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ABSTRACT

Medial arterial calcification (MAC) is a chronic systemic vascular disorder distinct from atherosclerosis that is frequently

but not always associated with diabetes mellitus, chronic kidney disease, and aging. MAC is also a part of more complex

phenotypes in numerous less common diseases. The hallmarks of MAC include disseminated and progressive precipitation

of calcium phosphate within the medial layer, a prolonged and clinically silent course, and compromise of hemodynamics

associated with chronic limb-threatening ischemia. MAC increases the risk of complications during vascular interventions

and mitigates their outcomes. With the exception of rare monogenetic defects affecting adenosine triphosphate meta-

bolism, MAC pathogenesis remains unknown, and causal therapy is not available. Implementation of genetics and omics-

based approaches in research recognizing the critical importance of calcium phosphate thermodynamics holds promise to

unravel MAC molecular pathogenesis and to provide guidance for therapy. The current state of knowledge concerning

MAC is reviewed, and future perspectives are outlined. (J Am Coll Cardiol 2021;78:1145–1165) © 2021 the American

College of Cardiology Foundation. Published by Elsevier. All rights reserved.

M edial arterial calcification (MAC) is a sys-
temic vascular disorder distinct from
atherosclerosis that is associated with

the following: an increase in arterial stiffness (1); dia-
stolic heart failure (2); impaired perfusion of a high
blood flow organs such as brain, kidney, and liver

(3); and chronic limb-threatening ischemia (CLTI)
(4-7). MAC is frequently, but not always (8), associ-
ated with diabetes mellitus (DM) (9,10), chronic kid-
ney disease (CKD) (11,12), and aging (13).
Furthermore, MAC is a part of more complex pheno-
types in a large number of less common disorders
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(Supplemental Appendix A). MAC interferes
with revascularization procedures and miti-
gates their outcomes (14-16).

MAC is characterized by accumulation of
calcium phosphate (CaP) with formation of
hydroxyapatite (HAP) crystals (17), resulting
in progressive petrification of the medial
layer of the arterial wall. In some cases
ectopic vascular osteogenesis may also
develop (18).

The discovery of bone morphogenetic
protein in samples of calcified human
atherosclerotic lesions launched the biologic
hypothesis of arterial calcifications (ACs) (19).
However, to date, with the exception of the
monogenic disorders (20-23), the molecular
pathogenesis of AC is poorly understood (24),
and no causal treatment is available (25). The
slow progress in unraveling the pathogenesis
stems from confounding distinct AC entities,
a lack of experimental models replicating
MAC (26), and a deficient appreciation of the
thermodynamic principles governing CaP
precipitation (27).

Here, we review the clinical and research
signatures of MAC, address some of the
perceived current shortcomings, and suggest
directions for future research.

EPIDEMIOLOGY

The true prevalence of MAC is not known. MAC
frequently represents incidental findings, or it is
misdiagnosed as atherosclerosis and may therefore
escape clinical attention. The prevalence of MAC, on
the basis of an ankle-brachial index (ABI) >1.3, has
been estimated to be w0.5% of adults, with a male-to-
female ratio of 3:2 (28); however, this is not an ac-
curate metric for diagnosis (29). MAC is found in 17%
to 42% of type 2 DM (T2DM) patients (9,10), in 27% to
40% of patients with advanced CKD (11,12) and in up
to 72% in patients with CLTI (30,31).

The prevalence of MAC in the coronary arteries is
unknown. However, intravascular ultrasound imag-
ing revealed isolated deep calcifications and deep
combined with superficial calcifications in 28% and
24%, respectively; this finding potentially corre-
sponds to MACs and atherosclerotic intimal arterial
calcifications (IACs) (32).

The prevalence of MAC in the thoracic aorta is
currently unknown, even though the distinction be-
tween MAC and atherosclerotic IAC is clinically
important in patients with porcelain aorta (33). In
patients with acute and chronic Stanford A or B

dissection of the thoracic aorta, MAC was found in
22% and 52%, respectively (34).

CLINICAL IMPLICATIONS

In the past, MAC was considered an innocent
bystander. However, studies now demonstrate that
MAC can be considered the silent killer of the car-
diovascular system.

In a 10-year follow-up study of 133 patients with
T2DM, MAC was found to be a powerful and inde-
pendent risk factor for cardiovascular mortality and
substantially stronger than the impact of IAC (9). MAC
was found to be a strong and independent predictor
of total cardiovascular mortality, and it predicts the
risk of future coronary events in diabetic patients
(10). Similarly, MAC is closely associated with the
duration of hemodialysis and CaP disorders (11). In
patients with T2DM, the finding of MAC in foot ar-
teries has been associated with below-the-knee artery
disease and foot ulcers (35,36). A recent meta-analysis
of below-the-knee MAC demonstrated a strong asso-
ciation between infrapopliteal MAC and lower limb
amputation risk (37).

These clinical data provide definite proof that MAC
is an independent cause of peripheral artery disease
(PAD) shadowing the role of atherosclerotic PAD in
predisposed patients, and they clearly justify sys-
tematic studies targeting detection and clinical rele-
vance of MAC in arteries large and small.

PATHOPHYSIOLOGY

The current hypotheses of ACs, including both MAC
and IAC, span a wide range of molecular biology
pathways found in inflammation, apoptosis, disrup-
tions of CaP homeostasis, matrix vesicle (MV) extru-
sions, osteogenic transformations, extracellular

HIGHLIGHTS

� MAC is a systemic vascular disorder
distinct from atherosclerosis that results
in progressive calcification of the medial
layer of the arterial wall.

� MAC is frequently associated with dia-
betes mellitus, chronic kidney disease,
and aging, and it can result in severe limb
ischemia.

� Genetic and proteomic investigations are
needed to clarify the pathogenesis of
MAC and develop specific therapeutic
approaches.
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matrix (ECM) degeneration, and genetic aberrations.
Although these processes overlap, the initial drivers
specific to MAC are unclear. Figure 1 provides an
overview of some of the proposed pathogenetic
principles to explain AC.
CELLULAR AND MOLECULAR CONSIDERATIONS. It
is assumed that, with the proper building blocks and
milieu conditions, CaP ions are prone to nucleate.
Thus, it has been proposed that to prevent ectopic
nucleation within the ECM, certain proteins such as
matrix g-carboxyglutamic acid (MGLA) protein may
neutralize the crystallization process in a vitamin K–
dependent manner (38). Although studies have
shown that patients with T2DM have a higher serum
level of the inactive form of MGLA that correlated
with below-the-knee MAC (39), a more recent sys-
tematic review found that “no single gamma-
carboxyglutamic protein species has demonstrated a
significant association with VC [vascular calcifica-
tion]” (40).

In humans, inorganic phosphate serum levels are
tightly regulated within the range of 2.5 to 4.5 mg/dL
(0.81-1.45 mmol/L). In patients with CKD, profound
impairment of phosphate homeostasis promotes the
development of MAC (12,41). Extracellular levels of
phosphate are sensed and taken up by the type III
sodium-dependent phosphate cotransporters PiT1
and PiT2, as well as by the calcium-sensing receptor
(CaSR). Mutations in PiT2 are found in idiopathic
basal ganglia calcification, where calcification has
been hypothesized to be the result of excess accu-
mulation of extracellular phosphate (22). More recent
studies have shown that these proteins not only
transport phosphate, but also appear to trigger
intracellular signaling events that suppress osteo-
genic programs (42,43) because deficiencies in PiT-
mediated signaling induced the up-regulation of
osteogenic genes and exacerbated MAC in a murine
CKD model (44,45). Nevertheless, the applicability of
the experimental data to MAC evolution in humans
has been questioned (46-48), and the controversy
concerning the recipe molding the ingredients into a
plausible molecular pathways hypothesis persists.

The CaSR regulates CaP homeostasis and is also
expressed within arteries with altered CaSR function
impairing the transdifferentiation of vascular smooth
muscle cells (VSMCs) to mineralizing cells (49). The
CaSR is also expressed in monocytes, which have
been shown to prevent arterial calcification in vitro
(50). Monocyte CaSR expression is decreased in CKD,
and this is associated with an impaired ability of
monocytes to inhibit AC (50).

Other minerals besides CaP ions may influence the
development of MAC. In animal and laboratory

experiments, magnesium has been shown to modu-
late the development of phosphate-induced calcifi-
cation in a dose-dependent manner through the
down-regulation of promoters and the up-regulation
of inhibitors of calcification (51,52).

Certain genetic diseases with complex phenotypes,
including MAC, originate from inactivating mutations
of genes participating in the adenosine triphosphate
(ATP) metabolic pathway and shed light on the initi-
ating steps in MAC pathogenesis. ATP is released from
cells under numerous metabolic stresses and insults,
with ATP degradation products generally assisting
cells and tissues to resist injury and to maintain ho-
meostasis (53). It has been assumed that mutations in
ectonucleotide pyrophosphatase/phosphodiesterase
1 (ENPP1) and ATP-binding cassette subfamily C
member 6 (ABCC6) drive MAC by the reduction in
extracellular pyrophosphate, a key endogenous in-
hibitor of ectopic mineralization. Deficiency of ABCC6
is considered pathogenetically linked to the devel-
opment of disseminated calcifications in pseudox-
anthoma elasticum (54). ENPP1 breaks down ATP to
adenosine monophosphate and pyrophosphate, and
Ecto-50-nucleotidase (CD73) converts extracellular
adenosine monophosphate into phosphate and
adenosine, which can signal through the 4 adenosine
receptors. Lack of adenosine signaling promotes AC
secondary to CD73 deficiency in affected patients
(20).

Lack of CD73-mediated adenosine signaling causes
up-regulation of tissue nonspecific alkaline phos-
phatase (TNAP), a key component of ectopic miner-
alization (55). The lack of CD73-mediated adenosine
signaling has led to increased levels of the transcrip-
tion factor FOXO1, which binds the TNAP promoter
and induces TNAP transcription (56). Importantly,
this mechanism was also found in popliteal arteries
collected from non–CD73-deficient patients present-
ing with MAC. This observation suggests that the
mechanisms underlying CD73 deficiency—loss of
adenosine signaling and up-regulation of FOXO1 ac-
tivity—may also have a role in a common MAC variety.
Future studies should explore how CD73 and adeno-
sine receptor protein levels change with age and
whether their induced expression and activation may
protect against MAC.

Disruption of the ECM contributes to the develop-
ment of MAC. This effect is appreciated in aneurysms,
whereby calcification and disorganized and frag-
mented aortic elastic lamina lead to dilatation and
tortuosity (57). Patients with connective tissue dis-
orders, such as Marfan syndrome and several types of
Loeys-Dietz syndrome, also exhibit calcification in
tortuous vessels localized along damaged elastic
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lamina, strikingly similar to the pathologic vascular
features of MAC observed in genetic diseases (58,59).
These genetic aneurysmal diseases share increased
activity of the transforming growth factor-b signaling
pathway, and it has been proposed that the calcifi-
cation seen in these vessels is subsequent to the
aberrant remodeling of the vessel wall (60-63).
Indeed, it is well known that cells are able to sense
the stiffness of their environment and that,
conversely, the environment itself has may induce

switches in cell phenotypes (64). Stiffening of ECM
transduced to VSMCs may trigger signaling events
through the collagen-binding discoidin domain re-
ceptor 1, which was found to promote osteogenic
differentiation and calcification (65). Exploration of
the significance of epigenetic imprinting stemming
from the developmental origin of individual vascular
beds and their propensity to calcify the medial layer
provides an interesting example of prospective
comprehensive disease modeling (66).

FIGURE 1 Mechanisms Contributing to MAC Pathogenesis

1) Extracellular matrix (ECM) cues are detected by the discoidin domain receptor-1 (DDR1) promoting the activation of osteogenic genes. 2) DNA damage response

pathway leads to the accumulation of poly (adenosine monophosphate) ribose molecules. These molecules are secreted in matrix vesicles and act as niduses for

calcification. 3) Calcium or phosphate minerals can nucleate in the extracellular matrix, but this process is inhibited by g-carboxyglutamic acid. The type III sodium-

dependent phosphate cotransporter PiT1 or Pit2 (PiT1/2) removes inorganic phosphate (Pi) from the extracellular environment. 4) Tissue nonspecific alkaline phos-

phatase (TNAP) converts the endogenous inhibitor of mineral nucleation, pyrophosphate (PPi), into the mineral building block, inorganic phosphate. 5) Pyrophos-

phate and adenosine monophosphate (AMP) are produced from the activity of ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) in the extracellular

adenosine triphosphate (ATP) metabolic pathway. The substrate for adenosine triphosphate–binding cassette subfamily C member 6 (ABCC6) is thought to also be

adenosine triphosphate but currently is not known. 6) CD73-mediated A2b adenosine receptor (A2bAR) signaling functions to suppress media arterial calcification

(MAC) by cyclic adenosine monophosphate–mediated repression of the forkhead box O1 (FOXO1) gene. With a lack of this signaling, FOXO1 up-regulates alkaline

phosphatase (ALPL)/TNAP. MGP ¼ matrix g-carboxyglutamic acid protein; RUNX2 ¼ Runt-related transcription factor 2. Created using BioRender.
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Another mechanism driving MAC pathogenesis is
related to DNA damage response pathways. On DNA
damage, the ataxia telangiectasia mutated protein
phosphorylates gH2AX, which marks the DNA lesion
and triggers DNA repair proteins (67). Among these
response proteins are poly[adenosine diphosphate-
ribose]polymerases (PARPs) which trigger events

such as senescence or cell death, but the product of
PARPs, poly[adenosine diphosphate-ribose] (PAR),
itself can promote the MAC by 2 means: 1) activation
of osteogenic gene expression; and 2) amalgamation
and packaging of PAR in MVs that are delivered to the
ECM, where PAR and calcium and phosphate ions
nucleate (65,68).

FIGURE 2 Histology of MAC and Intimal (Atherosclerosis) Calcification

Medial arterial calcification (MAC) and the intimal atherosclerotic calcifications (Calc) are shown. The legends to each medial and intimal

calcification pattern are summarized in Table 1. The histologic sections shown in the left and right columns of the medial and intimal cal-

cifications were stained with (A to F and M to R) Movat pentachrome and (G to L and S to X) hematoxylin and eosin. The red boxes in the

Movat pentachrome sections indicate areas of magnifications shown in the hematoxylin sections and in stage IV (medial) and sheet (intimal)

Movat pentachrome sections. IEL ¼ internal elastic lamina (black arrows, black and white arrowheads). Modified and reproduced with

permission from https://doi.org/10.1016/j.jcmg.2018.08.039 and https://doi.org/10.1016/j.ejvs.2020.08.037.
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The role of MVs in mineralization was first noticed
in cartilage (69), but it is now appreciated to
contribute to both MAC and IAC. In addition to
delivering packets of the mineral building blocks of
HAP, MVs contain lipids, metabolites, microRNAs,
and proteins that promote the osteogenic switch of
cells (70). Although MVs play a role in atherosclerosis
and MAC, the similarities and differences of their
biogenesis, accumulation, and cargo have not been
fully explored.

In T2DM patients with sympathetic fiber damage,
and in patients with sympathetic denervation
following sympathectomy, MAC is a common finding;
however, the mechanism causing calcification in such
patients remains to be clarified (71,72).

In the setting of CKD, the potential role of micro-
biome dysbiosis–derived uremic proteins in AC
pathogenesis has been proposed (73), although the
proof of concept and confirmation in clinical studies
of MAC are lacking.

GENETIC CONSIDERATIONS. For rare mendelian
disorders, the rare variants with large effect size
(mutations) directly cause the disease. In contrast, AC
associated with common clinical conditions such as
CKD and DM appear to have a more complex etiology,
with multiple low-frequency or common variants
with small effect size interacting with nongenetic
factors. For example, in patients with an ankle-
brachial index >1.3 suggestive of PAD, a meta-
analysis of genome-wide association studies
(GWASs) from 21 population-based cohorts identified
a single locus on chromosome 9 of genome-wide

significance (74). In a study of the UK Biobank par-
ticipants whose arterial stiffness was measured, the
arterial stiffness index was the subject of 2 GWAS
analyses. These studies revealed 4 significant loci
(near TEX41, FOXO1, C1orf21, and MRVI1), with gene-
based analysis implying COL4A2 (75). Thus, although
these studies provide preliminary evidence of a ge-
netic contribution to AC phenotypes, studies with
specific well-defined cohorts of patients with MAC
are lacking.

HISTOPATHOLOGY

MAC affects predominantly muscular arteries. In
large arteries, early stages are characterized by fine
granulations of the CaP precipitates located within
the media in the proximity of the internal elastic
membrane, later progressing in size and distribution.
In advanced stages, large precipitates forming
sheaths replacing large areas of the healthy media
and fragmentation of the internal elastic membrane
are seen (7). In some cases, osteogenic transformation
and invasions of the intima can be seen (18). The
stages and differences between MAC and IAC have
been summarized in Figures 2A to 2X and in the cor-
responding Table 1.

It is not known how far distally on the arterial tree
MAC can spread. Some studies suggest that in small
arteries, numerous changes may occur, including se-
vere intimal hyperplasia and thrombotic occlusions
(7,31,76), along with CaP deposits (77). In amputated
limbs of CLTI patients, a strong correlation was found
betweenMAC of the foot arteries andmetatarsal artery

TABLE 1 Stages of Progression: Comparison Between MAC and Intimal Calcifications

Medial Arterial Calcification Intimal Calcification

I Calcification of the internal elastic membrane with or
without extension into the media (A and G)

Microcalcification (includes micro and punctate) is
identified by calcium particles ranging from >0.5 mm
to <1 mm in diameter (M and S)

Micro and punctate
calcification

II Calcification coalescence and becomes confluent
(varying in size from 1 to 3 mm), forming fragments
of calcification (B and H)

Small calcification is often accompanied by
inflammation, areas of microcalcification coalescence
forming fragments of calcification that are >1 mm
but <3 mm in diameter (N and T)

Fragment calcification

III Calcification length > 3 mm and/or extending to involve
>90o of the circumference (C and I)

Calcification of the intima >3 mm or >90o (O and U)
Calcification can extend and become circumferential
(P and V)

Sheet calcification

IV Calcifications of the media, spanning the entire
circumference (D and J)

Nodular
calcification

Nodular calcification is rarely seen in medial wall, which
is composed of nodules of calcification often
accompanied by fibrin (E and K)

Nodular calcification is composed of nodules of
calcification often accompanied by fibrin with a
fibrous cap (Q and W)

Nodular calcification

Bone formation Bone formation may be observed in fragmented and
areas of sheet calcification (F and L)

Bone formation and rarely cartilaginous metaplasia may
be seen in late stages, most frequently in stages III
and IV, but rarely also in stage II

Bone formation can be observed within the regions of
calcification (R and X)

Bone formation

A to X correspond to Figures 2A to 2X. Modified and reproduced with permission from https://doi.org/10.1016/j.jcmg.2018.08.039; https://doi.org/10.1016/j.ejvs.2020.08.037.
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obstruction. The most common obstructive lesion was
a combination of intimal thickening, advanced MAC,
and thrombosis that was striking “for the relatively
small size of the metatarsal arteries” (78).

HEMODYNAMIC IMPAIRMENTS

MAC causes arterial wall stiffening, which is associ-
ated with fundamental changes in central hemody-
namics: impaired windkessel function, increase in
left ventricular afterload, decrease in coronary artery
perfusion, and increase in blood flow pulsatility
(1,79,80). The limited studies of hemodynamics in
peripheral arteries of patients with MAC revealed
marked impairments suggestive of peripheral shunt-
ing (81).

On the basis of our preliminary observations in
patients with CLTI, following vasodilatation,

advanced MAC appears to cause an accentuated fall in
mean and diastolic arterial pressures. These data
appear to suggest a decrease in the driving force
resulting from the arterial wall rigidity and pathologic
peripheral vasodilatation (Figures 3A to 3C) (Lanzer
et al, unpublished data, 2020). These early data seem
to corroborate the clinical observations in patients
with CLTI secondary to MAC resulting in severe limb
ischemia (7).

INTERACTIONS WITH ATHEROSCLEROSIS

The exact nature of interactions between MAC and
atherosclerosis appears to be predominantly biome-
chanical. In healthy media, when atheroma develops,
the luminal area is initially maintained by circum-
ferential expansion (82). It is thought that this
compensatory stage lasts until the vessel’s cross-

FIGURE 3 MAC and Hemodynamics

Male patient with diabetes mellitus and gangrene of the right middle finger and x-ray angiography demonstrating advanced medial arterial

calcification (MAC) without evidence of stenotic lesions of the right upper extremity arteries. (A) High-fidelity blood pressure recordings at

the level of the mid brachial (Pa) and distal ulnar (Pd) arteries demonstrated a Pd/Pa ratio of 0.91 at baseline, (B) a Pd/Pa ratio of 0.80

following intravenous (140 mg/kg/min systemic infusion) and intra-arterial (150-mg) bolus administration of adenosine, and (C) a Pd/Pa ratio

of 0.76 following intra-arterial nitroglycerin (300 mg). The disproportional decrease in the distal diastolic pressures following vasodilatation

appears to suggest marked microvascular dysfunction. A hemodynamically significant lesion proximal to the target territory has been

excluded by x-ray angiography. FFR ¼ fractional flow reserve.
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sectional area expands by approximately 40%.
Beyond 40%, inward remodeling occurs, leading to a
decreasing lumen area. However, in the presence of
MAC, the compensatory stage may be prematurely
disrupted. MAC may encourage the inward phase of
remodeling to start earlier, thereby giving rise to an
acceleration of luminal stenosis related to the pro-
gression of atherosclerosis. How the enhanced inward
remodeling occurs physiologically remains to be fully
characterized, but 1 hypothesis suggests a competi-
tion in stiffness between the intima and the media
(83). If the stiffness of the media is much greater than
that of the intima, the media will act as a stiff band
surrounding a relatively compliant intima. With
further growth, the intima is forced to encroach into
the lumen, thus leading to a reduction in blood flow.
A stiffer media could also interfere with the vessel’s
ability to stretch and recoil, disrupting the normal
development of pressure gradients. A long-term
disruption in hemodynamics may also promote an
earlier onset of disease because low endothelial shear
stress is thought to be atherogenic (84).

Although IAC typically occurs in advanced
atherosclerotic lesions often promoted by localizing

biomechanical factors (85), MAC occurs early in the
course of the disease along elastic lamellae. Thus,
whereas IACs of atherosclerosis occur in advanced
disease and threaten patients with focal or multifocal
plaque evolution, rupture, and thromboembolic
complications, MAC occurs early in the disease’s
course, at least in the peripheral arteries, and it is the
main risk factor for progressive shutdown of circula-
tion secondary to small artery disease.

DIAGNOSTIC EVALUATIONS

MAC is most commonly seen in the arteries of the
lower and upper extremities, but it has been reported
in all major vascular territories (86), including the
temporal (87), facial (88), and mammary (89) arteries.
The diagnosis of MAC is frequently incidental in the
course of other diagnostic evaluations or a result of
systematic screening in patients with PAD. In PAD,
the ankle-brachial index has been the preferred first-
line method to screen for MAC; however the validity
of this index to determine MAC has been questioned
(29). Recently, a simple MAC score was proposed on
the basis of a planar radiograph of the foot in 2

FIGURE 4 MAC in Ultrasound

Female patient with chronic kidney disease and medial arterial calcification (MAC) demonstrated by ultrasound. (A) B-mode ultrasound

longitudinal image of the left superficial femoral artery revealed on the near end arterial wall linear homogeneous echogenic band patho-

gnomonic for MAC; note the smooth endothelial interface of the superficial femoral artery; white arrowheads denote diffuse medial calci-

fications. (B) Color-coded Doppler image of A demonstrates normal arterial flow signal (blue); red corresponds to the accompanying vein;

white arrowheads as in A. (C) Color-coded Doppler and pulsed-wave Doppler images show a normal triphasic flow pattern indicating a

normal artery.
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projections. Looking at 5 vascular sites and evalu-
ating the length of the “rail-tracking,” patients can be
divided into 3 MAC categories: absent, moderate, and
severe (90).

Multiple imaging modalities allowing differentia-
tion between the intimal and medial layers of the
arterial walls are suitable for MAC detection. In pe-
ripheral arteries, MAC and IAC can be clearly
differentiated by transcutaneous ultrasound imag-
ing. MAC is recognized on longitudinal views by
echogenic abluminal bands and typically smooth
endothelial interfaces (Figures 4A to 4C), whereas
IAC appears granular and spotty (91). On conven-
tional x-ray radiography, MAC radiopaque “rail-
tracking” type shadows are typical, in contrast to the
irregular and discrete “plaquelike” IAC (92). If con-
ventional x-ray radiography is combined with angi-
ography, smooth endothelial interfaces can be
appreciated (Figures 5A to 5D). Computed tomogra-
phy (CT) exquisitely depicts peripheral and coronary
artery calcifications as high- density signals, yet
because of its limited spatial resolution, MAC and
IAC cannot be differentiated on conventional CT
images. A distinction between these 2 types of
calcification on the basis of differences in patterns
has been proposed on thin-slice CT images (93).
Compared with other imaging modalities, CT may
provide whole body estimates of AC burden, as
shown in Figures 6A to 6F.

Coronary artery calcifications can be reliably visu-
alized by CT, and coronary calcium scores have been
used for detection and prognostication of coronary
artery disease for more than 2 decades (94). However,
to allow a distinction between MAC and IAC, either
intravascular ultrasound or, even more optimally,
optical coherence tomography with axial resolution
of approximately 100 and 10 mm, respectively, is
needed (95). By using optical coherence tomography,
the artery wall layers containing calcifications are
clearly visualized (Figures 7A to 7C). However, given
their invasiveness, both techniques are applied only
if clinically indicated in selected patients. Figures 8A
to 8F demonstrate the typical native and angio-
graphic x-rays and clinical findings of MAC in the limb
arteries.

The typical laboratory test values and biomarkers
for MAC are summarized in Supplemental Appendix B.

THERAPY

PHARMACOLOGIC THERAPY. Slowing of MAC pro-
gression in patients with CKD has been demonstrated
with the use of phosphate binders and calcimimetic
agents (96,97). An extensive body of published

reports on patients undergoing long-term dialysis
suggests that the benefit of non–calcium-based
phosphate binders is not limited to phosphate
reduction, but rather it extends to reduction in the
calcium load that patients receive from calcium-
based binders and an effective control of para-
thyroid hormone (98). Indeed, parathyroid hormone
was shown to have direct procalcifying effects in an-
imal experiments (99). Additionally, these binders
enhanced bone mineral density while slowing AC
progression (100).

Other experimental therapeutic approaches
included vitamin K supplementation, pyrophosphate,
tenapanor, and acetazolamide. The Valkyrie study
demonstrated a nominal but nonsignificant slower
progression of calcifications in patients with atrial
fibrillation who were undergoing hemodialysis and

FIGURE 5 MAC in Native X-Ray and X-Ray Angiographic Images

(A and B) Male patient with diabetes mellitus and medial arterial calcification (MAC)

demonstrated by x-ray imaging. (A) Native x-ray image of the right brachial artery

demonstrating the typical “railroad track” pattern of calcification parallel to the humerus

(white arrowheads at the edge of calcifications). (B) X-ray angiographic image of the

patient in A showing the smooth endothelial interface following contrast media filling;

heavy calcification are recognized as white stripes along the lumen (white arrowhead).

(C and D) Male patient with cardiac arrhythmias undergoing coronary angiography. (C)

High-resolution native x-ray image of the right coronary artery reveals a disseminated

pattern of calcifications (2 white arrowheads on the left) suggestive of medial arterial

calcification seen in A; the image appears partly duplicated because of the rapid motion

of the cardiac base (white arrowhead on the right). (D) X-ray coronary angiographic

image of C showing the smooth endothelial interface demarcated by homogeneous

contrast media filling (black arrow).
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who were randomized to rivaroxaban with or without
vitamin K supplementation (101).

Tenapanor, an inhibitor of the sodium-hydrogen
isoform 3 protein that regulates paracellular absorp-
tion of sodium and phosphate in the intestine,
demonstrated several beneficial effects, such as
reduction in sodium and phosphorus absorption,
reduction in serum levels of phosphorus and fibro-
blast growth factor-23, and reduced heart mass in rats
with chemically induced CKD. Additionally, it signif-
icantly decreased ectopic aortic calcification (102). In
2 human trials of patients undergoing hemodialysis,
tenapanor showed a clear dose-dependent ability to
reduce serum phosphate levels, although the trials
did not measure the effect of this drug on AC (103).

Pyrophosphate inhibits calcium and phosphate
deposition in bone and soft tissue. Bisphosphonates
are analogues of pyrophosphate, and animal studies
in the 1970s suggested the inhibitory activity of these
agents on AC. Early forms of this drug (etidronate)
have successfully halted the extensive calcification of
newborns with generalized arterial calcification of
infancy, thereby allowing their survival (104).
Currently, a clinical trial (Etidronate for Arterial Cal-
cifications Due to Deficiency in CD73 [ACDC];
NCT01585402) is under way to test whether this
therapy may also be useful in patients with CD73
deficiency. Randomized controlled trials in patients
before beginning dialysis and in patients undergoing
dialysis failed to reaffirm this hypothesis (105), and

FIGURE 6 MAC in CT

A 3-dimensional computed tomography (CT) reconstruction surface rendering in a male patient with medial arterial calcification (MAC). (A) Whole body scan reveals

calcifications (white spots) within the abdominal aorta and the pelvic and leg arteries. (B) Enlarged section of the internal carotid artery from the image in A appears

relatively free from calcifications. (C) Enlarged section of the superficial femoral artery with heavy diffuse calcification typical of medial arterial calcification. (D) Calcium

windowing highlights the calcifications of the vasculature. (E) Coronary computed tomography angiography shows extensive calcifications of the proximal left anterior

descending coronary artery and lesser calcifications of the proximal right and left circumflex coronary arteries. (F) Enlarged section of the proximal left anterior

descending artery shows heavy confluent, partly circumferential calcifications.
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the drug therapy appeared to promote osteomalacia
(106). Etidronate, a bisphosphonate with a mecha-
nism of action similar to that of pyrophosphate, did
slow peripheral AC in a recent trial (107).

Aldosterone expands the procalcifying activity of
hyperphosphatemia and facilitates osteoblastic
transformation of VSMCs in vitro (108), whereas spi-
ronolactone inhibited calcification in a Klotho-
deficient mice model (109). Because patients with
CKD often have hyperphosphatemia and concomitant
hyperaldosteronism, human trials with mineralocor-
ticoid antagonists are currently under way.

The anticalcifying activity of magnesium was
demonstrated in 2 small human trials where magne-
sium supplementations slowed the progression of
coronary artery calcium in predialysis patients (110)
and were associated with a decreased propensity to
AC development in patients undergoing hemodialysis
(111).

The most interesting recent development in treat-
ment of AC involves a direct inhibitor of HAP, the
final step in all calcification processes. SNF472,
myoinositol hexaphosphate (112), was shown to slow
the progression of aortic valve and coronary artery
calcification significantly in patients with end-stage
CKD (113).

Whether any of the modest effects described here
will translate into meaningful clinical benefits in
patients with MAC remains to be determined (114).
Besides pharmacologic interventions, renal trans-
plantation seems to slow the progression ofMAC, but it

does not cause regression of calcification (115).
Although CaP overload represents a valid target in
patients with CKD, in disorders with preserved sys-
temic CaP homeostasis, with the exception of pseu-
doxanthoma elasticum, no therapy targets have been
established.

INTERVENTIONAL THERAPY. AC is associated with
an increased risk of complications during surgical and
percutaneous coronary and peripheral revasculariza-
tion procedures (14-16). Numerous surgical and
endovascular strategies were designed to improve
outcomes. For example, in endovascular procedures,
noncompliant, scoring, and cutting balloons, excimer
laser ablation, rotational and orbital atherectomy,
and, more recently, intravascular lithotripsy have
been used to manage coronary and peripheral artery
calcifications (116-118). Although these procedures do
not remove calcium, they fracture the superficial
and/or deep calcifications, and by modifying the le-
sions they improve stent placement and provide ac-
cess to distal target sites. Figures 9A to 9M review the
histologic features of calcified lesions treated with
endovascular procedures.

FUTURE PERSPECTIVES

EXPERIMENTAL DATA AND PLAUSIBILITY

CONSIDERATIONS. Currently, AC pathogenesis has
been studied with a variety of in vitro and in vivo
experimental models using numerous experimental
protocols replicating some but not all of the AC

FIGURE 7 MAC in OCT

On optical coherence tomography (OCT), medial arterial calcification (MAC) appears as regions with homogeneous low signal intensity and sharply demarcated border

zones. (A to C) Cross-sections of the coronary arteries. (A) Medial arterial calcification spans more than one-half of the circumference (12 to 7 o’clock). (B) Extensive,

partly eccentric medial arterial calcification (1 to 3 o’clock). (C) Highly eccentric medial arterial calcification (10 to 12 o’clock). Note the smooth and regular intima in all 3

images. Courtesy and Copyright, Abbott, Inc.
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features encountered in human diseases
(Supplemental Appendix A). Albeit providing impor-
tant insights to date, these studies have not uncov-
ered novel and targetable molecular machinery that
may be used to design pharmacologic prevention and
therapy for AC.

Given the extreme sensitivity of the CaP precipi-
tation processes to the ionic strength of calcium and
phosphorus ions modified by promoters and in-
hibitors of mineralization, aberrations of in vivo
conditions in experimental protocols bear the risk of
factitious results and errors in interpretations (27)

(Supplemental Appendix C). To avoid these in-
consistencies, experimental designs conforming to
the laws of thermodynamics governing the CaP pre-
cipitation must be observed, and first principles
thinking should be applied (Supplemental Appendix
D). Identification of the triggers of CaP nucleation,
along with the potentially reversible stage of the
amorphous phosphate formation, and the irreversible
point of no return following HAP crystallization will
be critical to define the targets of pharmacologic
therapy (27). Replication or direct observation of the
in vivo conditions, while conserving the principles of

FIGURE 8 MAC in Limb Arteries

(A to C) Male patient with the gangrene of the left great toe. (A) Native x-ray image of the left foot; heavy calcifications of the metatarsal and toe arteries, particularly

of the first metatarsal and great toe arteries, are shown (white arrowheads). (B) Angiographic x-ray image corresponding to the image in A; shown is the extensive

destruction of the small arteries; the paucity of the distal arterial supply is highlighted in the context of the great toe (oval broken line). (C) Photograph of the left foot

corresponding to the image in A; shown is extensive necrosis of the left great toe. (D to F) Male patient with the gangrene of the left middle finger. (D) Native x-ray

image of the left hand; heavy calcifications of the metacarpal and finger arteries are shown (white arrowheads). (E) Angiographic x-ray image corresponding to the

image in A; shown are multiple occlusions of the metacarpal and finger arteries and virtual absence of arterial blood flow to the fingers (exemplified by the middle

finger, oval broken line). (F) Photograph of the left hand corresponding to the image in A; shown is distal necrosis of the left middle finger. MAC ¼ medial arterial

calcification.
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thermodynamics and focusing on the medial layer,
will allow insights into the pathobiology of MAC, and
it holds the potential for developing causal
treatments.
GENETICS. Genetic analysis provides an important
direction of research to unravel MAC molecular
pathogenesis. Future genetic analyses of MAC will
depend on the availability of whole exome
sequencing and the identification of appropriate
patient cohorts, such as multigenerational families
with affected members, to help identify monogenic
disorders (119,120). The genes identified in mono-
genic disorders may also be relevant for polygenic
disease. However, robust characterization of genetic
variants contributing to polygenic forms of MAC re-
quires the establishment of large cohorts excluding
secondary causes of AC, as outlined later in
this section.

Genetic variants that promote the development of
MAC as a function of comorbidities such as DM and
CKD are not easily identified by familial studies.
Thus, discovery of genetic variants influencing MAC
risk should follow several related paths. First, to
discover low-frequency variants of high effect size,
whole exome sequencing or whole genome
sequencing should be undertaken using large and
diverse groups. Both of these techniques are limited
by the ability to parse variants easily into benign or
pathogenic categories (121).

Second, GWASs could be undertaken to look for
common variants of small effect size that could
nevertheless yield important insights into the biology
of AC. For example, a GWAS of >9,400 individuals
identified an association with the histone deacetylase
9 (HDAC9) gene and atherosclerotic aortic calcifica-
tion. This study showed HDAC9 to increase expres-
sion of RUNX family transcription factor 2 (RUNX2),
which promotes the differentiation of VSMCs into
cells with an osteogenic phenotype (122). Moreover,
HDAC9 overexpression was shown to increase calci-
fication in cultured VSMCs of mice, whereas defi-
ciency of HDAC9 decreased calcification (122). Thus,
whereas HDAC9 was demonstrated as a potential
therapeutic target for atherosclerotic AC, comparable
data on MAC are not available. A major limitation of
the GWAS is the need for well-phenotyped cohorts
with a sample size in the thousands. As mentioned
earlier, discerning between IAC and MAC is not often
determined routinely. Furthermore, associations
should be replicated in an independent cohort, again
necessitating the collection of thousands more cases
and control subjects. It is therefore clear that a large,
international, multidisciplinary team would be
required to gather sufficient cases, analyze the

genetic data, and conduct in silico and laboratory
studies to discover causal variants and identify
candidate genes for MAC.

Third is the need for functional validation of GWAS
discoveries. The International Knockout Mouse Con-
sortium, whose objective is to establish knockout
mouse lines for each of the protein-coding genes
(123), may provide an opportunity to functionally
validate candidate genes identified from GWASs and
whole exome sequencing or whole genome
sequencing studies. Systematic phenotyping for AC in
these knockout mouse lines could yield novel genes
involved in VSMC function and the pathogenesis of
MAC. However, it is established that mice are not
good models for human MAC (41). The challenge lies
in establishing noninvasive in vivo imaging modal-
ities for the high-throughput detection and quantifi-
cation of AC in mice. Fluorine-18–sodium fluoride
positron emission tomography has potential as a
sensitive in vivo imaging technique (124). If greater
resolution is required, ex vivo micro-CT analysis
could also be considered to detect microcalcification
(55).

In addition to MAC manifesting as a comorbidity,
primary systemic MAC characterized by the absence
of predisposing factors has been reported (8). In the
absence of known risk factors for MAC, the possibility
of inherited genetic causes is likely, thereby
providing an opportunity to search for additional
monogenic causes of MAC in these patients. The
availability of blood samples and vascular tissues
from patients with primary MAC would greatly
simplify research protocols by providing valuable
opportunities to identify the causes of MAC in such
patients.

Furthermore, the striking differences in the topo-
graphic distribution of MAC among individual
vascular beds with strong predisposition for the ar-
teries of the extremities appear to coincide with the
differences in the embryologic origins of VSMCs (125).
This finding potentially points toward an epigenetic
predisposition worthy of being explored.
OMICS. Although applications of omics approaches to
VC are still in their infancy, the research into MAC
and IAC will benefit from a variety of studies using
different omics, including proteomics (126), metab-
olomics (127), and, most recently, single- cell tran-
scriptomics (128).

The in-depth characterization of calcifying blood
vessels or cells could yield important insights into
the evolving disease processes, mainly by providing
unbiased tissue profiles. As depicted in Figure 10,
omics-based tissue profiles can have different
resolutions.

J A C C V O L . 7 8 , N O . 1 1 , 2 0 2 1 Lanzer et al.
S E P T E M B E R 1 4 , 2 0 2 1 : 1 1 4 5 – 1 1 6 5 Medial Arterial Calcification

1157



To date, a few important bulk-omics–based studies
on AC have been published. Long-noncoding RNAs
(LncRNAs) are gene regulatory transcripts longer than
200 bases that have been associated with major

cardiovascular diseases, including heart failure (129)
and atherosclerosis (130). Using an in vitro model, key
regulatory LncRNAs were detected by transcriptomics
in calcifying rat VSMCs (131), and the identified

FIGURE 9 Histology of Calcified Plaques and Endovascular Interventions

Orbital Atherectomy

Subintimal space

D E

Drug-Eluting Stent

A B C

(A to M) Examples of histologic findings of intimal and medial calcifications (Ca) following endovascular interventions. (Top) Common femoral artery and superficial

femoral artery following drug-eluting stent placement and orbital atherectomy device in an ex vivo setting, respectively. (Bottom) Coronary artery treated by a

rotational atherectomy device, superficial femoral artery (SFA) treated with an intravascular lithotripsy device, and plaque debris obtained from directional atherectomy

device. (A) Histologic image of a stented common femoral artery with intimal nodular calcification. (B) A high-power image of the red-boxed area in A. Some stent

struts remain uncovered, others are partially covered, and a few are surrounded by fibrin. (C) A high-power image of the blue-boxed area in A. Stent struts are

surrounded by fibrin. (D) Histologic image of a superficial femoral artery chronic total occlusion (CTO) lesion treated with an orbital atherectomy device in an ex vivo

setting. (E) Note that calcified plate (Caþþ) is broken into multiple pieces and the blue arrow shows subintimal space. (F and G) Histologic images of coronary artery

sections stained with Movat pentachrome showing sheet calcium and an area of nodular calcification. The lesion was treated 12 hours earlier by a rotational athe-

rectomy device; note the sharp edge of the calcified plaque (red arrowheads) where the burr interacted with the plaque. Medial dissection is observed (blue ar-

rowheads). (H) A histologic image of SFA treated with an intravascular lithotripsy device. (I) A high-power image of the green-boxed area in H shows fracture of the

medial calcification resulting from lithotripsy. (J) A coregistered micro-CT image with the histologic image H. Red arrows show the fracture sites in MAC. (K) A gross

image of plaque tissues removed by directional atherectomy device. (L and M) A histologic image of the collected plaque with calcification (L) and thrombus (Th) (M).

A to D, H, I, L, and M are stained with hematoxylin and eosin. E to G are stained with Movat pentachrome. Caþþ ¼ calcium; CT ¼ computed tomography;

MAC ¼medial arterial calcification. Modified and reproduced with permission from https://doi.org/10.1016/j.jcin.2019.10.060. (F and G)Modified and reproduced with

permission from https://doi.org/10.1016/0002-8703(9590384-4).

Continued on the next page
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candidates were assayed on the basis of earlier
knowledge. In this experimental set-up, LncRNA
Lrrc75a-as1 was confirmed to have a mechanistic
impact on in vitro calcification. A similar pipeline was
applied by Schanstra et al (119), who analyzed the
proteomic difference between human arterial tissue

samples in patients with early and late stages of a
broad spectrum of cardiovascular diseases. To iden-
tify potentially beneficial drugs, unbiased drug sig-
natures (Connectivity MAP) (132) were applied to
match the proteomic disease signature, assuming that
the drug could reverse the pathogenic phenotype. By

FIGURE 9 Continued
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using this approach, cytosolic phospholipase A2 in-
hibitor was predicted to prevent AC, a prediction that
was subsequently confirmed experimentally in vivo.

Regarding the evaluation of complex biologic sys-
tems and the integration molecular cascades by
network analysis, Song et al (133) assembled a
network from protein-protein interactions in VSMCs.
Known proteins involved in AC were used as seed
genes and mapped onto the resulting network. This
was repeated for other endophenotypes such as
fibrosis and inflammation to evaluate their relation-
ship with the AC endophenotype through the protein-
protein interaction network. The network was further
used for drug repurposing by assessing the network
distance between drug targets and the calcification
module. Three candidates, including the mammalian
target of rapamycin (mTOR) inhibitor everolimus,
were experimentally validated to reduce VSMC
calcification.

Single-cell omics allows analysis across the
complexity spectrum down to a single cell. This ap-
pears to be of particular value to research on AC
because it has enabled insights into vessel wall
biology (128), especially into cell type and cell state
composition in atherosclerotic plaques (134,135). The
medial layer of arteries contains mainly VSMCs,

fibroblasts, pericytes, and transitional cell types
termed myofibroblasts (136). Single-cell technologies
are likely to provide important insights into the state
of cellular heterogeneity of VSMCs and transitional
cells in their functional evolution, along with their
calcifying potential.

ACs exhibit a strong topographic aspect. They begin
locally restricted to specific loci of the vasculature and
are also present within specific layers of the vessel
wall. In MAC, calcification sites occur predominantly
in the arteries of the extremities, and here, within the
media as the characteristic single target. Thus, spatial
aspects of pathogenesis are expected to be highly
influential and should be addressed with proper sam-
pling strategies, as demonstrated for calcific aortic
valve disease (137) and by using spatially resolved
omics. These novel technologies assess molecular
profiles while retaining their spatial information.
Although novel technologies are under development,
spatial transcriptomics are the most advanced at pre-
sent (138,139). The blood vessels, small and well-
structured organs, constitute excellent study sub-
jects for these technologies. Here, the functional
analysis of calcifying sites could substantially improve
our understanding of how andwhy calcification occurs
at certain sites while other sites are spared.

FIGURE 10 MAC and Omics
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Calcifying
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Spatial context in calcification
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the vessel wall
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Overview of pathophysiology of medial arterial calcification (MAC) and the proposed omics approaches to study it. (Left) Different proposed pathophysiologic prin-

ciples suggested triggering and promoting vascular calcifications, including medial arterial calcification. (Middle) Calcified sites in the vasculature can be studied with

omics at different degrees of resolutions. Bulk omics (bottom) provides a gross tissue profile. Single- cell omics (middle) provides profiles of individual cells. Spatial

omics (top) yields profiles of regions represented as the 2-dimensional sections of the tissues. (Right) The proposed approaches have not been systematically applied

to study medial arterial calcification but hold promise to address numerous aspects of calcifications processes providing tangible insights and hypotheses for mo-

lecular pathogenesis of medial arterial calcification.
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Although omics have the potential to reshape
research on AC, important limitations should be
considered. The major limitations include repro-
ducibility batch effects, cost, and coverage. Single-
cell and spatially resolved omics and the computa-
tional methods used for data analysis are still in
early stages of development, and mechanistic
insight from omics studies relying on biologic

assumptions may not always reflect biologic
reality. Nevertheless, omics holds a great promise
providing data-driven hypotheses requiring valida-
tion experiments and allowing causal conclusions,
and as such, omics needs to be systematically used
to support biochemical, genetic, and experimental
approaches to understand AC (24) and specifically
MAC.

CENTRAL ILLUSTRATION Medial Arterial Calcification: A Systemic Vascular Disorder Devastating
Peripheral Circulation

Lanzer, P. et al. J Am Coll Cardiol. 2021;78(11):1145–1165.

In health, calcium phosphate homeostasis is maintained, and crystallization is prevented. In medial arterial calcification calcium phosphate homeostasis breaks down,

resulting in progressive mineralization and, in more advanced stages, bone formation within the medial layer. Certain pathogenetic principles, including smooth

muscle cell osteogenic differentiation, apoptosis, inflammation, and molecular defects of matrisome, have been reported to regulate the calcification process. Medial

arterial calcification impairs hemodynamics and often causes chronic limb-threatening ischemia. Omics approaches hold distinct promise to define medial arterial

calcification molecular pathogenesis and design treatments.
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The definition of the MAC molecular biology will
ultimately need to be addressed by interdisciplinary
teams with complementary expertise (24,140,141).

The Central Illustration summarizes the key points
pertaining to the pathophysiology and clinical mani-
festation of MAC.

SUMMARY

MAC is a chronic systemic vascular disorder distinct
from atherosclerosis that is frequently but not always
associated with DM, CKD, and aging. It is part of
several complex phenotypes observed in numerous
less common diseases. The hallmarks of MAC include
disseminated and progressive precipitation of CaP
within the medial layer, compromise of hemody-
namics, a prolonged and clinically silent course, and
CLTI. The pathogenesis of MAC is unknown. We re-
view the current state of knowledge about MAC and
briefly outline directions for future research.
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