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Calcium is an abundant element in na-
ture. It is a major component of sedi-
mentary rock that covers 75% to 80% of
the Earth’s surface. Bone, another form
of a rock, serves as the storage unit for
99% of total body calcium, predomi-
nately in the form of a calcium phos-
phate moiety called hydroxyapatite. Cal-
cium salts are also found occasionally
outside bone in a variety of tissues; this is
broadly termed extraskeletal calcifica-
tion. In these extraosseal sites, calcium
collects in multiple forms, including hy-
droxyapatite, magnesium whitlockite,
and amorphous calcium phosphate.
Some of this calcification occurs in the
setting of cellular necrosis. Other forms
of extraskeletal calcification adhere to
damaged proteins, so called dystrophic
calcification. Finally, cells with unex-
pected osteoblastic potential may abnor-
mally lay down some forms of calcifica-
tion, especially in the arterial wall of
blood vessels.

Bone forms in children through min-
eralization of cartilage, a process called
modeling, and then continues to re-

model as we age in response to daily me-
chanical and hormonal stresses. The lat-
ter involves not just bone formation by
osteoblasts, but bone resorption by oste-
oclasts, remodeling haphazard or woven
bone into structurally sound lamellar
bone.

The pathogenesis of arterial calcifica-
tion is likely a hybrid process of tightly
regulated normal bone modeling and the
purely physicochemical deposition of
mineral without cellular involvement.
Arterial calcification is not a new obser-
vation—it was identified by computer-
ized tomography (CT) scan in the re-
cently discovered ‘ice man’ from 5000 yr
ago.1 Alfrey and colleagues demon-
strated in 1979 that arteries of patients
with chronic kidney disease have more
calcification than arteries from age-
matched healthy individuals.2 So why is
there so much interest in arterial calcifi-
cation in patients with chronic kidney
disease nearly 30 yr later?

There are several reasons. First, we
now have a clear idea in the general pop-
ulation that calcification of both intimal

atherosclerotic lesions and the medial
vessel layer are associated with cardio-
vascular morbidity and mortality.3,4

Similar, albeit less robust data also exists
for stage 5 chronic kidney disease.5,6 Sec-
ond, there is now better evidence that
vascular smooth muscle cells can become
chondrocyte or osteoblast-like and lay
down and mineralize collagen and non-
collagenous proteins in arteries.7 This
critical observation suggests therapeutic
arrest of this cellular transformation may
be a viable treatment approach. Third,
over 20 null mutations in mice have ar-
terial calcification.8 This confirms that
key proteins regulate or prevent arterial
calcification. Fourth, there is increasing
recognition of a link between chronic
kidney disease and bone and arterial cal-
cification in the general population. Sim-
ply put, the less mineral in bone, the
more is seemingly in arteries.9 Lastly, we
now know some of our well-intended in-
terventions to treat renal osteodystrophy
accelerate arterial calcification. Indeed,
management of chronic kidney disease
patients can sometimes trap both the pa-
tients and the physicians between a rock
and a hard place.

Clinically, arterial calcification is de-
tected through a number of techniques
including plain radiographs, tomogra-
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ABSTRACT

Vascular calcification is common in chronic kidney disease and associated with
increased morbidity and mortality. Its mechanism is multifactorial and incom-
pletely understood. Patients with chronic kidney disease are at risk for vascular
calcification because of multiple risk factors that induce vascular smooth
muscle cells to change into a chondrocyte or osteoblast-like cell; high total
body burden of calcium and phosphorus due to abnormal bone metabolism;
low levels of circulating and locally produced inhibitors; impaired renal excre-
tion; and current therapies. Together these factors increase risk and compli-
cate the management of vascular calcification.
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phy, scintigraphy, and CT scan. More re-
cent technologic advances have led to ul-
trafast CT scans [electron beam CT
(EBCT) and newer multislice CT
(MSCT)] that use electrocardiographic
gating to allow heart imaging only in di-
astole, thus avoiding motion artifact.
These techniques permit reproducible
quantification of calcification in coro-
nary arteries and the aorta, and therefore
inform our recognition of vascular dep-
osition. Unfortunately, these techniques
do not allow differentiation of medial
from intimal calcification. Braun et al.10

first demonstrated that coronary artery
calcification by EBCT increases with ad-
vancing age in patients on dialysis, and
that calcification scores were two- to
five-fold greater in dialysis patients than
age-matched controls with normal kid-
ney function and angiographically
proven coronary artery disease, data re-
produced by many methods in cohorts
around the world. Incident dialysis pa-
tients followed for 5 yr demonstrate that
coronary artery calcification scores of
more than 400 by EBCT are associated
with increased mortality.5 In addition,
valvular calcification11 and peripheral
artery calcification (either intimal or me-
dial)6 are also associated with increased
mortality. A recent study comparing the
sensitivity and specificity of various mea-
sures of arterial calcification found either
a plain lateral lumbar film to assess aorta
calcification or echocardiographic evi-
dence of valvular calcification are highly
predictive of coronary artery calcifica-
tion,12 suggesting a common pathogenic
process.

The Pathophysiology of Vascular
Calcification
Although calcification can occur in the
arterial intima adjacent to plaques and in
the medial layers, it is not clear if these
forms of calcification are identical, or if
they have different inciting factors lead-
ing to a common pathogenic mechanism
that parallels bone formation. Transcrip-
tion factors such as Cbfa1/RUNX2 and
MSX-2, critical for normal bone devel-
opment, have been identified in cells sur-
rounding human arterial calcification in
both the general population and in

chronic kidney disease patients, in ani-
mal models, and in vitro.7 The bone pro-
teins osteonectin, osteopontin, bone sia-
loprotein, type I collagen, and alkaline
phosphatase have also been identified in
multiple sites of extraskeletal calcifica-
tion. In cell culture, vascular smooth
muscle cells and vascular pericytes are
capable of producing these same bone-
forming transcription factors and pro-
teins, and can be induced to do so with
high concentrations of phosphorus, ure-
mic serum, high glucose, oxidized lipids,
cytokines, and several other factors.

Vascular smooth muscle cells that ex-
press these proteins are capable of form-
ing mineralized nodules in cell culture
experiments in the presence of phospho-
rus, either sodium phosphate or as a
phosphate donor �-glycerophosphate
that is cleaved to phosphorus by mem-
brane-bound alkaline phosphatase.
Thus, in addition to calcium, phospho-
rus is also a critical element of calcifica-
tion both in bone13 and in blood vessels,
and the two are additive in their effects
on in vitro vascular calcification.14 For
mineralization to occur in vitro, there is a
need for cellular transformation and ac-
cess to mineral. If one raises the mineral
concentration high enough in culture
media it will spontaneously precipitate,
even in the absence of cells—the so-
called ‘physicochemical’ deposition that
is highly pH dependent. Various proteins
can inhibit this physicochemical compo-
nent of vascular calcification (see below).
As recently reviewed, these data question
the usefulness of the long argued concept
of a calcium x phosphorus (Ca x P) prod-
uct in blood as predictive of extraskeletal
mineralization in patients with chronic
kidney disease.15 Indeed, this concept of
a ‘safe Ca x P’ product, has given physi-
cians a convenient way to analyze their
patient’s monthly labs, but is not based
on scientific data, and the risk associated
with a given Ca x P product depends on
the patient’s existing arterial disease, ab-
normal mineral homeostasis, and the
availability of inhibitors of mineraliza-
tion.

Uremic animal models of arterial cal-
cification complement our clinical and
in vitro work and have helped to charac-

terize the types of abnormalities that are
important. These animal models can be
broadly classified into five groups sup-
porting the complex pathogenesis out-
lined in Figure 1: animals with hyper-
phosphatemia due to chronic kidney
disease and high phosphorus diet, or
those having genetic defects that impair
renal excretion of phosphorus (Klotho
or FGF-23, for example), animals made
hypercalcemic with toxic doses of vita-
min D, animals with atherosclerosis
made uremic (ApoE and LDL receptor
null mice), animals with abnormal bone
remodeling (osteoprotegerin null mice),
and animals with defects in inhibitors
such as matrix Gla protein. Importantly,
in these same animal models, arterial cal-
cification can be prevented or reduced by
therapies that normalize serum phos-
phorus (phosphate binders or low phos-
phate diet), correct secondary hyper-
parathyroidism (calcimimetics, and in
some studies, vitamin D analogues), and
by therapies that inhibit bone turnover,
(bisphosphonates, osteoprotegerin, a
vacuolar ATPase osteoclast inhibitor,
and bone morphogenic protein 7). These
findings provide strong evidence that hy-
perphosphatemia and calcium load are
key risk factors, and that impaired bone
remodeling leads to vascular calcifica-
tion, confirming the link between abnor-
mal bone remodeling and arterial calcifi-
cation that exists in humans in the
general population and in patients with
chronic kidney disease.9 It appears in pa-
tients with chronic kidney disease that
both extremes of bone remodeling, low
turnover (adynamic bone) and hyper-
parathyroid bone, may accelerate vascu-
lar calcification by not allowing calcium
or phosphorus into bone, or resorbing it
out of bone, respectively.

Interestingly, not all dialysis patients
develop arterial calcifications, despite
similar exposure to these risk factors, and
importantly, do not develop calcification
with increased duration of dialysis.5,7

These findings imply there are protective
factors, either in blood vessels or in the
circulation, or both. If human serum is
added to a solution containing high cal-
cium and phosphorus, with or without
cells, calcification is inhibited. Thus, se-
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rum contains numerous inhibitors of
calcification. The most abundant of
these is fetuin-A, a reverse acute-phase
reactant that acts as a ‘vacuum cleaner’ to
rid plasma of excess calcium and phos-
phorus molecules. Levels of fetuin-A go
down during inflammation, and low lev-
els in dialysis patients are associated with
vascular and valvular calcification and
death.16 Matrix Gla protein, pyrophos-
phate, and osteopontin are also local in-
hibitors of calcification. It is certainly
likely other inhibitors exist as well. The
importance of calcification inhibitors is
demonstrated by the profound pheno-

type and site specificity of vascular calci-
fication that occur in mice with null mu-
tations, suggesting that, similar to
bone,13 calcification would proceed un-
abated if not regulated by these inhibi-
tors. Different anatomic sites may have a
unique profile for these modulators.

Conclusions
There are many underlying causes of vas-
cular calcification that initiate the pro-
cess by transforming vascular smooth
muscle cells to a chondrocyte or osteo-
blast-like cell, including hyperphos-
phatemia, uremia, hyperglycemia, and

other metabolites. This process is accel-
erated in a setting of high calcium, high
phosphorus, and abnormal bone remod-
eling, raising the risk of vascular calcifi-
cation in dialysis patients. In addition,
deficiencies in circulating or locally pro-
duced inhibitors of calcification, or a rel-
ative absence of inhibitors for a given
level of calcium or phosphorous, modu-
late calcification. As shown in Figure 1,
this complex pathogenesis is still not
completely understood and its preven-
tion will no doubt require a multi-fac-
eted approach. Importantly, differentiat-
ing what protects some patients, but not
others, may ultimately offer the most im-
portant clues of all.
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