Vascular Calcification in Chronic Kidney Disease

William G. Goodman, MD, and Gerard London, MD, on behalf of the Vascular Calcification Work
Group (Kerstin Amann, MD, Geoffrey A. Block, MD, Cecilia Giachelli, PhD, Keith A. Hruska, MD,
Markus Ketteler, MD, Adeera Levin, MD, FRCP, Ziad Massy, MD, David A. McCarron, MD,
Paolo Raggi, MD, Catherine Mary Shanahan, PhD, and Noriaki Yorioka, MD)

ASCULAR calcification, specifically arte-
rial calcification, has been recognized for
many years as acommon complication of chronic
kidney disease (CKD).® The mechanisms re-
sponsible are not well understood, but abnormali-
tiesin mineral metabolism in general, and distur-
bances in phosphorus metabolism in particular,
have traditionally been considered important de-
terminants. In this context, vascular calcification
is seen as one component of a more generalized
process of dystrophic, extra-skeletal calcification
that affects a variety of soft-tissues in patients
with advanced renal failure, or stage 5 CKD.*6
During the past few years, severa observa-
tions have heightened interest in, and concerns
about, the long-term consequences of vascular
cacification in patients with CKD. Key among
these was the finding that hyperphosphatemia
per se represented an independent risk factor for
death, predominantly from cardiovascular causes,
among patients treated with hemodialysis in the
United States.”® Although the pathways through
which phosphorus retention might account for
excess cardiovascular mortality remain to be
defined, vascular calcification represents one po-
tentially important mechanism.® Arterial calcifi-
cation has a number of adverse hemodynamic
consequences that can cause cardiovascular dis-
ease or aggravate its severity in patients with
advanced kidney failure and in those treated with
dialysis.1® Accordingly, hyperphosphatemiamust
now be recognized as more than just a common,
persistent, and recurrent biochemical abnormal-
ity to be detected, monitored, and managed in
patients undergoing long-term dialysis. It repre-
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sents a potentially preventable cause of serious
adverse clinical outcomes.

Apart from alterations in phosphorus metabo-
lism, several therapeutic interventions that are
commonly utilized to manage mineral metabo-
lism and renal bone disease in patients undergo-
ing regular dialysis have also been implicated in
the development of vascular calcification.’* The
use of very large ora doses of cacium as a
phosphate-binding agent and the administration
of large doses of vitamin D sterols to treat
secondary hyperparathyroidism both contribute
to episodes of hypercalcemia and/or hyperphos-
phatemia, changes that can aggravate soft-tissue
and vascular calcification.'13 Indeed, total body
calcium balance can be quite positive and contrib-
ute to extraskeletal calcification without overt
increases in serum calcium concentration in pa-
tients undergoing dialysis. As such, the absence
of hypercalcemia offers little assurance that ex-
cess amounts of calcium are not being retained
continuously in patients with advanced CKD
who are treated with calcium-containing phos-
phate-binding medications either alone or to-
gether with vitamin D sterols. Current therapeu-
tic recommendations are thus being revised in an
effort to maximize benefit while reducing risk.'

Recent experimental work indicates that vari-
ous genes and proteins that function normally as
key modulators of bone and mineral metabolism
are involved, either directly or indirectly, in the
process of mineral deposition within the arterial
wall.1516 Such findings suggest that disturbances
in the regulation of one or more physiological
modifiers of bone and mineral metabolism may
be intimately involved in the development of
vascular calcification in patients with CKD. A
better understanding of these regulatory path-
ways may thus offer new insights into mecha-
nisms that account for the development and
progression of the disorder and to the identifica-
tion of new therapeutic strategies to alter its
course.

For many years, clinica research efforts to
better understand the process of vascular calcifi-
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cation in CKD were hampered by the paucity of
techniques capable of detecting reliably and mea-
suring objectively the extent of arterial calcifica
tion. Conventional radiographic methods were
utilized most often, but their sensitivity for detect-
ing soft-tissue calcification waslimited and quan-
tification was problematic.t’ New imaging meth-
ods such as el ectron-beam computed tomography
(EBCT) and spiral, or helical, computed tomog-
raphy thus represent significant technical devel-
opments that provide sensitive and reliable mea-
surements.1819 Vascular ultrasound provides
semiquantitative information about the extent of
arterial calcification and can be used to make
hemodynamic assessments that are relevant to
understanding the consequences of vascular cal-
cification in patients with CKD.1020 Such meth-
ods should prove to be valuable tools for clinica
investigation.1213.21

Because knowledge about the relationship be-
tween mineral metabolism and vascular calcifica-
tion is evolving rapidly, it is useful to review
currently availableinformation as part of broader
efforts to provide aframework for future investi-
gation and to refine existing therapeutic recom-
mendations. Much has yet to be learned, but
there are sufficient data to offer preliminary
guidance that should be useful in the clinical
management of patientswith CKD. Itisappropri-
ate to do so considering the substantial, if not
overwhelming, risk of cardiovascular disease in
this patient population.

WHAT WE KNOW. . .

There are 2 distinct types of arterial calcifica-
tion.28 One affects the intimal layer of arteries
and occurs within atherosclerotic plaques. The
other involves the medial wall, or tunica media,
of arteries. The second type of vascular calcifica-
tion is common in patients with CKD and those
with diabetes mellitus. The consequences of each
form of arterial calcification differ fundamen-
tally.

The manifestations of atherosclerotic vascular
disease are well established both in the generd
population and in those with CKD. Here, intimal
lesions impinge upon the lumen of arteries and,
in advanced stages of the disease, can compro-
mise blood flow, leading to tissue ischemia and
necrosis. | schemic events can occur acutely, how-
ever, in previously unobstructed vessels when

atherosclerotic plagues rupture causing throm-
bus formation and arteria occlusion. Together
with disturbancesin lipid metabolism and inflam-
mation, calcification isnow generally recognized
as an integral part of the atherosclerotic process,
occurring in 80% to 90% of atheromatous le-
sions.??2 This strong association serves as the
basis for using sensitive noninvasive radio-
graphic methods such as EBCT to detect calcium
deposits in the coronary arteries as an indicator
of atherosclerotic burden in the general popula-
tion. 2%

Atherosclerotic calcification is patchy and dis-
continuous along the course of arteries. Calcifica-
tion probably occurs throughout the course of
plague development, but it ismost pronouncedin
larger, presumably more mature lesions. The
calcium content of atherosclerotic lesions is
greater in patients undergoing dialysis than in
persons of the same age with normal renal func-
tion.28 However, whether this difference simply
reflects the more extensive soft-tissue calcifica
tion that is common in CKD or more subtle
disturbances in the regulation of atherosclerotic
calcification (vide infra) is uncertain. Whether
the presence of rigid, friable calcium deposits
contributes to plague rupture and subsequent
arterial thrombosis is aso unclear.?”-2 Although
vascular disease is often quite extensive in pa-
tients with CKD, little evidence exists that kid-
ney failure per se aggravates the atherosclerotic
process.

The hemodynamic consequences of medial
wall calcification, or Monckeberg's sclerosis, are
quite different from those due to atherosclerotic
calcification, and they are appreciated less
widely.?® Mineral deposition occurs diffusely
throughout the tunica media, which is rich in
elastic collagen. Medial wall cacification in-
creases vascular stiffness and reduces vascular
compliance—changes that adversely affect the
capacity of the arterial circulation to dampen
increases in arterial pressure with each ventricu-
lar systole. As a result, systolic blood pressure
rises, pulse pressure widens, and pulse wave
velocity increases.1%2° These hemodynamic alter-
ations lead to left ventricular hypertrophy and
they can compromise coronary artery blood flow
during diastole. They are also associated with
high mortality rates among patients undergoing
hemodialysis.® Although the process of media
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wall calcification is generalized, vessels in the
lower extremities are affected most often.

Recent work has demonstrated that the extent
of arterial calcification in patients with CKD
who are treated with dialysis far exceeds that of
persons in the general population.121821 Sych
data using recently developed imaging methods
thus confirm results from earlier radiographic
and pathological studies.»® The presence of vas-
cular calcification in patients with CKD offers
little insight, however, into the underlying
cause.331 The image resolution of techniques
such as EBCT is insufficient to distinguish be-
tween atherosclerotic calcification that is located
aong the intimal layer of arteries and that lo-
cated in the media wall. Although coronary
artery calcification scores as measured by EBCT
areauseful index of atherosclerotic burdeninthe
general population,2325 similar rel ationships have
yet to be established in patients with CKD. As
such, the implications of arterial calcification in
patients with CKD are not only different but also
more complex than in the general population.3!

In adults with CKD, the extent of arterial
calcification represents the aggregate of both
atherosclerotic and medial wall calcification. This
combination of factors probably accounts for the
very high coronary artery calcification scores
that are common in patients undergoing dialy-
sis 121821 gnd aso explains why calcification
scores as measured by EBCT in patients with
CKD cannot be used asan indicator of atheroscle-
rotic burden alone. The combined impact of both
processes may, however, contribute to the very
high rates of cardiovascular disease in patients
with CKD. In children and adolescents who are
treated with dialysis, medial wall calcification
likely accountsfor most arterial calcification, but
some younger persons with CKD also harbor
risk factorsfor atherosclerosis.’?

Evidence of arterial calcification in adultswith
CKD is associated with adverse clinical out-
comes, including myocardial infarction, conges-
tive heart failure, endocarditis, valvular heart
disease, and death.?>32 Survival among patients
undergoing regular hemodialysisisinversaly re-
lated to the extent of vascular calcification as
measured by B-mode ultrasound.®? When present,
arterial calcification progresses more rapidly, as
judged by interval changes in coronary artery
calcification scores measured by EBCT, in pa
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tients treated with dialysis than in subjects from
the general population.213 Sych findings suggest
but do not prove that medial wall calcification
plays a dominant role in the progression of
vascular calcification in patients with CKD. Pro-
gression rates are much lower, however, in per-
sons who do not have CKD, where interval
changes in calcification scores presumably re-
flect the evolution of atherosclerotic calcification
only.33

For patients with CKD who are treated with
hemaodialysis, therate of progression of coronary
artery and aortic calcification is greater in those
who use large oral doses of calcium-containing
compounds rather than the calcium-free, phos-
phate-binding agent sevelamer.l® Although
changesin lipid metabolism in those given sevel-
amer may contribute to such differences,3+% the
results emphasize the potentially critical link
between disturbances in mineral metabolism and
the progression of arterial calcification in pa-
tientswith CKD.

For many years, vascular and soft-tissue calci-
fication in CKD was considered to occur predomi-
nantly by passive unregulated physicochemical
mechanisms.1>¢ Elevated serum phosphorus|ev-
els and high values for the calcium-phosphorus
ion product in serum have often been associated
with vascular calcification, findings that tended
to support such a view. These biochemical
changes increase the state of supersaturation that
exists normally in plasma, favoring the deposi-
tion of mineral in soft tissuesincluding the blood
vessels.

Vascular calcification is now, however, consid-
ered to be a regulated process that is influenced
by tissue-specific cellular mechanisms and by
selected components present in plasma.1536.37
Because of the normal supersaturated state of
agueous plasma with respect to calcium and
phosphorus, certain plasma constituents such as
citrate and magnesium play a key physiological
role by maintaining mineral in solution. Proteins
such as fetuin-A (a-2-HS glycoprotein) serve a
similar function.3840 [nhibitors of mineral depo-
sition are thus required to prevent soft-tissue and
vascular calcification even under basal condi-
tionsin vivo.36

In addition, there is now abundant evidence
that a variety of proteins normally involved in
bone and mineral metabolism can be expressed
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Table 1. Risk Factors for Vascular Calcification in CKD

Intimal/Atherosclerotic

Medial/Ménkeberg's

Risk Factor Calcification Calcification
Dyslipidemia Yes No
Advanced age Yes Yes
Elevated blood pressure Yes Reciprocal (medial lesions worsen blood pressure)
Male Yes No
Smoking Yes No
Inflammation Yes (local) Yes (systemic mediators)
Diabetes/glucose intolerance Yes Yes
Kidney disease
Reduced GFR No Yes
Calcium
Hypercalcemia No Yes
Positive balance No Yes
Hyperphosphatemia Yes Yes
PTH abnormalities No No
Vitamin D administration No Yes
Duration of treatment with dialysis No Yes

in arterial tissue.1641-45 These may influence the
process of arterial calcification. Such findings
were first reported in studies of calcified athero-
scleratic lesions, but similar changes have been
found in vessels affected by medial wall calcifi-
cation. A functional role for some of these pro-
teins in arterial tissue remains to be determined,
but the importance of othersis established.

Matrix Gla-protein (MGP) playsacrucial role
in preventing the calcification of arteries and
epiphyseal growth plate cartilage during embry-
onic and postnatal development.*6 The use of
warfarin, which interferes with the y-carboxyla-
tion of MGP, has been identified as a risk factor
for calciphylaxis, or calcific uremic arteriolopa-
thy, in patients undergoing dialysis. Moreover,
sustained warfarin administration in rats causes
osteoporosis and cardiac value calcification.*7-50
Such findings underscore theimportance of MGP
as aphysiological inhibitor of soft-tissue calcifi-
cation including arterial and cardiac valve calci-
fication. They aso highlight the relevance of
basic research using mouse genetics to address
selected issuesin clinical medicine.

Other noncollagenous bone proteins such as
osteopontin (OPN) represent additional regula-
tors of vascular cacification whose functional
roles are just now being clarified.5%* Selected
disturbances in the tissue-specific expression of
one or more of these genes may contribute to the
reciprocal relationship that has been recognized

for many years between bone mass and the
extent of arterial calcification.55%

The expression of various mineral-regulating
proteinsin vascular tissue may reflect changesin
the phenotype of vascular smooth muscle cells
and possibly, but less likely, vascular endothelial
cells.25” Whether such changes arise before or
after the process of arterial calcification has
begun is less certain. Vascular smooth muscle
cells can be induced, however, to express an
osteablast-like phenotype in vitro under certain
cell culture conditions.?5” Selected disturbances
in mineral metabolism in CKD possibly have
similar effectsin vivo. These issues are currently
the subject of intense investigation.

Certain risk factors, such as age, cigarette
smoking, diabetes mellitus, and/or glucose intol-
erance, are thought to contribute to both athero-
sclerotic calcification and media wall calcifica
tion (Table 1). Disturbancesin lipid metabolism,
mal e sex, and hypertension aggravate the athero-
sclerotic process, but there is little evidence that
these represent risk factors for medial wall calci-
fication. Indeed, the relationship between media
wall calcification and blood pressureisarecipro-
cal one. Elevationsin blood pressure are a result
rather than a cause of medial wall calcification.

Inflammation is now recognized as an integral
component of atherosclerosis and may aggravate
its severity. Because inflammation reduces fe-
tuin-A synthesis, any of a variety of systemic
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inflammatory processes may facilitate vascular
and soft-tissue calcification by lowering the se-
rum concentrations of this important circulating
factor, which serves to maintain the solubility of
calcium in plasma.384° Recent evidence suggests
that abnormalities in calcium and phosphorus
metabolism, including therapeutic interventions
that affect total body calcium balance, influence
the development and progression of medial wall
cacification in patients with CKD.1213 Treat-
ment with vitamin D sterols may aggravate vas-
cular calcification, but it isuncertain whether this
isdue solely to increasesin serum cal cium and/or
phosphorus concentrations or possibly to local-
ized tissue-specific actions.>8 A role for parathy-
roid hormone (PTH) as a cause of medial wall
calcification remains uncertain.

Race and/or genetic factors may also influence
the development of arterial calcification. The
disorder isless prevalent in blacks than in whites
both in the general population and in those with
CKD. Palymorphisms in the genes for MGP and
perhaps for fetuin-A, OPN, osteoprotegerin
(OPG), ank, and Npps represent potential mecha-
nisms to account for such differences, but much
additional work will be required to address these
issues adequately.5%-61

WHAT WE NEED TO KNOW. . .

Recent observations linking disturbances in
calcium and phosphorus metabolism to adverse
clinical outcomes emphasize the need to better
understand theimpact of current therapeutic strat-
egiesfor renal osteodystrophy on mineral metab-
olism in patients with CKD.71220326263 A|-
though much is known about the physiology and
regulation of intestina calcium transport, addi-
tional information about the efficiency of intesti-
nal calcium absorption at various stages of CKD
is needed. More specifically, the relative impor-
tance of passive, diffusion-dependent intestina
calcium transport versus active, vitamin D—depen-
dent intestinal calcium absorption at different
stages of renal functiona impairment should be
determined. The impact of large oral doses of
calcium on net intestinal calcium absorption in
patients undergoing dialysis has not been charac-
terized adequately, particularly during the concur-
rent administration of vitamin D sterols. The
effect of intermittent vitamin D dosage regimens,
which are now employed widely, on the effi-
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ciency of intestinal calcium absorption has not
been studied systematically, especially in com-
parison to treatment with daily oral doses of
calcitriol. More information is needed about new
vitamin D sterols and their role as modifiers of
intestinal calcium transport.

Because it contributes to vascular calcification
and serves as an independent risk factor for death
in patients treated with dialysis, hyperphos-
phatemia and its management represent major
challenges for clinical management. The design
and implementation of new therapeutic strate-
gies that can normalize serum phosphorus levels
and prevent phosphate retention in patients with
stage 5 CKD will be important. Equally impor-
tant isthe determination of whether such interven-
tions favorably affect the development and pro-
gression of vascular calcification, cardiovascular
outcomes, or mortality rates in this high-risk
population. Alternative dialysis regimens such as
daily nocturnal hemodialysis or short-duration
hemodialysis that is done 6 days per week repre-
sent 2 promising approaches to more optimally
manage phosphorus retention in those who re-
quire rena replacement therapy.5#%> However,
the need is ongoing to identify, develop, and
introduce more effective phosphate-binding
agents if current dialysis strategies are to be
continued.

Theevolution of each type of arterial calcifica-
tion needs to be characterized further in patients
with CKD using reliable, objective measurement
techniques. The rel ationshi ps between atheroscle-
rotic and medial wall calcification and specific
cardiovascular outcomes should be determined.
Careful assessments of patients with CKD who
do not develop arterial calcification may be use-
ful in identifying demographic, biochemical,
and/or genetic characteristics that protect against
arterial calcification.

Imaging methods such as EBCT and spiral
computed tomography are valuable for detecting
vascular calcification in preliminary studies and
in a few clinica trials.*21821 Nevertheless, the
utility of EBCT measurements of coronary artery
calcification asamarker of the severity of vascu-
lar disease, as judged by angiographic and/or
autopsy studies, or as a predictor of adverse
cardiovascular outcomes has yet to be demon-
strated in patients with CKD. The limited avail-
ability of EBCT and spira computed tomogra-
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phy, together with their high costs, render them
less useful as practical tools for the routine
management of large numbers of patients with
CKD. Techniques that are affordable and widely
available should be evaluated thoroughly to deter-
mine their value in detecting the presence and
monitoring the progression of arterial calcifica-
tioninroutine clinical practice.

For certain clinical syndromesthat are encoun-
tered less often, such as calciphylaxis (calcific
uremic arteriolopathy), establishing clinical reg-
istries may be useful. This formalized structure
would provide mechanismsto better characterize
the disorder and its progression, to identify addi-
tional risk factors that contribute to its devel op-
ment, and to assess objectively the efficacy of
various therapeutic interventions.

WHAT WE SHOULD DO WITH WHAT
WE KNOW. . .

The extraordinary risk of cardiovascular dis-
ease and the prominent role of vascular calcifica-
tion as a component of it argue strongly that
measures be implemented to detect vascular cal-
cification in patients undergoing dialysis as well
as in those with less advanced kidney disease.
Some have suggested that these assessments be
done annualy in al patients with CKD, stages 2
to 5. The primary objectives of such screening
are to offer a preliminary assessment of risk for
individual patients and to heighten awareness
among clinicians about the importance of vascu-
lar calcification as a cause of adverse clinical
outcomes. There is insufficient information cur-
rently to justify specific therapeutic interventions
based solely upon the results of screening. Evi-
dence of vascular calcification should, however,
prompt patients and clinicians alike to review
current management approaches, to identify fac-
tors that may aggravate vascular cacification,
and to implement corrective measures designed
to limit or reduce overal cardiovascular risk.
The data generated by the regular screening of
patients for vascular calcification would provide
an opportunity to identify factors that affect
disease progression and would offer a frame-
work to evaluate the effectiveness of interven-
tions designed to modify its course.

To be feasible in the context of clinical prac-
tice, the methods employed to assess vascular
calcification should be widely available and rela-

tively inexpensive. Calcifications of the aorta
and iliac arteries can be detected readily by
standard radiographs, and they have been shown
to be a reliable marker of the extent of arterial
calcification in persons from the general popula-
tion. Echocardiography is a sensitive method for
detecting cardiac valve calcification, and the
necessary technical expertise for such examina-
tions is widespread.® Calculated values of pulse
pressure that are obtained from conventional
blood pressure measurements are easily ob-
tained, and they provide information about the
hemaodynamic consequences associated with me-
dial wall calcification as discussed previoudly.
We suggest that these three simple, noninvasive
techniques be used to develop a numeric cardio-
vascular calcification index (CCI) for initial risk
assessment and longitudinal follow-up.

Initial efforts should determine the reliability
and reproducibility of the CCl and examine the
relationship between such values and those ob-
tained by other more precise techniques for mea-
suring arterial calcification such as EBCT and
vascular ultrasound. Validation of such an ap-
proach, if forthcoming, would expand opportuni-
ties for epidemiological research, longitudinal
studies, and clinical trials.

Experimental models using genetically modi-
fied animals hold considerable promise in this
rapidly developing field of research. They pro-
vide an opportunity to more carefully examine
the impact of CKD and the disturbances in
bone and mineral metabolism associated with
it on selected putative molecular mediators of
arterial calcification. Mice with inactivating
mutations of the genes for MGP, OPN, OPG,
and fetuin-A represent only a few examples
among many experimental models that should
be informative.

An ongoing effort should be undertaken to
educate cliniciansin general and nephrologistsin
particular about the types of arterial calcification
that develop in patients with CKD and the seri-
ous conseguences associ ated with them. A greater
awareness of the relationships among renal bone
disease, mineral metabolism, arterial calcifica-
tion, and cardiovascular disease may ultimately
lead to more cohesive therapeutic strategies that
maximize benefit while limiting risk.
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