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Abstract Mortality statistics of young adults with child-
hood-onset end-stage renal disease (ESRD) show that
cardiovascular disease (CVD) is responsible for most
deaths on dialysis and after transplantation. This is most
likely explained by the presence of a multitude of
traditional and non-traditional risk factors in uremia,
promoting the combination of classical atherosclerosis,
uremic vasculopathy, and uremic cardiomyopathy. Vas-
cular (arterial) calcifications occur with a high prevalence
in young adults and their presence correlates with non-
traditional risk factors, markers of inflammation, intake of
calcium-containing phosphate binders, and the calcium-
phosphorus product in serum. This might be explained by
a high positive calcium and phosphorus balance in ESRD
patients, which may be comparatively higher in the
young. In addition, treatment with active vitamin D
preparations may enhance the positive calcium and
phosphorus balance and have a direct calcifying effect
on the arterial wall. The biological process of vascular
calcification resembles osteogenesis. These data indicate
that vascular calcifications are related to non-traditional
risk factors, inflammatory mechanisms, and disturbances
in calcium and phosphorus metabolism in uremia. They
provide strong evidence for a change in the current
management of renal osteodystrophy in children and
adolescents with ESRD.
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Introduction

In 1990, Milliner et al. [1] published the first systematic
study on the prevalence and distribution of soft tissue
calcifications in pediatric patients with end-stage renal
disease (ESRD). These authors retrospectively reviewed
clinical, biochemical, and autopsy data of 120 patients,
who had been cared for at the Los Angeles Children’s
Hospital between 1960 and 1983. Soft tissue calcifica-
tions were found in 72 of 120 patients (60%), and most
frequently involved blood vessels, lung, kidney, myocar-
dium, coronary arteries, central nervous system, and
gastric mucosa. While the occurrence of soft tissue
calcifications in children had been described before in
case reports, it became apparent from this study that the
prevalence of this complication of ESRD in young
patients had been grossly underestimated (possibly be-
cause staining for calcium deposition with the von Kossa
method is not routinely performed on autopsy). This
report revealed that the arterial system and the heart could
be seriously damaged by the presence of calcification at a
young age in patients with ESRD. Although these
findings may partially reflect difficulties with treatment
in the “early days” of pediatric nephrology, it is remark-
able that vitamin D therapy showed the strongest asso-
ciation with calcifications. Moreover, the prevalence of
calcifications increased during the later years of the study
(coinciding with the use of more potent active vitamin D
preparations and calcium-containing phosphate binders).

Recent studies using non-invasive methods for quan-
tification of coronary artery calcification have confirmed
a very high prevalence of vascular calcification in young
patients [2, 3, 4]. These studies have raised concerns
about the long-term prognosis of children now being
treated with ESRD in view of the epidemic of cardiovas-
cular disease (CVD) in the adult ESRD population [5].
This review outlines the clinical significance of vascular
calcifications in young ESRD patients and the underlying
risk factors present in this unique population.
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Epidemiological studies of CVD in young adults
with childhood-onset ESRD

Mortality statistics of the last decades have shown that
CVD continues to be responsible for most deaths on
dialysis and after transplantation. Mortality from CVD is
excessively elevated in ESRD compared with the general
population and the risk is highest in the youngest patients,
as shown most clearly by the USRDS data [5, 6]. To
address this issue, several retrospective studies analyzing
survival rates have now been carried out in children,
adolescents, and young adults with ESRD since child-
hood. The Dutch LERIC study of 381 subjects with
childhood-onset ESRD demonstrated that in the 1990s the
standardized mortality rate was elevated by a factor of 21
compared with the normal Dutch population and that
death from CVD was most prominent on renal replace-
ment therapy [7]. In a study of 283 German patients with
childhood onset of ESRD in Heidelberg, cardio- and
cerebrovascular causes accounted for 50% of the total
mortality [3]. In a study by the Hannover group of 150
German children transplanted between 1970 and 1993,
patient mortality from CVD was 23%, almost 10 times as
high as the occurrence of malignancies [8]. Similarly, in
transplant recipients in the United States, all cardiac
causes combined accounted for 35% of the total mortality
of patients of 0–19 years of age [9].

Thus, emerging data from pediatric centers indicate
that children and young adults with ESRD die primarily
of CVD and that the mortality risk from cardiac disease is
higher than that from infection or malignancy. How can
this be explained?

Atherosclerosis versus uremic vasculopathy

In the general population, CVD in most patients is the
result of atherosclerosis. Atherosclerosis is a multifacto-
rial disease affecting the heart and large and medium-
sized arteries, with a focal distribution, and with the
characteristic appearance of lipid-rich plaques in the
intima of the arterial wall. Clinical manifestations include
coronary heart disease, cerebrovascular disease, aortic
aneurysm, and peripheral arterial occlusive disease. This
disease is slowly progressive and driven by classical and
non-classical risk factors over several decades [10]. It is
obviously of interest whether this process is accelerated in
young patients with ESRD explaining the high mortality.

Importantly, several lines of evidence argue against an
acceleration of classical atherosclerosis in ESRD. Firstly,
if this process were truly accelerated, pediatric nephrol-
ogists would witness early symptoms of vascular disease,
e.g., of cardiac (angina) or cerebral ischemia (stroke) on a
large scale in their patients. However, young patients with
ESRD usually have no clinical symptoms of ischemic
heart disease, but mainly experience sudden death of
cardiac origin, suggesting the presence of arrythmias or
other causes [11]. Admittedly, ischemic heart disease
might be underdiagnosed because it is not thought of in

young patients or because of an unusual clinical presen-
tation—the experience gained from recognizing CVD in
women may serve as an example [12]. Therefore, in the
absence of prospective studies, there is no firm evidence
to support the clinical impression of an astonishing lack
of CVD symptoms. Secondly, it is remarkable that the
occurrence of vascular calcifications is not correlated
with traditional risk factors for atherosclerosis, e.g., total
cholesterol levels, but with non-traditional risk factors
and markers of inflammation. Thirdly, the composition of
coronary atherosclerotic plaques is different in adult
uremic patients than in the general population, character-
ized by increased media thickness and marked calcifica-
tion [13]. Fourthly, arterial calcifications in adult uremic
subjects are not only found as part of atherosclerotic
lesions involving the intima, but are also located in the
media layer of the arterial wall, as in M�nckeberg calcific
medial sclerosis. Moe et al. [14] have recently demon-
strated the systemic presence of this form of calcification
in ESRD patients by detecting medial calcifications in the
inferior epigastric artery (not a usual site for atheroscle-
rosis) in many asymptomatic patients (mean age 45 years)
undergoing renal transplantation. Moreover, the occur-
rence of arterial calcification is a “late event” in the
general population. We know from autopsy studies of
hundreds of young accident victims (under 40 years) that
calcium deposits emerge as granules of microscopic size
in advanced lesions (type IV), which are only present in a
minority of these subjects. Advanced lesions containing
large amounts of calcium do not appear until the 5th
decade of life [15, 16]. This is in sharp contrast to the
extremely large amount of calcium in the coronary
arteries of some young subjects with ESRD studied with
electron beam computed tomography (EBCT) [2], again
suggesting a different form of vascular disease (Fig. 1).

Since the presence of systemic calcification leads to
compromised arterial elasticity, one would assume that
dysfunction of the arterial wall could be measured by
non-invasive means, e.g., by pulse wave velocity. Indeed
pulse wave velocity is increased in uremic subjects,
confirming systemic loss of arterial elasticity [7, 17]. In
recent prospective studies, pulse wave velocity has
emerged as a powerful predictor of mortality in adults
[18, 19].

ESRD is associated with an abundance of classical and
non-traditional risk factors [20], as well as with a specific
form of cardiomyopathy [21, 22]. Since these risk factors
most likely are additive in their effects, we believe that
rather than a true acceleration of classical atherosclerosis,
the combined effects of classical atherosclerosis, uremic
vasculopathy, and uremic cardiomyopathy could lead to
an excessively high mortality from cardiac causes at a
young age (Fig. 2).

Taken together, the present data indicate that young
adults have a high mortality from CVD that is character-
ized by the absence of typical symptoms of ischemic heart
disease in most patients. The hallmarks of this vasculop-
athy are the high prevalence of vascular calcifications at
an early age and the loss of elasticity of the arteries. This
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arteriopathy shows distinct morphological differences
from atherosclerosis. Therefore, although prospective
studies connecting vascular calcification scores with
mortality are still lacking, current data suggest that
vascular calcifications might be an indicator of the
severity of arterial disease in young patients with ESRD.

Measurements of vascular calcifications
in young patients

Following the groundbreaking study of Braun et al. [23],
which demonstrated progressive coronary calcifications
in adult dialysis patients, three studies have investigated
coronary calcifications by EBCT and spiral CT, specif-

ically in young patients. While the percentage of patients
with calcifications was quite variable (36%, 46%, and
92%, respectively), the calcium scores in young patients
with ESRD were remarkably high [2, 3, 4]. In the study
by Goodman et al. [2], calcifications were associated with
the calcium intake from phosphate binders, the calcium-
phosphorus product, age, and the mean duration of
dialysis. In the study by Oh et al. [3], which found a
disturbing prevalence of calcifications of 92% in patients
aged 19–39 years, predictive factors were the duration of
ESRD and time on dialysis, the cumulative calcium-
phosphorus product, mean intact parathyroid hormone
(iPTH) plasma levels, C-reactive protein (CRP), antibod-
ies to Chlamydia pneumoniae, and plasma homocysteine
levels (Table 1).

These studies indicate a high prevalence of vascular
calcifications in young adults with ESRD and a correla-
tion with non-traditional risk factors, e.g., a high calcium-
phosphorus product, high PTH levels, and markers of
inflammation/infection. Importantly, vascular disease in
these young patients is likely the result of ESRD, in

Fig. 1 a Three-dimensional reconstruction of coronary artery
calcifications, courtesy of Dr. S. Achenbach, Massachusetts Gen-
eral Hospital, Boston. b Coronary artery calcification in a 25-year-

old female with end-stage renal disease (ESRD) due to cystinosis,
electron beam computed tomography score 807

Fig. 2 Hypothesis of combined effect of classical atherosclerosis,
uremic cardiomyopathy, and uremic vasculopathy explaining ex-
cessive cardiac morbidity and mortality at an early age in ESRD

Table 1 Predictors of coronary calcification (CRP C-reactive
protein, iPTH mean intact plasma parathyroid hormone levels,
tHcy total plasma homocysteine levels)a

Variable Partial r2 Total r2 P

CRP 0.5 0.5 0.0001
iPTH 0.15 0.65 0.0006
Calcium-phosphate product 0.07 0.72 0.01
tHcy 0.03 0.75 0.05

a Stepwise linear regression analysis; taken with permission from
the original data of Oh et al. [3]. In this study, these variables were
identified as independent predictors, explaining 75% of the
variation of coronary artery calcifications
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contrast to studies in elderly adult ESRD populations
where results may be confounded by age and by the
burden of other individual risk factors (e.g., long-standing
diabetes).

It is yet unknown to which extent this translates into
cardiac morbidity and mortality in these young patients,
because prospective studies in this population have not
been performed. In the general population, however, a
correlation of calcium measured by EBCT with atheroscle-
rotic plaque burden has been established (in patients with
coronary heart disease) [24, 25]. The amount of coronary
calcium is prospectively associated with morbidity and
mortality from cardiac causes [26]. Since these data were
obtained in patients with atherosclerosis, i.e., vascular
lesions of different composition, they may not apply to
ESRD patients. Also, it is unknown whether calcifications
in the intima or media can regress. Regression of
atherosclerotic calcifications, however, has not been dem-
onstrated thus far in humans. In animal experiments with
monkeys fed a high-cholesterol atherogenic diet for several
years (resulting in advanced intima lesions) followed by
years of a low-cholesterol diet, regression of lesions was
observed, with disappearance of macrophages, lipid, and
foam cells, but not of calcium [16].

Risk factors for vascular calcifications:
considerations in children and adolescents

Although uremic vasculopathy most likely results from the
combined effect of many risk factors, those correlating
with calcifications in imaging studies should be of special
relevance in this population. It is obvious that exposure to
a high calcium-phosphorus product, high PTH levels, or
vitamin D preparations is closely related to the medical
management of calcium and phosphate levels, i.e., the
current approach to the treatment of renal osteodystrophy.

Calcium

Urinary calcium excretion in normal adults is about
200 mg/day. Fecal excretion varies depending on the
dietary intake, but calcium balance is positive in healthy
subjects <35 years. Calcium excretion diminishes with
deterioration of glomerular filtration rate (GFR). Adults
with ESRD, with a calculated intake of dietary calcium of
1,000 mg/day, have a positive calcium balance of about
250 mg/week [27]. If this is extrapolated to pediatric
patients, who have a much higher intake of dietary
calcium from food (and higher calcium requirements for
bone growth), the net positive balance in ESRD might be
much higher, assuming a similar calcium absorption. In
the absence of firm data on the physiological requirements
of calcium in uremic children, it is difficult to estimate the
“true” positive calcium balance. In addition, calcium
intake from phosphate binders is much higher in children.
On a milligram per kilogram basis, the recommended dose
for adults (calcium carbonate) is about 40–80 mg/kg, in

children it is 50–200 mg/kg. In clinical studies, adults have
received about 70 mg/kg per day of calcium carbonate or
acetate [28]; children have received 110 mg/kg per day
(range 10–340) [29]. Depending on the dialysate used,
calcium balance is also positive on maintenance dialysis,
ranging from 52 to 536 mg/d in adult hemodialysis
patients and from 32 to 208 mg/d in peritoneal dialysis
patients, respectively [27]. In addition, hypercalcemic
episodes, which occur with an overall incidence of 3.5 per
100 patient-months in children with calcium carbonate
treatment [29], should be considered as periods of high
positive calcium balance. It is of interest that in a
retrospective study concerning the safety and efficacy of
calcium carbonate, these hypercalcemic episodes were
associated with a reversible decline in GFR in 62% [29]. A
high calcium-phosphorus product in animal models is
associated with calcifications in the kidney and deterio-
ration of GFR [30]. Finally, one has to consider the
additive effect of vitamin D metabolites. It is well known
that intestinal calcium resorption is regulated by active
vitamin D and it can be expected that the concomitant use
of vitamin D preparations dramatically increases calcium
absorption in uremic patients, although studies of calcium
balance in children with ESRD are lacking.

Phosphorus

Of adult dialysis patients, 70% have elevated phosphorus
levels, and high serum phosphorus increases mortality risk
[31]. The overall positive phosphorus balance, assuming
800–1,000 mg of dietary phosphorus/day has been calcu-
lated as 1,200/week in hemodialysis patients [27]. If
extrapolated to children on a milligram per kilogram basis,
this should be multiplied by a factor of 2–4, considering
the current dietary recommendations for children with
ESRD. It should be noted, however, that a positive
phosphorus balance is needed to permit protein synthesis
and growth, normal serum phosphorus levels are higher in
infants and young children, and dietary recommendations
in this age group include dairy products with a very high
phosphate content. However, similar to the calcium intake,
systematic studies of phosphorus balance in children with
ESRD are lacking. The presence of hyperparathyroidism
(HPT) indicates a positive balance even in incipient renal
failure. Children need higher doses of phosphate binders
per kilogram of body weight to prevent secondary HPT.
Moreover, the concomitant use of vitamin D metabolites
increases phosphorus absorption. While the age-dependent
“physiological” range of the calcium-phosphorus product
is unknown, and is probably higher in children than in
adults, vascular calcifications in young adults correlate
with the calcium-phosphorus product and the time-aver-
aged mean intact PTH level [3].

Vascular calcifications probably occur in two types of
clinical situations: (1) during periods of a high calcium-
phosphorus product in serum, e.g., severe HPT with
mobilization of calcium and phosphate from bone, often
accompanied by an attempt to control the PTH secretion
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with high doses of calcitriol (enhancing at the same time
calcium and phophate resorption) and (2) periods of low
bone turnover, mostly induced by oversuppression of
PTH secretion with active vitamin D metabolites and
accompanied by hypercalcemia. It is conceivable that in
these situations, the arterial wall is taking up calcium that
is either mobilized from bone or cannot be metabolized
by bone. In both cases, calcification, or rather ossification,
is taking place in the artery instead of in the bone [14].

Vitamin D

It follows that treatment with active vitamin D prepara-
tions, although necessary to prevent rickets and assure
bone growth in uremic children, is a journey between
Scylla and Charybdis. Active vitamin D metabolites, e.g.,
calcitriol, could promote vascular calcifications not only
by increasing intestinal calcium and phosphorus absorp-
tion, or by arresting calcium delivery to bone (low bone
turnover), but also by direct effects on the vascular wall.
Recent studies have shown that the process of mineral-
ization is highly regulated in smooth muscle cells, the
main cell type of the media. It seems that this process
results from the balance of many factors either promoting
or preventing mineralization, and under normal condi-
tions is essentially inhibited [32]. Under conditions of
calcification, however, vascular smooth muscle cells can
undergo a phenotypic transition to osteoblast-like cells,
expressing several genes involved in osteogenesis [33].
With transition, these cells express the “core binding
factor alpha 1” (Cbfa1), which is an osteoblast-specific
transcription factor regulating the expression of multiple
genes in the osteoblast [34]. In vitro, both an increase in
extracellular phosphorus [34] and uremic serum [35] are
able to induce calcium deposition, increased expression of
Cbfa1 and an osteoblast phenotype. This could lead to the
secretion of an osteoid-like extracellular matrix that
contains osteopontin and osteocalcin, i.e., bone formation
in the arterial wall [34].

Vascular smooth muscle cells express the vitamin D
receptor and upregulate the receptor if excessive doses of
calcitriol are administered to animals [36]. In vitro,
calcitriol increases expression of alkaline phosphatase, an
enzyme involved in osteogenesis, and calcium deposition
in these cells [37]. However, calcitriol does not seem to
promote calcification by upregulation of Cbfa1 [38], but
by modulating secretion of PTH-RP [37] or by other yet
unknown mechanisms (e.g., upregulation of other pro-
moters or downregulation of inhibitors). In animal exper-
iments it was shown that media calcifications can be
produced by feeding rats with vitamin D3 [39].

Growth

The process of vascular calcification resembles osteogen-
esis, and in view of the regulation of bone formation by
growth hormone and insulin-like growth factors (IGF),

respectively, the question of whether growth itself might
have an effect on the occurrence of vascular calcifications
is obviously important. Growth hormone and IGF-1
stimulate the proliferation of endothelial cells and smooth
muscle cells in vitro and increase local IGF-1 gene
expression in vascular cells [40]. Interestingly, in a rat
model of arterial calcifications using high-dose vitamin D
and warfarin, calcification is dependent on age and
explained by growth and serum phosphate levels [41].

In human growth hormone deficiency, treatment with
recombinant growth hormone (rhGH) improves the lipo-
protein profile, normalizes endothelial dysfunction, re-
duces monocyte activation, decreases carotid intima
media thickness, and increases left ventricular function
[42, 43]. These are clearly beneficial effects with respect
to CVD risk. However, it is yet unknown whether rhGH
treatment of children with ESRD has any effect on arterial
calcification.

Inflammation/infection

In the study by Oh et al. [3], the presence of coronary
artery calcifications was closely correlated with CRP. In a
multivariate analysis, CRP and plasma homocysteine
levels remained as independent predictors (Table 1) in a
model, together with iPTH and the calcium-phosphate
product, explaining 75% of the variation in coronary
artery calcification [3]. This indicates that inflammatory
processes play a major role in the pathogenesis of these
vascular changes. CRP levels are significant predictors of
mortality in adult hemodialysis [44, 45] and peritoneal
dialysis [46] patients.

Inflammation in this population is closely connected to
oxidative stress, malnutrition, and hypoalbuminemia [47],
which in turn influence plasma homocysteine levels. It is
therefore yet unknown whether homocysteine levels are
markers of this process or directly involved in vascular
damage [48]. Interestingly, a recent study of 312 adult
hemodialysis patients [49] identified a potential missing
link between inflammation and calcification. Ketteler et
al. [50] demonstrated a significant association of survival
on dialysis with serum concentrations of fetuin-A. Fetuin
is a circulating inhibitor of calcification in vivo and is
downregulated during the acute-phase response [50]. It is
conceivable that persistently low concentrations of this
glycoprotein during chronic low-grade inflammation in
uremic patients could facilitate calcification. This notion
is further supported by the observation of an impaired ex
vivo capacity (of sera from patients with low fetuin
concentrations) to inhibit calcium-phosphate precipitation
[49]. Further studies are needed to clarify the role of
fetuin among the multiple pathways leading to vascular
damage by inflammatory mechanisms in uremia.
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Outlook

In conclusion, vascular calcifications seem to occur with a
high prevalence in young adults with ESRD. It is likely
that the amount of calcium in the coronary arteries in
these subjects (as estimated by CT/EBCT) reflects the
severity of arterial disease (risk burden of CVD) in these
patients and future studies will have to prove the
prognostic significance for this population. Vascular
calcifications correlate with non-traditional risk factors,
markers of inflammation, intake of calcium-containing
phosphate binders, and the calcium-phosphorus product in
serum. These factors seem to be of particular significance
for young patients, possibly due to a comparatively higher
positive calcium and phosphorus balance and concomitant
therapy with active vitamin D preparations. The biolog-
ical process of vascular calcification resembles osteogen-
esis [51] and may be promoted by vitamin D. Although
the precise molecular mechanisms leading to calcium
deposition in the arterial wall have yet to be elucidated,
these data provide strong evidence for a change in the
current management of renal osteodystrophy and calcium
and phosphorus metabolism, respectively, in children and
adolescents with ESRD. Studies evaluating new methods
to decrease the calcium and phosphate burden in these
patients are urgently needed (e.g., calcium-free phosphate
binders, calcimimetic drugs, new vitamin D metabolites,
low dialysate calcium). In addition, the prognostic sig-
nificance of vascular calcifications and their potential
reversibility need to be studied in this population.
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