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Calcific Vascular and Valvular Disease
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Calcific vascular and valvular disease (CVVD) is widespread and has major
health consequences. Although coronary artery calcification has long been
associated with hyperlipidemia and increased mortality, recent evidence
suggests that its progression is increased in association with cholesterol-
lowering HMG-CoA reductase inhibitors (‘statins’) and long-term, high-
intensity exercise. A nationwide trial showed no cardiovascular benefit of
vitamin D supplements. Controversy remains as to whether calcium deposits
in plaque promote or prevent plaque rupture. CVVD appears to occur
through mechanisms similar to those of intramembranous, endochondral,
and osteophytic skeletal bone formation. New evidence implicates autotaxin,
endothelial-mesenchymal transformation, and microRNA and long non-
coding RNA (IncRNA) as novel regulatory factors. New therapeutic options
are being developed.

Significance

Calcific vascular and valvular disease (CVVD, see Glossary) is a well-established marker of
atherosclerosis and cardiovascular morbidity and mortality. CVVD is widespread, and prevalence
increases with age; ~60% of individuals aged 60 years have coronary or aortic calcification [1,2],
which increases the risk for cardiovascular and all-cause mortality [2—4]. It is almost universal
in subjects over 70 years and in patients on dialysis, in whom it is a major cause of morbidity
and mortality [5].

Calcification reduces vascular compliance, leading to pleiotropic clinical consequences:
hypertension, coronary ischemia, high pulse pressure, infarction, left ventricular hypertrophy,
arrhythmias, syncope, and congestive heart failure [6-8]. In the coronary arteries, calcification
independently predicts a 1.7-fold increase in mortality [2]. In peripheral arteries it independently
predicts mortality and amputation [9]. In patients with chronic kidney disease, coronary artery
calcium score and volume from computed tomography (CT) are directly related to mortality
[10]. As for valve leaflets, it is generally accepted that calcification promotes breakdown of the
tissue matrix, which causes valve dysfunction, such as flail and regurgitant leaflets, and that
advanced calcification renders the valve tissue too stiff to open, resulting in greater risk of
cardiovascular events [4] (Figure 1).

Currently there is no established medical therapy for CVVD. In the carotid artery, mineralized
plaque may be stented interventionally or removed surgically, and aortic valves may be
replaced surgically or by transcatheter intervention. Calcified lesions that completely occlude
coronaries have been partially opened through catheter techniques using directional,
rotational, or orbital atherectomy for purposes of allowing balloon and stent interventions.
These latter techniques have been available for almost three decades, but they remain in
limited use [11].
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Highlights
Although hyperlipidemia is established
as a risk factor for vascular calcification,
lipid-lowering drugs (statins) are clinically
associated with progression of coronary
calcification.

At the cellular and molecular level,
endothelia-mesenchymal transforma-
tion, microRNA, IncRNA, and autotaxin
have been implicated in CVVD.

At the clinical level, intense exercise and
elite athleticism have been implicated,
paradoxically, with increased coronary
calcification.
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Figure 1. Changes in Aortic Valve Cusps in Aortic Stenosis. Fibrocalcific changes in the normally thin cusps reduce the
size of the opening and blood flow. This figure was created using BioRender (https://biorender.com/).

Biomechanics and Rupture Risk

Plaque Rupture Stress

The link between coronary calcification and morbidity/mortality is commonly thought to be plaque
rupture. In general, tissue rupture occurs when mechanical stress (von Mises stress) exceeds
tissue strength. By finite element analysis, when a rigid deposit is included in a distensible
material, and uniaxial stress is applied, the compliance mismatch leads to high von Mises stress
and rupture or debonding at the interface between the rigid deposit and the surrounding
compliant tissue [12]. In the form of a calcium deposit in an atherosclerotic plaque, it can lead
to intraplaque hemorrhage or plaque rupture into the lumen, each which can cause occlusion
and potentially fatal myocardial infarction.

Determinants of Rupture Stress
Size and location are key determinants of both von Mises stress and tissue strength. In theory, the
larger the deposit, the greater the rupture stress and the larger the region at risk. Thus, a single
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Glossary

Anisotropic: directional dependence
with respect to physical properties such
as stiffness and strength. An
atherosclerotic plaque is anisotropic
because itis composed of fibrous tissue,
extracellular lipids, calcium deposits, and
smooth muscle and inflammatory cells
that are randomly aligned.

Calcific vascular and valvular
disease (CVVD): a form of ectopic
mineralization, in some cases evolving to
form true bone and cartilage tissue in
animal models and human.

Coronary artery calcification (CAC):
calcium buildup in the arteries that
supply blood to the heart muscle; a
reliable marker for assessing
cardiovascular risk.

Debonding: mechanical or rupture at
an interface.

Finite element analysis: a numerical
method for predicting the mechanical
behavior of a material under given
mechanical loads. It helps engineers

to find areas of weakness and

high stress.

Long noncoding RNAs (IncRNAs):
these modulate specific gene
expression in a cell/tissue-selective
manner. They are implicated in diverse
roles, and their dysregulation leads to
pathology and diseases.
Macrocalcification: refers to a
calcium deposit 250 pm in diameter.
Microcalcification: refers to a calcium
deposit <50 um in diameter.

PiT1 and PiT2: related multiple
transmembrane proteins which function
as high-affinity, sodium-dependent,
phosphate transporters; they may also
serve as phosphate sensors through
heterodimerization induced by
phosphate binding.

RANKL: receptor activator of nuclear
factor kB ligand (also known as
TNFSF11, OPGL, ODF) is secreted by
osteoblastic cells. RANKL binds to
RANK that is expressed on osteoclast
precursors to induce osteoclastic
differentiation and bone resorption;
promotes vascular cell calcification

in vitro.

Reversa mice: a model for
atherosclerosis regression based on
reversal of hyperlipidemia. This mouse
model harbors several genetic
modifications, including LDL receptor
deficiency, apolipoprotein B-100
overexpression, and conditional
deletion of microsomal triglyceride
transfer protein.
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macrocalcification (defined as =50 pm in diameter) is expected to generate higher rupture stress
over a larger area than a single microcalcification (defined as <50 um in diameter) in the same
location in an artery wall. However, given the same location, a single intact calcium deposit is
expected to have less surface area (and hence less rupture stress) than an identical deposit broken
into small pieces. With respect to location, deposits near a free edge distribute the force over a smaller
cross-sectional area, which increases the ratio of force to area, in other words the stress. Thus,
a calcium deposit of any size near an edge, such as the luminal surface of an atherosclerotic plaque,
carries greater risk than the same deposit located away from the edge. Because the mechanical
equivalent of an edge occurs at the interface of vascular tissue with a liquefied pool of lipids within
many atherosclerotic plaques, rupture-prone areas may occur in the cap or at deep sites in the
plaque, each of which may cause coronary occlusion, the latter by intraplaque hemorrhage.

Interpretation of Finite Element Analyses

Mechanical analyses of rupture risk at sites of calcification show fundamentally the same resullt,
but their interpretation has differed. For instance, it has been suggested that only microscopic
calcium deposits (<50 pm: microcalcifications) increase rupture risk and that larger deposits
reduce rupture risk [13]. However, regardless of size, calcium deposits have both effects,
increasing rupture stress at edges facing applied uniaxial load and decreasing rupture stress at
edges perpendicular to the applied load [12] (Figure 2). When partial analysis includes only
protected edges perpendicular to the applied load, it would lead one to believe that calcium
deposits decrease rupture risk because it would miss the increased risk at the other edges.

Some of the controversy is due to markedly different assumptions about the material properties,
isotropy, and strength of plagque tissue at different sites, and/or the complexity of tensor analysis
required to describe solid mechanical stresses. At each location on the surface of a given calcium
deposit, multiple solid stresses act along multiple axes perpendicular and tangential to the surface
at that point. At that interface, the strength of plaque tissue, which is likely anisotropic, would be
different along each axis. Multiple parameters must be considered in assessing the effect of rigid
deposits on mechanical rupture risk.

Figure 2. Distribution of Rupture
Stress Amplitude. Theoretical analyses
showing the degree of rupture (von Mises)
stress (scaled by color) in a hypothetical
soft tissue in the vicinity of a hypothetical
rigid deposit (black circle), which is
stretched along the horizontal axis.
Rupture risk is greatly increased (red) on
the edges facing the direction of pull and
reduced (blue) at the perpendicular edges.
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Spotty calcification: originally coined
to describe a scattered distribution of
calcium deposits that were found by
intravascular ultrasound imaging

(in distinction to larger coalescent
deposits) to be a feature of vulnerable
plaque. Given the resolution of
intravascular ultrasound (IVUS), and the
images shown in the reports, these
deposits range in size, but they would be
on the order of 1 mm in diameter.

von Mises stress: a parameter that
determines whether a given material will
rupture. When it reaches a critical value
equal to or greater than the yield limit
(tolerance) of the material, the material
will rupture.



Spotty Distribution of Calcification

A particular pattern — a ‘spotty’ distribution of calcium deposits (spotty calcification) — has been
associated with increased clinical risk compared to contiguous deposits of similar mineral
content. This is consistent with the theoretical expectations outlined above. Culprit lesions
responsible for ischemia as well as risk of acute coronary events have been associated with
lesions containing multiple calcium deposits that are mid-sized (on the order of 0.5 mm in
diameter and separated by 1-3 mm), based on clinical intravascular ultrasound (IVUS, which
has resolution of about 150 um) [14], and CT angiography [15]. This pattern of distribution
is now considered to be synonymous with ‘high-risk’ plaque in coronary and carotid arteries
[15-17]. Importantly, these are not microcalcifications because they are larger than 50 um
based on their discernibility by coronary CT angiography and IVUS, which lack the resolution to
distinguish individual microcalcifications. It has been noted that spotty calcifications are
sometimes erroneously referred to as microcalcifications [18]. To avoid confusion, the term
‘spotty’ may be reserved to describe a pattern of distribution rather than a deposit size.

Regulatory Factors

The capacity to undergo osteoblastic differentiation and produce a mineralized matrix of
hydroxyapatite is a robust and inherent property of vascular [19,20] and valvular interstitial cells
[21-23]. The resulting in vitro matrix mineralization is regulated by a wide range of factors,
including modified low-density lipoprotein (LDL) [24], inflammatory cytokines [25,26], transforming
growth factor 3 [27], Wnt signaling [28-31], substrate stiffness [32], advanced glycation end-
products [33], and glucose [34]. The molecular and cellular processes appear to recapitulate
the various forms of embryonic and mature skeletal calcification and remodeling, including
intramembranous, endochondral, periosteal, and osteophytic bone formation. The shared mech-
anisms include overlapping processes of matrix vesicle formation, crystal precipitation on collagen,
inhibitor—activator imbalances, apoptosis, and osteoblastic differentiation. At the in vivo and clinical
levels, CVVD is regulated by a wide range of factors, and some have corresponding in vitro effects.

Clinically, some regulatory factors have positive associations with all forms (vascular, valvular, and
skeletal) of calcification, whereas others have opposite effects at the different sites. For instance,
hyperlipidemia is positively associated with vascular and valvular calcification, but is inversely
associated with skeletal mineralization. Serum osteopontin levels are inversely associated with
both vascular [35] and valvular [36] calcification, whereas serum fibroblast growth factor 23
(FGF-23) levels are positively associated with vascular calcification [37], but negatively associated
with skeletal bone mineralization [38].

Specific Factors and Their Interrelationships

Hyperlipidemia is recognized as a causal factor in cardiovascular calcification in part because
osteogenic changes were reduced when hyperlipidemia was terminated in Reversa mice [39].
The underlying factor may be oxidative stress associated with the accumulation and oxidation of lipids
in the artery wall. Oxidative stress acting through protein kinase B (AKT) [40], farnesy! transferase in-
hibitors acting through AKT [41], and AKT-independent pathways [42] may be common pathways.
Inflammation may also be a central theme. The inflammatory cytokines, tumor necrosis factor a
(TNF-a) and interleukin-1f3 (IL-1f3), were shown to induce endothelia-mesenchymal transition in
endothelial cells, which promotes osteogenic differentiation in the presence of bone morphogenetic
protein (BMP) 9 [43]. Lysophosphatidylcholine also promotes vascular cell osteogenesis [44].

Intraplaque Hemorrhage
Although the old view of aortic valve calcification as a disease of ‘wear-and-tear’ is no longer valid,
mechanical trauma does have the potential to promote valvular calcification through intraleaflet
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hemorrhage. When valvular interstitial cells were exposed to erythrocytes in vitro, it resulted in
inflammatory and pro-osteogenic signals, including expression of IL-6, IL-1[3, bone sialoprotein,
osteoprotegerin, and BMP2 [45]. It is possible that a corresponding event occurs in artery walls
when intraplaque rupture leads to intraplague hemorrhage.

Toll-Like Receptor 2 (TLR2) Deficiency

Lipopolysaccharide (LPS), a powerful inducer of inflammation that is found on the outer
membrane of common bacteria, promotes chondrogenic differentiation of cultured vascular
SMC and cartilaginous metaplasia of the aorta in hyperlipidemic Apoe™~ mice [46]. This supports
the concept that soft-tissue calcification may be an evolutionary response to wall off non-healing
bacterial abscesses. LPS, like mildly oxidized LDL, acts through TLR2 to promote inflammation
[47], and its deficiency prevented calcification of the aorta in high fat-fed Apoe™~ mice, apparently
through inhibition of expression of the cartilage differentiation factors, osterix, SOX9 (sex-determining
region Y-box 9), and collagen II, but not of the bone differentiation factor Runx2 [46].

MicroRNAs (miRs) and IncRNAs

A number of miRNAs and also regulate calcification of vascular SMC [48]. For example, high
glucose treatment of vascular SMC induces long noncoding RNA (IncRNA) ES3 and
suppresses miR-34c¢-5p. Because miR-34c¢-5p ordinarily inhibits Bel2-modifying factor, suppression
of the miR releases expression of BMF, which promotes calcification [34].

Clinical Associations
Effects of agents/conditions on coronary artery calcification and cardiovascular mortality are
summarized in Table 1.

Statins

Epidemiological and clinical studies using CT calcium scores and intravascular ultrasound have
shown that HMG-CoA reductase inhibitors ('statins’) promote the progression of coronary
calcification [49,50], an effect increased with duration of statin use [51,52]. Such an effect of
statins was unexpected, given that they reduce cardiovascular mortality [53], and that hyperlipid-
emia promotes vascular calcification in mouse models [54] and is associated with calcification in
human subjects [55]. This paradoxical effect of statins on calcification indicates a complexity of
mechanisms, and it raises important questions about the logic behind the use of positive tests
for coronary calcification as a clinical indication for statin treatment.

High-Intensity Exercise

A similar paradox is found with high-intensity exercise. The recent findings that a high level
of lifelong exercise accelerates coronary artery calcification [56-59] are also unexpected,
given that physical activity is associated with reduction in all-cause mortality in patients with

Table 1. Factors Influencing Vascular Calcification

Agent/condition Effects on coronary artery calcification Effects on cardiovascular mortality
Statins Increase Decrease

High-intensity exercise Increase Decrease

Vitamin D Increase Decrease/increase

Chronic kidney disease Increase Increase

Diabetes Increase Increase

Pollution Increase Increase
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coronary artery calcification (CAC) [60] and that a history of endurance sports significantly
reduced mortality in male former athletes with ischemic heart disease [61]. In a study
of white men, those who participated in physical activity threefold beyond the guidelines
had increased odds of developing coronary calcification [58]. Nevertheless, unlike in less
athletic individuals, the coronary calcification found in elite athletes is not associated with
increased mortality [62]. This latter finding again points to a complexity of mechanism or
some difference in the nature or microarchitecture of plaque calcification. It may also simply
result from the known association of physical fitness with improved survival after myocardial
infarction [63].

Vitamin D

For decades it has been known that administration of high levels of vitamin D is so effective
in inducing vascular calcification in rodents that it is a robust and widely used experimental
model [64,65]. In humans, however, vitamin D was long believed to decrease cardiovascu-
lar risk, based on observational studies, until recently, when a nationwide, randomized,
placebo-controlled trial (VITAL) involving over 25 000 middle-aged or older subjects
showed that vitamin D supplements did not reduce the risk of major cardiovascular events
[66]. With respect to increased risk, in 180 000 Korean subjects, high levels of serum
vitamin D were associated with higher risk of coronary calcification in men, but not in
women [67].

Chronic Kidney Disease (CKD)

The most extensive CVVD is found in patients with CKD on dialysis. This was previously
considered to be a result of hemodialysis, but a recent cross-sectional cohort study suggests
that peritoneal dialysis is associated with at least as much coronary calcification as hemodial-
ysis [68]. The mechanisms are multifold. As described by Towler, CKD is the ‘perfect storm’
for vascular calcification [69]. It includes several risks: hyperphosphatemia, supplementation
with active vitamin D, uremia, and (for prevention of dialysis shunt clotting) warfarin (which
inhibits the inhibitor of BMP). Vessels from patients with CKD also show increased expression
of proatherogenic miR-223 [70], increased osteogenic factors [70], and premature oxidative
damage [71]. CKD patients also release serum extracellular vesicles that have lower levels
of fetuin-A and Gla-rich protein that are inhibitors of calcification [72]. These particles are
known to promote mineralization of vascular smooth muscle cells (VSMCs) [72]. The sodium-
dependent phosphate transporters, PiT-1 and PiT-2, are expressed in VSMCs, and they
appear to have opposite effects on vascular calcification — PiT-1 promotes [73] whereas
PiT-2 protects against VSMC calcification [74].

Diabetes

Patients with diabetes also have a greater degree of vascular calcification, although not as
advanced as that of patients with CKD. By ultrasound, macrocalcifications in a spotty pattern
are associated with the need for amputation [75]. One mechanism for the link to diabetes may
be an effect of hyperglycemia on vascular cells. In cell culture, hyperglycemic media increase
calcification [34]. Advanced glycation endproducts (AGEs) and the receptor for AGEs are also
associated with vascular calcification in diabetic patients, and they have crossover effects in
CKD, where AGEs accumulate and mRNA expression for their receptor (RAGE) increases.
A high-phosphate diet, that is used to induce CKD, was found to increase the degree of calcific
valve disease in Apoe™~ mice with CKD, but not in mice lacking the receptor for RAGE. One
potential mechanism is that AGE ligands significantly increase the expression of osteogenic
factors Runx2, collagen 1, and BMP2; another is that RAGE is required for Pit-1 induction,
which contributes to vascular calcification and possibly to valvular calcification in these mice [33].
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Environmental Factors

Ultrafine air pollution particles may also affect CVVD. The Multi-Ethnic Study of Atherosclerosis
and Air Pollution (MESA Air) study monitored air quality conditions at residential intersections
during commuting hours in a large city, and found that coronary calcification progressed at higher
rates per unit of particulate matter exposure among people living in areas with high ratios of
ultrafine particle counts relative to NOy concentrations [76].

Circulating Factors

Several circulating factors have been associated with CVVD. In the general population, as well as
in high-risk populations, high circulating levels of osteoprotegerin (OPG), a decoy receptor for
RANKL, are robustly associated with incident cardiovascular disease [77]. In renal transplant
patients, high levels of serum fetuin have been shown to associate with aortic valve calcification
[78], whereas low fetuin-A levels are associated with abdominal aortic calcification, independently
of renal impairment [79]. Sirtuin1 levels are reduced by 75% in diabetic patients and in
SMCs undergoing osteogenic differentiation under hyperglycemic conditions, and inhibition of
sirtuin via sirtinol and siRNA increased levels of the osteogenic differentiation factor, RUNX2,
by >50% [80].

Optimization

The effects of some circulating factors that regulate biomineralization depend greatly on dose and
timing. For instance, chronically elevated parathyroid hormone (PTH) levels associated with
chronic kidney disease lead to bone loss, whereas intermittent elevations in PTH by daily
injections or cyclic regimens with PTH analogs are beneficial for bone health [81] and are
of potential benefit to cardiovascular health [54]. It has been proposed that this same
dependence on timing or physiologic optimization may apply to osteopontin [82] and to other
regulatory factors.

Imaging

CT Imaging

Electron beam CT (EBCT), ultrafast, and gated CT imaging have allowed visualization of the
location of calcium deposits and quantification of calcium content in the coronary vascular tree.
EBCT, which has a spatial resolution of 800 um [83], has been widely used as a simple diagnostic,
monitoring, and screening tool. It is used in major clinical trials as a subclinical marker for
atherosclerosis. It has been suggested that accuracy could be improved by eliminating unneces-
sary truncation, thresholding, and simplification steps in the software algorithms used to quantify
calcium content [84]. These steps introduce random noise and distortion into the calcium score.
For example, the algorithms could lead a clinician to miss a fourfold increase or decrease in the
mineral content of a patient’s calcium deposit, which would likely to affect clinical management.

Positron Emission Tomography (PET) Imaging

Recent PET imaging studies of '®F-NaF uptake have introduced the exciting possibility that
surface area of calcium deposits can be determined noninvasively [85]. The fluoride ion replaces
the hydroxyl groups in hydroxyapatite crystals, forming fluoroapatite [86]. It preferentially labels
the exposed surfaces, and/or actively mineralizing surfaces, of calcium deposits. Initial clinical
studies indicate that increased fluoride uptake identifies culprit plaques in coronary arteries
[87]. Thus, PET imaging, which has the resolution of 3 mm [88], appears to label only the surface
area, whereas CT reflects calcium mineral content regardless of shape/surface area or mineral
metabolic activity. It has been suggested that '8F uptake in arteries correlates with the amount
of surface area [13]. Roughly speaking, the '®F signal is expected to depend on the total surface
area (or active mineralizing surface area) of all calcium deposits of any size. A valuable experiment
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would be to determine the linear or nonlinear relationships between the size or surface area of
calcium mineral particles and their '®F uptake, as proposed by Tavakoli and Sadeghi [18]. If it
continues to be validated, PET imaging may be useful in determining whether the surface area
or morphology of calcium deposits are altered by statins or high-intensity exercise.

It may also have clinical application for bioprosthetic valve calcification, a major cause of valve
dysfunction leading to heart failure, especially in pediatric patients — who have the most rapid
calcific degeneration. Evidence suggests that '8F-NaF PET has the sensitivity to detect early
mineralization in bioprosthetic valves before it causes mechanical degeneration, allowing time
for replacement before permanent ventricular damage leading to heart failure [89]. As with any
high-sensitivity test, the frequency of false positive scans will need to be assessed before
widespread application.

Whether an imaging modality can detect and discern different sizes of calcium deposits depends
on multiple factors. Ability to detect depends on imaging sensitivity (as opposed to diagnostic
sensitivity), and ability to discern depends on resolution. Factors that determine imaging
sensitivity include signal strength (tracer activity in the case of PET), sensitivity of the detector
instruments, tissue attenuation, and the signal-to-noise ratio. A key determinant of resolution
is pixel (or voxel) size. For instance, although objects smaller than 50 um, such as microcalcifications,
would not be distinguishable by clinical PET (because its resolution is 3 mm), it is still theoretically
possible to detect collections of such small objects provided that the signal strength, detector
sensitivity, density, and signal-to-noise ratio can be made sufficiently high. There may be physical
limits to these parameters. In other words, with sufficiently high sensitivity, objects smaller than
the pixel/voxel size may show up as a proportionately small increase in intensity of the corresponding
pixel/voxel. Nevertheless, owing to limits of resolution, one would not be able to discern whether the
increase in intensity is due to a single object with high signal strength or to multiple objects of lower
signal strength.

Potential Therapeutic Options

On the horizon are a number of proposed treatment approaches: medical, interventional, and
surgical. One example of a medical therapeutic approach is vitamin K supplementation. This
has been under consideration for decades. The rationale is that a post-translational modification
of matrix GLA protein (MGP) by y-glutamyl carboxylase, which enables MGP to inhibit
bone BMP2, requires a vitamin K-dependent reaction [90]. Failure of this post-translational
modification, termed functional vitamin K insufficiency, as well as low vitamin K intake, were
more common in patients with cardiovascular and renal disease and were associated with
increased risk of cardiovascular and all-cause mortality in the PREVEND (Prevention of Renal
and Vascular End-Stage Disease) study from the Netherlands [91].

A second potential medical approach is the use of targeted nanoparticles. Karamched et al. have
reported the use of elastin antibody-conjugated albumin nanoparticles with a calcium chelator
that targets degraded elastin in a rat model of mitral annular calcification induced by dietary
renal failure [92]. A third approach is the use of antisense oligonucleotides. Viney et al. reported
on the development of antisense oligonucleotides to lower serum lipoprotein(a) levels in patients
with existing cardiovascular disease and raised levels of lipoprotein(a) [93].

One potential interventional therapy is intravascular lithotripsy. Extracorporeal lithotripsy is
currently used to disintegrate gallstones and kidney stones by focusing ultrasonic energy on
them. The technology is now adapted to intravascular catheters and is being tested for its ability
to disrupt coronary calcium deposits into smaller pieces without removal. It is currently used only

Cell

REVIEWS

Trends in Endocrinology & Metabolism, September 2019, Vol. 30, No. 9 653




to allow stent deployment and expansion [94], but it would be interesting to test whether it also
restores vasomotility and alters plaque vulnerability to rupture, given the likely increase in the
surface area of the mineral deposits. Although, in early studies, concerns were raised about
mineral debris entering the circulation, most calcium deposits are embedded within the
wall — not exposed on the luminal surface — and mineral is unlikely to dislodge into the lumen
unless the artery wall is severely breached. A second approach would be targeted cell therapy.
One promising approach is the induction of osteoclastic differentiation in circulating monocytes
that are osteoclast precursors, by using an engineered fusion protein containing the RANK
intracellular signaling domain and the FK506-derived dimerization domain, and where the fusion
protein is inducible only by a small-molecule chemical inducer of dimerization [95].

Concluding Remarks

Calcific vascular and valvular diseases are widespread and are associated with increased
morbidity and mortality. The calcium mineral, hydroxyapatite, is the same mineral in skeletal
bone, and appears to arise from matrix vesicles released from vascular cells that undergo
osteochondrogenic differentiation. As in endochondral, osteophytic, and intramembranous
bone mineralization, amorphous mineral appears to be gradually replaced by true bone tissue
as microvessels invade.

Owing to their biomechanical consequences, both vascular and valvular calcification cause
surgical complications, including dissection in coronary interventions and aortic regurgitation in
transcatheter aortic valve replacement. It is generally accepted that the biomechanical
consequences in aortic valve cusps cause morbidity and mortality, and that aortic calcification,
which alters standing pressure reflectance waves, promotes systolic hypertension, left ventricular
hypertrophy, and heart failure. However, controversy surrounds the issue of whether calcium
deposits confer risk or benefit with respect to atherosclerotic plaque rupture. Engineers generally
avoid allowing rigid inclusions of any size in a flexible material because of rupture risk.

Numerous factors have been shown to initiate and regulate CVVD, ranging from the molecular to
the population level. These include transcriptional, post-translational, nanoparticulate, paracrine,
exocrine, endocrine, matricrine, developmental, solid mechanical, fluid mechanical, systemic,
vesicular, soluble decoy, protein, immunological, gaseous, atmospheric, and beyond. There
are some distinctions between the regulation of vascular calcification and valvular calcification;
they share many, but not all, regulatory mechanisms. There is also substantial overlap between
these CVVD regulatory mechanisms and those that regulate bone mineralization in the skeleton.
Diabetes, chronic kidney disease, vitamin D supplementation, statins, serum fetuin, and other
clinical factors also strongly influence CVVD.

Depending on location and application, CVVD may be imaged clinically by X-ray techniques (flat,
fluoroscopic, angiographic, and CT), ultrasound techniques (transcutaneous, transthoracic,
transesophageal, and intravascular), and PET. An important new imaging approach, for clinical
and preclinical applications, is the use of '®F-sodium fluoride as a tracer in PET, and this may
have the important ability to identify high-risk coronary atherosclerotic plaque. For in vitro
and ex vivo studies, calcification may be detected by a variety of radiographic, histochemical,
fluorescence, and indirect immunological methods. Current therapeutic options are limited, invasive,
expensive, and high-risk, but new technologies, including medical, interventional, and surgical
approaches, are under active investigation and development (see Outstanding Questions).
It remains to be determined whether calcification, like cholesterol, comes in ‘good’ and ‘bad’
forms, whether any medical treatment can reduce vascular calcification without harmful effects on
skeletal mineralization, and how statins and high-intensity exercise promote coronary calcification.
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Outstanding Questions
Do calcium deposits promote or
prevent mechanical plaque rupture?

What treatment(s) can beneficially
alter vascular and valvular calcification
without harming skeletal mineralization?

Are there ‘good’ and ‘bad’ forms of
calcification in arteries?

What mechanism accounts for the
paradoxical association of statins and
high-intensity exercise with progres-
sion of coronary calcification?
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