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Abstract 
 
     Westernized societies are on the verge of an epidemic of vascular calcification. Aging, metabolic 
syndrome and type II diabetes (T2DM), and chronic kidney disease increasingly characterize our populace – 
and promote valve and arterial calcium deposition. Epidemiology, histopathology, and pathobiology define at 
least 5 distinct and prevalent types of vascular calcification: calcific aortic stenosis (CAS), medial artery 
calcification, atherosclerotic intimal calcification, vascular calcification of chronic kidney disease, and calcific 
uremic arteriolopathy. The clinical impact of these 5 mineralization disorders is highly significant. For 
example, 2%-3% of individuals ≥ 65 years old have CAS, and require surgery to prevent precocious death 
and to improve quality of life. Valve calcium load is the best predictor of clinical progression; if unaddressed, 
interactions between longevity and T2DM prevalence will increase the future incidence of CAS. Reduced 
vascular compliance – arising in part from arterial calcification – impairs macrovascular Windkessel function 
and normal tissue perfusion; thus, medial artery calcification of T2DM conveys a 3-fold increased risk for 
lower extremity amputation, a debilitating and costly outcome. Once considered a passive process only, 
data from laboratories world-wide have now established that vascular calcification is an actively regulated 
type of biomineralization. As in bone, morphogenetic, mechanical, metabolic, endocrine, and inflammatory 
signals control vascular mineral deposition. Molecular and cellular mechanisms familiar to bone biologists 
are activated with disease initiation and progression. This Perspective briefly recounts the pathobiology of 
vascular calcification and conveys the urgent need to pursue the basic, translational, and outcomes-based 
research necessary to address an imminent epidemic of abnormal vascular calcium metabolism.  
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Introduction 
 
Westernized societies are on the verge of an 
epidemic of vascular calcification, a disease 
of disordered mineral metabolism (1). Aging, 
declining renal function, and the 
dysmetabolic milieu of type II diabetes 
(T2DM) are increasingly common 
characteristics of our populace – and these 
factors interact to promote aortic valve and 
arterial calcium deposition (2;3). Vascular 
calcification has been afflicting humans for 
least 50 centuries; computed tomographic 
(CT) analysis of Ötzi, the ice mummy 
discovered in the Tyrolean Alps, identified 
the presence of atherosclerotic calcification 
in this middle-aged man who died from 
homicide around 3000 B.C. (4). In the 1860s, 
Virchow first recognized that this form of 
calcified tissue metabolism exhibited 
features resembling skeletal ossification – 

and hence the “sclerosis” of 
“atherosclerosis” (5). Only in the past two 
decades has the heterogeneity of vascular 
calcium deposition become appreciated, 
largely due to enabling advances made in 
skeletal biology (6). Those well-versed in 
vertebrate development know that 
membranous ossification, endochondral 
ossification, odontogenesis, 
cementogenesis, and amelogenic 
biomineralization occur via overlapping yet 
distinct mechanisms (7-9). For example, 
membranous ossification does not require 
vascular invasion and osseous replacement 
of a precedent calcified cartilaginous 
template; this non-endochondral ossification 
mechanism absolutely requires functionally 
redundant programs activated by the 
homeodomain transcription factors Msx2 
and Msx1 to direct normal craniofacial bone 
and tooth biomineralization (10). In contrast, 
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endochondral ossification organizes 
biomineralization around a cartilaginous 
template that first calcifies and then 
remodels to form lamellar bone; this process 
absolutely requires Runx2/Cbfa1 for both 
vascularization and matrix mineralization 
(11). HIF-α signaling appears more critical 
for endochondral bone than membranous 
bone formation (12). Signals provided by the 
zinc finger protein osterix (Osx) and the 
transcriptional co-adapter β-catenin globally 
control osteogenic differentiation and matrix 
mineralization (13). In vivo, Cbfa1/Runx2 is 
necessary for robust membranous 
ossification (11). However, ex vivo activation 
of Msx/Dlx gene regulatory programs by 
BMP2 (11) or forced expression of Dlx3 (14) 
can initiate early osteogenic differentiation – 
including induction of alkaline phosphatase 
enzyme activity (11) – in osteoprogenitors 
lacking Runx2. The mechanistic plurality of 
biomineralization, evident from studies of 
orthotopic calcified tissue formation, is also 
germane to the mechanistic underpinnings 
of vascular mineral deposition. Once 
considered a passive process, data from 
multiple laboratories world-wide has 
established that vascular calcification is in 
fact an actively regulated form of tissue 
biomineralization (1;15;16). Molecular and 
cellular mechanisms familiar to bone 
biologists (9) are activated with disease 
initiation and progression (1;3).   
 
In this brief Perspective, the Venn diagram 
of osteogenic molecular biology (9) is 
merged with the histopathology, anatomy, 
and epidemiology of arterial calcification to 
highlight 5 clinically troublesome forms of 
vascular biomineralization (Table 1). More 
extensive discussion of vascular calcification 
and its pathobiology can be obtained from 
recent reviews (1;3;17-20). The primary goal 
of this manuscript is to convey the urgent 
need to pursue the basic, translational, and 
outcomes-based research necessary to 
address the imminent epidemic of abnormal 
vascular calcium metabolism. 
 
Aortic Valve Calcification (AVC) and 
Calcific Aortic Stenosis (CAS) 
 
The most robust relationship between 
vascular calcium load and disease 

pathophysiology is evident in aortic valve 
calcification (AVC) and its most severe form, 
calcific aortic stenosis (CAS) (17). The three 
leaflets of the normal aortic valve must be 
mechanically strong but also compliant (20). 
During systole, leaflets must flexibly bend to 
permit unimpeded ejection of oxygenated 
blood from the left ventricle into the aorta 
and arterial circulation. During diastole, the 
valve leaflets must flexibly coapt to prevent 
aortic regurgitation (the retrograde flow of 
blood from the aorta back into the left 
ventricle). Valve calcification impairs valve 
flexibility, first impeding ventricular output 
and subsequently generating aortic 
regurgitation (17). Both processes not only 
impair distal tissue perfusion, but increase 
the myocardial workload that induces 
ventricular hypertrophy and cardiomyopathy 
(17). CAS is prevalent in those ≥ 65 years of 
age; 25% have AVC, and 2-3% of 
individuals have significant CAS as 
quantified by echocardiography, with 80% 
progressing to symptoms requiring surgery 
to prevent death from congestive heart 
failure or arrhythmia (17). Rosenhek and 
colleagues first established that aortic valve 
calcium load was the single best predictor of 
clinical progression of CAS in initially 
asymptomatic but severe aortic sclerosis 
identified by echocardiography (21).  
 
In a classic cross-sectional study, Otto and 
colleagues defined a sequence of 
histopathological changes during initiation 
and progression of aortic valve 
“degenerative” sclerosis (22). Bounded by 
endothelium on both aortic and ventricular 
faces, three layers (laminae) characterize 
the aortic valve: the collagen-rich aortic 
fibrosa, the interstitial spongiosa, and the 
elastin-rich ventricularis (20). Subendothelial 
thickening and fatty expansion with 
inflammation of the lamina fibrosa were 
initially observed, notably characterized by 
intracellular and extracellular lipid 
accumulation. Stippled calcification in this 
fibro-fatty material often paralleled collagen 
fibrils of the fibrosus as the base of lesions, 
i.e., towards the fibrosa-spongiosa junction 
(22). Displacement and re-duplication of the 
valve intimal elastic lamina also occurs, 
indicating elastinolysis and matrix 
remodeling (22). Advanced 
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Table 1. Clinically significant types of vascular calcification.
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calcified nodules also contain apatitic 
calcium phosphate and lipid with much less 
collagen accumulation (17). The work of 
Giachelli et al. (23), Fitzpatrick et al. (24), 
and Rajamannan et al. (25) identified the 
molecular signature of active osteogenic 
programs in all calcifying human aortic valve 
specimens. Recent data have pointed to the 
importance of canonical Wnt signals. 
Expression and activation of Wnt3a-LRP5 
osteogenic cascades – indicated by the 
valvular accumulation of β-catenin protein in 
concert with Wnt3a-LRP5 upregulation – is 
significantly induced in calcifying aortic valve 
specimens as compared to non-diseased 
human aortic valves (26). The 
osteo/chrondogenic transcription factor 
Runx2 is co-expressed (26), as is the 
osteoblast homeoprotein Msx2 (our 
unpublished observations, and see below). 
The temporospatial patterns of β-catenin, 
Runx2, Msx2, and alkaline phosphatase 
protein expression during the initiation and 
progression phases of human calcific aortic 
valve disease have not been thoroughly 
investigated (26).   
 
By histopathology, ectopic woven bone 
formation containing hematopoietic marrow 
elements is seen in ~13% of calcifying aortic 
valves (27). However, unlike other forms of 
vascular calcification, largely acellular 
nodules of amorphous calcium phosphate 
also form with CAS (22). The genesis of 
these valvular concretions is not well 
understood, but is presumed to arise from 
passive epitaxial growth of mineral with 
phospholipids from the actively regulated 
early phases of mineral deposition (27). This 
latter feature may help explain why later 
implementation of aggressive lipid-lowering 
and anti-inflammatory statin therapy has 
little impact on aortic valvular disease once 
initiated (28), while earlier aggressive 
intervention may help retard disease 
progression (29).   
 
At the moment, no medical therapy has 
been established to prevent CAS or induce 
disease regression (17;20) – although early 
implementation of aggressive and potent 
statin therapy holds promise (29). Serial 
echocardiographic assessment with surgical 
management at the stage of critical CAS or 
with symptoms is the current mainstay of 
therapy. (17) Pre-clinical animal models of 

CAS such as those recently developed by 
Heistad et al. (30) are crucial to identifying 
the most important disease components to 
target (see below) to prevent cardiovascular 
compromise. Moreover, the elegant optical 
imaging techniques characterized by Aikawa 
and colleagues (31) can now spatially 
localize the elaboration of active osteogenic 
programs and mineral deposition during 
disease initiation and progression in such 
models.  
 
Recently, the Multiethnic Study of 
Atherosclerosis (MESA) has provided 
insights that may prove useful for designing 
future strategies to medically prevent and 
treat CAS (32). O’Brien and colleagues have 
identified that, after adjusting for 
confounding factors, aortic valve calcification 
risk progressively increases with accrual of 
the 5 metabolic syndrome parameters (32).  
Hyperglycemia, abdominal obesity, 
hypertriglyceridemia, hypertension, and low 
HDL levels increase aortic valve calcification 
risk in a step-wise fashion, with the greatest 
risk observed in those individuals with overt 
type II diabetes (T2DM) (32). Thus,  
targeting these characteristics along the 
metabolic syndrome–T2DM continuum may 
hold promise for reducing the future burden 
of clinically significant CAS (32). At a 
minimum, MESA points to an impending 
increase in CAS. With our progressively 
aging and obese society, the percentage of 
the population ≥ 65 with diabetes will 
continue to increase from the current 18% 
figure, and these factors are predicted to 
increase the future prevalence of CAS (2;17). 
 
Medial Artery Calcification (AMC) 
 
The medial artery calcification of T2DM (Fig. 
1) has emerged as an important predictor of 
foot amputation (33). Unlike atherosclerotic 
calcification (see below), AMC 
circumferentially and contiguously afflicts the 
muscular medial layer of arteries (Fig. 2). Of 
note, the CT-based methodologies routinely 
used to detect and quantify vascular calcium 
load cannot discriminate between AMC and 
atherosclerotic intimal calcification (AIC) 
(18); high quality plain radiographs or 
histopathology are currently required for this 
categorization (33;34). Using femoral artery 
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Fig. 1. Medial artery calcification (AMC). This lateral foot X-ray of a man with type II diabetes reveals the 
presence of medial artery calcification of the dorsalis pedis artery (arrows). Lower extremity AMC was 
bilateral, and femoral and popliteal artery medial calcification was also present (not shown).  
 
radiographs, studies from Lehto et al. 
revealed that AMC – not AIC – presaged a 
3-fold increased risk for lower extremity 
amputation (33). Similar results in a smaller 
study of Pima Indians also demonstrated 
this risk (35). These data begin to highlight 
that biological and histoanatomic differences 
in arterial calcification translate into 
meaningful differences in clinical disease.  
 
It is hard to overstate the significance of 
lower extremity amputation in T2DM. 
Recently, the United Kingdom Prospective 
Diabetes Study showed that the costs of 
lower extremity amputation were equivalent 
to the combined costs of fatal and non-fatal 
MI or fatal and non-fatal stroke (36) – over 
three times the costs of managing 
congestive heart failure in the setting of 
T2DM (Figure 3). The global burden of 
diabetic foot disease is heavy, and the 
annual costs of treating diabetic lower 
extremity ulcer with or without amputation 
(37) are beginning to approximate the 

annual costs of osteoporotic fractures in 
Westernized societies (38). Once again, the 
burgeoning population of aging patients with 
T2DM is predicted to augment the 
prevalence of AMC, and the attendant lower 
extremity amputation risk (33;35). Along with 
osteoarthritis and osteoporosis, diabetic foot 
disease will increasingly demand the 
attention of those physicians and scientists 
dedicated to addressing unmet needs in 
musculoskeletal medicine (39).  
 
The pathobiology of medial calcification in 
T2DM is emerging, with a better 
understanding of disease afforded via 
detailed study of diet-induced animal models 
(3;40). High fat diets typical of Westernized 
societies (42% of calories from fat, 0.15% 
cholesterol by mass) cause obesity, type II 
diabetes, hypertriglyceridemia and 
hypercholesterolemia in male Ldlr(-/-) mice – 
with concomitant induction of both aortic 
valve and aortic medial calcification 
(3;40;41). With protracted high fat feeding, 
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Fig. 2. Medial artery calcification (AMC) and atherosclerotic intimal calcification (AIC). The differences 
in the spatial distribution of vascular calcification observed by histology in cross-sections of arteries afflicted 
with AMC (left panel) or AIC (right panel) are depicted – emphasizing the concentric, vessel-stiffening nature 
of AMC vs. the eccentric, lumen-deforming nature of AIC. Acute atherothrombosis occurs in the setting of 
AIC. See text for details.    
 
atherosclerosis subsequently evolves in this 
model, as does the accrual of 
atherosclerotic calcium deposition that is 
preceded by medial artery calcification (40). 
We identified that at the very earliest stages 
of disease, two molecules, Msx2 and 
osteopontin (OPN), were upregulated in 
aortic tissues in response to high fat 
diabetogenic diets (42). In situ hybridization 
and immunohistochemistry localized 
expression of both Msx2 – an osteogenic 
transcription factor – and OPN – a matrix 
cytokine – in myofibroblasts of the fibro-fatty 
periaortic adventitia at the stage of disease 
initiation (42;43). Similarly, expression of 
both genes was induced in aortic valve 
interstitial myofibroblasts. In addition, 
accumulating macrophages throughout the 
arterial vasculature elaborate OPN 
expression. Like the fibro-fatty expansion 
and inflammation observed in the aortic 
valve fibrosa and spongiosa mentioned 
above (22), fatty expansion and 
inflammation of the adventitia figures 
prominently in diabetic vascular disease 
(3;44-46) – and likely contributes to the 

concentric nature of arterial involvement (Fig. 
2).   
 
Studies of the osteogenic actions of Msx2 
identified that Msx2-expressing adventitial 
myofibroblasts elaborate an osteogenic Wnt 
milieu (40;43); Wnt3a and Wnt7a/b 
production by these vascular myofibroblasts 
induces alkaline phosphatase (ALP) 
expression and β-catenin-regulated 
osteogenic mineralization via calcifying 
vascular cells (CVCs) (43). (CVCs are the 
multipotent pericytic myofibroblast of the 
tunica media (47)). Paracrine Wnt signaling 
between these vascular layers presumably 
occurs via the vasa vasorum, a specialized 
microvasculature generated in the relatively 
hypoxic environment of the adventitia that 
circumferentially provides oxygenation and 
nutrient supply to the outer tunica media 
(3;46;48). Of note, the activation of aortic 
Wnt-β-catenin signaling by diabetogenic 
diets in the Ldlr(-/-) mouse (40;43) is in good 
agreement with the more recent and 
important data of (a) Nalini Rajamannan,
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Fig. 3. Relative costs of low extremity amputation as a consequence of type II diabetes. The relative 
costs of treating important complications of type II diabetes is presented as a percent of the cost for treating 
CHF (congestive heart failure in this disease). Data are derived from Clarke et al. (36). Note that the costs of 
lower extremity amputation are greater than the combined costs of treating either MI (myocardial infarction) 
or stroke (CVA). IHD, ischemic heart disease. Of note, AMC in type II diabetes conveys a strong risk for 
lower extremity amputation (33;35;49). 
 
demonstrating activated Wnt3a-β-catenin 
signaling in calcifying human aortic valves 
(17;26), and (b) results from MESA that 
identify metabolic syndrome parameters as 
key contributors to human aortic valve 
calcification (20) as well as medial 
calcification (33;35;49;50). Of note, Msx2 
expression has now been identified in 
calcifying arterial specimens from patients, 
many of whom were diabetic (15). 
 
What are the proximal signals that control 
vascular expression of Msx2 and OPN in 
T2DM? The “diabesity” on the metabolic 
syndrome–T2DM continuum promotes a 
low-grade systemic inflammation as well as 
inflammation in the fibrofatty arterial 
adventitia (3;45;51). TNF-α is the prototypic 
inflammatory cytokine mediating this 
inflammatory response (52). Pharmacologic 
and genetic studies have now demonstrated 
that diabetes-induced TNF-α signals are 
necessary and sufficient to activate 
osteogenic Msx2-Wnt signaling in aortas of 
the Ldlr(-/-) mouse (40). NADPH oxidase 
(Nox)-dependent hydrogen peroxide 
generation conveys the TNF-α-generated 
signals that induce Msx2-Wnt signaling (53). 
The specific Nox isoforms mediating this 
induction during adventitial-medial signaling 
have yet to be determined. 
 
OPN expression is also upregulated by 
TNF-α in the arterial wall (40;54). However, 
hyperglycemia directly induces vascular 
OPN expression (55), and OPN is required 
for the diabetes-induced arterial oxidative 
stress elaborated in the Ldlr(-/-) mouse (54). 
Although intact OPN inhibits calcification 

and in fact promotes ectopic calcium egress 
(56), the cleaved form of vascular OPN is 
pro-inflammatory (57). Indeed, vascular 
OPN enhances MMP-dependent matrix 
remodeling (58), cardiac fibrosis (59), and 
myofibroblast differentiation (60) – key 
regulatory components that promote 
vascular calcification (1). Thus several 
groups, including our own, are now 
investigating the contributions of OPN in the 
AMC of diabetes and hyperglycemia vs. the 
AIC of atherosclerosis and 
hypercholesterolemia.    
 
Of note, the extent of medial calcification in 
the diabetic foot significantly correlates with 
sympathetic vasomotor abnormalities in the 
upper extremity (61) as well as the lower 
extremity (49;62). The inability to regionally 
control blood flow in the lower extremity 
gives rise to shunt and tissue hypoxia, both 
of which track well with medial artery 
calcification and peripheral neuropathy (49) 
and thus amputation risk (33;35;49;63). 
Autonomic innervation of resistance arteries 
is provided via the tunica adventitia. The 
relative contributions of medial calcification 
and adventitial inflammation – with 
concomitant reductions in vasomotor 
responses – vs. the loss of autonomic 
innervation to generate the hypoxic “shunt” 
causing diabetic foot lesions has yet to be 
determined (50).   
 
As occurs in the vast majority of patients 
afflicted with T2DM, the vascular 
calcification in the Ldlr(-/-) mouse model 
arises in response to the relevant stimuli of 
diet-induced diabetes, obesity, and 
dyslipidemia. However, vascular calcification 
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afflicting the tunica media can also occur in 
other murine models. In the apoE-deficient 
mouse, aortic chondroid metaplasia, 
calcification and atherosclerosis are induced 
by fatty diets in the absence of obesity, 
diabetes or other metabolic syndrome 
parameters (64). Genetic deficiencies of 
FGF23 (65) and OPG (66) impact 
phosphate homeostasis, and RANKL-
dependent bone turnover and vascular 
inflammation, respectively (1); severe 
arterial calcification occurs spontaneously in 
both of these models. Massive arterial 
chondroid metaplasia also occurs with 
genetic deficiency in either MGP (67) or 
ENPP1 (68), key vascular defenses that 
inhibit mineralization. Moreover, warfarin 
treatment and vitamin D intoxication also 
induce extensive elastin-based medial artery 
calcium deposition (69;70). The relationship 
between mechanisms of medial artery 
calcification of type II diabetes vs. medial 
calcification induced by clinically less 
prevalent toxic or genetic insults remains 
unknown. Medial calcification observed in 
CKD and CUA is briefly discussed below 
(19). 
 
Atherosclerotic Intimal Calcification (AIC) 
 
The most familiar form of vascular 
calcification, atherosclerotic intimal 
calcification (AIC), is well-appreciated and 
has dominated the attention of most 
individuals interested in vascular disease. 
This intimally-oriented patchy calcification 
characterizes the lumen deforming, 
eccentric type Vb atherosclerotic plaque (Fig. 
2); however, with the progression 
accentuated by uncontrolled dyslipidemia, 
hypertension, or uremia (Fig. 4 and see 
above), AIC can coalesce to extensively 
afflict all muscular arteries, including the 
coronary vascular tree. As first shown by 
Demer and colleagues (71) and Shanahan 
et al. (15), BMP2-dependent 
osteo/chondrogenic transcriptional 
mechanisms are activated during 
atherosclerotic calcification that contribute to 
vascular calcium load. Endochondral 
ossification mechanisms driven by Sox9 and 
Runx2/Cbfa1 transcription factors 
predominate in AIC osteogenic mechanisms, 
although Msx2 expression has been 
identified in arterial specimens that include 
samples from diabetic patients (15). Demer, 

Parhami, Tintut et al. showed that oxysterols 
derived from LDL oxidation provide the 
proximal signal that activates Runx2/Cbfa1 
transcriptional processes, upregulates 
alkaline phosphatase expression, and 
promotes endochrondral ossification 
programs (72-74). As discussed below, the 
hypercalcemia and hyperphosphatemia of 
CKD also induce Runx2/Cbfa1 vascular 
mineralization programs.  
 
The Armed Forces Institute of Pathology 
(AFIP) identified several types of calcium 
deposition within atherosclerotic plaques, 
including lipid core calcification, fibrous 
calcification, and endochondral ossification 
(75). With more advanced lesions, 
endochondral ossification can generate 
ectopic vascular bone replete with 
hematopoietic elements (1). Detailed clinical 
correlation with histopathology by the AFIP 
identified that both lipid core calcification 
and fibrous cap calcification are associated 
with positive remodeling lesions (75) that are 
at high risk for acute rupture and acute 
coronary events (76).    
 
At this point, it should be highlighted that 
vascular ossification is not equivalent to 
vascular calcification – even though both 
processes accrue calcium deposition via 
osteogenic signaling mechanisms. The 
specific effect of vascular ossification vs. 
AIC on cardiovascular disease is not known. 
In a very recent and excellent overview, 
Cathy Shanahan has noted that, although 
macrovascular compliance becomes 
progressively impaired, the risks of acute 
vascular embarrassment conveyed by 
microcalcifications early on may in fact 
diminish with progressive calcium 
accumulation (16). Until non-invasive 
methods are available to characterize AIC 
micro- vs AIC macro-calcification vs. 
vascular ossification – and prospectively 
ascertain the risk of acute arterial occlusion 
events in afflicted vascular beds – clinical 
correlates and patient management will 
remain equivocal. As certain technological 
hurdles are overcome, novel and sensitive 
optical imaging agents derived from calcium-
binding bisphosphonates may prove useful 
for identifying vascular micro-calcifications 
(31;77).  
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Fig. 4. Atherosclerotic calcification (AIC) of the coronary arteries and the aorta visualized on cross 
section by chest CT. Notice the eccentric nature of calcification in the ascending aorta at the level of the 
aortic sinus, and the patchy nature of calcium deposition. Also note that the extensive disease in the 
coronary arteries begins to coalesce, and cannot unambiguously be categorized as AIC vs. AMC. LAA, left 
atrial appendage. LAD, left anterior descending coronary artery. LCx, left circumflex coronary artery. LMCA, 
left main coronary artery. PT, pulmonary trunk. 
 
Vascular Calcification of Chronic Kidney 
Disease 
 
The dysmetabolic milieu of chronic kidney 
disease provides the “perfect storm” for 
vascular calcium accumulation (19). First, as 
indicated in Table 1, vascular calcification – 
AMC, AIC, or AVC – has already initiated 
prior to development of CKD4 or CKD5, 
when phosphate retention and aberrant 
bone turnover begin to worsen vascular 
calcium load. Currently, type II diabetes 
(40%) and hypertension (25%) account for 
two-thirds of the cause for dialysis–
dependent CKD5 (19). At any level of 
chronic kidney insufficiency, patients with 
diabetes have more extensive vascular 
calcification. The relative distribution of AMC 
vs. AIC has not been systematically studied 
with CKD prior to dialysis. However, in 
patients on dialysis, Gerard London has 

demonstrated that patients with either AMC 
or AIC have increased cardiovascular 
mortality as compared to those that lacked 
significant calcium load (34). Mortality with 
AIC was greater than that of AMC (34), 
again highlighting that biological and 
histoanatomic differences in arterial 
calcification translate into meaningful 
differences in disease outcomes – and, most 
likely, clinical management strategies.  
 
Mechanisms of enhanced vascular calcium 
load in CKD are multifactorial (19) (Table 1), 
and related to: (a) pre-existing diseases 
such as T2DM; (b) calcium- and phosphate- 
induced vascular smooth muscle cell matrix 
vesicle formation (78); (c) declines in the 
serum pyrophosphate and fetuin defenses 
that inhibit vascular mineral deposition (79); 
(d) phosphate-stimulated Pit1 signals that 
promote vascular smooth muscle osteogenic 
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differentiation via Runx2/Cbfa1 induction 
(80); (e) tissue iron loading and other 
oxidative stressors that generate oxidized 
LDL (73); and (f) severe reductions in the 
beneficial BMP7 signals that help maintain 
normal skeletal mineralization and stabilize 
the healthy vascular smooth muscle cell 
phenotype (81). Bone turnover clearly plays 
an important role in the vascular calcification 
of CKD. In an elegant histomorphometric 
study, London and colleagues demonstrated 
that individuals with inappropriately normal 
or low PTH levels – and thus low-turnover 
uremic bone disease – have the most 
extensive arterial calcification (82). The 
maintenance of sufficient numbers of 
skeletal basic multicellular units (BMUs) that 
can “buffer” serum calcium and phosphate 
fluxes with dietary calcium phosphate 
loading is a function of PTH-dependent bone 
anabolism. Thus over-aggressive 
pharmacotherapy with calcitriol- or calcium-
based phosphate binders will have 
significant vascular consequences in CKD 
(82). Recently, Chertow and colleagues 
published a small but very enlightening 
prospective study that also highlights the 
need to carefully consider the changes in 
calcium homeostasis that occur with renal 
failure (83). CKD5 patients supplemented 
with oral calcium carbonate – implemented 
as a phosphate binder – actually lose 
vertebral bone mineral density; bone loss 
was not observed when calcium carbonate 
was avoided, and another phosphate binder 
(sevelamer) was utilized that did not 
increase serum calcium levels (83). In this 
setting, calcium carbonate treatment was 
associated with suppression of both 
circulating PTH and bone specific alkaline 
phosphatase (83) – features consistent with 
the down-regulation of bone formation in 
these patients. Metrics of vascular calcium 
load were too variable to be conclusive, and 
a larger study is needed. Based upon these 
results, serum markers (e.g., bone-specific 
ALP) and direct metabolic imaging methods 
that globally quantify skeletal bone formation 
activity may prove to be much better guides 
for preventing bone-vascular disease while 
titrating phosphate, calcium, and PTH levels. 
However, since bone ALP is elaborated by 
vascular cells of AMC and AIC (1;3), it will 
be important to determine the extent to 

which vascular vs. skeletal compartments 
contribute to serum bone-specific ALP.   
 
AVC is also increased in patients with CKD 
(19). Deposition of amorphous calcium 
phosphate is likely to be in great part 
epitaxial, exacerbating the pre-existing AVC 
arising from diabetes and hypertension; 
however this remains to be proven. One 
small study identified that etidronate, a first 
generation bisphosphosphate that inhibits 
mineralization as well as bone resorption, 
reduces aortic valve calcium accrual in 
CKD5 (84). The relationship between bone 
turnover and calcific vascular disease in 
CKD is precarious (82) – and 
bisphosphonates are renally cleared and 
long-lived once in the skeleton (85). Thus, it 
will be important to carefully determine the 
best management of mineral metabolism in 
CKD via larger prospective studies that 
account for contributions of skeletal 
remodeling space and bone formation vs. 
direct inhibition of vascular tissue 
mineralization to any potential therapeutic 
strategy implemented in this complex setting.  
 
Calcific Uremic Arteriolopathy (CUA) 
 
The use of the word calciphylaxis to denote 
calcific uremic arteriolopathy (CUA) should 
be abandoned as suggested by Janigan 
(86); it has been applied indiscriminately to 
multiple types of vascular tissue calcification 
in the setting of CKD. As Janigan notes (86), 
the Selye animal model used to codify the 
nomenclature “calciphylaxis” does not 
accurately recapitulate key histopathologic 
features of CUA seen in our patients with 
CKD5 – namely, the medial calcification and 
intimal fibroproliferative acute occlusion of 
dermal arterioles < 1 mm in diameter, with 
secondary dermal necrosis (Figure 5), 
stippled calcification of subcutaneous fat, 
and cutaneous pathergy (86). Similar lesions 
can form in mesenteric and pulmonary 
vascular beds (87). The pathobiology is not 
well understood; however, two key features 
are recurrent and highly prevalent: the 
presence of CKD4 or CKD5, and a recent (< 
2 year) history of treatment with the 
anticoagulant coumadin (warfarin) (86-88). 
Because of the relationships with CKD, 
diabetes, hyperphosphatemia, and 
hyperparathyroidism are frequent, but not 
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Fig. 5. Characteristic skin lesion of calcific uremic arteriolopathy (CUA). This middle-aged woman with 
type II diabetes and CKD5 suffered CUA 6 months following treatment with coumadin for deep vein 
thrombosis. Her serum PTH levels had actually ranged between 60 and 120 pg/ml – slightly below the NK-
DOQI guidelines of 150–300 pg/ml. CUA is characterized by medial calcification of dermal arterioles and 
intimal fibroproliferative responses that lead to vessel occlusion and skin necrosis. Lesions such as this one 
significantly improve with sodium thiosulfate infusion (91). See text for additional details. 
 
universal, concomitants. The few studies 
that have been performed reveal that both 
BMP4 (89) and OPN (90) are expressed in 
tissue afflicted by CUA. Mortality is very high 
without treatment, approaching 100% within 
12 to 18 months (91). However, intravenous 
sodium thiosulfate infusion – a reducing 
compound initially used for cyanide 
poisoning that improves tissue glutathionine 
levels, has anti-inflammatory properties, and 
solubilizes amorphous calcium phosphate 
(92) – has been successfully used to treat of 
the disorder (91;93; and unpublished 
personal experience). Since administration 
of vitamin K restores MGP γ-carboxylation 
and enhances the reversal of warfarin- 
induced calcification in rats (94), a 
combination of intravenous thiosulfate with 

oral vitamin K treatment may prove optimal 
for treating this deadly disease. Randomized, 
controlled trials will be required.  
 
Conclusions and Future Directions 
 
As evident from the above, the perspective 
is that the rising incidence of type II diabetes 
will synergize with increasing longevity to 
increase the prevalence of CAS, AMC, and 
AIC in Westernized societies. Since 
diabetes is responsible for approximately 
40% of the dialysis burden of end-stage 
renal disease, the milieu of CKD5 that 
creates a “perfect storm” for progressive 
vascular calcium deposition (Table 1) will 
also increase in prevalence. Moreover, 
calcification is a major contributor to 
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bioprosthetic vascular tissue failure (24); this 
has not been discussed at all, but will 
become an increasingly important 
consideration as arterial tissue engineering 
is increasingly used to restore 
macrovascular functions (95). Other forms of 
disease, such as mitral valve calcification, 
mitral annulus calcification, and venous 
calcification of portal vein hypertension were 
not discussed – but do have clinical 
implications. Only in the last 2 decades have 
the mechanistic underpinnings of vascular 
calcium deposition been studied in any 
significant detail. Histopathology and 
molecular biology have now converged with 
nosology and etiology to orient research in 
the field. Non-invasive methodologies 
necessary for longitudinally following 
vascular calcium metabolism during disease 
initiation, progression, and potential 
regression are only beginning to be 
developed. Studies evaluating the 
mechanism and kinetics of mineral egress 
from calcified arteries and valves lag far, far 
behind those of vascular mineral deposition. 
Congenital deficiencies in Smad6 (96) and 
Notch1 (97) convey risk for aortic valve 
calcification; since both molecules 
negatively regulate osteogenic differentiation, 
they may also play critical roles in calcific 
vascular disease arising from metabolic 
insults or advanced age. Novel modulators 
of phosphate and magnesium homeostasis 
(e.g., FGF23, klotho, EGF) (65) (98;99) have 
yet to be well-integrated into the working 
models of vascular mineralization. Criteria 
and potential mechanisms of bone, mineral 
and vascular disease in CKD5 have 
emerged; however, these insights do not 
strictly translate to patients with sufficient 
GFR (≥ 60 cc/minute) because of the 
profound perturbations of mineral 
metabolism that occur with end-stage renal 
disease. A comprehensive and sophisticated 
understanding of vascular mineralization – in 
all of its forms and complexities – will be 
needed in order to develop novel medical 
strategies for treating this burgeoning 
disorder of mineral metabolism. Patient-
oriented research is necessary to determine 
the extent to which arterial pathophysiology 
can be meaningfully reversed by egress of 
vascular mineral deposits – and how 
differences in the regulation of vascular 
calcification vs. vascular ossification may 
impact arterial responses to calciotropic 

therapies. An interdisciplinary working group 
in mineral metabolism and vascular disease 
would certainly help orient and advance the 
field. As scientists, physicians, and 
educators with expertise in mineral 
metabolism, these challenges present 
unique opportunities for us to contribute – to 
help address an important, unmet clinical 
need in human health and healthcare. 
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