary lesion calcification also impacts chronic total occlusion procedures. 
In 1476 procedures performed across 11 centers in the United States between 2012 
and 2016, moderate to severe calcification was identified in 58% of target lesions. 
Percutaneous revascularization of calcified chronic total occlusion lesions often 
required a change in procedural strategy with increased use of the retrograde 
approach, more contrast use, and increased radiation exposure as well as lower suc-
cess rates and increased incidence of adverse cardiovascular events (3.7% vs. 1.8%, 
p = 0.033) compared to patients without calcified stenoses [77].

 Percutaneous Coronary Intervention for Calcified Plaques 
and Coronary Arteries

Given the high prevalence of coronary calcification, patients who require PCI pres-
ent a unique challenge. The optimal treatment for calcified plaque modification in 
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complex coronary anatomies remains a decision point for coronary interventions 
that has been the subject of clinical trials. The standard method of using a balloon 
inflated to high pressure to release the coronary plaque can result in vessel dissec-
tion and perforation when calcified stenoses are present. The risk of not achieving 
adequate enlargement of a coronary lumen due to inability to release or “crack” a 
calcified stenosis is incomplete expansion or malapposition of a coronary stent, 
which predisposes to stent failure and adverse clinical outcomes [78]. At present, 
clinical trials to treat calcified coronary stenoses in the cardiac catheterization labo-
ratory have focused on rotational atherectomy (Fig.  21.3), orbital atherectomy, 
excimer laser coronary atherectomy, or shockwave lithotripsy.

Rotational atherectomy relies on a diamond-encrusted elliptical burr that rotates 
at high speeds (140,000–180,000 rpm) and pulverizes calcified or inelastic tissue, 
while the relatively normal elastic arterial wall remains uninjured. The device 
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Fig. 21.3 Atherectomy in a calcified coronary stenosis. (a) A left anterior descending artery has a 
significant calcified stenosis in the midsection of the vessel. (b) Attempts to dilate the stenosis with 
balloon angioplasty were unsuccessful as the balloon would not expand fully (dogbone shape) 
owing to the calcified stenosis. (c) Rotational atherectomy was used to debulk calcium from the 
vessel. The burr can be seen on the angioplasty wire. (d) After rotational atherectomy, the lesion 
was dilated with a scored angioplasty balloon and stented. The final result shows an enlarged and 
patent vessel
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ablates the calcified tissue to particles smaller than a red blood cell, which allows 
them to mix with blood and is ultimately taken up by macrophages [79–82]. Early 
clinical trials that compared rotational atherectomy with balloon angioplasty for de 
novo calcified coronary stenoses or for in-stent restenosis demonstrated equivocal 
results with respect to rotational atherectomy. In these studies, rotational atherec-
tomy adequately increased the lumen diameter but was associated with high rates of 
restenosis. A meta-analysis that included 9222 patients enrolled in 16 early trials 
(1993–2002) revealed that the rate of periprocedural myocardial infarction was 
increased with rotational atherectomy compared to balloon angioplasty (OR = 1.83; 
95% CI: 1.43–2.34) despite similar angiographic outcomes [83]. Similarly, a more 
recent review that included 3474 patients enrolled in 12 clinical trials (2002–2012) 
found that there was no difference between rotational atherectomy with adjunctive 
balloon angioplasty as compared to balloon angioplasty alone with respect to reste-
nosis rates at 6 months or 1 year. There was also no difference in the risk of in- 
hospital major adverse cardiac events (RR; 1.27; 95% CI: 0.86–1.90) [84].

Our current clinical evidence supporting the use of rotational atherectomy comes 
from the Rotational Atherectomy Prior to Taxus Stent Treatment for Complex 
Native Coronary Artery Disease (ROTAXUS) and the Comparison of Strategies to 
PREPARE Severely CALCified Coronary Lesions (PREPARE-CALC) trials. The 
ROTAXUS trial enrolled 240 patients with calcified coronary stenoses and random-
ized them to rotational atherectomy and stent implantation versus stent implantation 
alone (standard treatment). There was a higher rate of procedural success in the 
rotational atherectomy arm (92.5% vs. 83.3%) as well as a high crossover rate from 
the standard treatment group. At follow-up, there was no difference between the 
groups with respect to restenosis, target lesion revascularization, or adverse events. 
The trial, however, was criticized for missing follow-up angiography in 20% of 
patients, which likely affected the power of the study, as well as the use of a first- 
generation drug-eluting stent [85]. The PREPARE-CALC study, in contrast, ran-
domized 200 patients to rotational atherectomy versus a cutting or scoring balloon 
prior to implantation of a third-generation drug-eluting stent. This trial also demon-
strated a higher rate of procedural success for rotational atherectomy (98% vs. 
81%). At 9-month follow-up, there were no differences between groups with respect 
to late lumen loss, target lesion revascularization, or adverse events. Taken together, 
these trials form the basis for the modern approach of selecting rotational atherec-
tomy as a primary strategy for stenosis modification prior to stenting when severely 
calcified coronary lesions are present [86].

Orbital atherectomy, which is similar to rotational atherectomy, utilizes an 
eccentrically rotating 1.25 mm crown coated with diamonds on the front and back 
ends. The device has a low (80,000 rpm) and high (120,000 rpm) rotational speed, 
and the technique to ablate heavily calcified plaque is dependent upon contact time 
between the crown and the plaque. Safety and efficacy of this device was trialed in 
the ORBIT II trial, which enrolled 443 patients across the United States from 49 
centers [87]. In this study, the primary safety endpoint, freedom from 30-day 
adverse cardiac events, and the primary efficacy endpoint (residual stenosis <50% 
after stenting and absence of in-hospital events) were met in 90% and 89% of 
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participants, respectively. A real-world registry of 458 patients with complex 
comorbidities found that no reflow, dissection, or perforation associated with using 
this device occurred in <1% of cases with a 12.6% rate of major adverse cardiovas-
cular and cerebrovascular events at 1 year [88].

Excimer laser has also shown utility for modification of calcified coronary 
plaques. The technique relies on photoablation of calcified plaque by photochemi-
cal, photothermal, and photomechanical methodologies. The laser can break molec-
ular bonds, heat the plaque, or heat liquid near the plaque to create exploding 
bubbles that modify the plaque. This device is typically selected for coronary steno-
ses that can’t be dilated with procedural success rates of 93% reported [89]. 
However, more calcification in the plaque appears to decrease the laser efficacy, and 
intravascular imaging has shown that while laser increased the vessel cross- sectional 
area, this occurred without significant modification of the calcified areas [90, 91]. 
Evidence does support the use of laser to crack calcium behind stent struts in undi-
latable instent restenosis, especially when this occurred as a result of an underex-
panded stent [92, 93].

A lithotripsy balloon has been developed as a device to treat deep intravascu-
lar calcium. The balloon emits pulsatile mechanical energy at a frequency of 
1 Hz that cracks and fractures calcified plaques and calcium present in deeper 
layers of the vessel wall. In 43% of cases, this device was shown to fracture an 
arc of calcium in the vessel lumen and create multiple fractures in more than a 
quarter of the cases. Importantly, there was a higher rate of fracture when there 
was a greater burden of calcium [94]. The Disrupt Coronary Artery Disease II 
study evaluated safety and efficacy of lithotripsy in 120 patients with severe cor-
onary artery calcification enrolled between 2018 and 2019 in 9 countries. There 
was 100% success in device delivery and use. In this study, myocardial infarction 
occurred in 5.8% of patients. A subset of patients underwent optical coherence 
tomography imaging, which demonstrated calcium factures in 78.7% of lesions 
[95]. Other limited studies have similarly reported no safety concerns, and larger-
scale trials are currently underway.

The presence of calcified coronary stenoses as well as calcified coronary arteries 
is well recognized to increase the technical complexity of PCI. Calcification that 
limits plaque or lesion expansion predisposes to less than optimal stent expansion, 
which is associated with stent failure and major adverse cardiovascular events. 
Rotational atherectomy has been a mainstay as a therapeutic modality to treat calci-
fied coronary stenoses, and other devices with adequate safety and efficacy profiles 
are emerging, some with niche indications. Intravascular imaging, which facilitates 
stenting procedures in the absence of coronary calcification, remains critical to 
define the calcium burden within a vessel and guide device selection for lesion 
modification. Device selection can be operator-dependent, but considerations 
include eccentricity versus concentricity of calcification, length of calcium, depth of 
calcium, and ability to deliver devices. Nonetheless, clinical trials have established 
that successful treatment of calcified stenoses for stent delivery and expansion is 
critical to limit procedural complications and adverse outcomes.
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 Coronary Artery Bypass Grafting Surgery in Patients 
with Calcified Coronary Arteries

In those instances where surgical coronary artery bypass grafting (CABG) is the 
preferred revascularization strategy, calcified coronary arteries represent a signifi-
cant challenge for the surgeon. In high-risk patients, calcified coronary arteries and 
calcified stenoses have been associated with incomplete revascularization, athero-
embolic complications, and worse clinical outcomes [96, 97]. Patients with calci-
fied coronary arteries are also more likely to develop calcifications in saphenous 
vein bypass grafts, which predict both early and late graft failure [98]. It has been 
hypothesized that severe calcification impacts outcomes owing to loss of pulsatility 
in the vessels and an increase in ischemic events owing to endothelial dysfunction 
and atheroembolic events from calcified plaques despite bypassing significant ste-
noses [99]. Calcified vessels are also likely to increase the difficulty of creating 
vascular anastomoses and may affect the ability to achieve complete revasculariza-
tion [100, 101]. Patients with significant aortic calcification also have restrictions on 
aortic cross-clamping during surgery owing to the high risk for cerebral emboliza-
tion and stroke [102].

Patients with chronic kidney disease on hemodialysis have a high prevalence of 
vascular calcification and represent a high-risk patient population that frequently 
requires CABG for symptomatic coronary artery disease. Observational studies, 
including one that followed 1300 patients on hemodialysis, have shown that patients 
with chronic kidney disease on hemodialysis have higher operative mortality (7.8% 
vs. 2.1%) and 30-day mortality rates (4.8% vs 1.4%) [103]. These patients were also 
more likely to develop perioperative complications, such as mediastinitis and stroke 
[104]. A cohort of 21,981 hemodialysis patients from the US Renal Data System 
that underwent surgical or percutaneous revascularization revealed that CABG was 
associated with a lower composite of death or myocardial infarction (HR = 0.88; 
95% CI: 0.86–0.91) and mortality (HR = 0.87; 95% CI: 0.84–0.90) compared to 
PCI at 5 years suggesting that, when appropriate, surgical revascularization may be 
preferred over PCI. Overall, it’s been reported that long-term outcomes are improved 
following CABG compared to optimal medical therapy [105, 106].

In patients without chronic kidney disease, post hoc analyses of randomized tri-
als have shown that coronary calcification is associated with an increase in adverse 
events for patients that undergo CABG. In the Acute Catheterization and Urgent 
Intervention Triage StrategY (ACUITY) trial which examined heparin versus bivali-
rudin in patients with acute coronary syndromes, patients with severe coronary 
artery calcification that underwent CABG were older and more likely to have hyper-
tension, chronic kidney disease, and a higher thrombolysis in myocardial infarction 
(TIMI) risk score than patients with mild or no calcification. The presence of severe 
calcification was associated with higher rates of myocardial infarction (22.5% vs. 
13.8%, p = 0.03) and death (11.8% vs. 4.5%, p = 0.007) at 1 year following CABG 
[99, 107, 108]. In the Synergy between Percutaneous Coronary Intervention and 
Cardiac Surgery (SYNTAX) study, severe lesion calcification was present in 588 
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patients that underwent surgical revascularization. This cohort had a higher mortal-
ity rate (17.1% vs 9.9%, p < 0.001) at 5-year follow-up compared to patients with-
out severe calcification. Furthermore, they had a higher rate of the composite 
endpoint of death and myocardial infarction (19.4% vs. 13.2%, p = 0.003) [109]. 
These 1-year mortality rates in patients with severe coronary calcification are sub-
stantially higher than those reported in other contemporary studies of CABG 
(3.5–4.2%), although patients with heavy calcification were more likely to be 
included in the registry arm of surgical trials, so the absolute mortality rate follow-
ing CABG for this patient population may be higher.

 Peripheral Arterial Disease and the Role of Calcification 
in Treatment Decision-Making

Vascular calcification is also prevalent in the peripheral vasculature although exact 
estimates vary (Fig. 21.4). In an unselected group of 650 patients that were asymp-
tomatic and being evaluated for preventative care, 61% had evidence of atheroscle-
rotic calcification in their coronary, carotid, aorta, or iliac vessels [110]. Calcification 
was associated with increased age, and in those patients that were ≥70  years, 

Fig. 21.4 Peripheral arterial calcification. Vascular calcification is highly prevalent in the periph-
eral arteries. Calcification can be seen with fluoroscopy (left panel). Following the injection of 
contrast, a significant calcified stenosis in the superficial femoral artery is seen (asterisk) (middle 
panel). After atherectomy, angioplasty, and stent placement, the vessel lumen is increased
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vascular calcification was present in all vascular beds. In a large cohort study that 
included 4291 individuals who were followed for a mean of 7.8 years, prevalence of 
calcification in the coronary, carotid, aorta, and iliac arteries ranged from 31% to 
55%. Interestingly, while coronary artery calcification was associated with cardio-
vascular mortality, the presence of calcium in other major vascular beds, namely, 
the carotid, aorta, and iliac vessels, was associated with all-cause mortality [111].

Clinical decision-making for therapeutic interventions in patients with periph-
eral arterial is limited by the fact that many patients with severe calcification were 
excluded from clinical trials. Balloon angioplasty of calcified lesions doesn’t pro-
vide adequate lumen expansion with significant early elastic recoil, which contrib-
utes to observed poor outcomes [112]. There have been similar issues with nitinol 
stents in femoropopliteal vessels owing to high compressive forces exerted by rigid 
calcified plaques that prevent in full stent expansion [113]. However, newer nitinol 
stents with closed cell designs that allow for greater resistance to calcified plaque 
compression have been shown to have greater lumen preservation in severely calci-
fied stenoses compared to traditional stents [114].

Atherectomy has been trialed in the peripheral vasculature with studies per-
formed with varying degrees of procedural and early success [114–119]. The 
DEFINITIVE Ca++ registry evaluated the safety and efficacy of directional ather-
ectomy to treat moderate to severely calcified femoropopliteal vessels. This trial 
enrolled 133 patients and found that directional atherectomy was safe and resulted 
in adequate debulking (<50% residual diameter) in 92% of the lesions treated with 
a 33% mean residual diameter stenosis. There was a 52.3% increase in the number 
of patients who were asymptomatic at the 30-day follow-up visit with 88.5% of 
patients showed clinical improvement [120].

Significant peripheral vascular calcification has also been implicated as a barrier 
to the efficacy of drug-coated balloons. In 60 patients with severe claudication or 
rest pain, the presence of circumferential calcium in the vessels was associated with 
a 50% increase in loss of patency. Although the mechanism for reduced efficacy 
wasn’t clear, it was hypothesized that this occurred as a result of the calcium, which 
acted as a barrier to the drug reaching or penetrating the vessel wall [121]. To 
improve patency rates, other investigators trialed debulking of severe vascular cal-
cification using atherectomy prior to drug-coated balloon intervention. In a small 
30-patient trial with severe claudication or threatened limbs where severe calcifica-
tion was identified, debulking was associated with a 90% patency rate at 1 year 
[122]. The more recent Directional Atherectomy Followed by a Paclitaxel-Coated 
Balloon to Inhibit Restenosis and Maintain Vessel Patency – A Pilot Study of Anti- 
Restenosis Treatment (DEFINITIVE-AR) trial randomized patients to directional 
atherectomy and drug-coated balloon or drug-coated balloon alone. In this study, 
technical success was higher for the arm with directional atherectomy (89.6% vs 
64.2%, p = 0.004). There was no difference, however, in 1-year percent diameter 
stenosis assessed by angiography or target lesion revascularization between the 
groups [117].

The thoracic and abdominal aortas are prone to aneurysm formation with abdom-
inal aortic aneurysms affecting 4.8% of individuals with a preponderance in men 
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[123]. Among 356 patients that underwent infrarenal abdominal aortic aneurysm 
repair, aortoiliac calcification was associated with mortality with patients who had 
high calcium scores had lower probability of 5-year survival [124]. Thoracic aneu-
rysms tend to be more heterogeneous with both genetic and atherosclerotic etiolo-
gies. Endovascular interventions have decreased the short-term risks related to the 
intervention; however, they have not mitigated longer-term risk of cardiovascular 
events [125]. In a study that included 196 patients with abdominal aortic aneurysms 
where 85 patients had an endovascular repair and 18 had a surgical repair, aortic 
calcium score was related significantly to all-cause mortality (OR = 2.25; 95% CI: 
1.59–9.47, p  <  0.001) and predictive of cardiac mortality (OR  =  1.32; 95% CI: 
1.08–2.76, p = 0.003). With respect to thoracic aneurysms, 123 patients were stud-
ied with 75 patients undergoing endovascular repair. Here calcium score was also 
related to all-cause mortality (OR = 6.44; 95% CI: 2.57–6.14, p < 0.001) and car-
diac mortality (OR = 3.46; 95% CI: 1.97–4.34, p = 0.002) [126]. Given the relation-
ship between calcification and stent failure, it is not surprising that calcification is a 
noted risk factor for graft-related complications after endovascular aneurysm repair. 
Studies of patients who underwent endovascular repair revealed that calcification in 
the neck of the aneurysm and common iliac vessels was associated with increased 
risk for graft-related failure [127].

 Calcification of the Mitral Valve

Calcification of the mitral annulus is reported in 8–15% of individuals without 
known coronary artery disease but increases with age and risk factors, such as 
chronic kidney disease (Fig.  21.5) [128–132]. When present, mitral annular 

Fluoroscopy Echocardiography

Fig. 21.5 Mitral annular calcification. Calcification of the mitral annulus occurs frequently and is 
often seen by fluoroscopy at the time of routine cardiac catheterization (red arrows, left). Mitral 
annular calcification is also seen on echocardiography. Calcification appears as bright white areas 
at the edges of the mitral valve leaflets (below red asterisks). LA left atrium, LV left ventricle
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calcification is associated with an increased risk of cardiovascular disease and mor-
tality [133]. The Framingham Heart Study reported that there was an increased risk 
of incident cardiovascular disease (HR = 1.5; 95%CI: 1.1, 2.0) and death attribut-
able to cardiovascular disease (HR = 1.6; 95% CI: 1.1, 2.3) in patients with mitral 
annular calcification [133]. Mitral annular calcification has also been linked to an 
increased risk for stroke, possibly due to atrial fibrillation or other conduction sys-
tem abnormalities, which were found to be prevalent in only 34% of control sub-
jects but 70% of patients with mitral annular calcification [30, 134]. Patients with 
mitral annular calcification were also shown to have a higher rate of intraventricular 
conduction delays, bundle branch block, and atrioventricular block [135, 136]. 
Atrial fibrillation is prevalent in patients with mitral annular calcification, and the 
Framingham Heart Study and MESA reported a hazard ratio of 1.5–1.9 for atrial 
fibrillation in their respective community-based populations [137, 138].

Mitral annular calcification has implications for percutaneous and surgical inter-
ventions that involve the mitral valve. Among patients referred for mitral valve sur-
geries, mitral annular calcification is associated with injury to the left circumflex 
coronary artery and cardiac rupture when the valve requires debridement [139, 
140]. Surgical approaches that have tried to avoid disrupting the calcium ring have 
led to perivalvular leakage or high gradients [140, 141]. Owing to this, the current 
approach is to decalcify the annulus via dissection [139]. Although mitral annular 
calcification was initially considered a contraindication to the percutaneous 
MitraClip procedure, case series have demonstrated that it is feasible and was not 
associated with a decrease in procedural success or durability of repair [142, 143].

In patients with mitral valve stenosis, valve calcification is recognized as a predic-
tor of poor immediate and long-term clinical outcomes [144–147]. In fact, the 
Abascal-Wilkins echocardiography score, which predicts the success of percutane-
ous balloon mitral valvuloplasty for patients with mitral stenosis, includes valvular 
calcification in the scoring system with a score = 1 indicating a single area of calcifi-
cation while a score = 4 indicating calcification is present throughout most of the 
valve leaflets. For overall scores >8, based on assessment of leaflet mobility, valve 
thickness, subvalvular thickening, and valvular calcification, surgery is preferred 
[148]. Nonetheless, a contemporary analysis of 1024 patients who underwent percu-
taneous balloon mitral valvuloplasty for mitral stenosis compared outcomes in 
patients with and without calcified valves. Immediate result post-procedure was clas-
sified as good for 80% of 314 patients with calcification as compared to 93% of 710 
patients without calcified valves. Patients with calcified valves were also less likely 
to achieve good functional results, defined as New York Heart Association Class I or 
II and survival without reintervention or cardiovascular death. Thus, percutaneous 
balloon mitral valvuloplasty remains a frontline therapy for patients with calcific 
mitral stenosis [149]. More recently, investigators have moved forward with trans-
catheter mitral valve implantation for inoperable severely calcified mitral valves. In a 
small report of 11 patients, the procedural success rate was 73% and without paraval-
vular leaks [150]. Therefore, it is likely that in well-selected patients, this procedure 
may have benefit, but larger series, clinical trial, and outcome data is needed.

Clinical studies and decision-making regarding aortic valve calcification is 
reviewed in Chap. 22.

21 Clinical Trials and Calcification-Based Treatment Decisions



500

 Conclusion

Calcification in the cardiovascular system is highly prevalent and associated with 
worse clinical outcomes. Advances in imaging technologies have allowed for more 
precise detection of calcified vessels, and CT scans are increasingly employed as a 
diagnostic modality to assess patient risk. In addition, novel blood assays to assess 
calcification potential are proving useful in high-risk patient populations, such as 
patients with chronic kidney disease, but the broad applicability of the test to other 
patient populations remains to be determined. Pharmacological therapeutics to pre-
vent and/or regress calcification are under development or moving forward in early 
phase clinical trials, suggesting that it is likely that these agents will soon have a role 
in the management of patients with calcified vessels. For patients with symptomatic 
vascular disease that require percutaneous or surgical revascularization, it is clear 
that the presence of calcification is associated with higher risk and higher rates of 
major adverse cardiovascular events despite the introduction of newer devices and 
techniques. Thus, it remains imperative that promising new therapies and interven-
tions continue to be trialed in more patients with cardiovascular calcification in 
randomized clinical trials to aid clinical decision-making.
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Chapter 22
Surgical Versus Transcatheter Aortic  
Valve Replacement

Farhang Yazdchi and Prem Shekar

 Epidemiology and Mechanism of Calcific Aortic Stenosis

Senile progressive degenerative calcification leads to thickening of aortic valve 
(AV) cusps, resulting in aortic valve stenosis (AS). In developed countries, AS is the 
most prevalent of all valvular heart diseases. The prevalence of severe AS is 1.3% in 
patients aged 65–75, 2.4% in those aged 75–85, and 4% in those older than 85 years 
[1]. Risk factors are similar to those of coronary artery disease including age, male 
sex, hyperlipidemia, and evidence of active inflammation [2]. There is high coinci-
dence of coronary artery disease and AS. Taylor et al., on a large population study 
of African-American patients, reported that those with AV sclerosis were 4.26 times 
more likely to have events related to coronary heart disease than those without AV 
sclerosis [3]. However, the mechanism of the two disease seems to be different. 
Detailed mechanisms of calcific aortic valve disease are provided in Chap. 4.

 Symptoms and Severity of Aortic Stenosis

Patients with AS have a long latent period before symptoms appear. When patients 
become symptomatic from severe AS, usually after the sixth decade of life, there is 
a rapid decline in mean survival (Fig. 22.1). Classic symptoms include angina, syn-
cope, and dyspnea [4]. The onsets of dyspnea and heart failure are predictors for 
worse prognosis in the natural history of AS with 50% mortality in 2 years if left 
untreated (Fig. 22.2) [4]. Normal aortic valve area (AVA) is 3–4 cm2. When valve 
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area becomes ≤0.8 cm2, the mean gradient across the AV exceeds 40 mmHg, or the 
velocity across the AV exceeds 4 m/sec, it is considered severe AS. AVA of <0.5 cm2 
is considered critical stenosis [5]. Symptomatic severe AS is due to an obstruction 
to cardiac output. Therefore, effective mechanical relief in the form of surgical or 
transcatheter aortic valve replacement (TAVR) is indicated according to American 
Heart Association/American College of Cardiology (AHA/ACC) guidelines [5].

 Surgical Aortic Valve Replacement

Over the last several decades, surgical aortic valve replacement (SAVR) has been 
the gold standard for treatment of AS. Two major types of prosthetic AV are avail-
able: mechanical and bioprosthetic valves. There are advantages and disadvantages 
to each. An ideal heart valve prosthesis with the durability of a mechanical prosthe-
sis and low thrombogenicity of a bioprosthetic valves has not yet been manufac-
tured. The technique of SAVR is described in detail elsewhere [6].

 Mechanical Valves

Historical background and improvements in hemodynamic design: Dr. Charles 
Hufnagel, who had worked at Dr. Dwight Harken’s laboratory at the Peter Bent 
Brigham Hospital, implanted the first in the world aortic “assist” valve in a 30-year- 
old woman with rheumatic disease in 1952. The Hufnagel valve consisted of a pea- 
size ball inside a chambered tube placed in descending aorta. More than 200 
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Fig. 22.1 Survival of patients with aortic stenosis over time. A long latent asymptomatic period 
with normal survival, followed by rapid decline in survival once symptoms develop. (Modified 
figure) [4]
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Hufnagel valves were implanted in patients with aortic insufficiency [7]. Dr. Harken 
later developed the Harken-Soroff ball valve, a ball valve with a fabricated stainless 
steel double cage. Several brands and models of ball valves were introduced in the 
1960s, namely, the Starr-Edwards (SE) caged-ball valve (Fig.  22.3), Magovern- 
Cromie valve, Smeloff-Cutter valve, Debakey-Surgitool, and Braunwald-Cutter 
valve (a silicon rubber ball cage with titanium housing and a ring covered with 
Dacron fabric).

Disc valves were introduced in the late 1960s. They allowed blood to flow in a 
more natural way while reducing damage to red blood cells from destructive, 
mechanical forces. They had superior hemodynamics compared to ball valves. 
Three landmark, non-tilting disc valves were the Kay-Shiley, Beall-Surgitool, and 
Cooley-Cutter biconical disc valves. Five landmark tilting disc valves were the 
Bjork-Shiley flat, Bjork-Shiley convexo-concave, Lillehei-Kaster, Omniscience, 
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Omnicarbon, and Medtronic Hall tilting disc valves [8]. Unfortunately, the struts of 
these valves tended to fracture over time due to fatigue and design flaw. Later, sili-
con was replaced by pyrolytic carbon which helped to reduce wear and tear.

The two major bileaflet mechanical heart valves, the St. Jude Medical (SJM) 
bileaflet valve (Fig. 22.3) and CarboMedics bileaflet valve, were produced in the 
late 1970s and are still in use today without major change in design. The hinge 
mechanism located near the central axis of the housing mimics human physiology 
and makes these valves superior to previous designs. Discs are made of pyrolytic 
carbon, and the sewing ring is made of either PTFE or Dacron. SJM mechanical 
valves have been used with excellent results [9]. The CarboMedics (CM) mechani-
cal valve has similar design to the SJM valve. It has a solid pyrolite carbon housing 
and flat leaflets made of pyrolite carbon-coated graphite that is impregnated with 
tungsten. The pyrolite carbon housing is reinforced by an outer ring composed of 
titanium that eliminates the risk of leaflet escape. Bileaflet valves have been used in 
both the aortic and mitral position with excellent long-term durability and freedom 
from reoperation [10]. The standard aortic valve prosthesis has the sewing cuff 
located at the outflow level of the valve cylinder. Both SJM and CM valves have 
supra-annular models where the sewing cuff has been transferred to the inflow level 
of the valve cylinder, allowing the valve to be upsized by one to two sizes. This is 
very important for optimizing hemodynamics and preventing patient-prosthesis 
mismatch [11]. The On-X valve is a newer-generation mechanical bileaflet valve 
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Fig. 22.3 Prosthetic heart valves. (a) Bileaflet mechanical valve (St Jude); (b) monoleaflet 
mechanical valve (Medtronic Hall); (c) caged-ball valve (Starr-Edwards); (d) stented porcine bio-
prosthesis (Medtronic Mosaic); (e) stented pericardial bioprosthesis (Carpentier-Edwards Magna); 
(f) stentless porcine bioprosthesis (Medtronic Freestyle) [59]
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[12]. Use of pure pyrolytic carbon (devoid of silicon), and design modifications 
such as more natural length-to-diameter ratio and leaflet opening angle, has trans-
lated into increased strength, improved valve hemodynamics, and reduced hemoly-
sis and thrombogenicity. The 2014 AHA/ACC guidelines for the management of 
patients with valvular heart disease recommend an international normalized ratio 
(INR) of 2.5 (range, 2–3) in patients with a mechanical valve in the aortic position. 
However, based on the results of the Prospective Randomized On-X Anticoagulation 
Clinical Trial (PROACT) [13], the Food and Drug Administration (FDA) approved 
use of this valve in April 2015 with a lower INR goal of 1.5–2.0 in the aortic posi-
tion. This reduction in INR goal led to a statistically significant reduction in the 
combined endpoint of clots, bleeding events, and stroke rates with 9/patient-years 
for the lower INR group compared with 12/patient-years in the standard INR group.

 Bioprosthetic Valves

Durability and hemodynamic performance are of upmost importance when select-
ing a bioprosthetic aortic valve for patients. The earlier-generation stented biopros-
thetic valves included the Medtronic Hancock II Ultra (Medtronic Minneapolis, 
MN), which is a porcine bioprosthesis, and the Carpentier-Edwards Perimount 
(Edwards Lifesciences LLC, Irvine, CA), which is a pericardial bioprosthesis. 
These two valves have shown very good long-term durability in multiple studies 
[14–18]. Design of some of these earlier-generation valves intentionally allowed 
them to be implanted in the supra-annular position, allowing upsizing to achieve 
maximal hemodynamics and decrease the incidence of patient-prosthesis mismatch. 
The newer-generation prostheses are processed in a zero- or low-pressure fixation 
with anti-mineralization. This reduces material fatigue and calcification over time. 
Stents are thinner, allowing a lower profile to minimize protrusion into the aortic 
wall and facilitating coronary clearance. The third-generation bovine bioprostheses 
include the Carpentier-Edwards Magna Ease (Edwards Lifesciences, LLC) 
(Fig. 22.3) and the Trifecta (Abbott Vascular, Santa Clara, California). The Magna 
Ease has a narrow sewing cuff and was designed for supra-annular placement. It has 
demonstrated excellent durability and hydrodynamic performance [19]. The Trifecta 
is a pericardial valve that utilizes pericardium around the exterior of the stent, allow-
ing a larger opening diameter to maximize flow. These characteristics make it an 
attractive option for the small aortic annulus. That said, Wendt et al. [20] compared 
the hemodynamic performance of the Trifecta versus the Perimount Magna and 
Magna Ease valve prostheses, in a nonrandomized, observational, single-center 
study, concluding no influence of prosthesis type on mean pressure gradient or aor-
tic valve area.

More recently, Edwards Lifesciences has manufactured a new bioprosthetic 
valve, the INSPIRIS RESILIA, with the goal to improve durability by reducing 
prosthesis calcification. This valve was built based on the design of the Carpentier- 
Edwards Perimount Magna Ease valve. RESILIA tissue is bovine pericardial tissue 
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transformed by novel integrity preservation technology which permanently blocks 
residual aldehyde groups known to bind to calcium. As a result, the valve may have 
a longer shelf life and improved durability when implanted. The Inspiris valve has 
an expandable frame designed to allow for the possibility of valve-in-valve trans-
catheter aortic valve re-replacement if indicated in the future. This valve has been 
studied in the COMMENCE trial [21] with reported 2-year outcomes demonstrating 
early safety and effectiveness and has received FDA approval.

Stentless AV and root replacement using homografts or porcine xenograft 
(Fig. 22.3) has fallen out of favor in recent years mainly due to the complexity of the 
technique, limited durability despite excellent hemodynamics, and difficult reopera-
tions. Use of homografts is limited to the treatment of active aortic valve endocardi-
tis, particularly in patients with root abscesses [22].

 Choice of Valve Type

Mechanical valves affect quality of life with the need for lifelong anticoagulation. 
According to AHA/ACC guidelines, the class 1 indications for prosthetic valve 
choice include the valve type being a shared decision between the patient and physi-
cian and bioprosthetic valves being recommended in patients of any age for whom 
anticoagulant therapy is contraindicated, cannot be managed appropriately, or is not 
desired. In other cases, the choice of valve is debatable, with no strong preference 
for one type over the other based on the guidelines. For elderly patients over age 70, 
the decision is easy, and most physicians and patients agree on biological valves, 
either via a surgical or transcatheter approach. For patients between the ages of 60 
and 70, the decision is more debatable. Patients younger than age 60 tend to favor 
mechanical valves in order to avoid reoperation in future. However, this trend has 
changed in favor of bioprosthetic valves in recent years [23]. The primary motive 
for this is to avoid anticoagulation and subsequent lifestyle change with the added 
benefit of allowing for transcatheter valve-in-valve options should the bioprosthetic 
device fail. It is important to implant the largest bioprosthetic valve possible during 
the initial surgery to optimize the frame to accommodate a large valve in the future 
should valve-in-valve procedure become necessary.

 Life Expectancy with Prosthetic Valves

Bouhout et al. [24], in a study of young, low-risk adults (<65 years) undergoing 
elective isolated mechanical AVR, demonstrated that survival is lower than expected 
in the age- and gender-matched general population in Quebec, Canada (actuarial 
survival at 1, 5, and 10 years was 98% ± 1%, 95% ± 1%, and 87% ± 1%, respec-
tively). Expected survival in the age- and gender-matched general population was 
99.6%, 97.6%, and 94.2% at 1, 5, and 10 years, respectively. The risk of a major 
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valve-related event such as endocarditis, major bleeding, valve thrombosis, prosthe-
sis dysfunction such as paravalvular leak, and thromboembolism was 27% within 
10 years in these young patients. Zellner et al. [25] looked at competing risks after 
mechanical valve replacement in both the aortic and mitral positions. Freedom from 
all complications (death, reoperation, endocarditis, major bleeding, stroke) in 
15 years was only 41.5% for the AVR group. The decreased life expectancy com-
pared to the general population after AVR is not inclusive to mechanical valves but 
also to bioprosthetic valves. A Canadian study of a younger patient population 
showed reduced life expectancy with bioprosthetic aortic valves compared with an 
age- and gender-matched Quebec population and was comparable to mechanical 
valves [26]. A randomized clinical trial from Italy showed no difference in survival 
between biologic and mechanical valves in the aortic position at 13 years [27]. In 
addition, a large database study of the STS registry including more than 30, 000 
patients aged between 65 and 80 years old showed no survival difference between 
biologic and mechanical valves [28]. This study showed significantly higher prob-
ability of reoperation in those with biologic valves due to structural valve 
deterioration.

Chikwe et al. [29], using the state of New York database, showed no difference 
in survival with biologic or mechanical valves implanted either in the aortic or 
mitral position in patients between 50 and 69 years old. In the same study, incidence 
of thromboembolism and incidence of major bleeding requiring transfusion were 
significantly higher in patients with mechanical valves, whereas risk of reoperation 
for structural valve problems was higher in patients with biologic valves. More 
recently however, in a large observational study of California State patients, a sur-
vival advantage of 4 percent at 15 years was shown in younger patients (45–54 years 
old) in favor of those who received mechanical aortic valves compared to those who 
received biologic valves [30]. Patients older than 54 years had similar survival with 
either valve type in that study.

 Anticoagulation

Implantation of a mechanical heart valve mandates lifelong anticoagulation with 
warfarin. Unfortunately, this may dictate lifestyle change for some patients. A limi-
tation with use of warfarin is difficulty controlling the international normalized ratio 
(INR) within the therapeutic level, described by using the term “time within thera-
peutic range” (TTR). One study showed that in the first 6 months of initiating war-
farin, TTR was only 32% [31]. Patients who are not in TTR are exposed to bleeding 
risk if the INR is higher or thromboembolism if the INR is lower. A randomized 
control trial showed weekly self-testing of INR has no superiority over monthly 
clinic testing in reducing the risk of stroke, major bleeding episodes, and death 
among patients who are taking warfarin because of mechanical heart valves or atrial 
fibrillation [32]. Unlike warfarin, novel oral anticoagulants (NOACs), including 
direct thrombin and factor Xa inhibitors, do not need to be monitored with regular 
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labs, but these new anticoagulants are not approved for prosthetic heart valves. A 
randomized clinical trial comparing dabigatran, an oral direct thrombin inhibitor, 
with warfarin was terminated prematurely because of an excess of thromboembolic 
and bleeding events among patients in the dabigatran group [33].

Prosthetic valve thrombosis (PVT) is a rare but devastating complication affect-
ing primarily mechanical valves. The occurrence of PVT depends to some extent on 
valve model, as well as patient compliance with oral anticoagulation, and is more 
common in the mitral position than the aortic. Two early RCTs [34, 35] showed 
statistically significant increase in bleeding with mechanical valves. However, 
Stassano et al. [27] in a RCT showed, at mean follow-up of 106 ± 28 months, there 
were no differences in linearized rate of thromboembolism, bleeding, endocarditis, 
and valve thrombosis between those who received mechanical and bioprosthetic 
aortic valves (1.47%/patient-year vs. 0.72%/patient-year). A statistical trend 
(p = 0.08) for increased bleeding in the mechanical group was noted however. Of 
note, 21% of patients in the bioprosthetic group in that study was receiving warfarin 
at the time of follow-up for other reasons. The bleeding rate in patients with bio-
prosthetic valves who were not receiving warfarin was less than those with mechan-
ical valves on warfarin. Emergent reoperation for thrombectomy and valve 
replacement is necessary once PVT is diagnosed. A study from Montreal Heart 
Institute [36] showed high hospital and operative mortality in addition to poor long- 
term survival after redo valve replacement for thrombosis with 10-year actuarial 
survival rate of 46% ±10%.

 Trends in Choice of Prosthetic Aortic Valves

Despite excellent long-term results with implantation of mechanical valves, the 
recent trend in their use has declined compared to bioprosthetic valves, even in 
younger patients, particularly those who pursue an active lifestyle without antico-
agulation. Brown et  al. [23] reported on 108,687 isolated AVRs over a 10-year 
period from the Society of Thoracic Surgeons (STS) database showing increase in 
bioprosthetic use from 43.6% in 1997 to 78.4% in 2006. Similar trends were seen at 
our institution with an increased use of bioprosthetic valves from 20% to more than 
60% in patients aged less than 60  years during past several years. Nowadays, 
younger patients are leaning more toward tissue valves in order to participate in an 
active lifestyle by avoiding anticoagulation. Awareness of the advantages and disad-
vantages of the two valve types has increased in the online information era. As such, 
patients have usually already made up their mind prior to pre-operative clinic visits 
with their surgeon. The operative mortality of repeat AVR is acceptable but higher 
than first-time AVR at 4.6% according to the STS database [37]. On the other hand, 
the advent of transcatheter aortic valve-in-valve replacement option has changed the 
landscape in the patient decision-making process despite uncertainty with regard to 
valve durability and valve thrombosis after valve-in-valve replacement. Candidacy 
for transcatheter options at time of need for reintervention is not guaranteed [37]. 
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Patients in need of concomitant procedures such as coronary artery revasculariza-
tion or concomitant aortic surgery for aneurysm replacement may not be candidates 
for transcatheter valve-in-valve intervention when their bioprosthetic valves fail 
over time. Patients must be informed of these potential situations prior to deciding 
on their valve type.

 Transcatheter Aortic Valve Replacement

Transcatheter aortic valve replacement (TAVR) is a minimally invasive percutane-
ous approach to treat patients with symptomatic AS without sternotomy or cardio-
pulmonary bypass. In less than 8 years since FDA approval of this technology for 
extreme- and high-risk patients for surgery, TAVR has progressed from a procedure 
of last resort to a viable alternative to surgery in most patients with native (non- 
bicuspid) AS as well as those with bioprosthetic aortic valve failure.

 Evolution of TAVR Indications

The rationale for the invention of TAVR was to offer a treatment for patients with 
symptomatic severe AS who presented with prohibitive risk for SAVR. Two clinical 
trials, including the PARTNER IB [38] (completed, FDA approval 11/2011) with 
the Edwards Sapien valve and the CoreValve US Pivotal Trial [39] (completed, 
FDA approval 1/2014), showed significant improvement in mortality with TAVR for 
patients with extreme surgical risk or those deemed inoperable (STS risk score of 
>15–50) when compared to medical therapy or balloon valvuloplasty alone. For 
high-risk patients, the PARTNER IA trial [40] (completed, FDA approval 5/2012) 
demonstrated non-inferiority of TAVR compared to surgery, and the CoreValve US 
Pivotal Trial (completed, FDA approval 6/2014) showed that all-cause mortality and 
major adverse cardiovascular and cerebrovascular event (MACCE) rates after TAVR 
were significantly better compared to SAVR, including better valve hemodynamics 
for high-risk patients. These satisfactory results led to the expansion of TAVR stud-
ies to include intermediate risk patients (4% < STS score < 8%) with severe AS. The 
PARTNER 2A (with Edwards Sapien valve) [41] (completed, FDA approval 8/2016) 
and SURTAVI trials (with CoreValve) [41] showed that TAVR was non- inferior to 
surgery in terms of mortality, with lower mean gradients and larger aortic- valve 
areas compared to surgery. Patterns of adverse events in this intermediate risk cohort 
were different with each procedure. Surgery was associated with higher rates of 
acute kidney injury, atrial fibrillation, and blood transfusions, whereas TAVR had 
higher rates of permanent pacemaker implantation and residual aortic regurgitation 
[42] (Table 22.1).

Following the favorable results of these trials, a clinical trial was conducted for 
low-risk patients with STS mortality risk <4% to compare transfemoral TAVR using 
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a balloon-expandable valve with SAVR. This trial, published in May 2019, showed 
the rate of composite of death, stroke, and rehospitalization at 1 year was signifi-
cantly lower with TAVR compared to surgery [43]. This result led to FDA approval 
for TAVR for low-risk patients. These studies have shown that TAVR reduces com-
posite endpoint of all-cause mortality, cardiovascular mortality, and repeat hospital-
ization with improvement in mean aortic valve gradient, valve area, NYHA 
functional class, 6-minute walk test, and quality of life.

Use of TAVR has rapidly increased over the past several years. According to 
STS/ACC/TVT registry public reporting, more than 600 institutions perform TAVR 
in the United States as of March 2019. In other words, 1 TAVR site exists for every 
80,000 people over the age of 65 with a steady growth in number each year. The 
number of TAVR procedures surpassed the number of isolated SAVR in 2016 and 
continues to rise, with more than 51,000 commercial TAVR procedures performed 
in the year 2018. The proportion of patients with intermediate STS risk of mortality 
who are receiving TAVR has steeply increased from 5% of all TAVRs in 2014 to 
more than 43% in 2018. With FDA approval of the procedure for low-risk patients, 
it is predictable that this technology will be applied to low-risk, and perhaps younger, 
patients, more frequently in coming years. However, adoption of TAVR to this 
extent must be taken with caution until several concerns regarding this procedure 
resolve.

Table 22.1 Summary of 30-day outcomes in trials of TAVR versus SAVR in patients at 
intermediate or low surgical risk [42]

Outcome
PARTNER 
2A

PARTNER 2A 
(transfemoral 
access cohort)

PARTNER 
S3 SURTAVI NOTION

Surgical risk Intermediate Intermediate Intermediate Intermediate Low
Intervention TAVR SAVR TAVR SAVR TAVR SAVR TAVR SAVR TAVR SAVR
Patients (n) 1011 1021 775 775 1077 944 864 796 145 135
All-cause 
death (%)

3.9 4.1 3.0 4.1 1.1 4.0 2.2 1.7 2.1 3.7

Stroke (%) 3.2 4.3 4.2 6.3 2.7 6.1 3.4 5.6 1.4 3.0
Major or 
life-threatening 
bleeding (%)

10.4 43.4 6.7 41.4 4.6 46.7 12.2 9.3 11.3 20.9

Major vascular 
complications 
(%)

7.9 5.0 8.5 3.9 6.1 5.4 6.0 1.1 5.6 1.5

Acute kidney 
injury (%)

1.3 3.1 0.5 3.0 0.5 3.3 1.7 4.4 0.7 6.7

New-onset 
atrial 
fibrillation (%)

9.1 26.4 4.9 26.7 5.0 28.3 12.9 43.4 16.9 57.8

New 
permanent 
pacemaker (%)

8.5 6.9 8.1 7.1 10.2 7.3 25.9 6.6 34.1 1.6
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Conduction system abnormalities and high-rate of 30-day new permanent pace-
maker (PPM) implantation after TAVR remain an ongoing concern without improve-
ment over the last several years, despite the development of new generations of 
valves (Fig.  22.4). According to a TVT registry study, the rate of 30-day PPM 
implantation is 6.7% and varies among those receiving self-expanding valves 
(25.1%) versus balloon-expanding valves (4.3%) [44]. The study showed early 
PPM implantation is associated with a higher mortality and a composite of mortal-
ity and heart failure at 1 year, adverse outcomes that are not acceptable for a lower- 
risk, younger patient population.

Stroke remains a potentially devastating complication after TAVR as well, rang-
ing from 3.5% to 5.5% in different studies [41, 45]. Few embolic protection devices 
are under further investigation with the goal to decrease stroke rates with TAVR 
[46–48]. Another concern is the high rate of unplanned 30-day hospital readmission 
after TAVR with no improvement over the past few years according to a report from 
the National Cardiovascular Data Registry (NCDR). The 30-day readmission rate 
was 9.2% in a TVT registry study with the rate being higher for high-risk patients 
compared to low-risk patients [49].

Long-term durability of TAVR valves remains an unanswered question as most 
clinical trials in the field are only few years old compared with the excellent bench-
mark for long-term durability of surgical valves shown in multiple studies as men-
tioned earlier in this chapter. Daubert et  al., in a longitudinal assessment of the 
PARTNER I trial, demonstrated that valve performance and cardiac hemodynamics 
are stable in both TAVR and SAVR patients alive at 5 years [50]. A 5-year report of 
the PARTNER I trial did show higher rates of moderate to severe aortic insuffi-
ciency in TAVR patients (14% versus 1%, p <0.0001), which was associated with 
increased 5-year risk of mortality in that study [51]. When counseling younger 
patients, it is critical to inform them about the uncertainty in long-term durability at 
this time as well as the higher rate of paravalvular leak, especially with the earlier 
generation of TAVR valves. The lifelong treatment strategy of aortic valve stenosis 
in younger low-risk patients is yet to be defined. Whether surgical aortic valve 
replacement with biological valves (to avoid anticoagulation) should be the first 
treatment step followed by subsequent transcatheter valve-in-valve implantation for 
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Fig. 22.4 Latest-generation transcatheter heart valves. (a) Self-expanding valve, CoreValve 
Evolut PRO (Medtronic, USA); (b) self-expanding valve, ACURATE neo TF (Boston Scientific, 
USA); (c) mechanically expandable valve, LOTUS Edge (Boston Scientific, USA); (d) self- 
expanding valve, Portico (Abbott, USA); (e) balloon-expanding valve, SAPIEN 3 (Edwards 
Lifesciences, USA) [42]
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failed bioprosthesis or TAVR as the first-line therapy followed by SAVR and subse-
quent TAVR for failed bioprosthesis is still being debated. Leaving calcium and/or 
degenerated bioprosthetic valves behind in TAVR and valve-in-valve procedures 
may add to the complexity of future reoperations or expose patients to patient- 
prosthesis mismatch if an appropriate-size valve cannot fit.

 Pre-procedural Evaluation

Patients who are considered for TAVR procedure undergo extensive pre-procedural 
evaluation by the “heart team” that includes an interventional cardiologist and a 
cardiac surgeon. A full Heart Team assessment is mandatory before any decision 
can be made to determine whether TAVR or SAVR is the best choice for that indi-
vidual patient. The work-up includes echocardiograms; computed tomography 
angiography of the chest, abdomen, and pelvis; cardiac catheterization; pulmonary 
function testing; and carotid Doppler studies. Despite the development of a risk 
model specifically for TAVR [52], the Society of Thoracic Surgeons (STS) risk 
model is still used by most centers to calculate the predicted risk of mortality and 
morbidity for TAVR, categorizing patients into low, intermediate, and high risk. 
Aside from the STS risk score, other factors play an important role in decision- 
making. For example, porcelain aortas and prior mediastinal radiation are both asso-
ciated with worse outcomes in SAVR but are not included in the STS risk model. 
These factors may deem a patient technically inoperable, qualifying them for TAVR 
instead [53]. In contrary, patients who in addition to severe AS have other cardiac 
diseases such as coronary artery disease, other valvular disease, atrial fibrillation, or 
ascending aortic aneurysm that can be addressed with concomitant surgery may 
benefit more from a surgical approach instead of TAVR.

 Procedure and Recovery

As experience with transcatheter aortic valve replacement (TAVR) has increased, 
some centers have performed transfemoral (TF) TAVR in a standard cardiac cathe-
terization laboratory without general anesthesia or transesophageal echocardiogra-
phy (TEE), the so-called minimalist approach as opposed to a standard approach 
(SA) performed in a hybrid operating room [54]. In the minimalist approach to 
TAVR, the patient is sedated with midazolam and fentanyl. Femoral access is 
obtained with micro-puncture technique under fluoroscopic guidance. Two pre- 
closure sutures are placed with Perclose devices (Abbott Vascular, Abbott Park, 
Illinois) after entry into the femoral artery and will be tied down to close the artery 
once sheaths were removed at the conclusion of the procedure. For patients with 
severely calcified, limited size, or tortuous iliofemoral arteries, alternative periph-
eral access options are subclavian and carotid artery. Alternative central access 
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options are trans-aortic and trans-apical approaches. However, trends in using cen-
tral access have significantly decreased in favor of femoral and peripheral alterna-
tive approaches [55]. Caval-aortic access is another alternative approach used in 
some centers [56]. Once access is obtained, the operator delivers the TAVR valve to 
the stenotic aortic valve through a series of wire and catheter techniques and the 
designed delivery system for deployment under rapid ventricular pacing. Valve 
position and hemodynamics are confirmed using echocardiography and angiogra-
phy, with special care taken to ensure the absence of significant paravalvular leak. 
Post-procedurally, patients are monitored in the perioperative recovery unit for a 
few hours with special attention paid to vascular access sites and vital signs. Then, 
most patients are transferred to the floor and discharged on post-operative day one. 
Dual antiplatelet therapy (DAPT) with aspirin and clopidogrel is common practice 
after TAVR. If patients are on an anticoagulation regimen for other reasons, a single 
antiplatelet therapy (SAPT) regimen with aspirin or no antiplatelet therapy at all is 
chosen by most physicians. The best antithrombotic therapy after TAVR is yet to be 
determined despite ongoing clinical trials [57].
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 Omics-Informed Pathobiology and Drug Discovery

Cardiovascular disease is the leading cause of mortality worldwide [1], and ecto-
pic calcification is a key contributor to and predictor of cardiovascular morbidity 
and mortality [2, 3]. Indeed, from calcification of the cardiovascular system’s ves-
sels and valves (typically the result of hyperlipidemic atherosclerosis [Chap. 4], 
renal failure-induced hyperphosphatemia [Chap. 7], or genetic disorders such as 
progeria [Chap. 11]) to autoimmune-associated connective tissue mineralization 
(e.g., scleroderma; see Chap. 12), or defects in favorable calcification (osteoporo-
sis vs. bone regeneration, Chaps. 15, 16, 17, and 18), the effects of anomalous 
mineral formation can impact nearly all of the body’s tissues and organ systems. 
While these calcific disorders share similarities in end-stage phenotype, where 
ectopic or dystrophic calcification (or lack thereof) impacts function, their causa-
tion and driving mechanisms appear to be inherently context- and tissue-depen-
dent (reviewed in [4]).

Once the onset of pathological calcification begins, clinicians have a sparse tool-
box with which to tackle this ailment. While lipid-lowering therapeutics (e.g., 
statins) have revolutionized vascular medicine, these drugs target precursors to the 
calcific process and do not have anti-calcific action in and of themselves – paradoxi-
cally, statins even appear to promote coronary artery calcification through mecha-
nisms yet to be understood [5]. Treatment of calcification in the context of chronic 
kidney disease tends to focus on traditional, modifiable risk factors such as hyper-
tension or on abnormal mineral metabolism [6] – again, neither the calcification 
process itself nor regression of calcification is currently treatable. This failure to 
bring pharmacological therapies to the clinic is due in large part to poor understand-
ing of the mechanisms responsible for initiating and driving progression of these 
disparate calcific disorders; this has resulted in an inability to carefully target calci-
fication in a focused manner.

One promising means of rapidly tackling this currently intractable problem is the 
growing use of omics strategies to study the holistic totality of complex biological 
systems. Technological advances in next-generation sequencing and mass spectrom-
etry enable order-of-magnitude increases in throughput and resolution and promise 
to allow a deeper understanding of pathobiology when coupled with pioneering 
advances in data integration, analysis, and visualization [7]. In this chapter, we 
examine the latest efforts to apply omics techniques to better understand the causes, 
initiating events, pathogenesis, driving mechanisms, and potential therapeutic 

E. Aikawa 
Center for Interdisciplinary Cardiovascular Sciences,  
Center for Excellence in Vascular Biology, Division of Cardiovascular Medicine, 
Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School,  
Boston, MA, USA
e-mail: eaikawa@bwh.harvard.edu

M. C. Blaser et al.

mailto:eaikawa@bwh.harvard.edu


527

reversal of calcification. We will trace our way from studies of the genome to the 
phenome, followed by an in-depth discussion of how systems biology is revolution-
izing both the integration of these omics layers and the extraction of biologically 
meaningful insights from these complex datasets (Fig.  23.1). Indeed, the field’s 
nascent ability to infer biological mechanisms and prioritize drug targets in silico is 
enabling a radical change in the economics and pace of drug development [8].

 Interrogation of Nucleic Acids: Genomics 
and Transcriptomics

 Genome-Wide Studies on Cardiovascular Calcification

Calcification is an active, complex, pathological thread that precedes many forms of 
cardiovascular disease including aortic stenosis (AS), myocardial infarction (MI), 
cerebral vascular accidents (CVA), and abdominal aortic aneurysms. Like many of 
these diseases, calcification is incredibly common and tends to run in families with 
documented heritability as high as 50% [9]. Unlike devastating end-stage cardiovas-
cular events, calcification can be monitored and diagnosed. As a result, significant 
pursuits to uncover common genetic variants associated with calcification have 
been conducted through genome-wide association studies (GWAS).

Using high-resolution computed tomography, a meta-analysis from five indepen-
dent community-based cohorts with replication in three additional cohorts identi-
fied one SNP on chromosome 9p21 (rs1333049) and one SNP on chromosome 6p24 
(rs9349379) associated with coronary calcification (CAC) at genome-wide signifi-
cance. Both loci were previously uncovered in GWAS in patients with MI, but still 
the exact functional mechanism driving these associations remains unclear. Many of 
the associated SNPs on chromosome 9p21 reside far from known annotated genes, 
the closest being the cell cycle regulators CDKN2A and CDKN2B. There is, 

Fig. 23.1 Leveraging omics for target discovery and drug development. Holistic applications of 
next-generation sequencing and mass spectrometry enable a newfound ability to infer biological 
mechanisms and prioritize drug targets. Samples can be obtained from a wide variety of in vivo, 
ex vivo, and in vitro sources derived from both animals and humans. Multiple omics approaches 
have been well-established and allow sequencing of DNA and RNA, examination of histone modi-
fications or DNA methylation, quantification of protein expression and post-translational modifi-
cations, and study of metabolites. Systems biology techniques are then leveraged to integrate these 
data, extract biological insight, and select promising candidates for further validation
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however, variant proximity to a recently discovered antisense long noncoding RNA 
called ANRIL (antisense noncoding RNA in the INK3 locus). Variant-mediated MI 
risk may therefore be due to the alteration of gene expression orchestrated by ANRIL 
dysregulation. Chromosome 6p24 contains the gene PHACTR1 which is an inhibi-
tor of protein phosphatase 1 [10]. The functional link between these variants and 
MI/CAC risk is however still unclear. Additional GWAS of vascular calcification 
have been conducted in other vessels most notably the aorta and the intracranial 
carotid artery. Once again, associations were noted at chromosome 9p21 [11, 12].

GWAS conducted on patients with valvular calcification have also uncovered 
novel risk-associated alleles. Most notably, one SNP on chromosome 6 in the LPA 
gene was found to be associated with aortic valve calcification in patients of 
European descent and subsequently replicated in cohorts from multiple ethnic 
groups. LPA encodes apolipoprotein(a) which is a component of lipoprotein(a), a 
particle well-known to be associated with coronary artery disease. Interestingly, 
levels of lipoprotein(a) were also associated with aortic valve calcification, and LPA 
genotype was linked to aortic stenosis providing evidence of causation between this 
variant and valvular calcification. Two additional SNPs on chromosome 2 near the 
IL1F9 gene were associated with mitral annular calcification but could not be repli-
cated in additional cohorts [13].

Despite over a decade of GWAS on calcification and other cardiovascular 
cohorts, a disappointingly low number of variants have been replicated and vali-
dated. Some limitations to these approaches include the large cohorts required to 
conduct these studies on phenotypes that are complex and likely contain heteroge-
nous subclasses. Calcification alone can be intimal or medial, can occur in different 
arteries and locations of the heart, and is strongly influenced by racial background. 
These findings also call into question the degree to which common variants contrib-
ute to genetic diversity of common diseases. GWA studies, for example, typically 
rely on minor allele frequencies greater than 1%. Rare alleles may have a significant 
impact on diseases like calcification. Such variants will require higher levels of 
genetic surveillance such as whole genome and whole exome sequencing. These 
techniques will also augment the discovery of larger changes in genetic information 
such as copy number variants and nucleotide insertions and deletions [14].

 Transcriptomics Bridges the Gap Between Genetic 
and Environmental Regulation of Calcification

While DNA sequences certainly provide a framework for heritability, alterations in 
gene expression can arise due to additional genetic factors such as epigenetics, envi-
ronmental regulation, and how genes interact with one another. Gene expression 
signatures provide unique identities to complex diseases like calcification and allow 
us to uncover pathways integral to the development and evolution of pathology over 
time. These pathways then serve as potential targets to reverse or slow down the 
course of disease.
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Transcriptomics developed during a transition from candidate gene expression 
studies to entire gene expression surveillance using microarrays. With advances in 
next-generation sequencing technology and reduction of sequencing costs, 
hybridization- based chip arrays gave way to RNA-seq. RNA-seq has many advan-
tages over microarrays, including the detection of low-expressed transcripts and the 
identification of novel transcripts, but does require handling and processing of large 
data [14, 15]. Both techniques, however, are still used today depending on the inter-
ests of the investigator, and both techniques require functional studies to validate can-
didate dysregulated genes. These platforms can also be combined with GWA studies 
in expression quantitative trait loci studies. With regard to calcification, for example, 
the genotype of certain SNPs in the RUNX2 (runt-related transcription factor 2) locus 
was shown to be correlated with RUNX2 expression and calcified aortic valves [16].

Our knowledge of vascular calcification has advanced tremendously through the 
use of transcriptomics in many biological systems including calcifying cells in tis-
sue culture, peripheral blood cells in patients with vascular calcification, human 
biopsy samples, animal models, and more recently cargo-containing extracellular 
vesicles such as exosomes [15, 17]. Most notably, gene expression profiles have 
demonstrated that while calcification involves shared biological processes, it also 
has unique signaling components that vary with anatomical location, environmental 
stressors, and pre-existing comorbidities [18, 19]. Several studies have surveyed 
intimal atherosclerosis and demonstrated an upregulation of processes expected of 
this disease including proliferation, calcification, oxidative stress, and immune 
response [19, 20]. Others have examined medial calcification through chronic ure-
mia models and cell cultures of calcifying vascular smooth muscle cells (SMCs). 
While certain ontologies linked to mineralization and extracellular matrix were dys-
regulated, including well-known inhibitors of calcification such as osteopontin 
(Spp1) and matrix γ-carboxyglutamate protein (Mgp) [21], many smooth muscle- 
specific genes remained active suggesting a detectable yet limited trans- differentiation 
of vascular SMCs into an osteoblast-like phenotype [22, 23]. Anatomical location 
also has unique calcification signatures. Human carotid plaques have transcriptomes 
enriched in immune processes, while those from the femoral aorta have substantial 
osteogenic signatures [24]. Even within carotid plaques, those from symptomatic 
patients have even less osteogenic gene expression profiles than asymptomatic 
patients, suggesting an active role of calcification in preventing plaque rupture [25]. 
Transcriptome analysis on calcified and noncalcified aortic valves, on the other 
hand, has highlighted the importance of an intermediate fibrotic signature as sclero-
sis progresses [26–28]. Other investigators have also used transcriptome profiles of 
peripheral blood cells in patients with diseased and healthy vessels to more precisely 
study the circulating immune contributions to calcification [29, 30].

Transcriptomics have also advanced our understanding of noncoding RNA 
expression in cardiovascular disease, most notably microRNAs (miRNAs) and long 
noncoding RNAs (lncRNAs). miRNAs are small noncoding RNAs that regulate the 
stability of protein-coding mRNAs. Several miRNAs have demonstrated a role in 
the pathogenesis of calcification. To name a few, mir-133a, mir-204, and mir-30b-c 
have been shown to lower calcification by suppressing RUNX2, while mir-32 and 
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mir-221/222 increase calcification by altering PTEN (phosphatase and tensin homo-
log) and Enpp1/Pit-1 (ectonucleotide phosphodiesterase 1/Pi cotransporter-1), 
respectively [31]. lncRNAs are longer transcripts that do not encode proteins. The 
extent of their function in cells is still unknown, but many have been shown to bind 
and regulate mRNAs, miRNAs, and proteins. Similar to many pathological states, 
lncRNAs have also been shown to play a role in calcification [32]. In fact, many of 
these lncRNAs have undergone functional validation to demonstrate a bonafide role 
in the calcification phenotype. For instance, the long noncoding RNA HOTAIR has 
lower expression in bicuspid compared to tricuspid aortic valves, and siRNA knock-
down of this transcript in valvular interstitial cells (VICs) leads to an increase in 
genes linked to calcification including bone morphogenic protein 2 (BMP-2) [33].

More recently, RNA-seq has advanced to enable the description of global gene 
expression landscapes on the cellular level through single-cell RNA-seq (scRNA- 
seq). There are several different forms of this technology although the most com-
mon forms involve separation of cells into droplets prior to library formation and 
sequencing. Needless to say, the amount of data and complexity of normalization, 
transformation, and statistical analysis is increasingly more complex than RNA-seq. 
An adaptation to scRNA-seq is single nuclear RNA-seq (snRNA-seq). In most 
instances, nuclei are significantly smaller than cells which simplifies the fluidic 
components of cell separation. Nuclei can capture similar representative pulls of 
cellular RNA and also permit freezing of tissue prior to processing. Single-cell tech-
nology can be superior to whole-tissue RNA-seq in that it can be used to identify 
differentially expressed genes in small cell populations which would otherwise be 
masked by more abundant cell types. Furthermore, single-cell transcriptomics has 
the ability to identify novel subtypes of cells and cells transitioning between pheno-
types [34]. A recent application of these techniques surveyed the aortic macrophage 
population in normal chow-fed and high-fat diet low-density lipoprotein receptor- 
deficient mice. Unique subpopulations of macrophages were identified in healthy 
and diseased aorta including one population of macrophages unique to atheroscle-
rotic aortas with high expression of Trem2 (triggered receptor expressed on myeloid 
cells 2) and a gene signature similar to osteoclasts [35].

 Epigenetics and the Genetic Structure of Calcification

Epigenetics is a new and exciting field of gene regulation. Like our DNA sequence, 
these marks can be inherited, but they can also be altered by the environment. DNA 
methylation is one of the most well-studied modifications in this field and repre-
sents a form of gene silencing. DNA methylation involves methylation of CpG 
dinucleotides which tend to cluster in promoter regions upstream of protein-coding 
genes. There are many different methods that can be used to assay genome-wide 
differential patterns of DNA methylation. These include commercial microarrays 
and bisulfate sequencing, which relies on the principle that methylated cytosines are 
resistant to deamination to uracil by bisulfate treatment [14]. We are just beginning 
to elucidate the role of DNA methylation in vascular and valvular calcification. In 
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calcified aortic valves, genome-wide studies have demonstrated the existence of 
thousands of differentially methylated DNA sites compared to normal valves [36]. 
Functional validation of many of these methylated genes has also been performed. 
The promoter of the long noncoding RNA H19, for example, is hypo-methylated in 
calcified human aortic valves compared to normal valves. Overexpression of H19 is 
thought to drive the osteogenic phenotype through NOTCH1 regulated expression 
of RUNX2 and BMP2 [37]. Conversely, DNA methylation of phospholipid phospha-
tase 3 (PLPP3) was increased in calcified aortic valves compared to normal valves. 
Phosphatases degrade lipid mediators, which have been shown to have strong osteo-
genic potential, and thus gene silencing of these enzymes may contribute to the 
calcification of aortic valves [38]. There is also evidence of DNA methylation con-
tributing to vascular calcification. Stroke patients with methylation of the CDKN2B 
gene have higher amounts of carotid artery calcification [39]. In addition, methyla-
tion of miR-34b may promote vascular SMC calcification through NOTCH signal-
ing [40]. As sequencing costs continue to decline and big data computation becomes 
faster and more accurate, we will begin to see more genome-wide studies of DNA 
methylation aimed at uncovering the pathogenesis of calcification.

Epigenetics also encompasses the complex world of DNA structure. Chromatin is 
composed of more than just DNA. We now know that chromosomes are complex 
three-dimensional structures whereby DNA is coiled around histone proteins to form 
functional units known as nucleosomes. These histone proteins undergo chemical 
modifications, which in turn regulates the degree to which chromatin is tightly con-
densed and thus less transcriptionally active, or loosely packed and more open to gene 
expression. The most common forms of histone modification include lysine methyla-
tion and acetylation. These residues are modified by large families of enzymes that can 
either add or subtract these chemical marks. Histone-DNA interactions can also be 
destabilized directly in an ATP-dependent manner through large chromatin remodel-
ing complexes such as SWI/SNF. Currently there are several methods available to the 
scientific community for evaluating two-dimensional chromatin structure. This 
includes antibody-based techniques for histones and transcription factors such as chro-
matin immunoprecipitation (ChIP), nuclease-based assays with agents such as micro-
coccal nuclease (MNase), and most recently techniques that probe transposase-sensitive 
areas of open chromatin using a method known as assay for transposase-accessible 
chromatin (ATAC). These methods can be scaled to a genome-wide level through 
sequencing [41]. Three-dimensional chromatin structure that allows distant parts of 
chromatin to interact with each other can also be surveyed through techniques such as 
Hi-C [42]. One of the most notable and well- studied regulators of vascular calcifica-
tion is the histone deacetylase sirtuin 1 (SIRT1). SIRT1 opposes osteogenic program-
ming and can block hyperphosphatemia- induced calcification of vascular SMCs, at 
least in part through inhibition of RUNX2 and senescent pathways [43]. SIRT1 levels 
have also been shown to be reduced in calcified aortic valves [44]. Furthermore, endo-
thelial cell-mediated epigenetic drivers of valvular calcification have been investi-
gated. Using human-induced pluripotent stem cell-derived endothelial cells, one group 
demonstrated that NOTCH1 haploinsufficiency altered the activation of anti-osteo-
genic and anti-inflammatory pathways normally provoked by shear stress. 
Mechanistically, they argue that transcription factor dosage preferentially affects 
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certain gene targets through altered H3K27 acetylation at NOTCH1-bound enhancers 
leading to specific pathogenic states [45]. These are just a few examples of how epi-
genetics has uncovered novel components in vascular osteogenesis and has demon-
strated that we have just begun to scratch the surface of the complex genetic process of 
calcification. With the creation of more sophisticated methods of epigenetics, such as 
surveying chromatin on a single-cell level, we will begin to dive deeper into the mys-
teries of calcification and perhaps discover novel methods to eradicate this disease.

 Evaluating Roles for Functional Biomolecules in Calcification 
Via Proteomics and Metabolomics

 Mass Spectrometry as a Tool to Investigate Protein-Mediated 
Regulation of Calcification

As the key functional biomolecules, proteins are intimately associated with disease 
progression and development. Importantly, it is now well-appreciated that levels of 
transcription and translation are often poorly correlated [46], thereby further moti-
vating the study of protein levels in addition to those techniques we have already 
discussed. Protein abundance has traditionally been quantified by antibody-based 
approaches (e.g., Western blots, ELISAs), but these techniques are challenged by 
low protein abundance and have a limited throughput and linear range. The applica-
tion of mass spectrometry to protein profiling is dramatically changing this land-
scape. In a typical proteomics experiment, protein samples are isolated from cultured 
cells or cell culture supernatant, animal/human biofluids (e.g., plasma, serum, urine, 
cerebrospinal fluid, etc.), or engineered, animal, or human tissues and organs. 
Peptides are then typically generated by proteolytic enzymatic digestion (most com-
monly, trypsin and/or Lys-C are employed). These resultant peptides are then sepa-
rated by liquid or gas chromatography and fed into an ion source where the peptides 
are ionized and sent to the mass spectrometer. There, they may fragment further into 
predictable pieces; the masses of the intact peptides or fragments are then measured 
by the spectrometer. Subsequently, bioinformatics software is used to match peptide 
fragment mass spectra against known protein databases. There are two primary 
quantitative methods: stable isotope labeled or label-free [47]. Under label-free con-
ditions, samples are simply injected into the mass spectrometer, and relative changes 
in peptide abundance between samples are measured directly from the resultant 
spectra. This approach is simpler and can be more easily expanded into larger sample 
sizes but requires greater technical uniformity and high sample-to- sample consis-
tency due to the absence of internal standards. Alternatively, peptides can be labeled 
with sample-specific isotope-labeled chemical tags (e.g., tandem mass tags [TMT] 
or isobaric tags [iTRAQ]) that enable sample multiplexing: during fragmentation, 
these tags are sample-specific, and their relative intensities are directly proportional 
to relative abundance of that particular peptide between samples.
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To date, the application of proteomics to the study of calcific aortic valve disease 
or aortic stenosis has remained limited, due primarily to the high capital expense 
and technical complexity of this approach. Initial work to define the proteome of 
valvular calcification that contributes to CAVD and AS began in 2012, when the 
Barderas group identified 35 protein species enriched in stenotic aortic valves vs. 
non-diseased controls using 2D differential electrophoresis and mass spectrometry 
[48]. Follow-up studies by the same group employed TMT and identified statisti-
cally significant alterations in 56 proteins, of which 13 were derived from the extra-
cellular matrix [49]. Protein-protein interaction networks subsequently identified a 
tight cluster of biglycan, periostin, decorin, lumican, and prolargin. The dominance 
of proteoglycans in this cluster is notable, as altered proteoglycan synthesis, break-
down, and accumulation are also well-documented in atherosclerotic calcification 
[50]. In a seminal study, Schlotter et al. employed both global unlabeled and label- 
based tandem mass tag proteomics to quantify 1872 proteins in excised diseased 
human aortic valves [51]. Stenotic aortic valves were manually segmented into 
stages of disease, and global unlabeled proteomics revealed significant enrichment 
of homeostatic collagens in the non-diseased stage, myofibrogenesis and oxidative 
stress in the fibrotic stage, and pro-calcifying proteins such as fetuin A and tissue 
non-specific alkaline phosphatase (TNAP or ALPL) in the calcified end-stage of 
disease (Fig. 23.2). Subsequently, the three individual layers of stenotic human aor-
tic valves were then each isolated by laser capture microdissection and underwent 
comparative TMT proteomics. Overall, 117, 83, and 131 proteins were found to be 
overrepresented by abundance in the fibrosa, spongiosa, and ventricularis, respec-
tively. Notably, glial fibrillary acidic protein (GFAP) was discovered to be almost 
exclusively expressed in the spongiosa. Though fibrosis is generally believed to 
precede and directly potentiate the onset of valvular calcification, it was the 
calcification- protected ventricularis that was enriched in markers of myofibroblastic 
activation (e.g., MYH11, TAGLN2, CNN1, MYLK, etc.). The calcification-prone 
fibrosa was instead enriched in proteoglycans, apolipoproteins, and ANGPTL2, a 
circulating glycoprotein known to modulate endothelial dysfunction, drive osteo-
chondrogenic differentiation, and associate with an increased risk of cardiovascular 
events [52, 53]. This group followed up with further in vitro proteomics of side- 
specific VIC outgrowth cultures and showed that unlike in human tissue, phosphate- 
containing media drove calcification of VIC cultures in the absence of contributors 
from the plasma proteome (e.g., APO(a) or Lp(a), APOC3, FETUB, etc.). These 
findings suggest that plasma proteins which otherwise contributed to human CAVD 
pathogenesis are not induced in established culture models of VIC calcification. The 
whole-tissue valvular secretome was first assessed in 2013, when intact stenotic 
aortic valve leaflets were cultured for up to 5 days and underwent mass spectrome-
try [54]. Sixty-one secreted proteins were identified by the addition of labeled 
amino acids in the culture media, of which only one, the actin-binding protein gel-
solin, was also found in an independent cohort of plasma samples. Gelsolin was 
enriched in the CAVD secretome when compared with that of controls – this was 
notably opposite to the trend of downregulated gelsolin in the secretome from ath-
erosclerotic coronary arteries and points to a novel differentiator between vascular 
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and valvular calcification. Unfortunately, traditional bulk mass spectrometry sample 
preparation does not allow the assessment of specific protein localization within a 
tissue sample of interest. In matrix-assisted laser desorption ionization imaging 
mass spectrometry (MALDI-IMS), tissue sections bound to a sacrificial matrix are 
ionized point by point using a laser, a mass spectrum is recorded for each point, and 
a spatial proteome is then reconstructed in silico at a current lateral resolution of 
approximately 50 μm [55]. MALDI-based analysis of the spatial distribution of 
proteins and peptides across serial histological sections of stenotic aortic valve tis-
sues found that NDRG-2 and collagen VI were strongly segregated to regions 
immediately surrounding calcific nodules and may modulate VIC apoptosis and 
fibrocalcific disease progression [55]. Recently, Goto and colleagues also utilized 
proteomics to carefully characterize the in  vitro calcification behavior of human 
aortic VICs. Using primary VICs derived from a number of human donors with 

a c

b

Fig. 23.2 Multi-omics study of cardiovascular calcification. (a) Schematic example of a 
proteomics- based study of valvular calcification that incorporates an examination of stages of 
disease and anatomical tissue variability ex vivo, along with in vitro side-specific calcification 
assays and concomitant omics. (b) Transcriptomics and proteomics heat maps and principal com-
ponent analyses of transcript and protein expression by disease stage (N  =  non-diseased, 
F = fibrotic, C = calcified) provide mechanistic insight into the progression of calcification. (c) 
Over-represented transcript and protein lists often have limited overlap and poor correlation, 
despite isolation from the same donors. This is due to a number of factors, including differential 
turnover kinetics and regulatory mechanisms. The limited cell density in some fibrous cardiovas-
cular tissues exacerbates this effect, and more sophisticated approaches to integrate multi-omics 
data are often necessary. (Adapted from Ref. [51])
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CAVD, they probed the passage dependency of VIC responses to several classical 
calcification media. Notably, they performed whole-cell, cytoplasmic, and nuclear 
fraction proteomics and found, in an unbiased manner, that abundance of TNAP 
correlated with passage-dependent calcification in media that contained an inor-
ganic source of phosphate [56]. Calcification potential dropped over four passages 
in these VICs, as did TNAP protein abundance and activity. In contrast, VICs main-
tained robust calcification potential over many passages when cultured in media 
containing inorganic phosphate, and there was no passage dependency of TNAP 
abundance or activity in this media type. Others have performed similar studies in 
calcifying bovine-derived aortic VICs, where abundance of 44 proteins was signifi-
cantly altered by pro-inflammatory lipopolysaccharide (LPS) stimulation [57]. 
Among the many functions of these proteins was control of cell redox/nitric oxide 
homeostasis and nitric oxide synthase bioactivity, furthering the notion that oxida-
tive stress is a central driver of LPS-induced VIC calcification in vitro.

Vascular calcification has also been the focus of a number of proteomics-based 
studies. In one clinical study of 196 patients with suspected coronary artery disease, 
targeted plasma proteomics of 358 proteins was fed into machine learning models 
in order to develop risk predictions for the presence of high-risk plaques or absence 
of coronary atherosclerosis [58]. Thirty-five protein biomarkers were identified 
which were predictive of the presence of high-risk plaques at an area under the 
curve (AUC) of 0.79 (a statistically significant improvement vs. prediction based 
only on clinical characteristics, AUC = 0.64). A different set of 34 proteins pre-
dicted the absence of coronary artery disease (CAD) with AUC = 0.85 (significant 
vs. clinical characteristics alone, AUC = 0.70). Other efforts have involved the con-
current analysis of transcriptomics and global proteomics from both carotid endar-
terectomies and paired plasma samples [59], which found biliverdin reductase B 
(BLVRB) to be a novel biomarker of intraplaque hemorrhage and unstable 
CAD. Schlotter et al.’s staged approach to investigating the pathogenesis of calcifi-
cation mentioned above was previously employed to examine liver calcification, 
through the examination of noncalcified, precalcified, and calcified regions of 
human liver [60]. Prior work had demonstrated the involvement of myofibroblasts 
in mineralization of the liver, and so actin cytoskeleton remodeling proteins were 
targeted by mass spectrometry, which revealed abundant expression of the RAS 
GTPase-activating proteins IQGAP1 and IQGAP2, the myofibroblasts present at 
the periphery of calcific nodules. These investigators went on to identify an 
IQGAP1-β-catenin complex involved in the regulation of liver myofibroblast cyto-
skeletal dynamics in response to livery injury. Others have utilized targeted mass 
spectrometry panels to identify a host of serum biomarkers that were predictive of 
the onset of chronic kidney disease, including mediators of inflammation (IL-6, 
TNF-α) and modulators of mineralization and osteoblastic/clastic differentiation 
(OPG, OPN, OCN, FGF-23, and fetuin-A) [61]. Wang et al. identified Smarca4 as a 
novel mediator of hyperphosphatemic vascular calcification using rat aortic SMCs 
cultured in media containing β-glycerophosphate and LC-MS/MS: 113 proteins 
with altered enrichment vs. control media held functions associated with cell adhe-
sion molecule binding and blood vessel development. Smarca4, a chromatin 
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remodeling ATPase, had a particularly high fold change between media conditions, 
and its gene expression was subsequently confirmed to be significantly elevated in 
a rat model of hyperphosphatemic vascular calcification and likely modulates min-
eralization through miR-133b and miR-155 [62]. Novel and highly sensitive mass 
spectrometric approaches to examine the matrisome’s (extracellular matrix and 
ECM-binding proteins) involvement in vascular calcification have included the 
development of quantitative detergent solubility profiling (QDSP), which has been 
validated in animal models: four protein fractions were isolated using a steadily 
increasing proportion of detergent from the atherosclerotic aortas of high-fat, high- 
cholesterol- fed ApoE−/− mice [63] and underwent label-free proteomics. This 
method of selectively and controllably freeing ECM-bound proteins yielded a num-
ber of novel targets that were enriched in atherosclerotic lesions, including the bone 
matrix protein Tnfrfs11b. Furthermore, they detected osteoclast-specific ATPases in 
both plaques and macrophages, which may be indicative of roles for macrophages 
in mineral clearance from plaques.

Nanometer-scale extracellular vesicles (EVs) have recently been implicated as 
active contributors to cardiovascular calcification [64, 65]. EVs are membrane- 
bound particles that are actively released by all eukaryotic cell types and are found 
throughout the body’s tissues, organs, and biofluids. EVs carry bioactive cargos 
(e.g., RNA, proteins, metabolites) and actively mediate intercellular communica-
tion. Mass spectrometry has become a favored tool to interrogate EV protein car-
goes, due in no small part to requirement for sensitive analysis of limited protein 
yields from these tiny structures. When employed to profile EVs obtained from the 
culture of vascular SMCs in control and calcifying media, mass spectrometry iden-
tified over 400 proteins, of which 48 were found exclusively in calcifying vascular 
SMC-derived EVs [66]. These proteins included TNAP and multiple isoforms of 
annexins  – membrane proteins known to potentiate vesicle calcification in  vitro 
[67]. In the context of hyperphosphatemia, matrix vesicles elaborated by cultured 
VICs were demonstrated by proteomics to be strongly enriched in exosomal mark-
ers (CD9, CD63, LAMP-1) and contained dramatic upregulation of eight annexin 
isoforms when compared with those excreted by VICs cultured in control media 
[68]. Others have shown significant overlap in the EV cargo proteomes of vesicles 
produced by vascular SMCs cultured in hyperphosphatemic conditions and those 
derived from mineralizing chondrocytes [69] or osteoblasts [70]. Along with unbi-
ased approaches, proteomics has also been exploited to examine specific, difficult- 
to- assay biochemical mechanisms. For example, the multiligand sorting receptor 
sortilin (SORT1) regulates the loading of TNAP into vascular SMC-derived EVs, 
thereby promoting EV-driven calcification [71]. This loading functionality of sorti-
lin was likely regulated by posttranslational modification, and while sortilin con-
tains a number of candidate phosphorylation sites, an absence of phospho-specific 
sortilin antibodies leads Goettsch and colleagues to develop a targeted mass 
spectrometry- based strategy to monitor sortilin phosphorylation at serine 825. In 
this manner, these investigators determined that levels of pSer825 in human SMCs 
were dramatically elevated in calcifying culture conditions, as well as in calcified 
mouse arteries and human carotid endarterectomies [66].
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Much like with scRNA-seq, there has also been a recent push to expand pro-
teomics into the single-cell realm, primarily through the application of mass 
cytometry (CyTOF). Here, heavy metal-conjugated antibodies are used to label 
cells, which are then nebulized into single-cell droplets [72]. Plasma is utilized to 
ionize the metal-conjugated antibodies; the resultant ions are analyzed per single-
cell droplet in a time-of-flight mass spectrometer, where an ion’s velocity is deter-
mined by its mass-to-charge ratio. Unlike traditional fluorescent-based flow 
cytometry which tops out at no more than 20 color channels, CyTOF is currently 
capable of quantitative measurements of protein abundance across up to 135 chan-
nels – ion signals on the time-of-flight mass spectrometer suffer nowhere near the 
same degree of spectral overlap as the fluorophores typically used in cytometry 
[72]. This technique therefore lends itself to an unbiased, detailed, and complete 
examination of, for example, an entire signaling network of interest or immuno-
phenotyping the cellular components of complex tissues such as are present in 
calcified blood vessels, valves, or soft tissues. CyTOF approaches are now being 
combined with scRNA- seq to perform multi-omics on diseased cardiovascular tis-
sues at a single-cell resolution: one such study examined the immune cell reper-
toire of atherosclerosis in Apoe−/− and Ldlr−/− mice [73]. Another has identified 
alterations in specific CD4+ T cell subsets between asymptomatic vs. symptomatic 
human carotid artery plaques and found evidence of macrophage subsets that 
modulate plaque vulnerability and were associated with recent ischemic cerebro-
vascular events [74]. Moving forward, the expansion of single-cell proteomics 
beyond the limited segment of the proteome accessible to CyTOF will enable 
order-of-magnitude improvements in the biological complexity which can be cap-
tured. Novel techniques such as Single-Cell ProtEomics by Mass Spectrometry 
(SCoPE-MS), where single cells are picked, TMT-labeled, and undergo mass 
spectrometry along with a larger population of differently TMT-labeled carrier 
cells that potentiate peptide sequence identification by providing additional ions 
[75], or perhaps those based on a revival of Edman protein sequencing [76] hold 
promise in this regard.

 Metabolomics: Assessing the Final Link Between Genotype 
and Phenotype

Metabolites are small molecules produced as the substrates, intermediates, and 
products of metabolism. Metabolites may be endogenous (breakdown products of 
compounds produced by the organism of interest; e.g., amino acids, fatty acids, 
nucleic acids, sugars, etc.) or exogenous (drugs, environmental contaminants, xeno-
biotics). Importantly, metabolites represent the biomolecules that are closest to phe-
notype and directly represent biochemical activity [77]. Modern metabolomics 
leverage mass spectrometry in much the same ways as do proteomics – metabolites 
are extracted and purified from samples of interest, and the molecular masses and 
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fragmentation patterns of the isolated metabolites are determined. These masses 
and fragments are then compared against databases of known and predicted metabo-
lites to assign compound identifications [78]. Mass spectrometry-based metabolo-
mics remain in their infancy, and applications of this technique to the study of 
calcification have focused almost exclusively on blood metabolites.

One large multicenter study examined the plasma metabolome of 2324 
patients who underwent coronary angiography for expected CAD [79]. Five 
resultant clinical phenotypes were described (normal, nonobstructive CAD, sta-
ble angina, unstable angina, acute myocardial infarction), and 89 differential 
metabolites were identified. These metabolites implicated phospholipid catabo-
lism, amino acid metabolism, and bile acid biosynthesis. Twelve panels of 
metabolomics-based biomarkers provided strong predictive values of 
89.2–96.0% for differential diagnosis between the clinical phenotypes. In 
another blood-based study of 1111 participants, the circulating metabolome was 
compared with extra- and intracranial carotid artery calcification as measured by 
computed tomography [80]. Upon examination of associations between calcium 
scores and metabolites, the authors found that the ketone body 3-hydroxybutyr-
ate was significantly associated with intracranial carotid artery calcification, and 
glycoprotein acetyls were associated with calcification in both regions. In the 
context of chronic kidney disease-associated calcification, targeted assessment 
of arginine metabolites from the blood of Ldlr−/− mice with 5/6 nephrectomy 
and fed a high-fat diet revealed that levels of asymmetric dimethyl arginine were 
elevated in mice with CKD [81]. Deranged nitric oxide synthesis may therefore 
be implicated in hyperphosphatemic vascular calcification. Others have utilized 
rats with adenine-induced CKD to examine the impact of removing gut-derived 
uremic toxins through pharmacotherapy [82]. Pharmacologic intervention sig-
nificantly reduced over half of all metabolites that were increased in plasma, 
liver, and heart in response to adenine and determined that eight gut-derived 
uremic toxins defined the onset of CKD. As metabolomic sample preparation 
techniques mature, an expansion is occurring beyond biofluids in an effort to 
examine tissue metabolomes. An example of such a study is that of Vorkas and 
colleagues, who extracted metabolites from 126 aortic aneurysms, carotid end-
arterectomies, or femoral endarterectomies [83]. They performed consecutive 
aqueous and organic extractions from mechanically homogenized tissue sam-
ples and employed hydrophilic interaction liquid chromatography and reversed-
phase chromatography in tandem with mass spectrometry to define 226 unique 
tissue-derived metabolites. When the metabolome of mature plaques was com-
pared with that of tissues undergoing early intimal thickening, compounds from 
the cholesterol, purine, pyrimidine, and ceramide pathways were significantly 
enriched [84]. Importantly, β-oxidation intermediates indicative of impaired and 
dysregulated fatty acid metabolism and overall mitochondrial dysfunction were 
detected. The future widespread use of tissue metabolomics promises to further 
clarify the mechanistic contributions of altered metabolism to the initiation and 
progression of calcification.
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 Systems-Based Computational Approaches 
in Cardiovascular Calcification

 Bioinformatics to Extract Biological Insights

Cardiovascular calcification is a multi-factorial pathological process that involves 
dynamic interactions between a large number of biological elements. This molecu-
lar complexity makes it highly conducive to holistic, data-driven approaches, which 
have recently emerged in medicine as indispensable counterparts to the traditional 
reductionist, hypothesis-driven standpoint. Equipped with an ever-growing collec-
tion of computational tools that take into account the interdependencies between 
molecular entities, the field of systems biology, powered by high-resolution molec-
ular profiling (“omics”) techniques and large-scale biomedical knowledge bases, 
has started making a crucial impact on the study of vascular and valvular calcifica-
tion. In this section, we will overview some examples of recent such efforts.

The first stage of a typical bioinformatics workflow in clinical research involves 
next-generation sequencing or omics profiling on case and control samples to quan-
tify the differences in their expression levels. This step is invariably followed by 
normalization and standardization of the data, which is usually done using well- 
established protocols that are omics-specific. The second stage involves the statisti-
cal treatment of the data to determine the strongest signals and to cluster samples 
into biologically coherent groups, usually through various forms of differential 
expression analysis and multivariate statistical analyses such as principal compo-
nent analysis (PCA) or hierarchical clustering. The third and final stage generally 
involves some combination of pathway and network analyses to extract the most 
refined and pertinent information related to the biology in question and is perhaps 
the stage with the most room for creative use of state-of-the-art methods. Pathway 
analysis serves to mitigate the complexity and improve the interpretability of the 
data by summarizing long lists of molecules in terms of familiar biological pro-
cesses. Networks provide a natural means to represent large-scale complex interac-
tions and are therefore the cornerstone of systems-based approaches in medicine 
[85]. Molecular networks are typically built and analyzed in this stage to infer key 
pathways and biomarkers, as well as to predict novel disease-related molecules and 
therapeutic candidates.

Transcriptome profiling, especially whole-genome techniques such as RNA 
sequencing (RNA-seq), has been the technology of choice and often the starting 
point of many studies that use systems-driven approaches to investigate cardiovas-
cular diseases [86], including cardiovascular calcification. Sen et  al. [29] used 
RNA-seq to compare lymphoblastoid cell lines from coronary artery calcification 
(CAC) cases and controls to identify 186 differentially expressed transcripts, which 
showed significant enrichment with literature-curated CAD-associated genes. 
Analyzing the identified transcripts by a dedicated integrated systems biology anal-
ysis software revealed networks associated with cardiovascular system develop-
ment, lipid metabolism, and cyclic AMP metabolism, suggesting possible 
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mechanisms through which CAC may be related to CAD etiology. The effect of 
shear stress and NOTCH1 signaling on the human aortic valve endothelium was 
studied by White et al. [87] by jointly analyzing RNA-seq and ChIP-seq data on 
primary human aortic valve endothelial cells (HAVECs). The authors integrated 
differential expression analysis with ChIP-seq peak scores to determine the direct 
transcriptional targets of NOTCH1  in HAVECs and used the resulting gene sets 
with pathway and Gene Ontology (GO) over-representation analysis. The potential 
targets activated by both NOTCH1 and shear stress were associated with maintain-
ing noncalcified bone growth plates, repressing osteogenesis, and preventing ath-
erosclerosis, vascular calcification, and angiogenesis and included matrix gla 
protein (MGP). Perisic et al. [88] analyzed the gene expression in carotid endarter-
ectomies and peripheral blood from patients with symptomatic and asymptomatic 
carotid stenosis. Gene set enrichment analysis (GSEA) was performed to determine 
the significant biological processes, and prediction modeling was used to classify 
plaques from symptomatic versus asymptomatic patients. The authors built func-
tional networks, which were associated with atherosclerosis mapped to hypoxia, 
chemokines, calcification, actin cytoskeleton, and extracellular matrix (ECM). 
Rukov et al. [21] studied vascular calcification in the context of chronic uremia and 
chronic kidney disease (CKD), where they performed RNA sequencing on rat aortas 
with and without uremia. A bioinformatics pipeline consisting of differential expres-
sion analysis, GO cluster analysis, and pathway enrichment analysis revealed path-
ways and ontologies related to ECM, ossification, and Jak/STAT and MAPK signal 
transduction, demonstrating the shift in the transcriptional program of the calcified 
aorta from vascular tissue toward an osteochondrocytic profile. To elucidate the 
mechanisms distinguishing pathological vascular calcification from physiological 
bone calcification, Alves et al. [22] carried out a comparative transcriptomic profil-
ing of calcifying vascular SMCs and osteoblasts, followed by bioinformatics analy-
ses. PCA on the time-course gene expression data revealed distinct global expression 
patterns between the two cell types. K-means clustering was performed on the tem-
poral expression profiles of the differentially expressed genes during calcifying vas-
cular SMC development and osteoblast differentiation to identify six distinct 
clusters representing groups of genes with similar regulation patterns over time. 
Correlation analyses revealed shared biological axes between calcifying vascular 
SMCs and osteoblasts. Strong positive correlations were found between calcifying 
vascular SMCs and osteoblasts for biomineral tissue development, while bone- 
related processes such as regulation of osteoblast differentiation showed strong 
negative correlations, suggesting the uniqueness of calcifying vascular SMCs.

Noncoding RNAs, particularly microRNAs (miRNAs) and long noncoding 
RNAs (lncRNAs), are increasingly being implicated in cardiovascular diseases as 
potential biomarkers and therapeutics [89, 90]. Chaturvedi et al. [91] studied the 
transcriptional control of miRNAs in vascular calcification in a CKD rat model 
through miRNA microarray expression profiling. The authors obtained post- 
transcriptional regulatory networks of miRNAs dysregulated between vascular 
SMCs and extracellular vesicles (EVs) following a multi-step bioinformatics pipe-
line. Differentially expressed miRNAs were fed into two parallel computational 

M. C. Blaser et al.



541

miRNA target prediction methods. The target mRNAs identified by the consensus 
of these two methods and regulated by multiple differentially expressed miRNAs 
were considered for further regulatory network construction. The functional and 
pathway enrichment of the genes controlled by multiple miRNAs recapitulated 
pathways previously implicated in vascular calcification. This approach also 
revealed several novel miRNAs whose targets were enriched in pathways that were 
not previously associated with vascular calcification or EV formation. Coffey et al. 
[92] examined the valve miRNA profiles of human aortic valve samples with and 
without aortic stenosis (AS) following a systems biology approach that involved the 
integration of mRNA and miRNA information. Network clustering based on co- 
expression of differentially expressed miRNAs revealed clusters of miRNAs that 
were enriched in distinct biological processes such as glycosaminoglycan biosyn-
thesis for upregulated miRNAs and regulation of actin cytoskeleton for downregu-
lated miRNAs. Differentially expressed miRNAs and mRNAs between control and 
AS samples were integrated on a per-sample basis for the in silico reconstruction of 
post-transcriptional regulatory networks where mRNA targets were predicted using 
a computational miRNA-mRNA interaction prediction tool. Finally, building an 
integrated network of miRNAs, mRNAs, transcription factors, and drugs helped the 
identification of drugs targeting upregulated and highly connected mRNAs, high-
lighting potential novel therapies for AS. The mechanistic involvement of lncRNAs 
in vascular calcification was recently studied by Jeong et al. [93]. The authors per-
formed RNA sequencing on rat vascular SMCs and employed a three-step analysis 
pipeline which searched for lncRNAs that were (i) differentially expressed during 
vascular calcification, (ii) conserved across species, and (iii) had literature evidence 
of their genomic neighborhood in the context of calcification, calcium regulation, or 
related processes. They studied the regulatory network of Lrrc75a-as1, one of the 
four candidate lncRNAs identified by this bioinformatic approach, by using a 
miRNA target prediction tool and identified 47 putative target miRNAs interacting 
with Lrrc75a-as1 in a sequence-specific manner, suggesting that Lrrc75a-as1 may 
regulate vascular calcification through interaction with these miRNAs.

Mass spectrometry-based techniques such as proteomics have been gaining 
prominence in cardiovascular research [94], since the measurement of protein levels 
represents a direct proxy of biological function [95]. Proteomic data has been suc-
cessfully combined with bioinformatics methods in cardiovascular calcification 
research. Langley et al. [96] studied the proteomics of carotid endarterectomy sam-
ples from symptomatic and asymptomatic patients, where they focused on the ECM 
proteome seeking to identify the molecular predictors of symptomatic atheroscle-
rotic plaques. They constructed co-expression networks from proteins differentially 
expressed between carotid plaques from symptomatic and asymptomatic patients. 
Proteins of similar functions such as matricellular proteins and glycoproteins were 
co-clustered in these networks. Furthermore, the connectivity patterns between the 
constituent proteins of the four-biomarker signature that improved clinical risk pre-
diction (matrix metalloproteinase 9, S100A8/S100A9, cathepsin D, and galectin- 3- 
binding protein) were captured in these co-expression networks. Wierer et al. [63] 
studied the changes in the proteome of the mouse aorta following atherosclerotic 
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plaque development using high-resolution mass spectrometry. Unsupervised hierar-
chical clustering of the significantly regulated proteins resulted in four major clus-
ters, which were subsequently analyzed for functional annotation enrichment. 
Clusters wherein proteins were specifically regulated during atherogenesis con-
tained a large number of known factors related to atherosclerotic plaque develop-
ment. In one of these clusters, proteins associated with bone-related GO terms were 
also enriched, hinting at vascular calcification, a hallmark of atherogenesis. 
Additionally, proteins known to promote and inhibit calcification were both 
increased at later time points of atherogenesis, suggesting the complex interplay of 
positive and negative regulators of vascular calcification. Schanstra et al. [97] stud-
ied the proteomes of peripheral arteries from early-stage and advanced-stage CVD 
patients with the aim of discovering novel therapeutic candidates for CVD, taking a 
computational drug repurposing route. The CVD proteomic signature, consisting of 
differentially expressed proteins, was tested for pathway enrichment and then que-
ried against the Connectivity Map database [98] for small molecules that could 
potentially reverse this signature. Twelve molecules were predicted to significantly 
reverse the CVD signature, and among these, arachidonic acid trifluoromethyl 
ketone (AACOCF3), an inhibitor of cytosolic phospholipase A2 (cPLA2), showed 
the highest negative enrichment score. Treatment with AACOCF3 significantly 
reduced vascular calcification and inhibited osteogenic signaling in  vivo in a 
cholecalciferol- overload mouse model and in vitro in human aortic SMCs, provid-
ing a proof of concept of the utility of computational repositioning in vascular cal-
cification drug discovery.

 Multi-omics Data Integration

Network-based and other data integration methods are increasingly being used in 
biomedical research under the umbrella of “integrative omics” to simultaneously 
analyze different omics types [99]. This approach is especially promising because 
often the molecular sources of variability are not known beforehand, and therefore 
the biological complexity of human disease might not be fully captured by consid-
ering a single data modality. Guauque-Olarte et al. [16] used an integrative genom-
ics workflow to describe the first genome-wide association study (GWAS) in aortic 
stenosis (AS). Two GWAS on AS patients were combined in a meta-analysis, and 
expression of susceptibility genes from both studies was analyzed through RNA-
seq in human valves with and without AS. Pathway analysis was conducted at the 
level of SNPs, enabling the detection of subtle effects of multiple SNPs in the same 
gene set. In parallel to RNA-seq, genome-wide genotyping and gene expression 
profiling were performed on an independent set of human aortic valves for expres-
sion quantitative trait loci (eQTL) profiling. The authors devised an integration 
scheme where differentially expressed genes from RNA-seq were filtered for (i) 
being 1  Mb up- or downstream of SNPs with P < 1  ×  10−4 in the GWAS 
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meta-analysis, (ii) participating in molecular pathways known to be altered in the 
development and progression of AS, and (iii) belonging to the set of identified sig-
nificant eQTLs. This analytical workflow resulted in the identification of RUNX2 
as a potential driver of AS and CACNA1C as a new AS susceptibility gene. 
Mourino-Alvarez et al. [100] used an integrative omics approach combining plasma 
proteomics and metabolomics to characterize the molecular determinants differen-
tiating between AS and aortic regurgitation (AR), using the latter as control. 
Multivariate analyses consisting of PCA and hierarchical clustering were used on 
proteomics and metabolomics data for an unsupervised separation of AS and AR 
samples. Significantly altered proteins and metabolites in AS were classified by 
their annotated functions into four molecular panels related to coagulation, inflam-
mation and immune response, response to ischemia, and lipid metabolism. Receiver 
operating characteristic (ROC) curves confirmed the predictive power of these pan-
els, suggesting their use as potential diagnostic and prognostic markers in 
AS. Schlotter et al. [51] investigated calcific aortic valve disease (CAVD) in both 
the spatial and temporal dimensions combining multi-omics with network medi-
cine approaches (Fig. 23.3). Transcriptomics and proteomics were performed on 
stenotic human aortic valves segmented to reflect the stages of disease progression 
as well as anatomical tissue layers. A fold change- based over-representation 
approach determined mutually exclusive sets of genes and proteins that character-
ize each stage/layer. The enriched pathways of each stage and layer were repre-
sented in pathway networks whereby tightly connected clusters of pathways 
provided salient groups of biological processes. Stage/layer-specific proteins were 
mapped onto the global human protein-protein interaction (PPI) network to deter-
mine the key molecular drivers of CAVD progression. Subsequent betweenness 
centrality analysis revealed fibronectin-1 as one of the most central proteins in both 
the calcific stage network and the fibrosa layer network. Finally, network proximity 
analysis implicated the molecular association of CAVD with inflammatory and 
fibrotic diseases, pointing to possible shared mechanisms with these diseases.

Systems-based computational approaches have so far proven to be instrumental 
in shedding light on the potential mechanisms underlying cardiovascular calcifica-
tion. Nevertheless, dissecting the molecular markers of phenotypic heterogeneity, 
reliably subtyping patients based on the identified biomarkers, and designing per-
sonalized therapies remain major challenges. As the analysis tools of systems medi-
cine, data collection methods of omics technologies, and annotation capabilities of 
large-scale biomolecular and pharmacogenomic databases continue to improve in 
constant feedback with each other, we will witness major leaps in addressing these 
challenges. Advances in cloud computing will further aid systems-based approaches 
by improving the scalability and reproducibility of computationally intensive ana-
lytical workflows [101]. Finally, the integrated analysis of multi-omics will become 
a ubiquitous practice with the further development of methods that can efficiently 
and simultaneously analyze all omics types from genomics to metabolomics, 
empowering the precision medicine of calcific disease.
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Fig. 23.3 Network medicine-based analyses of aortic valve calcification. (a) A protein-protein 
interaction (PPI) subnetwork generated from proteomics of calcified human aortic valve tissue 
identifies a number of key proteins (red) implicated in calcification. (b) PPI network generated 
from region-specific proteomics of the disease-prone fibrosa valve layer identifies a specific fibro-
nectin isoform as a putative mediator of disease progression. (c) Disease association networks 
demonstrate significant associations (based on average network distance) between the CAVD 
protein-protein interaction network and those of other cardiovascular, malignant, metabolic, and 
autoimmune diseases. Diseases inside the circle (e.g., atherosclerosis, systemic lupus erythemato-
sus) were significantly associated with aortic stenosis, while those outside (e.g., rheumatoid arthri-
tis) were not. (Adapted from Ref. [51])
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 The Promise of Omics-Driven Target Discovery

The ongoing confluence of personalized medicine and omics approaches is poised 
to revolutionize our understanding of and approaches to the treatment of calcific 
disorders. Several lingering challenges remain, particularly in the context of causal 
(driving) or correlative (reactive) changes in omics datasets. Differentiating causal 
vs. correlative changes through omics analyses remains difficult, though multi- 
omics integration holds some promise in this regard. Determination of causal driv-
ers is likely to consistently require follow-up testing in in vitro/in vivo models of 
disease, in combination with temporal studies to investigate whether a causal varia-
tion precedes or is caused by the phenotype of interest (reviewed in [102]). In the 
future, we can also expect to see the further democratization of these omics tech-
niques as access to sequencing, mass spectrometry, and high-powered computation 
becomes progressively more economical. Usage of omics is likely to expand far 
beyond a precious few clinical samples, toward a standard role in the biomedical 
scientist’s toolkit for routine studies of calcific diseases in animal and cell culture 
models. Intelligent synthesis of extensive, multi-species, and multi-omics datasets 
across ex vivo, in vivo, and in vitro experimental conditions will be essential in 
order to derive accurate and validatable mechanistic insights [103]. It is also impor-
tant to consider that there is a growing movement away from the use of animals in 
research – indeed, the EPA recently announced plans to eliminate testing in mam-
mals by the year 2035, and other governmental, academic, and commercial research 
and pharmaceutical initiatives are likely to closely follow suit. Preclinical work that 
is currently performed in animal models of calcific diseases will undoubtably shift 
toward tissue-engineered models that recapitulate key aspects of the disease micro-
environment, and target discovery will increasingly rely on in silico modeling based 
on prior datasets [104, 105]. In contrast to efforts to reduce the usage of animals, 
omics-based studies in humans are poised to dramatically increase in scale: as we 
plumb the depths of increasingly smaller effect sizes or work to composite poly-
genic effects, we will undoubtably come to rely heavily on databases that combine 
multi-omics datasets with rich, high-quality clinical phenotyping in hundreds of 
thousands of individuals such as the UK Biobank, the National Institutes of Health’s 
All of Us, or Veterans Affairs Million Veteran Program [106]. As this exciting field 
develops, fundamental questions arise: Are we prepared to navigate the ethical, 
legal, and social ramifications of widespread genomic testing? Do large human 
cohorts contain participants of sufficient racial and ethnic diversity to ensure that 
variant associations are relevant to at-risk populations? What additional training do 
front-line clinicians require in order to most effectively leverage omics-derived cal-
cification therapeutics? Most importantly, how do we undertake targeted delivery of 
therapeutics or prioritize non-promiscuous targets in order to safely regress patho-
logical calcification without impacts on skeletal integrity? Finding answers to these 
concerns is essential. In the end, unbiased omics may hold the most promise as a 
means to kick-start efforts to bridge the fundamental knowledge gap present in our 
understanding and treatment of aberrant calcification.
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