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           Introduction 

 The aberrant mineralization of soft tissues (i.e., 
ectopic calcifi cation) recently has been asso-
ciated with various chronic and degenerative 
conditions in humans. Cardiovascular tissue, 
particularly vasculature and valves, are among 
the peripheral tissues affected by the patho-
logical deposition of calcium phosphate in con-
nective tissue [ 1 ]. Although whether ectopic 
calcifi cation originates from the same causes in 
different soft tissues is still unclear, the mineral-
ization process seems to be triggered by chronic 
infl ammatory conditions. This relationship has 
been especially demonstrated in the cardiovas-
cular system, where macrophage infi ltration and 
subsequent release of proteolytic enzymes and 
cytokines precedes the transformation of vascular 
smooth muscle cells and valve interstitial cells 
(VICs) into osteoblast-like cells. Over the last 
two decades, cardiovascular calcifi cation has 
gradually gained the attention of more research 
groups with the acknowledgement that calcifi -
cation constitutes an independent risk factor for 
cardiovascular morbidity and mortality [ 2 – 7 ]. 
Moreover, the prevalence of arterial calcifi ca-
tion and calcifi c aortic valve disease (CAVD) 

is expected to increase, due to aging worldwide 
population. An estimated 2.1 million patients in 
Europe and 3.5 million patients in North America 
will suffer from severe CAVD by 2025 and 2050, 
respectively [ 8 ]. Therefore, a better understand-
ing of the mechanisms underlying the initiation 
of CAVD will lead to the development of novel 
diagnostic and therapeutic methods to improve 
patients’ quality of life. 

 Common epidemiological risk factors such as 
age, hypercholesterolemia, metabolic syndrome, 
chronic renal disease, and diabetes mellitus have 
been identifi ed for atherosclerosis and CAVD 
[ 5 ,  9 ,  10 ]. Nevertheless, different molecular 
mechanisms may participate in arterial and aor-
tic valve calcifi cation, as suggested by the lack 
of benefi t of statin therapy on the reduction of 
valve calcifi cation [ 11 ,  12 ]. Indeed, we now rec-
ognize that aortic valve calcifi cation represents a 
late stage of a progressive disease that alters the 
anatomy and functionality of the aortic valve [ 13 , 
 14 ]. In a healthy valve, a layer of endothelium 
encloses three distinguishable layers of connec-
tive tissue: fi brosa, spongiosa, and ventricularis. 
Heart valve disease begins with microstructural 
changes involving a degenerative remodeling of 
the fi brosa layer. This stage of the disease, char-
acterized by a mild thickening of the valve with-
out overt changes on blood outfl ow from the left 
ventricle, is known as aortic sclerosis. A subset 
of patients develops aortic stenosis, character-
ized by the presence of macroscopically calcifi c 
lesions and limited motion of the valve leafl ets. 
Stiffening of the aortic valve results in major 
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hemodynamic changes and remodeling of the left 
ventricle that can lead to fatal myocardial infarc-
tion in these patients [ 14 ]. 

 Currently, the only available treatment options 
for aortic stenosis are surgical or transcatheter 
valve replacements [ 15 ]. But these interventions 
are intended for the end stage of the disease, and 
generally result in a poor prognosis. Furthermore, 
pharmacological therapies—including statins, 
mineralocorticoid receptor antagonists, and 
bisphosphonates—have not been effective in 
clinical practice [ 12 ,  16 – 18 ]. Two interrelated 
challenges thus need to be addressed by CAVD 
investigators. First, we must identify molecular 
targets to stop the progression of CAVD at differ-
ent stages of the disease; and second, we should 
endeavor to generate new non-invasive methods of 
diagnosis that allow the visualization and quanti-
fi cation of early events of CAVD. The technology 
available in current clinical practice, such as intra-
vascular ultrasonography (IVUS), transthoracic 
echocardiography (TTE), computed tomography 
(CT), or magnetic resonance imaging (MRI), fails 
to detect microcalcifi cations and to measure other 
key cellular events that are crucial to detect before 
valve damage is irreversible. 

 Molecular imaging, an emerging modality, 
can be used to visualize molecular processes in 
vivo [ 19 ,  20 ]. This approach has been extremely 
useful in several biomedical areas, including car-
diovascular research. The design of fl uorescent 
probes to target specifi c molecules or to monitor 
certain enzyme activity have helped researchers 
to understand biological processes simultane-
ously in real time at cellular and molecular lev-
els. This chapter aims to provide a review of the 
imaging studies that have been crucial to our 
understanding of the early stages of CAVD, and 
to give an overview of the most recent advance-
ments with potential to be translated to the clinic.  

    Imaging of Aortic Valve Disease 

 The notion that infl ammation plays a funda-
mental role in the development of cardiovas-
cular calcifi cation is quite recent [ 13 ,  14 ]. To a 
large extent, studies using fl uorescence-based 

 imaging techniques support the paradigm that 
an identifi able sequence of cellular events trig-
gers cardiovascular calcifi cation [ 21 – 24 ]. The 
most frequent imaging modalities used for this 
purpose are fl uorescence refl ectance imaging 
(FRI) and intravital confocal microscopy (IVM). 
These platforms offer great versatility, as two or 
more fl uorochromes can be employed in the same 
experiment to visualize two different biologi-
cal processes simultaneously. The macroscopic 
resolution of FRI makes this platform ideal for 
imaging entire organs, while IVM is more suit-
able for obtaining information at the microscopic 
level. Both imaging systems have been used 
complementarily with a variety of targeted and 
activatable imaging agents. The targeted agents 
consist of an affi nity ligand (antibody or small 
molecule) conjugated to a fl uorochrome or mag-
netic compound [ 25 – 27 ]. The activatable agents 
must be chemically modifi ed, commonly by an 
enzyme, in order to emit fl uorescence. For in 
vivo applications, the near-infrared region of the 
light spectrum (600–900 nm) is preferred over 
visible or infrared light. The use of near-infrared 
fl uorescence (NIRF) probes enables imaging 
from deeper regions of the tissue, avoids pho-
ton absorption, and increases the signal-to-noise 
ratio. Through the imaging of a battery of NIRF 
agents, we have been able to monitor over time 
the main cellular events leading to valve calcifi -
cation: (1) endothelial activation, (2) macrophage 
infi ltration, (3) extracellular matrix degradation, 
and (4) osteogenic activity in the aortic valves of 
hypercholesterolemic apolipoprotein E–defi cient 
(apoE −/− ) mice [ 21 – 24 ].  

    Monitoring of Endothelial 
Activation and Infl ammation 
In Vivo 

 In response to atherogenic factors, endothelial 
cells express a variety of adhesion and chemo-
tactic molecules that initiate a local infl ammatory 
response [ 28 – 31 ]. Furthermore, the expression of 
vascular cell adhesion molecule-1 (VCAM-1), 
intercellular adhesion molecule-1 (ICAM-1), and 
E-selectin increases in the valvular  endothelium 
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of diseased valves [ 31 ,  32 ]. Thus, adhesion mol-
ecules also may refl ect an injury response of 
valvular endothelial cells. In support of this pos-
sibility, we found by MRI and NIRF microscopy 
that VCAM-1 is mainly distributed in the aortic 
valve leafl et near the region known as the com-
missure [ 23 ] (Fig.  13.1 ). This region is where the 

valve leafl et is attached to the aortic root, and is 
subjected to the greatest amount of mechanical 
stress during the cardiac cycle [ 33 ]. Interestingly, 
endothelial activation refl ected by the expression 
of VCAM-1 has been found in an ex vivo model 
that recreates shear stress of the bicuspid aortic 
valve [ 34 ].

a

b

c

  Fig. 13.1    Visualization of early events of aortic valve 
calcifi cation through molecular imaging. ( a ), Endothelial 
cell activation occurs in the commissures of diseased aor-
tic valves. ( Left ) Ex vivo MRI showing the long-axis view 
of the aortic arch and root.  Dotted line  depicts slice posi-
tion of short-axis view ( middle ). Dark areas in the middle 
panel denotes where the nanoparticles were taken up by 
endothelial cells. ( Right ) Color-coded signal intensities 
of short-axis view show focused uptake of molecular 
agent in commissures ( arrows ). ( b ), NIRF microscopy 
with a protease- activatable agent for cathepsin activity 
( left ). Immunochemistry colocalized NIRF signals with 

 macrophages (Mac3) expressing cathepsin B. ( c ), In 
the aortic valve of atherogenic mice, the infl ammatory 
activity correlates with osteogenesis as visualized by ex 
vivo IVM. ( Left ) Macrophage accumulation measured 
by accumulation of magnetofl uorescent nanoparticles. 
( Middle ) Bisphosphonate-imaging agent binds to nano-
molar concentrations of hydroxyapatite to detects osteo-
genic activity. Molecular imaging allow infl ammatory and 
osteogenic activities colocalized in the areas of highest 
mechanical stress at the aortic valve attachment ( arrows ) 
(Adapted from Aikawa    et al. [ 21 – 23 ])       
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   Through the use of magnetofl uorescent 
nanoparticles, it was possible to determine that 
macrophages accumulate in regions of the leaf-
let that present endothelial cell activation [ 22 , 
 23 ]. The NIRF signal from the nanoparticles was 
mainly located in the thickened regions of the 
valve containing abundant Mac3 immunoreactive 
cells. This fi nding suggested that macrophages 
are involved in the remodeling of the extracellu-
lar matrix (ECM) of the valve. Remarkably, the 
presence of macrophages determines how rapidly 
the aortic stenosis progresses [ 35 ]. Another con-
sequence of macrophage accumulation is that the 
released cytokines, such as TGF-β, IL-1β, and 
TNF-α, induce the activation of VICs into myo-
fi broblasts [ 36 – 38 ]. In our experiments, we have 
noticed a close spatial relationship between these 
cell types that needs further investigation. In 
this context, a pathological interaction between 
 macrophages and VICs may lead to thickening 
and dysfunction of the valve through an aberrant 
remodeling of its architecture. A consideration 
about the interpretation of imaging experiments 
with polysaccharide-coated magnetic nanopar-
ticles should be noted: a recent study found that 
valvular myofi broblasts also can uptake magne-
tonanoparticles, opening the possibility that to 
some extent, other cell types could accumulate 
these nanoparticles [ 39 ]. This fi nding is espe-
cially important considering that the immune 
infi ltrate in CAVD also includes lymphocytes, 
plasma cells, and mast cells [ 40 – 43 ]. We there-
fore must generate cell-specifi c imaging agents 
to achieve better insight into the functions of 
 different types of immune cells. Experiments 
with new imaging agents will help to determine 
if the timing and presence of a particular immune 
cell type associate with the progression and 
severity of calcifi cation.  

    Extracellular Matrix Remodeling 
Promotes Valve Calcifi cation 

 The release of matrix-degrading proteinases has 
been proposed as a mechanism to explain the patho-
biology of CAVD [ 44 – 46 ]. Valvular myofi broblasts 
and macrophages synthesize matrix metallopro-
teinases (MMPs; e.g., collagenase-1/MMP-1, 

 collagenase-3/MMP-13, gelatinase-A/MMP-2, and 
gelatinase-B/MMP-9) and cysteine endoproteases 
(cathepsins B, K, and S) [ 47 – 50 ]. Using hyper-
cholesterolemic ApoE −/−  mice, we have shown that 
regions of the aortic valve enriched with valvular 
myofi broblasts and macrophages displayed activ-
ity of cathpesins B and K, as well as MMP-2 and 
MMP-9 [ 21 ,  23 ]. The implications of collagen and 
elastin degradation are not only structural, but also 
functional. ECM composition has been proposed 
to modulate VIC calcifi cation and proliferation 
[ 51 – 53 ]. A reduction in the number of interaction 
sites with ECM or by-products of ECM degrada-
tion may facilitate VIC transdifferentiation into an 
osteoblastic- like phenotype. In agreement with this 
notion, we found that cathepsin S activity acceler-
ates arterial and valvular calcifi cation in mice with 
atherosclerosis and chronic renal disease (CRD) 
[ 21 ]. Using a protease-activatable imaging agent 
specifi c for cathepsin S, we used intravital micros-
copy to detect increased activity of this elastase in 
regions displaying ostegenic activity (Fig  13.1 ). 
CRD-induced calcifi cation was clearly diminished 
in cathepsin S-defi cient mice, even with a similar 
macrophage accumulation in the valve leafl ets. In 
in vitro experiments with vascular smooth muscle 
cells, elastin-derived peptides signifi cantly induced 
the expression of alkaline phosphatase. Taken 
together, these fi ndings suggest that elastin degra-
dation modulates the calcifi cation potential of myo-
fi broblasts. In this regard, the elastin degradation 
products—known as matrikines or elastokines—
regulate myofi broblastic migration, proliferation, 
and production of bone-regulating proteins [ 53 – 55 ]. 
An additional repercussion of the enhanced proteo-
lytic activity can be the activation of proinfl am-
matory precursors deposited in the ECM, which 
enhances the infl ammatory response [ 56 ,  57 ].  

    Visualization of Early Osteogenic 
Activity Preceding Valve 
Calcifi cation 

 The possibility of detecting nanomolar con-
centrations of calcium hydroxyapatite crystals 
through in vivo molecular imaging experiments 
constitutes one of the greatest technical advance-
ments that have revolutionized our understanding 
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of cardiovascular calcifi cation. While conven-
tional histological techniques for calcium deposit 
detection (e.g., Von Kossa and alizarin red stains) 
are only useful for staining advanced calcifi c 
lesions, a bisphosphonate-conjugated fl uorescent 
agent (Osteosense 680/750) allows the localiza-
tion of active sites of biomineralization in early 
stages of the calcifi cation process. With the aid 
of multichannel NIRF microscopy, and the agent 
either injected into or applied directly on to a tis-
sue section, we have associated osteogenic activ-
ity with precise proinfl ammatory events [ 21 – 23 , 
 58 ]. In our in vivo and ex vivo experiments, 
osteogenic activity is spatially correlated with 
macrophage accumulation and proteolytic/elasto-
lytic activity (Fig.  13.1 ) [ 21 – 23 ]. Of note, NIRF 
longitudinal studies in the same animals allowed 
us to monitor dynamic changes in infl ammation 
and osteogenesis simultaneously in vivo. In the 
second stage of calcifi cation (propagation), these 
two processes develop in close proximity, and 
calcifi cation typically appears in areas preceded 
by macrophage accumulation [ 22 ]. Overall, these 
fi ndings suggest that infl ammation precedes cal-
cifi cation. NIRF imaging experiments have been 
extensively validated through complementary 
 immunohistochemical analysis showing expres-
sion of osteopontin, osteocalcin, Runx2, and 
Notch1 by valvular myofi broblasts [ 23 ]. Our 
results reveal that valve calcifi cation is a highly 
complex process triggered by infl ammation, 
leading to the expression of osteogenic markers 
by valvular myofi broblasts. Moreover, these fi nd-
ings provide new insights into the initiation of 
early calcifi c lesions in aortic valves (Fig.  13.2 ). 
The initial deposition of hydroxyapatite crystals 
appears to be in the form of microcalcifi cation. 
These discrete regions of mineralization may 
cause recurrent activation of an infl ammatory 
response that would enhance ECM degradation 
and VIC differentiation. Crystal nucleation may 
start on the surface or lumen of extracellular 
vesicles released by myofi broblasts [ 22 ,  58 – 60 ]. 
The gradual aggregation of microcalcifi cation 
could result in the large spherical particles com-
posed of highly crystalline hydroxyapatite that 
recently have been observed in human aortic 
valves by electron scanning microscopy, even in 
the absence of macroscopic lesions [ 61 ].

   Molecular imaging methods offer the great 
advantage for longitudinal studies to follow the 
evolution of a biological process over time in the 
same group of animals. This advantage has been 
exploited to test the hypothesis that infl amma-
tion precedes the events of calcifi cation. Carotid 
arteries of ApoE −/−  mice were imaged to quantify 
macrophage accumulation and osteogenesis after 
10 weeks of a high-cholesterol diet. The carotid 
arteries showed clear signs of infl ammation, but 
barely any signs of osteogenesis [ 22 ]. In a sub-
group of these mice, the atherogenic diet was sup-
plemented with atorvastatin and a second imaging 
session was performed in the same carotid artery 
region after 10 more weeks. Statin treatment 
prevented the progression of macrophage bur-
den and osteogenesis, supporting the hypothesis 
that infl ammation promotes osteogenic activity. 
Similar strategies have been used to fi nd thera-
peutic targets that block progression of infl am-
mation in the aortic valve [ 11 ,  12 ]. Recently, a 
role of Notch ligand Delta- like 4 (Dll4) has been 
proposed in macrophage- mediated infl ammation 
underlying the pathogenesis of cardiometabolic 
disorders [ 62 ]. By ex vivo mapping experiments 
using FRI, aortic valve calcifi cation was attenu-
ated after blockade of Dll4-Notch signaling with 
an anti-Dll4 monoclonal antibody [ 63 ]. Future 
work is necessary to understand the mechanisms 
that promote accumulation of macrophages in the 
valve leafl ets, as well as the signaling pathways 
involved in inducing the infl ammatory response. 

 Epidemiological surveys have indicated an 
association among osteoporosis, atherosclerosis, 
CRD, and cardiovascular calcifi cation [ 64 – 66 ]. 
In humans, arterial and aortic valve calcifi ca-
tion correlates with decreased bone mineral den-
sity (BMD). In atherogenic mice, a high-fat diet 
induces osteoblastic apoptosis, which in turn 
reduces bone formation [ 67 ]. Using 3D micro-
 CT and optical molecular imaging, we found 
that in atherosclerotic and CRD mice, the degree 
of cardiovascular calcifi cation relates inversely 
to BMD. Most importantly, the bones of these 
mice also showed signs of infl ammatory activ-
ity, visualized as uptake of NIRF-conjugated iron 
nanoparticles. No defi nitive explanation currently 
exists for the seemingly disparate responses 
of cardiac and bone tissue to infl ammation. 
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Osteoporotic bones may release mineralization- 
promoting signals into the circulation that even-
tually impact the cardiovascular system [ 68 ]. 
Alternatively, osteoporosis and calcifi cation have 
been proposed as tissue-specifi c responses to 
chronic infl ammation [ 69 ].  

    Perspectives for Valve Imaging 
and Clinical Applications 

 Despite the enormous utility of IVM, FRI, and 
other imaging modalities to our understanding of 
the mechanisms underlying CAVD, these plat-

forms present several disadvantages in their clini-
cal application. Most of these modalities involve 
an invasive approach and have limited tissue pen-
etration [ 20 ]. Considering that the detection of 
microcalcifi cation formation represents an ideal 
time point for effective intervention, we need 
innovative imaging technologies with resolutions 
capable of their identifi cation. Some promising 
recent efforts in this direction have combined the 
widely used technology available in the clinic 
with molecular imaging agents. Positron emis-
sion tomography (PET) combined with CT was 
used to assess in humans the degree of infl am-
mation and calcifi cation at different stages 
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  Fig 13.2    Major cellular events underlying calcifi c aortic 
valve disease as revealed by molecular imaging. Chronic 
infl ammatory conditions lead to the activation of endothe-
lial cells denoted by an increased expression of adhesion 
molecules, such as VCAM-1, which can be visualized by 
NIRF/MRI imaging with magnetofl uorescent nanoparti-
cles. The endothelium activation promotes the recruitment 
of circulating monocytes, which eventually results in mac-
rophage accumulation in the valve interstitium. This pro-
cess has been analyzed with NIRF macrophage-targeted 
nanoparticles (CLIO) and a radiolabeled glucose ana-
logue (18F-FDG). The infl ammatory process is associated 

with an extensive remodeling of the extracellular matrix 
triggered by the release of proteolytic enzymes. Specifi c 
probes for matrix metalloproteases and cathepsins have 
been developed for NIRF applications. Overall the infl am-
matory environment stimulates the differentiation of 
valvular myofi broblast into osteoblasts. These osteoblast-
like cells release active vesicles capable of nucleating 
hydroxyapatite on their membranes. Microcalcifi cations 
can be identifi ed by a bisphosphonate- conjugated imaging 
agent before macrospcopic lesions and valvular dysfunc-
tion are noted       
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of aortic valve disease. A glucose analogue, 
18F-Fluorodeoxyglucose (18F-FDG)—uptaken 
by cells with high metabolic demands, such as 
macrophages—was used to target infl ammatory 
activity [ 70 ,  71 ]. Sites of active mineralization 
were identifi ed with 18F-Sodium fl uoride (18F- 
NAF), which directly reacts with hydroxyapatite 
crystals [ 72 – 75 ]. The results of this study indi-
cate that 18F-NAF allows the detection of regions 
of microcalcifi cation and consolidated calcifi c 
lesions, thus representing a major advance for 
CAVD diagnostics. The 18F-FDG signal was 
observed in early stages of the disease, as would 
be expected from an infl ammation marker, but 
it was also present in calcifi c regions. The lat-
ter may suggest that the incorporation of 18F-
FDG may not only refl ect infl ammatory activity, 
as macrophages also exhibit increased glucose 
uptake in response to hypoxia [ 76 ]. Thus, addi-
tional experiments are needed to validate the use 
of glucose analogs as markers of infl ammation in 
CAVD [ 77 ]. 

 A new technology, micro-optical coherence 
tomography (μOCT), is one of the most promis-
ing approaches in terms of high resolution. This 
new imaging system allows the visualization of 
cellular and subcellular features with a resolution 
of less than 1 μm [ 78 ]. The cytoarchitecture of the 
atherosclerotic artery recently was studied using 
this technique; remarkably, cholesterol crystals, 
superfi cial calcium nodules, and microcalcifi ca-
tions were all visualized. Although conceived as 
an invasive catheter for its clinical application, 
μOCT has the potential for improving diagnosis 
by providing real-time information obtainable 
only with histological processes. 

 The advances over the past several years 
regarding in vivo and ex vivo imaging techniques 
have accelerated our understanding of cardiovas-
cular calcifi cation. New efforts are oriented to 
understand better the role of infl ammation as an 
inducer of calcifi cation. Clinical practice soon will 
benefi t from the availability of imaging techniques 
that will guide the decision of eliminating risk 
factors from patients showing microcalcifi cation. 
The need for innovative techniques suitable for the 
clinic will also aid in the evaluation of drugs with 
therapeutic potential for aortic valve calcifi cation.     
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