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HIGHLIGHTS

� Vascular calcification is a highly regulated, cell-mediated process that is strongly associated with CKD and confers

increased risk for incident CV events.

� Multiple pathways link vascular calcification with CKD; however, they remain incompletely understood, and the

development of targeted therapies has been underwhelming.

� Illumination of the causal steps and natural history that link vascular calcification to CV events will affirm its role as a CV

risk factor and accelerate drug discovery and therapeutic translation.
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Cardiovascular (CV) disease remains an important cause of morbidity and mortality for patients with chronic kidney

disease (CKD). Although clustering of traditional risk factors with CKD is well recognized, kidney-specific mechanisms are

believed to drive the disproportionate burden of CV disease. One perturbation that is frequently observed at high rates in

patients with CKD is vascular calcification, which may be a central mediator for an array of CV sequelae. This review

summarizes the pathophysiological bases of intimal and medial vascular calcification in CKD, current strategies for

diagnosis and management, and posits vascular calcification as a risk marker and therapeutic target.

(J Am Coll Cardiol Basic Trans Science 2020;5:398–412) © 2020 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
C hronic kidney disease (CKD) is a major global
public health problem. Defined by the sus-
tained presence of either kidney damage

(albuminuria) or reduced kidney function (estimated
glomerular filtration rate [eGFR] <60 ml/
min/1.73 m2) (1), CKD is believed to affect 10% to
15% of the population and is estimated to contribute
to 5 to 10 million deaths annually (2,3). Despite
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improvements in the care of patients with CKD, life
expectancy remains significantly reduced across all
stages of kidney disease (4), and the global burden
of kidney disease continues to rise (5). In this context,
cardiovascular disease (CVD) is a significant contrib-
utor to the high morbidity experienced by patients
with CKD and CV death is the most common cause
of death in this population (Figure 1).
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AB BR E V I A T I O N S

AND ACRONYM S

CAC = coronary artery

calcification

CI = confidence interval

CKD = chronic kidney disease

CT = computed tomography

CV = cardiovascular

CVD = cardiovascular disease

eGFR = estimated glomerular

filtration rate

ESKD = end-stage kidney

disease

FGF = fibroblast growth factor

HR = hazard ratio

LDL-C = low-density

lipoprotein cholesterol

MGP = matrix Gla protein

PTH = parathyroid hormone

VSMC = vascular smooth

le cell
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Large contemporary datasets have repeatedly
shown linear relations between CV mortality and
reduced eGFR and proteinuria or albuminuria (6). The
effect is most pronounced for those with end-stage
kidney disease (ESKD) in whom 85% of adults
commencing dialysis at older than 45 years of age will
have some form of CVD and experience a relative risk
of CV death that exceeds 20 times that of the general
population (7). In adults younger than 30 years of
age, the relative risk is even more dramatic; incident
ESKD confers a >150-fold risk of CV death compared
with an age-matched population (8). Expressed
another way, persons with mild to moderate (stages 1
to 3) CKD are at higher risk of CV events and CV mor-
tality than they are for progression to ESKD (9,10).

CKD imparts increased risk for a wide array of CVDs
(Figure 2). Although atherosclerotic CVD is the most
frequent manifestation, leading some to consider CKD
a coronary-artery risk equivalent (11), rates of heart
failure (12), stroke (13), valvular heart disease (14),
arrhythmia (15), and sudden cardiac death (16) are
all significantly increased across the spectrum of
CKD. Clustering of traditional risk factors such as
type 2 diabetes mellitus and hypertension were
originally believed to drive propensity for CVD in
these patients; however, meta-analyses have
consistently identified significant residual, CKD-
specific risk (17,18). Once CVD is established, CKD
confers a significantly worse prognosis with a more
aggressive disease phenotype, higher risk of com-
plications, and premature cause-specific death (18).
Reduced efficacy of proven secondary preventative
therapies (e.g., statins) likely also contribute to the
divergent outcomes experienced by patients with
CKD (19�21).

Multiple systemic perturbations observed in CKD
can lead to cardiac and vascular damage, and likely
underscore the increased risk of CV events observed in
this population. Vascular calcification, the patholog-
ical deposition of calcium salts in the arterial wall, has
been observed among patients with CKD at between
2- and 5-fold the rate of age-matched non-CKD
patients. A large body of evidence has subsequently
supported biologically plausible, temporal (22), and
dose�response (23) relations between vascular calci-
fication and CV risk in patients with CKD. However,
whether the regression or halting of vascular calcifi-
cation is possible and subsequently results in
improved CV outcomes remains to be determined.

TYPES OF CALCIFICATION

There are several distinct phenotypes of CV calcifi-
cation—intimal vascular, medial vascular, and
valvular. Although valvular calcification is
increasingly recognized as an important
contributor to morbidity and mortality in
patients with CKD, particularly those on
dialysis (24), for the purpose of this review
we focused on the vascular entities of intimal
and medial calcification. Intimal and medial
vascular calcification are defined by their
location within the arterial wall, which is a
distinction that helps separate predisposing
etiology, regional distribution, and clinical
sequelae (Figure 3). Although this has
intrinsic appeal, noninvasive imaging is un-
able to discern intimal from medial calcifica-
tion; thus, our insights into the natural
history and clinical relevance of each type of
vascular calcification are limited.

INTIMAL CALCIFICATION. Intimal calcifica-
tion occurs almost exclusively in the context
of atherosclerosis, which has a predilection
for medium to large arteries and areas of

abnormal flow, such as arterial vessel bifurcations.
Although generally increased in patients with CKD,
intimal calcification is not specific to CKD and instead
is associated with traditional atherogenic risk factors
such as dyslipidemia, diabetes, hypertension, and
cigarette smoking (25). Of note, adolescents on dial-
ysis who do not have traditional risk factors develop
medial calcification almost exclusively (26,27), which
is similar to animal models of CKD that are not
exposed to an additional metabolic stimulus (e.g.,
through low-density lipoprotein (LDL) receptor
knockout or a high cholesterol diet) (28). CKD may
promote, accelerate, or catalyze an already estab-
lished, synchronous atherosclerotic calcification pro-
cess rather than incite it (29). Regardless, the
complications of intimal calcification are believed to
be local and mediated through the development of
luminal stenosis, obstruction, and distal ischemia or
infarction (i.e., myocardial infarction, stroke, or limb
events). In general, intimal calcification appears to be
dynamic and may be considered a barometer for the
atherosclerotic cycle; microscopic flecks are visible
during the earliest stages of intimal thickening and
diffuse, confluent regions are observed in the most
advanced fibrocalcific lesions (30). Although spotty
calcification (approximately 1 mm in size) observed on
both computed tomography (CT) and intravascular
imaging has been associated with plaque instability
and propensity for atherothrombotic events, confluent
calcific lesions appear to be associated with a more
stable phenotype (30) and may instead represent a
teleological response to injury (25). These confluent

musc



FIGURE 1 Categorical and Cardiovascular Disease Cause-Specific Mortality

(A) Categorical and (B) cardiovascular disease (CVD) cause-specific mortality in an electronic health record-derived sample of >30,000

residents from Ohio with nondialysis chronic kidney disease (estimated glomerular filtration rate: 15 to 60 ml/min/1.73 m2) (140). CeVD ¼
cerebrovascular disease; HF ¼ heart failure; IHD ¼ ischemic heart disease.
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and often dense lesions on intravascular imaging
are more common in patients with CKD (31).
Whether the accelerated atherosclerotic or intimal
calcification observed in CKD is causally linked to
adverse CV outcomes or may be acting as a synchro-
nous biomarker for medial calcification re-
mains undetermined.

MEDIAL CALCIFICATION. Unlike the often patchy
distribution of intimal calcification, medial calcifica-
tion tends to be more diffuse, forming sheets in
topographic areas typically devoid of lipid or athero-
sclerotic change (26) (Central Illustration). Although
medial calcification is seen in vessels of all calibers, it
is conspicuous for location in territories usually
spared from atherosclerosis, such as the internal
mammary, radial, and digital arteries. Medial calcifi-
cation is more specific to CKD because it appears to be
associated with calcium-phosphate exposure,
abnormal bone and mineral metabolism, severity of
CKD, and dialysis vintage. In addition to CKD, medial
calcification is also observed with diabetes mellitus
and advanced age; these 3 entities potentially share
linking pathophysiology of chronic inflammation and
cellular senescence (32). Compared with intimal
calcification, medial calcification is rarely associated
with local luminal compromise, and instead is linked
to the systemic manifestations of increased arterial
stiffness. Following seminal observations linking the
presence of (mostly medial) vascular calcification
with increased arterial stiffness (33,34), the latter has
been considered a functional surrogate for the
former. A reduction in vascular compliance augments
systolic blood pressure, which increases cardiac
work and causes left ventricular hypertrophy (35)
(Figure 3). This is a finding observed in up to 75% of
patients with higher than or equal to stage 3 CKD (36),
providing a mechanistic basis to the increased rates of
heart failure (37) and atrial fibrillation observed in
CKD (38).

DETECTION AND PROGNOSIS

Most vascular calcification is detected incidentally
through imaging obtained for other indications. In
the research setting, several methods have been
developed to quantitate vascular calcification and
stratify risk. The most studied is the Agatston score
(39) (often synonymous with “calcium score”) for
coronary artery calcification on CT scans. However,
the Kauppila index (40) for abdominal aortic calci-
fication and the Adragao score (41) for both lower
abdominal aorta and peripheral arteries have also
been shown to have a prognostic value. As alluded
to earlier, noninvasive imaging is unable to discern
intimal from medial calcification; a limitation that is
amplified in CKD in which there is a greater degree
of coexistence of both processes, particularly in the
coronary arteries, peripheral arteries, and the aorta.
For this reason, there has been enthusiasm for
evaluating arterial beds that are generally devoid of
atherosclerosis, thereby providing more specific
measures of medial calcification. Another approach
has been to assess the functional consequences of
calcification by evaluating indexes of arterial stiff-
ness, reviewed elsewhere in detail (42).



FIGURE 2 Cardiovascular Disease Burden in a Sample of Medicare Beneficiaries

Cardiovascular disease burden in a sample of Medicare beneficiaries in the United States Renal Data System 2016 sample. CAD ¼ coronary

artery disease; PAD ¼ peripheral arterial disease; SCD ¼ sudden cardiac death; TIA ¼ transient ischemic attack; VA ¼ ventricular arrhythmia;

VHD ¼ valvular heart disease; other abbreviations as in Figure 1.
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CT CORONARY ARTERY CALCIFICATION SCORE.

Over 30 years of data in the general population has
shown that CT coronary artery calcification (CAC)
scoring with the Agatston score closely correlates
with the atherosclerotic plaque burden, is linearly
and independently associated with CV outcomes, and
may outperform other established biomarkers for CV
risk prognostication, including the ankle�brachial
index, high-sensitivity C-reactive protein, and ca-
rotid intima media thickness (43). Seminal observa-
tions in the 1990s reported that patients with ESKD
who received dialysis had an average CAC score that
was an order of magnitude greater than what was
generally considered a high-risk threshold (4,290 �
1,509 Agatston units vs. >400 Agatston units) (44).
Findings some years later affirmed the presence of a
graded relationship between severity of CKD and CAC
score (45,46). Until recently, data on the prognostic
role of CAC in CKD was conflicting because of single-
center studies, small sample sizes, or recruitment of
narrow CKD severity grades (47). In the largest study
of patients with CKD published in 2017, investigators
evaluated the CAC scores of 1,541 participants with an
eGFRs of 20 to 70 ml/min/1.73 m2 without established
CVD as part of the CRIC Chronic Renal Insufficiency
Cohort) trial (48). Over a median follow-up of 6 years,
a total of 60 myocardial infarctions, 120 index heart
failure events, 27 strokes, and 137 all-cause deaths
occurred. There was a stepwise association between
CAC severity (CAC score 0, 0 to 100, >100) and
composite CV outcome. In multivariable modeling,
the relative hazard ratios (HRs) associated with a 1 SD
of log CAC were 1.40 (95% confidence interval [CI]:
1.16 to 1.69; p<0.001) for the composite CVD outcome
(myocardial infarction, heart failure, and stroke), 1.44
(95% CI: 1.02 to 2.02; p¼0.04) for myocardial infarc-
tion, and 1.39 (95% CI: 1.10 to 1.76; p¼0.006) for heart
failure. CAC was not associated with all-cause mor-
tality. This study from CRIC, as did another study
(49), found CAC offered incremental prognostic value
for CV events beyond traditional risk factors. The
similar magnitude hazard ratios for atherosclerotic
CVD and for HF suggest CAC scoring in the CKD
population may be less specific for atherosclerotic
burden and instead be an integrated marker of both
medial and intimal calcification. This is consistent
with autopsy findings of patients with established
coronary artery disease in which high rates of coex-
istent medial calcification was observed only in those
with CKD (50).

Reduction in radiation dose, application of semi-
automated scoring mechanisms, ease of access, and
validated age-standardization have resulted in the
CT CAC score becoming the gold standard
endpoint for trials that evaluated change in vascular
calcification.
PLANE RADIOGRAPHY. The Kauppila score is a
semiquantitative scoring method that attributes an
ordinal value to calcification (0 to 3) at 8 sites along
the abdominal aorta (total maximal score 24) as



FIGURE 3 Flowchart Linking Clinicopathological Calcification

Flowchart linking clinicopathological calcification. Ca ¼ calcium; LA ¼ left atrial; LVH ¼ left ventricular hypertrophy; PTH ¼ parathyroid hormone.
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viewed on a lateral lumbar spine plane radiograph
(40). Although the score has reasonable interob-
server reproducibility, the progressive reduction in
vertebral height with age (thus, length of quantified
aorta) and superimposition of the vertebra on the
aorta are known shortcomings. Studies in patients
with ESKD have shown stepwise increases in
abdominal aortic calcification (AAC) that correlate
with CAC score (51) and that associate with worse
CV outcomes (52). However, there are few data to
support its accuracy at discerning temporal trends,
particularly in non-ESKD cohorts in which calcifi-
cation may be more modest, nor has there been
formal validation of the Kauppila score against a
quantitative method. Another x-ray�based scoring
system that was described by Adragao involves
semiquantitative scoring of linear calcification on
pelvic and hand radiographs (41). The deliberate
focus on pattern of calcification and inclusion of
hand vessels increases the specificity for medial
calcification, which is a theory supported by its
correlation with arterial stiffness. In 1 study of 742
participants with ESKD, an elevation in either the
Adragao ($3) or Kauppila ($6) score was associated
with all-cause and CV mortality; however, only the
Adragao score remained significant after adjustment
for covariates (HR: 3.46; 95% CI: 1.27 to 9.45;
p ¼ 0.02) (53).

BREAST IMAGING. Breast arterial calcification is an
attractive method for measuring exclusively medial
artery calcification because atherosclerosis has not
been shown to occur in these vessels. Studies in pa-
tients with advanced CKD confirm mammography is
not only capable of sensitive, temporal measurement
of breast arterial calcification compared with CT (54),
but also demonstrates that breast arterial calcification
is strongly associated with both measures of periph-
eral arterial calcification (55) and CV outcomes (56).
Although such a modality may inform mechanistic
insights around the natural history of medial calcifi-
cation, this is a modality limited to the assessment of
women, and at present, has only been retrospec-
tively analyzed.

SCREENING. Proponents of routine screening for
vascular calcification among patients with CKD
suggest there is significant incremental value in
identifying a high-risk CV cohort. Conversely, others



CENTRAL ILLUSTRATION Distribution of Vascular Calcification With Attendant
Clinical Consequences

Nelson, A.J. et al. J Am Coll Cardiol Basic Trans Science. 2020;5(4):398–412.

Vascular calcification at the carotid vessels is associated with increased risk of stroke (141). Involvement of the proximal aorta can cause a

porcelain aorta that can prohibit cardiothoracic surgery (142). Calcification of the coronary arteries has been linked to increased cardiovascular

and all-cause mortality and locally may cause increased atherothrombosis. Calcification of the aorta and the distal vessels is associated with

increased arterial stiffness. Calcification of the iliofemoral vessels at the site of anastomosis has been associated with graft failure and worse

transplantation outcomes (143,144). Calcification of the radial artery and fistula site is more generally associated with early fistula failure

(145,146). Calcification of the lower limb arteries is associated with the development of peripheral arterial disease (PAD) (claudication, limb

ischemia) as well as arterial stiffness (147,148). Calciphylaxis is a severe and accelerated form of calcification, predominantly localized in the

medial layer of skin arterioles and commonly affects the lower limbs but can occur anywhere. CAC ¼ coronary artery calcification.
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have argued that all patients with CKD should be
considered at the highest CV risk and, in the
absence of specific vascular calcification therapies,
screening for vascular calcification does not influ-
ence management. Routine vascular calcification
screening using either lateral pelvic x-ray or CT
imaging received a weak (level 2C) recommendation
in the 2017 Kidney Disease Improving Global Out-
comes guidelines, reflecting the paucity of
outcomes-driven data (57,58). The wording used in
the 2017 updated guidelines was nearly identical to
that used in the 2009 Guidelines, highlighting the
lack of progress in the search for specific therapies
proven to reverse, arrest, or attenuate vascular
calcification (59).

MECHANISMS

Our understanding of vascular calcification has
evolved from a benign, passive deposition of minerals
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to what is now regarded as a pathological, tightly
regulated, and cell-mediated process that resembles
bone formation and turnover. Despite this growth in
understanding, the temporal sequence of events and
the exact cellular steps remain incompletely under-
stood and the focus of ongoing research. Moreover,
the observed events are unlikely to occur in a step-
wise manner and instead are more likely to represent
synchronous and interrelated processes (Table 1).

PHOSPHATE AND MINERAL METABOLISM. Phos-
phate excretion is regulated at the proximal tubule of
the kidney; however, the balance of bone formation
and resorption is an important determinant of serum
levels. Hormonal regulation of phosphate at the renal
and gastrointestinal levels via parathyroid hormone
(PTH), fibroblast growth factor (FGF)-23, klotho and
1,25-dihydroxyvitamin D (calcitriol) maintains this
mineral in a narrow serum range (2.5 to 4.5 mg/dl). As
impaired kidney function progresses to advanced
stages, with reduction in functional nephron mass,
phosphate excretion is impaired, bone remodeling
slows, and together with persistent dietary intake,
serum phosphate concentrations rise. Multiple
studies have suggested that there is a link between
hyperphosphatemia and the propensity for acceler-
ated vascular calcification (46,60), particularly in
patients on hemodialysis (61,62). Because phosphate
is a key building block of hydroxyapatite crystals, it is
conceivable that increased serum levels alone in the
context of CKD could contribute directly to precipi-
tation of hydroxyapatite in tissue (63). Although this
may occur to some degree, not all patients with sus-
tained hyperphosphatemia develop vascular calcifi-
cation; seminal in vitro observations suggest a more
active process wherein exposure to elevated phos-
phate induces a dose- and time-dependent pheno-
typic change in vascular smooth muscle cells (VSMCs)
(64). The presence of a pro-calcific CKD milieu per-
mits (and potentially promotes) the upregulation of
phosphate channels (Pit-1 and Pit-2) which, in the
context of hyperphosphatemia, mediates trans-
differentiation of VSMCs to an osteochodrogenic cell
phenotype (65); an event that can be, in part, inhibi-
ted by competitive antagonism of Pit-1 (64).

Beyond phosphate, other metabolic features of the
mineral-bone axis have been implicated in vascular
calcification, including calcium and PTH, although
their effects may be more complex. Several lines of
evidence support a direct role of PTH: elevated PTH is
associated with higher rates of vascular calcification
(66); and animal models of synthetic PTH infusion
develop extensive calcification regardless of subtotal
nephrectomy/sham and independent of presence or
absence of hypercalcemia (67). In subtotally nephrec-
tomized rats, submaximal suppression of PTH by
treatment with a calcimimetic or parathyroidectomy
slows rates of aortic calcification independent of
serum calcium and phosphate concentrations (68).
That stated, vascular calcification may also be poten-
tiated in the setting of overzealous treatment of hy-
perparathyroidism, especially with excessive use of
calcium-containing phosphate binders, which results
in low bone turnover and reduced mineralization (69).
Although complex and incompletely understood,
states of low bone turnover and reduced mineraliza-
tion are likely to attenuate the skeletal capacity for
effective calcium and phosphate homeostasis. A
reduction in skeletal buffering capacity may expose
the vasculature to greater fluctuations in extracellular
calcium and phosphate, thereby increasing the pro-
pensity for vascular calcification (70).

VSMCs. As alluded to, the transdifferentiation of
VSMCs into an osteoblast-like secretory phenotype is
central to the underlying pathophysiology of vascular
calcification. This process is marked by down-
regulation of smooth muscle genes and subsequent
expression of bone markers Runx2, osteopontin,
osteocalcin, and alkaline phosphatase. The biology
governing VSMC phenotypic switching remains to be
fully appreciated; however, a number of triggers have
been identified, including oxidative stress, imbalance
of pro-calcific and/or anticalcific mediators (see the
following), pro-calcific microRNAs, advanced glyca-
tion end products, cellular senescence [potentially
through Prelamin A (71)], and hyperphosphatemia (as
previously described). Once established, these oste-
oblast and/or chondrocyte-like cells behave in a
manner consistent with other bone-forming cells by
producing a collagen matrix through the secretion of
calcium and phosphorous-laden vesicles (see
the following).

FAILURE OF INHIBITORY MECHANISMS. Mineraliza-
tion occurs throughout the body at physiological
calcium and phosphate levels; thus, a dynamic bal-
ance of promoters and inhibitors are required to
ensure mineralization is supported at desired sites
(bone) and is prevented from occurring elsewhere
(ectopic, metastatic). Two prominent inhibitors are
fetuin-A and matrix Gla protein (MGP). Fetuin-A is a
glycoprotein synthesized in the liver that is recycled
by VSMCs where it acts as a mineral chaperone,
binding serum calcium in calciprotein complexes and
preventing it from crystallization (72). Mice deficient
in fetuin-A develop widespread calcification (73),
whereas the addition of fetuin-A to bovine VSMC
lines provides dose-dependent inhibition of
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calcification (74). Supporting data in patients with
CKD suggest levels of fetuin-A are inversely associ-
ated with vascular calcification (75), and low levels
have been linked to inflammation and all-cause
mortality in the dialysis population (76).

MGP is a widely expressed protein and has been
shown to accumulate in calcified tissue. Its precise
role remains unconfirmed; however, the two pre-
vailing, potentially synergistic, theories are that MGP
may bind calcium ions and calcium crystals, thereby
inhibiting crystal growth (77), or that MGP may
interfere with bone morphogenic protein(s) signaling
and prevent unwanted cell-induced mineralization
(78). Animal MGP-knockout models developed rapid
and extensive aortic medial calcification, which is
associated with rupture and early hemorrhagic death
(79). In vitro studies showed that MGP was down-
regulated in states of vitamin K deficiency and had
less affinity for calcium in the setting of hyper-
phosphatemia, which are 2 common abnormalities
observed in CKD (80,81). MGP requires vitamin
K�dependent carboxylation to assume its inhibitory
qualities, thus a reduction in MGP activity may not
necessarily relate to absolute levels but to functional
decreases through persistence of a decarboxylated
state. Supportive translational data demonstrated the
administration of vitamin K antagonists (e.g.,
warfarin) was associated with increased rates of
vascular calcification in cell lines, animal models, and
patients (82,83). These findings subsequently
spawned interest in the potential therapeutic capac-
ity of vitamin K supplementation (see the following).

Other known inhibitors of vascular calcification
include pyrophosphate and osteopontin. Pyrophos-
phate is produced by arterial smooth muscle and
directly inhibits hydroxyapatite formation (84).
Osteopontin is a phosphoprotein that regulates
mineralization through multiple functions, including
mediating angiogenesis and responses to inflamma-
tion and mechanical stress. The relationship between
osteopontin and vascular calcification appears com-
plex. Although there is evidence of upregulation in
calcified vessels (85), serum levels do not readily
correlate with calcific burden (86).

MATRIX VESICLES AND APOPTOSIS. Matrix vesicles,
a form of extracellular vesicle observed in the
vascular wall, have been more broadly implicated in
both transdifferentiation of VSMCs and the calcifica-
tion environment (87). Extracellular vesicles are
phospholipid membrane-bound particles, have mo-
lecular cargo (protein, RNA, or lipid), and are released
by many cells and cell types in response to cell acti-
vation or apoptosis. Under pro-calcifying conditions
the vesicles released by VSMCs are altered and
resemble those released by osteoblasts (88). These
vesicles act as nucleating points that have the ca-
pacity for calcium binding and extracellular matrix
production. There is emerging evidence that these
vesicles may permit cross-talk among VSMCs but
potentially also between endothelial cells and other
vascular cells (89), lending biological support for
bidirectional positive feedback between intimal and
medial calcification (90). In vesicles that contain
genotypic and/or phenotypic information such as
microRNA, the content of the specific sequences
released by VMSCs may either induce or inhibit
nearby pro-calcific phenotypic change (91). An addi-
tional paracrine-type effect may be mediated through
osteoblastic- and/or osteochrondoblastic-like cell ac-
tivity on surrounding tissue. Subsequent changes in
relative collagen composition and the degradation of
elastin (92) have been shown to promote hydroxy-
apatite formation and provide scaffolding for further
mineralization (93).

FGF-23 AND KLOTHO. Most FGF-23 is produced by
bone (94) and although the mediators of its release
remain incompletely understood (95), associations
with PTH (96), iron deficiency (97), calcium (98), and
vitamin D (99) have been consistently observed. The
primary function of FGF-23 is to orchestrate phos-
phate and calcium homeostasis by stimulating uri-
nary phosphate excretion and suppressing circulating
concentrations of calcitriol (100). The activity of
FGF-23 to regulate phosphate homeostasis in the
kidney requires the presence of klotho, a co-receptor
that facilitates binding of FGF-23 to the FGF-receptor
(101). FGF-23 excess is associated with poor outcomes
in CKD (102), although its links to vascular calcifica-
tion are less clear, and multiple studies have
conveyed conflicting results. Human and animal
VSMCs exposed to FGF-23 in the presence or absence
of klotho, and in the presence of normal or high
phosphate, showed increased, decreased, or no effect
at all on vascular calcification (103�107). These con-
flicting results posit a more complex role of FGF-23 in
vascular calcification; however, it is also possible that
FGF-23 is not causal factor at all. Unlike FGF-23,
in vitro and in vivo evidence support a protective role
of klotho in vascular calcification. Addition of klotho
to a rat VSMC line directly suppressed Pit-1 and Pit-2
activity and subsequently prevented phosphate-
induced osteogenic transdifferentiation. In addition,
klotho knockout models demonstrated increased
expression of Pit-1 and Pit-2 receptors, which sug-
gested that the progressive klotho deficiency
observed in advancing CKD might result in
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upregulation of these receptors, which would subse-
quently promote phosphate uptake and drive VSMC
transdifferentiation (108).

THERAPEUTIC APPROACHES

A large investment into targeting intermediates of
bone and mineral metabolism over several years has
yielded little more than possible slowing of vascular
calcification. Critically, neither evidence of halting
nor evidence of regression has been observed.
Further data questioning the validity of a passive (or
restorative) therapeutic approach comes from elegant
animal work in which calcified aortas from uremic
mice were orthotopically transplanted into non-CKD
mice and observed for 34 weeks (109). Although
there was some superficial loss of calcium, there was
no significant active resorption or regression of
established calcified salts.

Despite the failures to date, novel therapeutic ap-
proaches are emerging that actively target calcified
material and may offer fresh insights into drug dis-
covery in this area of unmet need.

CALCIMIMETICS. The calcium-sensing receptor (CaR)
is expressed in multiple tissues but particularly in the
parathyroid glands, which makes it an effective target
for treating secondary hyperparathyroidism and
disordered mineral metabolism in patients with
ESKD. Calcimimetics bind to the CaR and
allosterically increase the parathyroid cell sensitivity
to extracellular calcium, thereby suppressing the
release of PTH and resulting in a reduction of serum
calcium. In patients with ESKD, calcimimetics also
decrease serum phosphate, presumably through a
reduction in PTH-mediated bone resorption, which
otherwise releases bone phosphate into the circula-
tion. Beyond modulating PTH release, the CaR is also
found on VSMCs (110) and its stimulation is
associated with a reduction in phosphate- and
calcium-driven vascular mineralization both in vitro
and in animal models (111,112).

These findings prompted the design and execution
of 2 key clinical studies that evaluated cinacalcet:
ADVANCE (A Randomised Study to Evaluate the Ef-
fects of Cinacalcet Plus Low Dose Vitamin D on
Vascular Calcification in Subjects with Chronic Kid-
ney Disease Receiving Hemodialysis) and EVOLVE
(Evaluation of Cinacalcet Hydrochloride Therapy to
Lower Cardiovascular Events). ADVANCE enrolled
360 patients who received hemodialysis across 3
continents with secondary hyperparathyroidism and
CAC (113). Participants were randomized to open-
label cinacalcet and low-dose vitamin D analogs or
flexible vitamin D therapy and were followed for
12 months. At follow-up, there was a smaller numer-
ical increase (i.e., attenuation of progression) in the
CAC score of the cinacalcet-treated patients
compared with those treated with flexible vitamin D
therapy; however, this did not reach statistical sig-
nificance (progression of CAC: 24%; 95% CI: �22% to
119% vs. 31% (95% CI: �9% to 179%; p ¼ 0.073). A
secondary analysis by CAC volume score in the coro-
naries and the aortic valve suggested a potential
beneficial effect of cinacalcet, although this was only
of nominal significance. It remained unclear if excess
vitamin D use might have mitigated the benefits of
cinacalcet, or whether a 12-month follow-up might
have been too short to observe a significant change.
In comparison, the EVOLVE trial randomized 3,883
patients with secondary hyperparathyroidism on
maintenance hemodialysis to cinacalcet or placebo in
the setting of conventional therapy (e.g., phosphate
binders and calcitriol or active vitamin D analogs)
(114). After a median follow-up of 17 (placebo) to 21
(cinacalcet) months, there was an observed trend for
relative reduction in the HR for the primary com-
posite CV outcome (i.e., time until death, myocardial
infarction, hospitalization for unstable angina, heart
failure, or a peripheral vascular event) (HR: 0.93;
95% CI: 0.85 to 1.02; p ¼ 0.11). Post hoc adjustment for
age yielded lower relative HRs with nominally sig-
nificant results in favor of cinacalcet, as did the ana-
lyses that accounted for differential withdrawal of
study drug and commercial use of cinacalcet in the
placebo arm.

Etelcalcetide, an intravenous calcimimetic that
acts at a different site on the CaR, was highly effica-
cious at lowering PTH and FGF-23 in placebo-
controlled trials (115,116), and in a head-to-head
study, was more effective than cinacalcet on
biochemical endpoints (117). The effects of etelcalce-
tide on vascular calcification or clinical events have
not been evaluated.

VITAMIN K. As previously described, vitamin K is
required to decarboxylate MGP to obtain its calcifi-
cation inhibitory capacity. Consistent with this
physiology, both vitamin K antagonism and vitamin K
deficiency have been linked to vascular calcification
(118,119). In a biochemical proof-of-concept study
conducted in 53 patients who underwent hemodial-
ysis, daily supplementation of vitamin K was safe and
resulted in a significant increase in MGP activation
(120). Whether increased MGP activation translates
into slowing of calcification is being tested in the
VitaVasK study. This trial enrolled 348 patients who
underwent hemodialysis with a CAC score of at least
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100 and randomized them to either oral vitamin K1
orally thrice weekly supplementation or placebo (121).
The primary endpoint is progression of thoracic aortic
calcification and CAC at 18 months. Major adverse CV
events will be assessed at 3 to 5 years after treatment
initiation; results are expected towards the end of
2020. The other way of testing this hypothesis is to
evaluate for differential effects on vascular calcifica-
tion in patients who receive direct acting oral anti-
coagulants compared with vitamin K antagonists
(e.g., warfarin). The largest trial evaluating this hy-
pothesis is the IRIVASC-Trial (Rivaroxaban Compared
to Vitamin K Antagonist Treatment Upon Develop-
ment of Cardiovascular Calcification; NCT02066662),
which has enrolled participants with an eGFR >15 ml/
min/1.73 m2 and who have either atrial fibrillation or
pulmonary embolism that requires systemic
anticoagulation.

PHOSPHATE BINDERS. Patients with advanced CKD
who have developed hyperphosphatemia frequently
require treatment with phosphate binders when di-
etary restriction is inadequate. Because phosphate
and the attendant increase in FGF-23 and PTH have
been linked to vascular calcification (46,64) (as pre-
viously described), lowering or even maintaining
stable phosphate levels near normal could be
associated with favorable overall vascular outcomes.
Serum phosphate can be reduced with either
calcium-containing binders (acetate, carbonate) or
calcium-free binders (sevelamer, lanthanum, iron
compounds, magnesium). In the dialysis population,
the totality of data suggest exposure to exogenous
calcium through calcium-containing binders is asso-
ciated with higher rates of vascular calcification
(62,122,123). Although subsequent meta-analyses
have shown a mortality benefit for calcium-free
binders (124), it remains unclear whether this is due
to increased risk in the comparator arms due to excess
calcium loading or to an absolute benefit in the cal-
cium free arms. Moreover, because of the degree of
phosphate lowering has been similar across most pa-
tients in the trials, it is unclear whether any benefits
at all are due to the management of phosphatemia (or
potentially its effect on intermediates, such as FGF-
23) or are instead due to agent-specific effects, such
as improvements in lipid profile and C-reactive pro-
tein observed with sevalemer. Importantly, no clin-
ical trial has demonstrated a long-term benefit of
phosphate binders on clinical outcomes in ESKD nor
has any trial established the optimal serum phosphate
target for ESKD.

In the nondialysis CKD population, data are even
less convincing. A recent trial that compared
phosphate control with either calcium-containing or
calcium-free binders against placebo in patients with
stage 3 to 4 CKD showed only a modest reduction in
phosphate and a paradoxical increase in CAC (albeit
largest in those receiving calcium-containing binders)
(125). A further trial is currently underway, IMPROVE-
CKD (Impact of Phosphate Reduction on Vascular
Endpoints in Chronic Kidney Disease), which is
comparing lanthanum against placebo in patients
with stage 3 to 4 CKD. This trial will evaluate arterial
stiffness as the primary endpoint in 488 participants
at 96 weeks with secondary endpoints that include
aortic calcification, left ventricular mass using mag-
netic resonance imaging, and bone and/or phosphate
markers among others (126). Whether IMPROVE-CKD
will fill the evidence gap between control (or reduc-
tion) of serum phosphate with slowing or halting of
vascular calcification, or potentially further highlight
the limitations of serum phosphate as an overall
measure of the total phosphate pool (and thus, pro-
pensity to calcification) remains to be seen. Adding
complexity is the recently completed COMBINE (CKD
Optimal Management With Binders and Nicotinamide
study) trial that evaluated a similar cohort of patients
with stage 3 to 4 CKD; not only was lanthanum poorly
tolerated (despite the addition of nicotinamide),
there was minimal effect on phosphate or FGF-23
over 12 months (127).

MAGNESIUM. Recent studies have highlighted a po-
tential role for magnesium to prevent vascular calci-
fication. In vitro (128�130) and animal studies (131)
showed that magnesium modulates the development
of phosphate-induced calcification in a dose-
dependent manner. Small human clinical studies
have shown that oral administration of magnesium to
patients with moderate CKD through to ESKD, either
as a phosphate binder or as a supplement, directly
slowed CAC progression or indirectly reduced the
propensity for calcification (132�134). Based on this
favorable signal, an open-label randomized
controlled trial evaluated the effect of magnesium
oxide on CAC progression in patients with CKD stages
3 to 4 (135). The trial was stopped early when the
control arm demonstrated a median CAC change of
39.5% (interquartile range: 19.0% to 81.3%), whereas
the magnesium arm showed a progression of only
11.3% (interquartile range: 0% to 30.8%; p < 0.001).
Because this was an open label trial that was halted
early and included <100 participants, larger studies
are required to confirm and progress these findings.

SNF472: MYO-INOSITOL HEXAPHOSPHATE. A com-
pound with promising results in early phase studies is
SNF472, which is a hexasodium salt of the active

https://clinicaltrials.gov/ct2/show/NCT02066662


TABLE 1 Key Mediators of Medial Vascular Calcification

Phosphate, bone, and mineral metabolism

Failure of/reduction in calcification inhibitors

Matrix Gla protein

Fetuin-A

Klotho (� FGF-23)

Pyrophosphate

Osteopontin

Increase in calcification promoters

Osteocalcin

Alkaline phosphatase

Inflammatory cytokines

Runx2

Phenotypic transdifferentiation of VSMCs (osteochondroblastic
change)

Pro-calcific matrix vesicles

Uremic milieu

Cellular apoptosis

Pro-calcific miRNAs

FGF ¼ fibroblast growth factor; miRNA ¼ micro RNA; VSMC ¼ vascular smooth
muscle cell.
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ingredient, myo-inositol hexaphosphate (IP6), or
phytate. SNF472 inhibits the development and pro-
gression of calcification by binding to growth sites of
hydroxyapatite crystal; this mechanism appears to be
agnostic to the underlying cause of calcification and
may represent an opportunity to inhibit the final
common pathway of vascular calcification.

Pre-clinical studies demonstrated that the intra-
venous administration of SNF472 to vitamin
D�supplemented rodent models reduced the devel-
opment of CV calcification (136) and prevented pro-
gression of established calcification (137). Recently,
the results of the CaLIPSO (Cal for calcium and ipso
meaning the item itself) trial were reported; in this
Phase IIb study, 274 patients with ESKD who under-
went dialysis were randomized to SNF472 adminis-
tered at 2 different doses (300 mg or 600 mg) or
placebo (1:1:1) for 52 weeks (138). For the primary
endpoint at 12 months, using data from the combined
dose group, administration of SNF472 resulted in
significant slowing of progression of CAC (11%:
95% CI: 7% to 15% vs. 20%; 95% CI 14% to 26%;
p ¼ 0.016). Secondary endpoints also showed slowing
of progression of aortic valve calcification (14%;
95% CI: 5% to 24% vs. 98%; 95% CI: 77% to 123%;
p < 0.001) and a directionally consistent but nonsig-
nificant difference in progression of thoracic aorta
calcification (23%; 95% CI: 16% to 30% vs. 28%;
95% CI: 19% to 38%; p ¼ 0.40). Notwithstanding these
promising data, larger studies are required to delin-
eate the clinical efficacy and safety of this compound.

CONCLUSIONS

Biologically plausible, temporal, and dose-dependent
relationships exist between vascular calcification and
CV outcomes in patients with CKD. Despite a large
investment in potential therapeutic strategies, little
more than slowing of calcification has been docu-
mented in only a handful of previous studies.

The reasons for a lack of progress are multiple and
varied. At a pre-clinical level, there are a lack of ani-
mal models that faithfully recapitulate a chronic,
progressive CKD calcification process. The extension
of pre-clinical findings derived from the current acute
injury models may be misleading and translate to
early clinical phase failure. The modification of an
adenine murine model that does not require trans-
genic manipulation or surgical intervention appears
promising (139). From an imaging perspective, a
metric that reliably and quantitatively measures
medial calcification with fidelity over time would be a
welcome addition to trial endpoints of novel thera-
pies. That said, currently enrolling studies have
included imaging of multiple vascular beds or
included functional assessments of arterial stiffness.
A combination of these predominantly intimal versus
predominantly medial modalities will provide unique
insights into natural history, relative modifiability
and potential differential drug efficacy.

Furthermore, conventional thinking about vascular
calcification has been relatively uni-dimensional,
aiming to restore or reverse components of the ure-
mic milieu in individuals in whom calcification is
established, and inhibitory mechanisms exhausted.
The underwhelming results may be due to late inter-
vention at a point of inexorable vascular damage, in
which case trials such as IMPROVE-CKD may demon-
strate the potential benefits of earlier, more preven-
tative intervention. Alternatively, because of the
multiple and synergistic processes involved in the
development of vascular calcification in CKD,
addressing individual upstream factors in isolation,
even if dominant, may not be sufficient. Instead,
actively targeting the final common pathway of calci-
fication, such as with an anticalcifying agent agnostic
to the upstream processes, may provide critical
insight on this type of therapeutic approach.

After decades of translational research fueling
heated debate and polarized opinion, the next wave
of evidence may finally provide the answer to
whether arterial calcification, particularly in the
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media, sits on the causal pathway of CVD in CKD.
Perhaps the more critical question in managing the
growing number of patients with CKD is whether
targeting vascular calcification will lead to meaning-
ful improvements in CV outcomes.
ADDRESS FOR CORRESPONDENCE: Dr. Matthew T.
Roe, Division of Cardiology, Duke Clinical Research
Institute, 200 Morris Street, Durham, North
Carolina 27701. E-mail: matthew.roe@duke.edu.
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