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Phosphate plays a central role in the pathophysiology of
CKD-MBD and the progression of chronic kidney disease
(CKD) and contributes to the disproportionate cardiovascular risk faced by patients with CKD. Adaptation of nephrons
attempting to preserve phosphate homeostasis requires
endocrine tradeoﬀ that fuel adverse events of hyperphosphatemia in CKD—secondary hyperparathyroidism, calcium
and vitamin D derangements, vascular calcifi cation, and
metabolic bone disorder.
In fact, in advancing CKD there is a multitude of biochemical, physiological, and clinical alterations, and mechanistic understanding of secondary hyperparathyroidism, vascular calcification, and regulation of phosphate metabolism
in CKD has advanced significantly in the past five decades.
The principal hormones that regulate renal phosphate handling are parathyroid hormone (PTH), which is produced by
the parathyroid gland, and fibroblast growth factor (FGF)23, which is produced by osteocytes and osteoblasts in bone.
In healthy individuals, increasing serum phosphate concentration induces secretion of PTH and FGF-23, and Kloto
decline.
It has been established (and now accepted by nephrologists) that observational studies strongly suggest that phosphorus is associated with cardiovascular risk, and definitive prospective animal studies are supportive. However,
prospective studies demonstrating that modulation of the
putative risk factor aﬀects clinical outcomes are lacking, and
phosphorus, as yet, does not qualify as a cardiovascular risk
factor.
This special issue provides an identification of the
complex mechanisms that determine the phosphorus and

calcium metabolism in CKD-3 and CKD-4; a verify the association of serum phosphate and related factors in ESRDrelated vascular calcification.
It has also addressed mineral metabolism in patients with
CKG in the Era of KDIGO Guidelines, the eﬀect of vitamin D
on clinical outcomes in chronic kidney disease, and the eﬀect
of paricalcitol on vascular calcification and cardiovascular
disease in uremia.
Finally, were also discussed the eﬀect of the use of noncalcium-phosphate binders in the control of vascular calcifications; the clinical significance of FGF-23 in patients
with CKD, the the relationship between arterial stiﬀness
and vascular damage; the treatment of severe metastatic
calcification and calciphylaxis in dialysis patients; the clinical
impact of hypercalcemia in kidney transplant patients.
Biagio Raﬀaele Di Iorio
Markus Ketteler
Domenico Russo
Angela Wang
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Elevated FGF-23 is a predictor of mortality and is associated with LVH in CKD. It may be a biomarker or a direct toxin. We
assessed the relationship between FGF-23 and LVH in CKD using CMRI. In vitro we studied the eﬀect of phosphate, FGF-23, and
Klotho on E-selectin and VCAM production in HUVECs. FGF-23 concentration correlates negatively with eGFR and positively
with LVMI. FGF-23 was an independent predictor of LVH in CKD. E-selectin and VCAM production was elevated in HUVECs
cultured in high phosphate with FGF-23 or Klotho. This eﬀect was attenuated in cells exposed to both FGF-23 and Klotho. FGF23 is an independent predictor of LVH as measured by CMRI. We show preliminary data which supports that FGF-23 is toxic
resulting in activation of the vascular endothelium. We do not prove causality with elevated FGF-23 and LVH. Further research
should ascertain if lowering levels of FGF-23 translates to improved clinical outcomes.

1. Introduction
The excess risk of cardiovascular disease and death in those
with chronic kidney disease (CKD) compared with the
general population is yet to be adequately explained [1–5]. It
is well documented that patients with CKD have endothelial
dysfunction and it is likely that excess cardiovascular risk is
secondary to a combination of traditional cardiovascular risk
factors, including hypertension and diabetes mellitus, and
other “nontraditional” risk factors which may be unique to
the CKD population [2]. The abnormalities which arise as
a result of disordered bone mineral metabolism: hyperphosphataemia, hyperparathyroidism, and hypovitaminosis D are
examples of “non-traditional” cardiovascular risk factors
[6–9]. Each has been linked independently with increased
cardiovascular and all-cause mortality. The mechanisms are
poorly described but, in animal studies, there is evidence
that all can induce vascular calcification and endothelial
dysfunction [9, 10]. Whilst there is some evidence that oral
phosphate binders may lower levels of vascular calcification

and improve survival, there are no placebo controlled trials
and there is no evidence to link lower phosphate levels with
improved cardiovascular outcomes [11].
Fibroblast growth factor-23 (FGF-23), a phosphaturic
hormone, has emerged as an essential player in serum phosphate and vitamin D regulation. It is secreted predominantly
by bone and appears to require Klotho, a transmembrane
protein, in order to exert its eﬀects. FGF-23 potently lowers
serum phosphate levels by inducing renal phosphate wasting;
FGF-23 inhibits the sodium phosphate cotransporter types
IIa and IIc (NPT2a/2c) in the proximal tubule. It also reduces
renal expression of CYB27B1 by diminishing 1.25(OH)2D3
synthesis and FGF-23 reduces parathyroid hormone (PTH)
secretion [12, 13]. FGF-23 is a sensitive biomarker of
abnormal renal phosphate handling and levels rise earlier,
and to a greater extent, than serum phosphate in progressive
CKD [14]. Levels are elevated, often more than 1000fold, in patients with end-stage renal disease (ESRD) and
in advanced CKD, hyperphosphataemia develops despite
increased levels of FGF-23. This reduced responsiveness to
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FGF-23 may reflect the reduction in the number of intact
nephrons, and the resulting reduced expression of Klotho on
distal convoluted cells [15].
Elevated FGF-23 is itself predictive of adverse outcome
including premature mortality, CKD progression, vascular
dysfunction, and left ventricular hypertrophy [9, 16–18].
However, it is unclear whether at elevated levels FGF-23
exerts directly toxic eﬀects on vascular and cardiac cells or
whether it is simply a biomarker for these disease states.
Cardiac magnetic resonance imaging (CMRI) scanning is
acknowledged as the gold standard for left ventricular mass
(LVM) measurement and is superior to echocardiography
[19]. The relationship between FGF-23 and LVH, measured
by CMRI has not been studied previously. The aim of this
study was to assess the relationship between FGF-23 and LVH
using CMRI in patients with CKD stages 3 and 4. We also
assessed the eﬀects of phosphate, FGF-23 and Klotho on the
expression of E-selectin and VCAM in human endothelial
umbilical vein cells (HUVECs), as markers of endothelial
dysfunction associated with accelerated cardiovascular disease in CKD [20, 21].

2. Materials and Methods
2.1. Study Design, Setting, and Participants. The Renal Unit
at the Western Infirmary, Glasgow provides renal services to
2.8 million patients in the West of Scotland. We recruited
adult patients attending renal clinics in the West of Scotland
with a diagnosis of either diabetic nephropathy or biopsyproven IgA nephropathy and CKD stages 3-4. Patients with
essential hypertension in the absence of CKD were recruited
from the Glasgow blood pressure clinic. Patients who
were receiving immunosuppression, had evidence of active
infection, or who were unable to undergo CMRI scanning
were excluded. Written informed consent was obtained from
all patients and the study was approved by the local ethics
committee.
Patients attended the Glasgow Clinical Research Facility.
Demographic data including height, weight, and waist
circumference were recorded. The lowest of three blood pressure measurements was recorded. Investigations included
measures of renal function (estimated by the Modification
of Diet in Renal Disease (MDRD-4) formula), bone biochemistry (PTH, vitamin D, calcium, and phosphate levels),
haemoglobin and C-reactive protein (CRP). Proteinuria was
estimated from a spot protein : creatinine ratio (PCR), and
24-h proteinuria quantification (24 h QP). All prescribed
medications were continued throughout the study.
2.2. FGF-23 Measurement. FGF-23 concentrations were
measured on EDTA plasma samples frozen and stored
at −80◦ C. Samples were measured in duplicate after a
single thaw, according to the manufacturer’s instructions,
using the 2nd generation Human C-terminal FGF-23 ELISA
(Immunotopics Inc., San Clemente, CA, USA). Recombinant
human FGF-23 was used as standard at concentrations of
0.18.50.150.445 and 1500 RU/mL. The sensitivity of the assay
is 1.5 RU/mL.
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2.3. Cell-Based ELISA. HUVECs from pooled donors were
obtained from PromoCell, Heidelberg, Germany. The cells
were seeded into tissue culture treated 75 mL flasks (Corning
incorporated, NY, USA) and grown in either standard
endothelial cell basal medium which has a phosphate
concentration of 0.5 mM or in custom formulated media
which has a phosphate concentration of 3 mM. Both media
were obtained from PromoCell and supplemented with
the endothelial cell growth medium 2 supplement mix
and 100 mg/mL penicillin/streptomycin. All cultures were
incubated at 37◦ C in 5% CO2 . The cells were used between
the 2nd and 4th passage. 18,000 cells per well were added
to 96 well plates. The cells were left for 24 hours and
then treated with FGF-23 (3.5e−7 ) and Klotho (2e−10 )
either alone or in combination; controls were untreated.
After four hours incubation with FGF-23 and Klotho, some
wells were also treated with Interleukin 1 β (IL1), and all
plates left for a further six hours. The wells were washed
with phosphate buﬀered saline (PBS) and then the cells
were fixed with paraformaldehyde (4% dissolved in a 5%
sucrose solution) and incubated at 4◦ C overnight. The
wells were washed with a PBS and 0.1% BSA solution
for one hour to block nonspecific protein binding. For Eselectin, mouse antihuman antibody (AbD Serotec, Oxford,
UK) at a 1/2000 dilution was added to each well. For
VCAM sheep antihuman antibody (R&D Systems, Oxford,
UK) at a 1/2000 dilution was added to each well. After
a one-hour incubation, the wells were washed and the
secondary antibody added (horseradish peroxidase coupled
with mouse for E-Selectin and with goat for VCAM, both
from Sigma-Aldrich, MO, USA). This was washed oﬀ after
incubation for one hour and developer was added (TMB
from Sigma-Aldrich). The wells were read at 630 absorbance
on a microplate reader (SpectraMax M2, Molecular Devices,
Sunnyvale, CA, USA). Stripping buﬀer was added to the wells
which were then probed for mouse anti-human GAPDH.
Cell-based ELISA for E-Selectin and VCAM was performed
in 3 separate experiments with each group represented in
triplicate in each experiment and results were normalized to
GAPDH.
2.4. Cardiac Magnetic Resonance Imaging Scanning. Our
CMRI protocol has previously been described [22, 23].
Briefly, noncontrast CMRI was performed to determine
left ventricular mass index (LVMI) using 8 mm thick
short-axis cine slices from a 1.5-Tesla Siemens (Erlangan) CMRI scanner, and a fast imaging with a steadystate precision (FISP) sequence. LVM was analysed by a
blinded observer from short-axis cine loops using manual tracing of epicardial and endocardial end-systolic and
end-diastolic contours. End-systolic volume (ESV), enddiastolic volume (EDV), and LVM were calculated using
commercial software (Argus; Siemens). Values were adjusted
for body surface area (Mosteller formula, BSA (m2 ) =

((weight (kg) × height (cm))/3600), and LVH was defined
as LVMI > 84.1 g/m2 for men and >76.4 g/m2 for women;
LV systolic dysfunction was defined as LV ejection fraction
(LVEF) <55% [24].
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Table 1: Comparison of the baseline characteristics between the
patients with CKD and control patients with essential hypertension
(EH).

FGF-23 (RU/mL)

1000
800

+CKD −LVH n = 24
+CKD −LVH n = 24
−CKD −LVH n = 12
−CKD +LVH n = 15
P <0.001

600
400
200

Age (years)
Male sex
DM nephropathy
eGFR
(mL/min/1.73 m2 )

CKD LVH

CKD no
No CKD
LVH
no LVH
Group

No CKD
LVH

Figure 1: FGF-23 concentration stratified according to the presence
or absence of CKD and LVH.

2.5. Statistical Analyses. Statistical analysis was carried out
using the IBM SPSS statistics package version 18.0 (IL, USA).
Normality of the data was determined using KolmogorovSmirnoﬀ analysis with normally distributed data expressed
as mean and SD and nonnormally distributed data as median
and interquartile range (IQR). Parametric correlations were
calculated using Pearson’s correlation, nonparametric using
Spearman’s. Variables were log-transformed to obtain a
normal distribution as required. Comparisons were made
using Student’s t-test, Mann Whitney U test, and one way
analysis of variance as appropriate. Multivariate analysis
was performed using binary logistic regression to determine
independent predictors of LVH.
For cell-based ELISA comparisons, the diﬀerent groups
were compared using a two-way analysis of variance and post
hoc analysis was carried out with Tukey’s test.

3. Results
48 patients with CKD were included in the analysis. 62%
(n = 36) had a diagnosis of diabetic nephropathy, and
18% had IgA nephropathy. 50% (n = 24) had LVH. 27
“control” patients with essential hypertension but without
CKD were also included in the analysis; 56% (n = 15) of
them had LVH. Comparison between the patients with and
without CKD is shown in Table 1. There was a similar age
distribution (60 ± 12 years versus 55.5 ± 9.5 years) and a
similar proportion of males (75% versus 74%). LVMI was
also similar between the two groups (81.2 g/m2 IQR70.297.6 versus 86 g/m2 IQR 71.6-99.6). Patients with CKD had
significantly higher phosphate, parathyroid hormone, and
FGF-23 concentration (237.9 RU/mL IQR 109.6-393.3 versus
12.5 RU/mL IQR 1.5-35.9, P < 0.001).
Figure 1 shows stratification of patients by median FGF23 concentration into 4 groups according to the presence or
absence of LVH and CKD. Those with both CKD and LVH
had the highest FGF-23 concentration followed by those with
CKD without LVH (283.4 RU/mL IQR 166.4-414.8 versus
118.4 RU/mL IQR 61.5–295, P < 0.001).

P value
0.072
0.94

30.2 ± 11

94.4 ± 11.1

<0.001

81.2
(70.2–97.6)

86 (71.6–99.6)

0.419

148.8 ± 22.9

152.29 ± 19.9

0.48

81.8 ± 12

94.4 ± 11.1

<0.001

1.2 ± 0.2

0.99 ± 0..22

<0.001

13 (5–20)

20.5 (14–26.8)

0.004

237.9
12.5 (1.5–35.9)
(109.6–393.3)
PTH (pg/mL)
14.5 (6.7–21.6) 5.7 (4.8–7.3)
Calcium (mmol/L) 2.38 ± 0.1
2.4 ± 0.07
Ur PRC
82.5
NA
(mg/mmol)
(19.75–218)

<0.001

LVMI

0

CKD (n = 48) EH (n = 27)
60 ± 12
55.5 ± 9.5
75% (n = 36) 74% (n = 20)
62% (n = 30)
NA

Systolic BP
(mmHg)
Diastolic BP
Phosphate
(mmol/L)
Vitamin D
(ng/mL)
FGF-23 (RU/mL)

<0.001
0.096

A scatter plot of FGF-23 concentration and LVMI in
patients with CKD is shown in Figure 2 demonstrating
significant positive correlation between the 2 (r = 0.064, P =
0.005). Figure 3 shows the negative correlation with FGF-23
concentration and renal function (r = 0.072, P = 0.004).
There was also a positive correlation with phosphate (r =
0.073, P = 0.006) (data not shown). Further comparison
between the patients with CKD with and without LVH is
shown in Table 2. eGFR was significantly lower in those
with LVH (27.5 mls/min ± 11.7 versus 34.3 mls/min ± 11.3
P = 0.044) and systolic blood pressure and PCR significantly
higher (158.8 ± 19.7 versus 139.2 ± 22.2,P = 0.002 and 82.5
IQR 19.8–218 versus 67.4 IQR 12.5–196, P = 0.004). Multivariate analysis including creatinine, FGF-23, systolic blood
pressure, and urinary PCR revealed all, except creatinine, to
be independent predictors of LVH (Table 3). Creatinine was
used rather than eGFR calculated by MDRD 4 because LVH
already takes into account body mass and it was felt that it
was more appropriate to use creatinine. We did try the model
with eGFR and this was not a significant determinant of LVH.
In the second part of our study we looked at the eﬀects of
altered phosphate concentration in the presence and absence
of FGF-23, Klotho and IL1 on the production of the cell
adhesion molecules E-selectin and VCAM. Compared with
cells stimulated only with IL1, both E-selectin and VCAM
production is significantly elevated in HUVECs cultured in
high-phosphate media (3 mM) in the presence of FGF-23
and IL1 or Klotho and IL1 (P = 0.005 and 0.035). This eﬀect
is attenuated in the cells exposed to both FGF-23 and Klotho
with IL1. Figure 4 shows representative experiment results
for E-selectin production from one experiment performed in
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Table 2: Comparison between patients with CKD with and without
LVH.
LVH (n = 24)

FGF-23

600

400

200
r = 0.064, P = 0.005
0

1.6

1.8

2

2.2

2.4

LVMI

Figure 2: Scatter plot showing the correlation between FGF-23
concentration and LVMI in patients with CKD.

600

No LVH
(n = 24)
58.8 ± 12.8
71% (n = 17)
58% (n = 14)

Age (years)
60.4 ± 11.6
Male sex
75% (n = 18)
DM nephropathy 67% (n = 16)
eGFR
27.5 ± 11.7
34.3 ± 11.3
(mL/min/1.73 m2 )
87.9
79.6
LVMI
(84.3–95.1)
(73.2–83.8)
Systolic BP
139.2 ± 22.2
158.8 ± 19.7
(mmHg)
Phosphate
1.16 ± 0.22
1.2 ± 0.19
(mmol/L)
Vitamin D
13 (5–20)
14 (4–22)
(ng/mL)
283.4
118.4
FGF-23 (RU/mL)
(166.4–414.8)
(61.5–295)
PTH (pg/mL)
14.5 (6.7–21.6) 13.1 (5.9–19.6)
Calcium (mmol/L) 2.34 ± 0.06
2.37 ± 0.07
Ur PCR
82.5
67.4
(mg/mmol)
(19.8–218)
(12.5–196)

P value
0.652
0.54
0.34
0.044
0.045
0.002
0.21
0.94
0.008
0.25
0.9
0.004

500

Table 3: Multivariate analysis model showing significant predictors
of LVH in patients with CKD.

FGF-23

400
300

Exp β

200
r = 0.072, P = 0.004
100

FGF-23
Systolic BP
Ur PCR

4.9
1.08
1.87

Confidence interval
Lower
Upper
1.2
20.3
1.03
1.14
1.54
2.23

P value
0.027
0.003
0.005

0
15

35

55
75
MDRD4

95

115

Figure 3: Scatter plot showing the correlation between FGF-23
concentration and renal function by the MDRD4 equation in all
patients.

triplicate. There was no significant diﬀerence seen between
cells which were not stimulated with IL1.

4. Discussion
In this study, we have looked at the associations of FGF23 and vascular structure in CKD, with additional in vitro
studies on the underlying mechanism. It is the first study to
assess the relationship between FGF-23 and LVH measured
with CMRI. We confirm the findings of other studies which
have used less sensitive measures of LVH; FGF-23 level is an
independent predictor of LVH in patients with CKD 3 and 4
secondary to diabetic or IgA nephropathy.
Patients without CKD had much lower levels of FGF-23
regardless of the presence or absence of LVH (13.8 RU/mL
IQR 1.5–38 versus 20.7 RU/mL IQR 1.5–42.2 P = 0.43).

Left ventricular wall thickness increases as the heart adapts
to chronic pressure overload with resultant LVH [25]. LVH
is found in up to 25% of essential hypertensives without
end-organ damage elsewhere, and up to 60% in those with
end-organ damage in other territories [26]. The low levels
of FGF-23 seen in our essential hypertension group with
LVH suggest that FGF-23 is neither a biomarker for LVH nor
does it contribute significantly to the development of LVH in
patients without CKD.
LVH is present in up to 75% of patients starting dialysis.
Bregman et al. studied factors aﬀecting LVH in patients
with CKD 3 and 4. They demonstrated that it aﬀects
approximately 50% of patients with this level of CKD and is
more common with more advanced CKD [27]. Both systolic
and diastolic blood pressures are described in the literature
as independent predictors of LVH in patients with and
without CKD [28, 29]. There is an increased prevalence of
LVH in patients with CKD and it may develop after shorter
exposure to hypertension and possibly at lower values.
In animal models, LVH develops in CKD even without
significant hypertension [30]. This supports the argument
that additional factors contribute to the development of
LVH. There are many other factors that may be associated
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This is a small pilot study and our cell-based ELISA findings
require confirmation with Western blot. Additionally, gene
expression of E-selectin and VCAM requires evaluation in
cells treated with phosphate, FGF-23, and Klotho.
It remains to be shown whether there are similar direct
eﬀects on cardiac myocytes, but our findings support the
hypothesis that FGF-23 is more than a biomarker of abnormal renal phosphate handling and may be a therapeutic
target as phosphate-binding medication reduces FGF-23
levels [34].

7
6

Optical density

5
4
3
2
1

5. Conclusion

0
0

0 + IL1

FGF-233.5e−7 +
KL + IL1

KL + IL1

FGF-233.5e−7
+ IL1

FGF-23 +/ − Klotho concentration
0.5 mmol/L phosphate
3 mmol/L phosphate

Figure 4: E-selectin production in HUVECs grown in high
(3 mM) and normal (0.5 mM) phosphate concentration media and
stimulated with FGF-23, klotho, and IL1.

In this small, single centre, pilot study, we have show that
FGF-23 is associated with the development of LVH in CKD,
as measured by the “gold standard” method of CMRI and
provide preliminary evidence of a direct eﬀect in vitro
that may contribute to endothelial dysfunction and LVH.
We do not prove causality with elevated FGF-23 and LVH
and further research is necessary to ascertain if lowering
levels of FGF-23 oﬀers benefit in terms of improved clinical
outcomes.

Conflict of Interests
with LVH in CKD including age, anaemia, proteinuria, and
FGF-23 level [9, 22, 26, 31]. In our studies of patients with
stage 5 CKD, blood pressure is the major determinant of LV
mass. However calcium-phosphate product is an additional
contributor to LVH in keeping with the hypothesis that
CKD mineral bone disease dysregulation is implicated in the
pathogenesis of LVH in CKD [23]. LVH is a major predictor
of cardiovascular mortality in advanced CKD and potentially
a risk factor for progression to dialysis [32]. Regression of
LVH therefore represents a possible strategy for improving
cardiovascular outcomes in CKD patients.
In the current study, we show that FGF-23 level is an
independent predictor of LVH in CKD and show the levels
to be significantly higher than in those with CKD who do
not have LVH. Since patients with CKD develop LVH at
lower blood pressure levels than patients without CKD, some
other factor present in CKD is likely to be involved. Our data
support the notion that FGF-23 may be responsible.
To support a pathophysiological role for FGF-23, it is
necessary to show that FGF-23 either has direct eﬀects
on the growth or matrix production of cardiac myocytes
(or other vascular cells) or that it has the potential to
increase blood pressure. We examined the eﬀect of FGF23 on endothelial cells and show that FGF-23 stimulates
the production of the cell adhesion molecules, E-selectin
and VCAM. Higher levels of E-selectin and VCAM, indicate
activation of the vascular endothelium and are present
in patients with essential hypertension patients, who have
endothelial dysfunction [20]. In the presence of Klotho, this
eﬀect is attenuated consistent with the established role of
Klotho as an antiaging protein [33]. Thus, FGF-23 may cause
activation and dysfunction of the vascular endothelium and
contribute to hypertension and LVH in patients with CKD.
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Cardiovascular disease accounts over half of the total mortality in peritoneal dialysis (PD) patients. In addition, there is an
increasing recognition of a high prevalence of vascular and valvular calcification that may contribute to the increased all-cause
and cardiovascular mortality in the PD patients. Disturbed mineral metabolism in association with chronic kidney disease has
been suggested as one of the major contributing factors to the increased vascular/valvular calcification in this population. In this
paper, we provide an overview of the prevalence and importance of this complication in the PD patients. In addition, we review the
contributing factors and some emerging mechanisms for this complication. Furthermore, we discuss some therapeutic strategies
that may be useful in limiting the progression of vascular/valvular calcification in the PD population.

1. Introduction
Cardiovascular disease is the leading cause of death in
end-stage renal disease (ESRD) patients receiving long-term
peritoneal dialysis (PD) therapy. Data from the Canada and
United States (CANUSA) Peritoneal Dialysis Study showed
that nearly half of the mortality in PD patients was due
to cardiovascular disease [1]. According to data from the
United State Renal Data System (USRDS), this trend has
remained more or less the same in the recent years [2].
Vascular/valvular calcifications are important and highly
prevalent complications in ESRD patients including those
receiving PD therapy and very much contributed to the
exceedingly high cardiovascular mortality in this population.
Numerous observational cohort studies demonstrated the
prognostic importance of vascular/valvular calcification in
ESRD patients. Using plain radiographs to estimate number
of arterial sites with calcification including carotid artery,
abdominal aorta, and iliofemoral axis, both the presence
and extent of vascular calcifications are strong predictors of
cardiovascular and all-cause mortality in the ESRD patients
[3]. Abdominal aortic calcification detected nonquantitatively using plain lateral abdominal radiographs has also been
shown to be an independent predictor of all-cause mortality
and cardiovascular death in hemodialysis patients [4]. Using

multislice computed tomography (MSCT) that enables
quantification of calcification, Block et al. demonstrated a
significant mortality eﬀect of the severity of coronary artery
calcium score in incident hemodialysis patients [5]. Cardiac
valvular calcification, detected using echocardiography, also
predicts all-cause mortality and cardiovascular death in
chronic PD patients. Notably, patients with both aortic
and mitral valvular calcification showed the highest risk of
mortality and cardiovascular death compared to those with
either heart valve calcification or no valve calcification [6].
These data suggest that the presence of vascular or valvular
calcification, irrespective of the sites involved, is indicative
of a poor prognosis in the dialysis population including
patients on PD. In this paper, we reviewed the prevalence,
significance, contributing factors, and emerging mechanisms
for this important complication in the PD population.
Furthermore, we discussed therapeutic strategies that may be
useful in retarding calcification burden in the PD patients.

2. Prevalence of Vascular and Valvular
Calcification in PD Patients
The reported prevalence of coronary artery calcification in
the ESRD patients ranged from 40% to nearly 100% [7–14].
So far, a majority of the studies were done in hemodialysis
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patients. There are very little data in PD patients but
the available evidence suggest that vascular and valvular
calcification is an equally highly prevalent complication in
the PD population. In two small surveys, at least 60% to 80%
of the PD patients, were complicated with coronary artery
calcification [15, 16]. The prevalence of cardiac valvular
calcification ranges from 32% to 47% in PD patients [17, 18],
in contrast to 19% to 84% in hemodialysis patients [19–24].

3. Significance of Vascular/Valvular
Calcification in PD Patients
In the general population, coronary artery calcium score
provides a quantitative estimate of total atherosclerotic
plaque burden and correlates with obstructive coronary
artery disease [25]. In nondialysis chronic kidney disease
(CKD) patients, similar association was observed between
the severity of coronary artery calcium score and obstructive
coronary artery disease [26]. Study in hemodialysis patients
demonstrated a close relation between the severity of
coronary artery calcification and prevalence of atherosclerotic vascular disease [10]. This is in keeping with recent
similar analysis in PD patients showing that the severity
of coronary artery calcium score was associated with the
prevalence of atherosclerotic vascular disease (unpublished
observation). On the other hand, the severity of coronary
artery calcium score is predictive of arterial stiﬀening in
patients with CKD [27] and is associated with increased risk
of left ventricular hypertrophy [28]. Unlike in the general
population, where calcification occurs mainly in the intimal
layer and reflects atherosclerotic disease burden, vascular
calcification in ESRD patients typically occurs both in the
intimal and medial layer [29]. The medial calcification,
known as Monckeberg’s medial calcinosis is also prominent
in patients with diabetes. Medical calcification promotes
arterial stiﬀening and is associated with increased risk of left
ventricular hypertrophy and impaired coronary perfusion
[30]. While both medial and intimal type of calcifications
predict mortality and cardiovascular death in ESRD patients,
intimal calcification was associated with worse survival
compared to medial calcification [14]. On the other hand,
cardiac valvular calcification is a marker reflecting generalized atherosclerosis and calcification in the PD patients [31].

4. Clinical Course of Vascular/Valvular
Calcification in Long-Term PD Patients
Vascular calcification is a progressive and actively mediated
disease. Goodman et al. showed in a cohort of young
hemodialysis adults of rapid progression in coronary artery
calcification over a mean follow-up period of 20 months
[8]. In the subsequent study by Block et al., patients who
had baseline coronary artery calcifications showed significant
progression in coronary calcification while those without
baseline calcification remained free from calcification during
follow-up [32]. These data suggest that preexisting coronary
artery calcification is one of the key factors predicting further
progression of vascular calcification in ESRD patients. Our
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recent analysis also reported similar finding in PD patients
(unpublished observation) in that PD patients without
significant baseline vascular calcification remained relatively
free of calcification with time on dialysis. These data raised
the possibility of some protective mechanisms or genetic
factors in play that prevent patients from developing vascular
calcification.

5. Contributing Factors to Vascular/Valvular
Calcification in PD Patients
The high incidence of vascular/valvular calcification in
PD patients is contributed by both traditional and socalled nontraditional or kidney disease-related risk factors.
Age is one of the major clinical factors associated with
vascular/valvular calcification in dialysis patients [7, 10,
17, 33]. Some studies showed that the degree of coronary
or valvular calcification increased with increasing duration
of dialysis [7, 8, 17]. Disturbed mineral metabolism with
resulting hyperphosphatemia has been suggested to play a
major contributing role for vascular/valvular calcification in
ESRD patients [8, 10, 12, 17]. According to a retrospective
analysis from the USRDS, an elevated serum phosphorus
or an elevated calcium × phosphorus product predicts
all-cause mortality as well as cardiovascular mortality in
hemodialysis patients [34]. Notably, patients with a high
serum phosphorus ≥6.5 mg/dL was associated with an
increased risk of death from coronary artery disease, sudden
death, infection or other causes, compared with the low
phosphorus group [34]. The Netherlands Cooperative Study
on the Adequacy of Dialysis (NECOSAD) study compared
hemodialysis and PD patients and showed that hyperphosphatemia with resulting high calcium ∗ phosphorus
product had similar predictive value for mortality in PD
and hemodialysis patients [35]. Having a serum phosphorus
level >1.78 mmol/L was associated with a time-dependent
adjusted hazard ratios of 1.6 and 1.4 for all-cause mortality in
PD and hemodialysis patients, respectively. These data clearly
indicated that optimizing phosphorus control is equally
important in PD as in hemodialysis patients.
In vitro study showed that inorganic phosphate induced
an osteoblastic phenotypic change in vascular smooth
muscle cells which led to the deposition of calcium and
phosphate-containing apatite crystals [36]. This is in keeping
with cross-sectional studies demonstrating an association
between hyperphosphatemia and vascular calcification in
ESRD patients [8, 10, 12, 33]. Hyperphosphatemia is also
associated with an increased risk of valvular calcification in
patients on PD [17]. Previous longitudinal study showed
a significant association between serum phosphorus and
calcium × phosphorus product with changes in coronary
artery calcification over 1 year in PD patients [37], providing
further evidence to support the involvement of hyperphosphatemia in vascular/valvular calcification in PD patients.
As in hemodialysis patients, PD patients have a
high prevalence of hyperphosphatemia. According to the
NECOSAD study, around 40% of the long-term PD patients
had serum phosphorus level above the Kidney Disease
Outcome Quality Initiative (K/DOQI) target of 1.78 mmol/L
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and was similar to that of hemodialysis patients (50%) [35].
This is very similar to our survey showing that around
40% of Chinese PD patients had serum phosphorus level
above the K/DOQI target [38]. One of the major clinical
factors associated with hyperphosphatemia in PD patients
was dietary protein intake. Residual renal function is the
other significant factor associated with serum phosphorus
control in PD patients. Its importance outweighed that of
PD clearance among those with preserved residual kidney
function. On the other hand, among anuric PD patients,
serum phosphorus showed the strongest correlation with
PD clearance followed by normalized dietary protein intake
[38]. Additionally, a total urea clearance of at least 2.0
and creatinine clearance of at least 60 L/wk per 1.73 m2
appeared to be optimal clearance targets that maintain serum
phosphorus below 5 mg/dL in continuous ambulatory PD
patients. Given that it is extremely diﬃcult to achieve a total
weekly creatinine clearance of over 60 L with PD alone, these
data suggest potential limitation of PD alone to achieve adequate phosphorus control in anuric PD patients. In keeping
with these observations, our recent study demonstrated an
increased prevalence of valvular calcification among anuric
PD patients and was partly mediated via an increased
calcium ∗ phosphorus product [39].
Apart from alterations in phosphorus metabolism,
some of the therapeutic strategies for abnormal mineral
metabolism and renal bone disease have been suggested
to have the potential of worsening vascular calcification in
ESRD patients [8, 40]. The use of very high doses of calciumbased binders for phosphorus control [8] as well as the
administration of large doses of vitamin D analogs for control of secondary hyperparathyroidism [40] may contribute
to episodes of hypercalcemia and/or hyperphosphatemia
and may thus aggravate vascular calcification. Chertow
and coworkers have shown in a longitudinal study that
calcium-based phosphate binders are especially associated
with progressive coronary artery and aortic calcification in
hemodialysis patients when mineral metabolism is poorly
controlled [41]. Patients with low bone activity appeared to
be particularly susceptible to worsening of vascular calcification and stiﬀening when exposed to an excess calcium load
[42]. This may be due to the inability of adynamic bone to
incorporate extra calcium load and thus increases the risk of
extraskeletal calcification.

6. Pathogenesis of Vascular/Valvular
Calcification
Vascular/valvular calcification is now recognized to be an
active, cellular-mediated process involving an osteogenic
phenotypic change of vascular smooth muscle cells along
with the dynamic interactions between calcification inducers and inhibitors. Inflammation may act as one of the
potential stimulus for calcification. This is first evident by
the accumulation of macrophages and T-lymphocytes other
than low-density lipoprotein and Lp(a) lipoprotein in early
aortic valve calcification [43, 44]. Subsequent study from our
group showed an important link between inflammation and
valvular calcification in PD patients [17]. Among patients
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with high calcium ∗ phosphorus product, the presence of
both inflammation and malnutrition increased the prevalence of valvular calcification as compared to those with
no evidence of inflammation and malnutrition. Notably,
even among patients with normal calcium ∗ phosphorus
product, the presence of inflammation and malnutrition was
associated with at least twofold increase in the prevalence
of valvular calcification as compared to those with no
inflammation or malnutrition at all [17]. These data suggest
that inflammation is predictive of an increased risk of
valvular calcification independent of calcium ∗ phosphorus
product. The presence of inflammation also predicts a
more adverse clinical outcome among PD patients with
valvular calcification [45]. Histopathological study showed
markedly increased expression of C-reactive protein messenger ribonucleic acid (mRNA) in the coronary vessels of renal
patients compared to nonrenal patients in both calcified and
noncalcified parts of arteries [29], suggesting that uremia
itself was associated with increased vascular inflammation
and that may mediate the development of vascular calcification. This is further supported by in vitro data showing that
pooled uremic serum can induce accelerated calcification
of vascular smooth muscle cells, regardless of the level of
phosphorus. However, the exact uremic toxins that increase
vascular calcification are currently not clear. In hemodialysis
patients, C-reactive protein showed similar association with
annualized change in coronary artery calcium score [46]
and has been associated with progression of abdominal
calcification [47]. Inflammation has also been inversely
related to circulating fetuin-A or alpha-Heremans-Schmid
glycoprotein (AHSG) in both hemodialysis and PD patients
[48, 49]. These data add circumstantial evidence to support
possible causal link between inflammation and calcification
and warrant further investigation.
Circulating calcification inhibitors are increasingly recognized to play an important role in modifying the calcification risk of ESRD patients. The presence of extensive
calcification in various organs including the kidneys, lungs,
myocardium, skin, and blood vessels in AHSG or fetuinA deficient mice being fed a mineral and vitamin D rich
diet provides novel evidence to support a crucial role of
fetuin-A in inhibiting ectopic calcification [50]. Even though
some studies suggested higher fetuin-A levels in PD than
hemodialysis patients [51], lower serum fetuin-A was linked
to an increased risk of all-cause mortality and cardiovascular
death in both hemodialysis [48] and PD patients [49].
Lower fetuin-A was associated with more inflammation and
valvular calcification in PD patients [49] and was inversely
related to more aortic calcification in pediatric dialysis
patients [52]. All these data lent supporting evidence that
fetuin-A may be involved in inhibiting vascular and valvular
calcification.
Other circulating inhibitor such as pyrophosphate has
recently been shown to be inversely related to the severity
of coronary artery calcification [53] and its circulating level
did not seem to be aﬀected by the severity of kidney
disease, the modality of dialysis or inflammatory activity
[53]. Matrix gla-protein (MGP) belongs to a family of the Nterminal γ-carboxylated (Gla) proteins that require a vitamin
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K-dependent γ-carboxylation for their biological activation.
The development of spontaneous vascular calcification in
MGP-deficient mice was novel evidence to support a key
role of MGP in inhibiting vascular calcification [54]. A study
in the general population indicated an inverse correlation
between blood MGP levels and coronary artery calcification
[55]. However, the assay measured total blood levels of MGP
without diﬀerentiating between undercarboxylated (uc) and
carboxylated (cMGP) and without taking into account of tissue deposition. More recently, study showed that serum total
uc-MGP was significantly reduced in hemodialysis patients
compared to nonrenal failure population and markedly
reduced in patients with calciphylaxis [56]. Serum total ucMPG level was inversely correlated with serum phosphate
but positively associated with serum fetuin-A [57]. In a very
recent study, lower circulating levels of dephosphorylatedcarboxylated MGP (de-cMGP) was associated with more
inflammation and was predictive of higher mortality in
hemodialysis patients. Patients with lower dp-cMGP level
were also associated with more calcifications as denoted
by a composite semiquantitative calcification score [58].
However, it remains further elucidation whether circulating
MGP directly reflects the biologically active MGP in the
vasculature and may play a causative role in vascular
calcification.
Osteoprotegerin (OPG) belongs to the tumor necrosis
factor-receptor gene superfamily and serves as a soluble
decoy receptor for the receptor activator of NF-κβ-ligand
(RANKL). It inhibits osteoclast activation and promotes
osteoclast apoptosis in vitro. The demonstration of medial
calcification of the aorta and renal arteries in OPG knockout
animal suggests OPG and its signaling pathway may play
a role in medial arterial calcification [59]. In the general
population, serum OPG was positively related to the extent
and severity of coronary artery disease [60]. Serum OPG
was higher in dialysis patients than healthy controls [52]
and was independently associated with the severity of
abdominal aortic calcification in hemodialysis patients [61].
Furthermore, both serum C-reactive protein and OPG were
higher among rapid progressors of abdominal calcification
compared to slow progressors [62]. Further study will be
required to investigate the exact role of OPG in vascular
calcification in ESRD patients.
Other potential mechanisms of vascular calcification
include vascular smooth muscle cells apoptosis and FGF23 and Klotho activity. There is in vitro evidence that
chronic mineral dysregulation is capable of triggering vascular smooth muscle adaptation and release of matrix
vesicles and that ultimately culminates in vascular smooth
muscle cell apoptosis and vascular calcification [63, 64]. The
fibroblast growth factor-23 (FGF-23)—klotho activity plays
an important role in the systemic regulation of phosphate
homeostasis [65, 66]. Studies have shown that both FGF23 and klotho knockout mice develop extensive vascular
and soft tissue calcification [67, 68]. Serum calcium and
1,25 hydroxyvitamin D levels are also elevated in both
Fgf23 and klotho ablated mice [69]. Moreover, increased
sodium phosphate cotransporter activity in both Fgf23 and
klotho ablated mice increases renal phosphate reabsorption
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which in turn can facilitate calcification [68]. Very recent
study showed that Klotho may exert direct eﬀects on
vascular smooth muscle cells and its deficiency may directly
induce vascular calcification in uremia [70], suggesting that
Klotho may act as a novel circulating inhibitor of vascular
calcification.

7. Limiting the Progression of Vascular or
Valvular Calcification in PD Patients
Current therapeutic strategies for vascular/valvular calcification in the ESRD population are largely linked to
management of mineral bone disorder associated with CKD
such as control of hyperphosphatemia, avoiding, hypercalcemia and control of secondary hyperparathyroidism. A
recent prospective analysis comparing 3555 patients who
began treatment with phosphorus binders during the first
90 days after initiating hemodialysis versus 5055 patients
who remained untreated clearly showed that the early use
of phosphorus binders was independently associated with
better survival [71]. So far, there are no data as to whether
the type of phosphorus binders may aﬀect progression of
vascular calcification in PD patients. Study in PD patients
showed that sevelamer hydrochloride provides a similar
reduction in serum phosphorus compared to calciumbased binders as in hemodialysis patients [72]. A number
of prospective open-label randomized controlled trials in
hemodialysis patients including the Treat to Goal study [11],
and the Renagel in New Dialysis Patients (RIND) study
[32], comparing sevelamer versus calcium-based binders
suggested a slower progression of coronary artery calcification with sevelamer hydrochloride as compared to calciumbased binders. Notably, in both studies [11, 32], sevelamer
and calcium-based binders-treated patients achieved comparable serum phosphorus control, but serum calcium was
significantly lower in calcium-based binder-treated patients
versus sevelamer-treated patients. The reduced calcium load
with resulting lower serum calcium may partly contribute to
the slower progression of vascular calcification in sevelamertreated patients. In the extended followup of the RIND
study, a significant survival benefit was observed in the
sevelamer-treated patients as compared to patients treated
with calcium-based binder [5]. On the other hand, the
Calcium Acetate Renagel Evaluation-2 (CARE 2) study
reported similar progression of coronary artery calcification
with sevelamer and calcium acetate when statins were used
to achieve a similar serum LDL-cholesterol in hemodialysis
patients [73]. In the Dialysis Clinical Outcomes Revisited
(DCOR) study, no significant diﬀerence was observed in the
overall all-cause mortality between sevelamer and calciumbased binder treated hemodialysis patients. However, there is
some suggestion that sevelamer treatment may be associated
with lower overall mortality but not cardiovascular-related
mortality among elderly patients [74]. There is no data on
the eﬀect of lanthanum carbonate or other newer phosphorus binders on the progression of vascular calcification
as compared to calcium-based binders in dialysis patients.
Given the current available evidence, the Kidney Disease
Improving Global Outcome (KDIGO) guideline suggests
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restricting the dose of calcium-based binders in patients with
stage 5D CKD including those on PD, in the presence of
persistent or recurrent hypercalcemia, arterial calcification,
adynamic bone disease, and persistently low parathyroid
hormone [75].
Vitamin D receptor activator (VDRA) has been the
standard treatment for secondary hyperparathyroidism in
patients with CKD. There is animal data to suggest that
diﬀerent VDRAs have diﬀerential eﬀects on vascular calcification in uremia [40]. In the study by Mizobuchi et al.,
paricalcitol, a selective VDRA, showed no eﬀects on serum
calcium, phosphorus and aortic calcium content in uremic
animals in contrast to other VDRA such as calcitriol or
doxercalciferol which increased serum calcium, phosphorus,
and aortic calcium content. In addition, doxercalciferol
treatment increased mRNA and protein expression of bonerelated markers Runx2 and osteocalcin in the aorta, while
paricalcitol did not [40]. Similar data suggest diﬀerential
eﬀects of paricalcitol and calcitriol on aortic wall remodeling
in uninephrectomized Apo-E knockout animals [76]. There
are observational data to suggest that use of paricalcitol
was associated with survival advantage over calcitriol in
hemodialysis patients [77]. Randomized controlled trials
will be required to determine whether paricalcitol may be
associated with less progression of vascular calcification
compared to other VDRA in the dialysis population.
Cinacalcet hydrochloride is a calcimimetic agent that
inhibits parathyroid hormone secretion from the parathyroid cells by activation of the Ca receptor and emerges as
a novel therapeutic agent for the treatment of secondary
hyperparathyroidism in patients with CKD [78]. Previous
double-blind randomized placebo-controlled trial showed
that cinacalcet had comparable eﬃcacy in both hemodialysis
and PD patients and eﬀectively reduced calcium, phosphorus, and parathyroid hormone [79]. In the more recent
33-week ACHIEVE study that randomized hemodialysis
patients to receive either cinacalcet and low-dose vitamin
D analog or flexible vitamin D analog, a more significant
reduction in parathyroid hormone (PTH) (median percent
change, −47% versus −11%), calcium, and phosphorus
was observed in the cinacalcet and low-dose vitamin D
analog treatment group as compared to flexible vitamin
D analog group [80]. Studies in uremic animal models
showed that calcimimetic is capable of inhibiting vascular
calcification in contrast to calcitriol which induces vascular
calcification [81, 82]. In the ADVANCE trial, a prospective,
randomized, controlled trial that evaluated the progression
of vascular and cardiac valve calcification in 360 prevalent
adult hemodialysis patients with secondary hyperparathyroidism after receiving treatment with cinacalcet plus lowdose vitamin D sterols versus flexible doses of vitamin D
sterols alone, a trend towards less progression of coronary
artery Agatston calcium score was observed in the cinacalcettreated group after 52 weeks versus the flexible vitamin
D sterol group but did not reach statistical significance.
The diﬀerence in the corresponding changes in volume
scores between the two groups were, however, of statistical
significance. Furthermore, increases in calcium scores were
consistently less in the aorta, aortic valve and mitral valve
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among subjects treated with cinacalcet plus low-dose vitamin
D sterols versus the flexible vitamin D sterol group, and the
diﬀerences were significant at the aortic valve [83]. These
data suggest that the use of cinacalcet may be associated
with slower progression of vascular/valvular calcification as
compared to flexible vitamin D sterol-treated patients. We
await the results of another randomized trial, namely, the
EVOLVE (evaluation of cinacalcet HCl therapy to lower
cardiovascular events) study to investigate whether cinacalcet treatment may confer survival benefit in hemodialysis
patients with secondary hyperparathyroidism. There is so
far no randomized controlled study in PD population that
addresses the issue of vascular/valvular calcification and
clinical outcomes in relation to VDRA or cinacalcet. Thus,
we can only lend support from data in hemodialysis patients.
Studies in in vitro cell culture model or ex vivo model
suggested that aortic calcification requires the elevation
of both calcium and phosphorus and that calcium rather
than phosphate appears to have a more profound eﬀect on
aortic calcification [63, 84]. However, in PD patients, a low
calcium PD fluid may be associated with exacerbation of
secondary hyperparathyroidism [85]. Thus, to help reduce
calcium loads yet without exacerbating secondary hyperparathyroidism, the previous K/DOQI guideline suggested
that the dialysate calcium concentration in hemodialysis
or PD should be maintained at 2.5 meq/L (1.25 mmol/L)
[86]. The more recent 2009 KDIGO guideline suggested that
the dialysate calcium concentration in hemodialysis or PD
patients should be between 2.5 (1.25 mmol/L) and 3 mEq/L
(1.5 mmol/L) [75]. A dialysate calcium concentration above
3 meq/L (1.5 mmol/L) is not recommended in dialysis
patients as it results in positive calcium balance and increased
risk of hypercalcemia [87]. Therefore, maintaining a neutral
calcium balance appeared a reasonable goal in managing
PD patients. There is so far very little data on the eﬀect of
dialysate calcium concentration on vascular calcification in
PD patients. A small nonrandomized study suggested that
patients receiving PD fluid of high calcium concentration,
namely 1.75 mmol/L showed an increase in arterial stiﬀening
as compared to those using low calcium concentration PD
fluid which showed no change [88]. These preliminary data
suggest that high calcium exposure through PD solution
may play a role in progressive arterial stiﬀening through
an increase in vascular calcification and warrant further
investigation.

8. Conclusions
Vascular and valvular calcifications are equally highly prevalent in ESRD patients receiving PD treatment as in hemodialysis patients and are predictive of an increased mortality
and adverse cardiovascular outcomes. Current therapeutic
strategies that may be of use in limiting progressive vascular/valvular calcification in PD patients are largely linked to
management of mineral bone disorder associated with CKD
including control of hyperphosphatemia, avoiding hypercalcemia, and control of secondary hyperparathyroidism.
Randomized controlled trials will be required to determine
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whether these strategies may reduce calcification burden and
clinical outcomes in the PD population.
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Hypercalcemia (HC) has been variably reported in kidney transplanted (KTx) recipients (5–15%). Calcium levels peak around
the 3rd month after KTx and thereafter slightly reduce and stabilize. Though many factors have been claimed to induce HC after
KTx, the persistence of posttransplant hyperparathyroidism (PT-HPT) of moderate-severe degree is universally considered the
first causal factor. Though not proven, there are experimental and clinical suggestions that HC can adversely aﬀect either the graft
(nephrocalcinosis) and other organs or systems (vascular calcifications, erythrocytosis, pancreatitis, etc.). However, there is no
conclusive evidence that correction of serum calcium levels might avoid the occurrence of these claimed clinical eﬀects of HC. The
best way to reduce the occurrence of HC after KTx is to treat as best we can the secondary hyperparathyroidism (SHP) during the
uraemic stages. The indication to Parathyroidectomy (PTX), either before or after KTx, in order to prevent or to treat, respectively,
HC after KTx, is still a matter of debate which has been revived by the availability of the calcimimetic cinacalcet for the treatment
of PT-HPT. However, we still need to better clarify many points as regards the potential adverse eﬀects related to either PTX or
cinacalcet use in this clinical set, and we are waiting for the results of future randomized controlled trials to achieve some more
definite conclusions on this topic.

1. Introduction

2. Prevalence of HC after KTx

Though kidney transplant (KTx) might induce a regression
of most metabolic derangements characterizing end-stage
renal disease (ESRD), electrolyte disturbances are not uncommonly encountered in patients with an even well-functioning renal graft.
Limiting ourselves to mentioning only the most frequent electrolyte disturbances, we would like to list:
metabolic acidosis, hypo- and hyperkaliemia, hypomagnesiemia, hypophosphatemia, and hypercalcemia [1–6].
Over the last decade, hypercalcemia (HC) has received
much attention from the renal transplant community since
it has been claimed to have a negative impact on both the
graft and patient outcomes.
In the following paragraphs, we will deal with the main
pathogenic aspects, the most relevant clinical consequences,
and the possible therapeutic approach of the HC in KTx
patients.

HC has been reported to occur with an extremely variable
incidence after KTx (from <5% up to >50%) [3, 6–12].
Table 1 shows the main characteristics of some of the
most relevant studies, reporting on HC prevalence after KTx.
The high variability of prevalence of HC might be explained
at least in part by a number of factors.
First, it is worth noting that the older the study was the
higher the prevalence of HC was evident, probably due to a
less eﬃcient control of SHP in earlier studies.
Second, it is also worth stressing that most studies had
a cross-sectional and retrospective design and included a
relatively low number of patients or only part of the global
cohort of transplanted patients. This might have introduced
a selection bias, where only patients with previously recognized severe hyperparathyroidism were included.
Third, the time elapsed from the time of transplantation
to the time when serum calcium levels were evaluated was
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Table 1: Prevalence of Hypercalcemia (HC) after Kidney Transplantation (KTx) in diﬀerent studies.
Study
protocol

N.
of
pts

Definition of HC

Time of observation
(months from KTx)

% of HC

Vit D
suppl

David et al.
[6]

RS

64

tot-sCa >2.75 mmol/L

nd

34%

nr

Cundy et al.
[7]

POS

100

tot-sCa > 2.65 mmol/L

Multiple assessments from
the 2nd to the 24th month

12th → 20%
24th → 12%

nr

Reinhardt et al.
[3]

POS

129

corr. tot-sCa >
2.95 mmol/L

Multiple assessments from
the 2nd to the 24th month

3rd → 52%
12th → 23%
24th → 10%

No

nr-PIS

213

tot-sCa > 2.625 mmol/L

6th month

9.9%

No

Egbuna et al.
[9]

RS

303

corr. tot-sCa >
2.55 mmol/L

Multiple assessments from
the 2nd to the 12th month

3rd → 8%
12th → 9%

nr

Ramezani et al.
[10]

RS

398

tot-sCa > 2.625 mmol/L

Assessment over the first12
months

4.5%

nr

Evenepoel et al.
[11]

POS

201

corr. tot-sCa or
tot-sCa
> 2.575 mmol/L

Multiple assessments over
the first 3 months

corr. tot-sCa → up to 14%
tot-sCa → up to 27%

No

Evenepoel et al.
[12]

POS

268

i-sCa > 1.29 mol/L or
corr. tot-sCa
> 2.575 mmol/L

Multiple assessments over
the first 12 months

i-sCa → up to 58.6%
corr. tot-sCa → up to 13.1%

nr

Reference

Leca et al.
[8]

POR = prospective observational study, RS: retrospective study, nr-PIS: not randomized prospective intervention study, tot-sCa: total serum Calcium, corrtot-sCa: total serum calcium corrected for albumin, i-sCa: ionized serum calcium; nd: not defined, nr: not reported.

consistently variable in the diﬀerent studies. In fact, an
increase in HC prevalence would be expected during the
first year after KTx, with a reduction thereafter. However,
the changes in the prevalence of HC over time was also
consistently diﬀerent among the various studies. In fact,
some AA reported that calcium levels had a trend toward
an early reduction (first 3 months) and then increased up
to the sixth month, stabilizing thereafter over all the first
year [11, 13], while others [9] found an almost constant
prevalence of HC over all the first year after KTx.
A fourth possible confounding factor might be a possible
diﬀerent use of vitamin D and/or calcium supplements in
the KTx patients. In fact, most of the quoted studies do not
report on this aspect.
Another possible confounder in the evaluation of the real
prevalence of HC in transplanted patients is the diﬀerent
methodology used for calcium assessment. In fact, it has been
reported that elevated Ca levels might be often overlooked if
evaluated as total serum Ca rather than ionized serum Ca,
since the former underestimates HC in KTx patients [12].
This eﬀect can be only in part explained by the reduction
of serum albumin levels, which often characterize the early
period after KTx, since the total serum calcium corrected by
albumin does not predict ionized calcium levels substantially
better than the uncorrected ones [12].
Finally, these diﬀerent results might also be explained by
diﬀerences among the various transplant centres in the waitlisting policy for the patients with severe SHP.
Summarizing, though HC after KTx has been reported
to occur with an extremely high variability, when calcium

levels are evaluated by the appropriate methodology (ionized
calcium), its prevalence is relatively high, particularly during
the first year.

3. Pathogenic Mechanisms of HC in
KTx Patients
The first-well recognized factor in causing the occurrence of
HC after KTx is the persistence of SHP after transplantation
[11, 13].
PT-HPT after KTx is much more likely to occur when
a severe form of SHP was present during the uraemic state
preceding KTx.
It is also well acknowledged that the most severe degree
of SHP is almost invariably associated with the nodular form
of parathyroid gland hyperplasia which is much less prone to
undergo spontaneous regression even after the uraemic state
has been corrected [11, 14]. This also explains why, when
the uraemic milieu has been corrected, the phosphate levels
have been reduced, and the bone cell sensitivity to both PTH
and vitamin D has been recovered by a functioning renal
graft, the exceedingly high PTH levels are more eﬀective in
inducing HC due to enhanced bone response to its calcemic
action [15].
However, the increased PTH-mediated bone resorption
does not seem to be the only mechanism responsible for the
HC in renal transplanted patients. One of the few studies
which explored the skeletal status in KTx by bone biopsy
found that HC was indiﬀerently associated to either the
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Figure 1: The main supposed mechanisms responsible for the occurrence of hypercalcemia after kidney transplant. (Pi: inorganic
phosphorus; CNI: calcineurin inhibitors; RAPA: rapamycin; FGF23: fibroblast growth factor 23).

increased bone turnover disease or to the adynamic bone
disease [16].
Another potential factor causing HC after KTx is the
recovered circulating levels of calcitriol, secondary to its
increased renal tubular synthesis, further stimulated by the
inappropriately high PTH and low phosphorus levels. The
recovered calcitriol levels might concur in inducing HC by
both its intestinal and bone eﬀects [17].
This potential hypercalcemic condition might be in part
counteracted by two opposing factors: the persistence of
elevated FGF-23 levels, which is a strong inhibitor of 1α-OHase activity, and the very frequent occurrence of the
deficiency/insuﬃciency of the calcitriol precursor, calcifediol
in KTx patients [18, 19]. This point might have some
therapeutic consequences, as will be discussed more in depth
later on. In fact, with the progressive reduction of FGF23,
which is often observed after a few months from KTx, and
particularly when patients are supplemented with vitamin D,
overt HC might develop.
Another factor which has been cited as a potential cause
of HC after KTx is the supposed reabsorption of vascular
calcifications (VC) [20]. However, there are no data in the literature supporting the above hypothesis, and on the contrary
some AA have reported a trend toward an increase of VC after
KTx [21, 22]. Furthermore, some preliminary data of ours
[23] seem to suggest that the higher the serum calcium levels,
the higher the progression of VC after KTx. From all these
data, it seems quite unlikely that VC reabsorption might play
any major role among the causes of HC of KTx patients.
Whether diﬀerent immune-suppressive drugs might be
in some way related to HC is not completely clear. Steroids

have been recognized to carry with them a number of eﬀects
potentially aﬀecting calcium metabolism (antivitamin D
eﬀect, calciuretic activity, induction of osteoblast apoptosis,
etc.). However, most of these eﬀects are expected to induce
more hypocalcemia rather than hypercalcemia [24].
There is some evidence that calcineurin inhibitors
(CNIs), in particular cyclosporine, might increase bone
resorption and thus potentially promote the development
of HC [25]. However, there is no clear data supporting this
putative hypercalcemic eﬀect of CNIs.
A recent paper reported that KTx patients on rapamycin
therapy would be more prone to develop persistent SHP,
frequently associated with HC [26].
Finally, the possibility that some polymorphic variations
in genes coding for some calcium controlling factors might
increase the propensity to develop HC after KTx cannot
be excluded. In fact, some years ago we found that the BB
polymorphic variant of Vitamin D receptor (VDR) gene was
associated with lower prevalence of HC PT-HPT [13]. Our
results were substantially confirmed by further data [27].
More recently, a genome-wide association study (GWAS) has
clearly demonstrated that a single nucleotide polymorphism
in the gene coding for the calcium sensing receptor (CaSR) is
strongly associated with the levels of serum calcium in the
general population [28]. Whether this genetic background
might contribute also to the occurrence of HC after KTx
might be also worth studying.
Taken together all these data strongly suggest that the
occurrence of HC after KTx is mostly sustained by the
persistence of a severe form of PT-HPT which is mainly
secondary to the previous state of mineral metabolism

4
derangement developed throughout the often long story of
chronic kidney disease.
Figure 1 summarizes the main hypothesized pathogenic
mechanisms through which HC might develop after KTx.

4. Clinical Consequences of HC in KTx
There is some evidence that HC may have a negative clinical
impact on either the graft and/or the patient outcome.
Though it is not always easy to dissect the two clinical fields
from each other, we will deal with each one separately so as
to treat more clearly the topic.
4.1. Clinical Impact of HC on the Graft Outcome. A number
of experimental studies have clearly demonstrated that HC
can induce renal damage by diﬀerent mechanisms. In animal
models, three diﬀerent types of Calcium-mediated kidney
damage have been described. The first type is represented
by macroscopic nephrocalcinosis, which is characterized by
coarse deposits of calcium salts both in renal papillae and
the urinary tract which can be detected also by ultra-sound
and/or radiological examination. The second one is defined
microscopic nephrocalcinosis, characterized by smaller calcium salt depositions at the tubular cell and/or the interstitial
space level and can be detected only by microscopic examination. The last type of Calcium-mediated kidney damage is
recognized as chemical nephrocalcinosis. This type of kidney
damage can be defined as unspecific morphologic and/or
functional cell changes which occur in the presence of HC
and can regress or reduce after calcium level correction. The
pathogenesis of this last type of kidney damage is mostly
speculative and has been ascribed to some hemodynamic
and biochemical eﬀects of HC (vasoconstriction; increased
natriuresis and diuresis; activation of a huge number of
enzymes, cytokines, growth factors; etc.), even in the absence
of any observable calcium salt deposition [29, 30].
The data present in the literature establishing a clear
relationship between the presence of high calcium levels and
kidney damage in humans and particularly in KTx patients
are scanty and not fully conclusive.
Some years ago, Nankivell et al. [31] pointed out that
microcalcifications were a common finding in protocol
biopsies performed in transplanted kidneys, since they were
observed in 43% and 79% of biopsies at 1 year and 10
years after KTx, respectively. Later studies demonstrated that
the presence of HC is associated with a higher prevalence
of calcium salt deposits within the transplanted kidney
and that this nephrocalcinosis can adversely aﬀect the graft
survival [9, 32–35]. At variance with these results, other AA
[36], though confirming that calcium deposits are frequently
found (44%) in transplanted kidney biopsies, were not able
to find any relationship between nephrocalcinosis and serum
calcium levels. On the other hand, in the experience of the
above AA it was the presence of low citrate and high oxalate
urinary excretion which were more associated with calcium
deposition within renal graft.
Independently of the presence or not of clear calcium
deposits, it is worth remembering that HC can induce an
indirect kidney damage, secondary to its well-recognized
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sodiuretic and aquaretic eﬀects which, in addition to its
vasoconstrictor action, can consistently reduce renal perfusion, inducing a fall in glomerular filtration rate, which can
progress in the long term from an initial functional form to
a stabilized organic kidney injury condition.
Summarizing, though we have no conclusive evidence
that HC can be responsible for the nephrocalcinosis, which
is frequently observed in kidney graft biopsies, there are
plausible reasons for thinking that persistently high serum
calcium levels might adversely aﬀect kidney graft outcome.
4.2. Clinical Impact of HC on the Patient Outcome. A number
of potential negative eﬀects of HC on diﬀerent tissues,
organs, and systems have been extensively reported in the
literature. In the following paragraphs, we will just limit
ourselves to briefly mention the most relevant ones which
can more frequently occur in KTx patients.
4.2.1. Cardiovascular Eﬀects of HC. It has been well acknowledged for some time that acute changes in extracellular
calcium concentration might induce consensual changes
of intracellular calcium levels which are the ultimate controller of cardiomyocyte and vascular smooth muscle cell
contraction and relaxation [37–39]. On the other hand,
there is not much evidence that chronic changes of serum
calcium levels, in particular chronic HC, might cause any
sustained cardiovascular eﬀect, either in healthy people or in
pathological conditions, such as in KTx patients.
However, there are some plausible reasons for believing
that sustained high calcium levels might have some potential
negative eﬀect at least on the vascular calcification (VC)
process. As previously mentioned, VCs not infrequently
tend to progress after KTx, even though at a lower rate as
compared with dialysis patients [21, 22, 40, 41]. Some of our
preliminary results, produced as yet only in abstract form
[23], suggested that aortic calcifications, evaluated according
to Kauppila et al. [42], increased in 30% of patients over
the first year after KTx. Furthermore, patients heading for
a progression of their VC process had consistently higher
serum Calcium levels as compared with patients who did not
have any VC worsening.
However, these data alone cannot be considered to be
definite proof of a casual role of HC in inducing negative
cardiovascular eﬀects. Randomized controlled studies are
needed for reaching a conclusive answer to this important
question.
4.2.2. Hematological Eﬀects. After KTx; increases in red
blood cell number and in hemoglobin levels are not infrequently observed [43]. Though the prominent causal factor
of the erythrocytosis in KTx patients can be recognized
in the recovered synthesis of erythropoietin (EPO) by
the functioning kidney graft, in the presence of a wellresponding bone marrow, after the correction of the uraemic
state, other potential players might be also involved in this
process.
Among them, an increased local and/or systemic activity
of renin-angiotensin-system (RAS) has been advocated as a
potential pathogenic factor, since RAS has been shown to
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increase EPO synthesis, and furthermore the use of either
ace-inhibitors or angiotensin-receptor blockers has been
demonstrated to be eﬀective in controlling posttransplant
erythrocytosis [44, 45].
Recently, it has been suggested that calcium may contribute to the RAS-mediated EPO stimulation [46]. Furthermore, recently some AA reported that posttransplant
erythrocytosis is 2-3 times more frequent in KTx patients
who have higher serum calcium levels as compared with
normocalcemic patients [47, 48]. However, there are as yet
no data demonstrating that the correction of HC might
translate into a correction of posttransplant erythrocytosis.
4.2.3. Gastrointestinal Eﬀects. Severe HC, particularly encountered in the most advanced stages of neoplasias, can be
complicated by a relevant pancreatic damage [49]. If this
is also true for the degree of HC usually observed in KTx
patients is not clear.
Two decades ago, Frick et al. [50], studying 224 consecutive KTx patients, reported 8 patients who experienced
an acute pancreatitis episode and 20 patients who had an
asymptomatic increase of serum pancreatic enzymes. The
AA did not observe any association between the pancreatitis
episodes and the well-known specific risk factors, such as
immune suppressive therapy doses, viral infections, alcohol
consumption, or biliary tract lithiasis. The only factor which
was significantly associated with the pancreatitis episodes
was the presence of HC. However, no further paper, as far
as we know, has been published in the following decades
proving or disproving these findings.
In conclusion, it has been suggested that HC occurring
after a KTx can negatively impact both graft and patient clinical outcomes. However, there is no evidence which clearly
demonstrates the mechanisms by which these negative eﬀects
might act, nor can we exclude that the high PTH levels, which
are almost invariably associated with HC, more than the
elevated calcium level per se, might be the possible primary
adverse factor.
Furthermore, it is still to be demonstrated which is the
threshold calcium concentration, if any, over which these
negative eﬀects can happen.

5. Therapeutic Intervention
The presence of persistently elevated serum calcium concentrations, associated with elevated PTH levels, has for some
time been considered a possible indication to parathyroidectomy (PTX) in KTx patients.
However, it is worth underlining that there is no guideline for establishing which are the PTH and the serum
calcium levels over which the indication to PTX should be
given in the KTx clinical set. Therefore, the indication for the
PTX intervention is quite variable from one transplant centre
to another. Furthermore, there is no general agreement on
which type of PTX should be preferred: total, subtotal with
or without the auto-transplantation of a parathyroid gland.
It has long been considered that PTX might negatively
aﬀect the graft outcome, possibly due to either the haemodynamic and/or immune-mediated changes triggered by the
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acute changes in PTH and/or electrolyte concentrations after
the parathyroid gland removal [51, 52]. On the other hand,
recent data lessened this conviction, showing that no diﬀerence in the long-term graft outcome was evident between
KTx patients who were submitted to PTX as compared with
a comparable group of patients who were not [53].
However, the need to face a PTX intervention is still a
matter of concern for many nephrologists in the early phase
after a KTx, given the burden of clinical problems which can
be present during this period. Furthermore, some of these
patients have already undergone such an intervention and for
this or any other reason they may not be prepared to undergo
a new intervention.
For this reason, many Transplant Centers warmly recommend PTX in waiting-listed patients, before KTx when even
a moderate form of SHP is present.
Conflicting with this trend, other nephrologists advocate
some grounds for limiting the indication to PTX before KTx
to only the most severe forms of SHP. The main reason is
that there is some evidence which suggests that a regression
of parathyroid gland hyperplasia could be expected after a
well-functioning KTx. Some years ago, it was first reported
that the maximal PTH response to a hypocalcemic challenge,
which is considered a good marker of the functional
parathyroid gland mass, substantially reduced from the 1st to
the 6th month after renal transplantation [54]. More recently
it has been also reported that in the parathyroid glands
removed from KTx recipients, the cellular proliferative events
are reduced and apoptotic figures increased as compared to
the glands removed from uraemic patients on dialysis, even
though in both groups the parathyroid hyperplasia was in the
most advanced form characterized by nodular hyperplasia
[55]. These observed histological changes might suggest that
in the long run even the most severe form of SHP might be
expected to regress after KTx.
Reinforcing this view, recent papers observed a regression
of parathyroid gland volume, as assessed by US methodology,
in KTx patients treated with a calcimimetic drug [56, 57].
These observations introduce the second potential therapeutic approach to HC of KTx patients.
It is widely recognized that the introduction of cinacalcet,
as yet the only calcimimetic drug in clinical use, has consistently increased the possibility for controlling, in particular,
the most severe forms of SHP in dialysis patients, reducing
the indications for PTX in this clinical set. This fact enhances
the complexity of the indication for PTX for the patients on a
transplant waiting-list who suﬀer from a severe form of SHP
which is well controlled by cinacalcet.
To further complicate this issue, it is worth remembering
that, at the present time, this drug has not been registered for
use also in transplanted patients.
On the other hand, a number of small studies have been
published in recent years on the use of cinacalcet in KTx
recipients which can give some indicative instruction on this
topic [8, 58–68].
The main results of these studies have been extensively
discussed in a recent review [69]. All these studies homogeneously demonstrated that cinacalcet is eﬀective in reducing
serum calcium concentration. Another constant finding of
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these studies was a consistent increase in serum phosphorus
levels. This last result can be considered a positive result,
since it is well known that KTx recipients are prone
to develop hypophosphatemia, which might contribute to
the skeletal problem frequently observed in transplanted
patients.
On the other hand, the behavior of PTH levels was
less homogeneous. In fact, though PTH levels significantly
reduced in most studies, the extent of these changes was quite
variable, since some authors described no significant change
at all [65] while others found up to a 40–50% reduction in
PTH levels [8, 60, 61].
It is also worth-underlining that only a part of these studies reported on the eﬀect of cinacalcet on urinary calcium
excretion. Furthermore, the results were very contradictory,
with unchanged, increased, or reduced calcium excretion
having been reported.
This variability might be at least in part dependent on
the time when the assessment was performed. In fact, in
the early treatment phase, when serum calcium levels (and
consequently the glomerular filtered load of calcium) are
still high, the reduction in renal tubular calcium absorption
induced by cinacalcet, due to both the reduced PTH levels
and to the cinacalcet direct calciuretic eﬀects, is expected
to induce high urinary calcium output. With ongoing
treatment, these eﬀects can be counteracted by the reduced
glomerular filtered calcium load, secondary to the reduction
of serum calcium levels which eventually bring its urinary
excretion back to the pretreatment levels.
On the other hand, we cannot rule out that some genetic
variability in the CaSR gene might play some role in the
possible variable calciuretic eﬀect of CaSR activation by
cinacalcet. In fact a recent paper demonstrated that some
polymorphic variants of the CaSR gene might play some role
in the diﬀerent urinary calcium excretion found in primary
hyperparathyroid patients with or without nephrolithiasis
[70].
Whatever the extent of the potential calciuretic eﬀect
of cinacalcet, this is a potentially negative eﬀect of the
drug, since, as previously mentioned, KTx patients are
already prone to develop nephrocalcinosis. So, any metabolic
change which might potentially increase this risk should be
considered with great caution. To reinforce this concern, a
case of nephrocalcinosis which occurred in a KTx patient
treated with cinacalcet has been recently reported [62].
The problem of nephrocalcinosis in KTx patients indirectly introduces another linked therapeutic issue in this
clinical set. In fact, though KTx patients often present a
more or less severe vitamin D deficiency, there is much
controversy on whether this deficit should be replaced
even in the presence of elevated serum calcium levels. As
previously mentioned, it is also to be expected that also in
nonhypercalcemic KTx patients overt HC might ensue after
starting the replacement therapy with vitamin D metabolites.
However, some recent studies seem to minimize this concern,
since no relevant adverse event related to HC episodes have
been reported in KTx patients treated with cholecalciferol
[71, 72]. In any case, it seems to be advisable to carefully
check serum calcium levels when vitamin D therapy is
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started. Whether the new less calcemic vitamin D analogues
would represent a clinical advantage also in this field deserves
specific prospective studies.
Although the potential eﬀects of cinacalcet treatment on
bone metabolism in KTx patients is an important issue, only
two papers have dealt with this problem. The first study
reported on a significant increase of bone mineral density
at the radial level in 9 patients treated with cinacalcet [64].
To the best of our knowledge, the second study was the only
one that prospectively examined bone histomorphometric
parameters in 10 transplant recipients before and after 18–
24-month treatment with cinacalcet [68]. The main results
were a decrease of bone formation rate in 7, an increase in
2, and no change in 1 patient. These conflicting results, far
from being conclusive, underline the need for gaining further
information on this critical issue.
Another point of potential concern is the possible
interference of cinacalcet with the immune-suppressive (IS)
drugs and its potential eﬀect on the graft function.
The first reports on the topic exploring the possible
interference between cinacalcet and the IS therapy demonstrated no or only marginal eﬀects of cinacalcet on the blood
levels of the most frequently used immune-suppressive drugs
[73, 74]. However, following studies, though performed in
small groups of patients, provided results which suggest that
cinacalcet might reduce Tacrolimus AUC0−24 by approximately 14% and might also promote the accumulation of
a nephrotoxic metabolite of cyclosporine (AM19) [75, 76].
As far as the eﬀects of cinacalcet on renal function are
concerned, some of the quoted studies reported on the
change in serum creatinine levels and/or on the variably
evaluated glomerular filtration rate. The results were quite
variable with some studies showing a slight worsening [63,
73, 74], others a slight improvement [60, 64, 67], and the
other studies [58, 59, 65] no change of renal function at all.
It is worth stressing that the results of all the quoted
studies are flawed in many critical aspects, since most of
them were performed in relatively small groups of patients,
had a retrospective design, and a lack of a control group.
Furthermore, the criteria for choosing the treated patients
were not homogeneous, and many treated patients had
normal or slightly increased Ca levels before treatment, with
PTH levels only moderately increased. In fact, in our opinion
it is questionable to treat KTx patients with normocalcemic
PT-HPT with cinacalcet.

6. Conclusions and Opinions
HC after KTx is mainly the terminal event of an evolved
and uncontrolled SHP which maybe began long before
transplantation.
Even though not completely clear, it is plausible that HC
might negatively impact both graft and patient outcome.
The best way for avoiding HC after KTx is to optimally
treat SHP before KTx. However, two main questions still
remain unsolved.
The first question concerns the criteria for choosing
the patient on the transplant waiting-list who should be
referred to PTX or maintained on medical therapy. Given
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the complete lack of evidence on this issue, in our opinion
an absolute indication to PTX for a patient on the KTx
waiting list can be the presence of a severe SHP, defined by
contemporary high PTH levels (intact PTH > 800 pg/mL)
and HC (tot s-Ca > 10.4 mg/dl), which cannot be controlled
by the available medical therapy. A strong, though not
absolute, further indication to the surgical intervention
before renal transplantation might be also the presence of a
SHP controlled only by maximal doses of medical therapy.
In all the other cases, we do not believe that there is any
compelling indication to PTX.
A second critical point is the management of PT-HPT
associated with HC. PTX has long been considered the only
treatment of this clinical condition. However, independently
of its possible negative impact on graft function, which
moreover still remains unproven, PTX entails a number of
problems such as the type and the timing of the intervention
to be performed, the need for a continuous treatment for the
correction of the residual hypoparathyroidism after a successful intervention, the problems related to some comorbid
clinical conditions which make the surgical intervention a
risk procedure and more. For all these reasons, the recent
availability of a medical approach to hypercalcemic PT-HPT
based on the use of cinacalcet challenged the concept of
considering PTX the best choice for this clinical condition.
However, it should be also considered that many
unsolved issues bring into question the prolonged use of
cinacalcet. These areas of uncertainty should be clarified by
a randomized controlled trial before a widespread use of the
drug can be suggested in KTx patients.
In this critical scenario, it is our opinion that cinacalcet
should be reserved to some specific cases such as the KTx
patients with PT-HPT associated with overt HC (> 12 mg/dl)
and have been already submitted to a previous PTX and/or
have clinical conditions which make the intervention a risk
procedure and/or refuse the intervention for any reason.
At the present time, the clinical evaluation of each single
patient still remains the best guide-line for choosing the best
treatment of HC in KTx patients.
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and M. Haberal, “Persistent hypercalcemia is a significant
risk factor for graft dysfunction in renal transplantation
recipients,” Transplantation Proceedings, vol. 38, no. 2, pp.
480–482, 2006.
S. Habbig, B. B. Beck, M. Feldkötter et al., “Renal allograft
calcification—prevalence and etiology in pediatric patients,”
American Journal of Nephrology, vol. 30, no. 3, pp. 194–200,
2009.
B. O’Rourke, “The ins and outs of calcium in heart failure,”
Circulation Research, vol. 102, no. 11, pp. 1301–1303, 2008.
G. Dayanithi, C. Viero, and I. Shibuya, “The role of calcium
in the action and release of vasopressin and oxytocin from
CNS neurones/terminals to the heart,” Journal of Physiology
and Pharmacology, vol. 59, supplement 8, pp. 7–26, 2008.
K. Gusev, A. A. Domenighetti, L. M. D. Delbridge, T. Pedrazzini, E. Niggli, and M. Egger, “Angiotensin II-mediated adaptive
and maladaptive remodeling of cardiomyocyte excitationcontraction coupling,” Circulation Research, vol. 105, no. 1, pp.
42–50, 2009.
P. T. Nguyen, E. Coche, E. Goﬃn et al., “Prevalence and
determinants of coronary and aortic calcifications assessed by
chest CT in renal transplant recipients,” American Journal of
Nephrology, vol. 27, no. 4, pp. 329–335, 2007.
P. Bubenicek, D. Kautznerova, I. Sotornik, M. Adamec, V.
Lanska, and V. Teplan, “Coronary calcium score in renal
transplant recipients,” Nephron Clinical Practice, vol. 112, no.
1, pp. c1–c8, 2009.
L. I. Kauppila, J. F. Polak, L. A. Cupples, M. T. Hannan, D.
P. Kiel, and P. W. F. Wilson, “New indices to classify location,
severity and progression of calcific lesions in the abdominal
aorta: a 25-year follow-up study,” Atherosclerosis, vol. 132, no.
2, pp. 245–250, 1997.
M. A. Perazella and M. J. Bia, “Posttransplant erythrocytosis:
case report and review of newer treatment modalities,” Journal
of the American Society of Nephrology, vol. 3, no. 10, pp. 1653–
1659, 1993.
R. S. Gaston, B. A. Julian, C. V. Barker, A. G. Diethelm, and J. J.
Curtis, “Enalapril: safe and eﬀective therapy for posttransplant
erythrocytosis,” Transplantation Proceedings, vol. 25, no. 1, pp.
1029–1031, 1993.
G. M. Danovitch, N. J. Jamgotchian, P. H. Eggena et al.,
“Angiotensin-converting enzyme inhibition in the treatment
of renal transplant erythrocytosis. Clinical experience and
observation of mechanism,” Transplantation, vol. 60, no. 2, pp.
132–137, 1995.
M. Mrug, T. Stopka, B. A. Julian, J. F. Prchal, and J. T.
Prchal, “Angiotensin II stimulates proliferation of normal
early erythroid progenitors,” Journal of Clinical Investigation,
vol. 100, no. 9, pp. 2310–2314, 1997.
M. Kurella, D. W. Butterly, and S. R. Smith, “Post transplant
erythrocytosis in hypercalcemic renal transplant recipients,”
American Journal of Transplantation, vol. 3, no. 7, pp. 873–877,
2003.
A. Akcay, M. Kanbay, B. Huddam et al., “Relationship of
posttransplantation erythrocytosis to hypercalcemia in renal
transplant recipients,” Transplantation Proceedings, vol. 37, no.
7, pp. 3103–3105, 2005.
L. D. Goldberg and E. M. Herschmann, “Letter: hypercalcemia
and pancreatitis,” Journal of the American Medical Association,
vol. 236, no. 12, p. 1352, 1976.

International Journal of Nephrology
[50] T. W. Frick, D. S. Fryd, D. E. R. Sutherland, R. L. Goodale,
R. L. Simmons, and J. S. Najarian, “Hypercalcemia associated
with pancreatitis and hyperamylasemia in renal transplant
recipients. Data from the Minnesota randomized trial of
cyclosporine versus antilymphoblast azathioprine,” American
Journal of Surgery, vol. 154, no. 5, pp. 487–489, 1987.
[51] P. Evenepoel, K. Claes, D. Kuypers, B. Maes, and Y. Vanrenterghem, “Impact of parathyroidectomy on renal graft
function, blood pressure and serum lipids in kidney transplant
recipients: a single centre study,” Nephrology Dialysis Transplantation, vol. 20, no. 8, pp. 1714–1720, 2005.
[52] A. Schwarz, G. Rustien, S. Merkel, J. Radermacher, and H.
Haller, “Decreased renal transplant function after parathyroidectomy,” Nephrology Dialysis Transplantation, vol. 22, no.
2, pp. 584–591, 2007.
[53] P. Evenepoel, K. Claes, D. R. Kuypers, F. Debruyne, and Y.
Vanrenterghem, “Parathyroidectomy after successful kidney
transplantation: a single centre study,” Nephrology Dialysis
Transplantation, vol. 22, no. 6, pp. 1730–1737, 2007.
[54] H. Bonarek, P. Merville, M. Bonarek et al., “Reduced parathyroid functional mass after successful kidney transplantation,”
Kidney International, vol. 56, no. 2, pp. 642–649, 1999.
[55] M. Taniguchi, M. Tokumoto, D. Matsuo et al., “Persistent
hyperparathyroidism in renal allograft recipients: vitamin D
receptor, calcium-sensing receptor, and apoptosis,” Kidney
International, vol. 70, no. 2, pp. 363–370, 2006.
[56] M. Meola, I. Petrucci, and G. Barsotti, “Long-term treatment
with cinacalcet and conventional therapy reduces parathyroid hyperplasia in severe secondary hyperparathyroidism,”
Nephrology Dialysis Transplantation, vol. 24, no. 3, pp. 982–
989, 2009.
[57] H. Komaba, S. Nakanishi, A. Fujimori et al., “Cinacalcet
eﬀectively reduces parathyroid hormone secretion and gland
volume regardless of pretreatment gland size in patients
with secondary hyperparathyroidism,” Clinical Journal of the
American Society of Nephrology, vol. 5, no. 12, pp. 2305–2314,
2010.
[58] A. L. Serra, R. Savoca, A. R. Huber et al., “Eﬀective control
of persistent hyperparathyroidism with cinacalcet in renal
allograft recipients,” Nephrology Dialysis Transplantation, vol.
22, no. 2, pp. 577–583, 2007.
[59] I. Szwarc, A. Argilés, V. Garrigue et al., “Cinacalcet chloride
is eﬃcient and safe in renal transplant recipients with posttransplant hyperparathyroidism,” Transplantation, vol. 82, no.
5, pp. 675–680, 2006.
[60] T. R. Srinivas, J. D. Schold, K. L. Womer et al., “Improvement
in hypercalcemia with cinacalcet after kidney transplantation,”
Clinical Journal of the American Society of Nephrology, vol. 1,
no. 2, pp. 323–326, 2006.
[61] A. E. Kruse, U. Eisenberger, F. J. Frey, and M. G. Mohaupt,
“Eﬀect of cinacalcet cessation in renal transplant recipients
with persistent hyperparathyroidism,” Nephrology Dialysis
Transplantation, vol. 22, no. 8, pp. 2362–2365, 2007.
[62] L. W. Peng, J. L. Logan, S. H. James, K. M. Scott, and
Y. H. Lien, “Cinacalcet-associated graft dysfunction and
nephrocalcinosis in a kidney transplant recipient,” American
Journal of Medicine, vol. 120, no. 9, pp. e7–e9, 2007.
[63] J. M. El-Amm, M. D. Doshi, A. Singh et al., “Preliminary
experience with cinacalcet use in persistent secondary hyperparathyroidism after kidney transplantation,” Transplantation,
vol. 83, no. 5, pp. 546–549, 2007.
[64] C. Bergua, J. V. Torregrosa, D. Fuster, A. Gutierrez-Dalmau,
F. Oppenheimer, and J. M. Campistol, “Eﬀect of cinacalcet on

9

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

hypercalcemia and bone mineral density in renal transplanted
patients with secondary hyperparathyroidism,” Transplantation, vol. 86, no. 3, pp. 413–417, 2008.
K. A. Borchhardt, H. Heinzl, E. Mayerwöger, W. H. Hörl,
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Vascular calcifications produce a high impact on morbidity and mortality rates in patients aﬀected by chronic kidney disease
and mineral bone disorder (CKD-MBD). Eﬀects are manifested from the more advanced stages of CKD (stages 3-4), particularly
in patients undergoing dialysis (CKD5D). In recent years, a large number of therapeutic options have been successfully used in
the treatment of secondary hyperparathyroidism (SHPT), despite eliciting less marked eﬀects on nonbone calcifications associated
with CKD-MBD. In addition to the use of Vitamin D and analogues, more recently treatment with calcimimetic drugs has also been
undertaken. The present paper aims to analyze comparative and eﬃcacy studies undertaken to assess particularly the impact on
morbidity and mortality rates of non-calcium phosphate binders. Moreover, the mechanism of action underlying the depositing of
calcium and phosphate along blood vessel walls, irrespective of the specific contribution provided in reducing the typical phosphate
levels observed in CKD largely at more advanced stages of the disease, will be investigated. The aim of this paper therefore is to
evaluate which phosphate binders are characterised by the above action and the mechanisms through which these are manifested.

1. Introduction
Over the last 10 years, it has become increasingly apparent
that chronic kidney disease-mineral and bone disorder
(CKD-MBD) is associated to extra-skeletal manifestations,
particularly cardiovascular calcifications in patients at the
more advanced stages of CKD. The following manifestations
have been observed: calcifications of the aorta, the carotid
and the coronary arteries resulting in a reduced elasticity,
diameter, compliance, and distensibility. The disease is
not confined to central blood vessels but also involves
the iliac-femoral axis and all arteries in the limbs, thus
producing a high impact on the quality of life, morbidity
and mortality of these patients [1–3]. An additional element
implicated in the morbidity and mortality of patients is
represented by the manifestation of calcifications on the
endothelium of heart valves, in particular the mitral and
aortic valves [4]. A fundamental impetus in the study of
compression exerted by calcium deposits in the vessels was
provided by Raggi using highly advanced procedures such

as electron-beam computed tomography (EBCT), particularly to assess the involvement of coronary arteries [5].
Hyperphosphatemia is one of the main features of chronic
kidney disease-mineral and bone disorder (CKD-MBD). An
excess of phosphorus represents an independent risk factor
for cardiovascular morbidity and mortality in patients with
advanced CKD. Options available for use in the treatment of
hyperphosphatemia are severe control of dietary phosphorus
intake [6], use of phosphate binders [7], and optimized
phosphorus output choosing high-eﬃciency dialysis as high
flux-methodology [8–10]. Phosphate binders are used for
their binding actions to reduce the absorption of phosphorus
by the gastrointestinal lumen.
Calcium phosphate binders such as calcium carbonate or
acetate are still widely used today. Evidence of an increased
risk of onset and progression of nonbone, particularly
vascular, calcifications has led to the use of caution by
nephrologists, in spite of the markedly lower costs compared
to the price of the new non-calcium. The concept whereby
the at times excessive use of calcium-containing phosphate
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binders would appear to be widely accepted, together with
the notion that in the future patients at the CKD5D stage
should be treated to return dialysate calcium concentration
to values below 1.5 mmol/L [11]. The latter is particularly
important in patients undergoing peritoneal dialysis who are
exposed at length to transfers of mass and therefore a longlasting, harmful positive calcium balance.
To briefly mention a few literature references cited in
a recent review by Mason and Shepler [12], the authors
underlined how seven of the nine studies reported a statistically significant increase in vascular calcification in patients
taking calcium-containing phosphate binders as measured by
coronary artery calcification scores and aortic calcification
scores. Over the last year, the therapeutic target has changed;
indeed, CKD-MBD may be characterized by SHPT, thus
resulting in an increased risk when administering calciumbased phosphate binders in the presence of hypo-adinamic
bone disease both in incident dialysis patients, in prevalently
older subjects, or those with a dialytic age of more than
two years [13]. This abnormal mineral metabolism currently
represents a major therapeutic challenge focusing mainly
on the issue of vascular calcifications even in the earlier
stages of CKD [14]. Recent evidence has suggested that noncalcium-based phosphate binding agents such as sevelamer
hydrochloride, sevelamer carbonate, and lanthanum carbonate may attenuate cardiovascular calcifications compared
with calcium-based phosphate binders. Furthermore, as
will be discussed subsequently, these agents feature several
additional pleiotropic eﬀects including the action exerted on
lipid metabolism and systemic inflammatory response.
The aim of the present review is not to illustrate the
specific actions produced by calcium-based binders and
other drugs, including calcimimetic agents, but rather to
focus on the direct and indirect mechanism of action of noncalcium phosphate binders. In doing so, emphasis will be
placed almost exclusively to recent studies undertaken and no
reference was made to morbidity and mortality rates, which
are beyond the scope of this paper.

2. Phosphate and Actions Produced on
Vascular Calcifications
The recently published KDIGO guidelines, as well as the
previous KDOQI version, underline the importance of
maintaining phosphate levels within the normal range from
the earliest stages of CKD. This recommendation is based
on the action exerted by elevated blood phosphate levels
in inducing parathyroid cell proliferation and SHPT [15],
resulting in an increase in the number of hospitalizations
and in mortality rates, bone fractures, and vascular calcifications. Hyperphosphatemia has been associated with a
poor outcome and mortality in CKD stage 5D and high
normal serum phosphorus levels; CKD patients have the
same problem until stage 3. Patients with CKD stages 4-5D
frequently feature high serum phosphorus levels linked to
the development of aspects of CKD-MBD, including SHPT,
reduced serum calcitriol levels, abnormal bone remodelling,
and soft-tissue calcifications. Laboratory-based experimental
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data suggest that hyperphosphatemia may directly cause or
exacerbate other aspects of CKD-MBD, specifically arterial
calcification. Beta-glycerophosphate, a phosphate donor, and
uremic sera induce calcification and osteopontin expression
in bovine vascular smooth muscle (BVSM) cells [16]. In
vitro experiments have demonstrated how phosphate acts
directly on cultured vascular cells to produce an osteochondrogenic phenotypic transformation associated to loss
of contractility, mineralization of the extracellular matrix
by means of a sodium-dependent phosphate cotransport,
expression of specific bone markers, and calcification of
matrix protein [17]; a state of microinflammation results
in a worsening of this mechanism [18]. It should also be
borne to mind that vascular calcification is characterized
by the deposition of Ca2+ and inorganic phosphate (Pi )
in the form of hydroxyapatite (HA) crystals within the
medial or neointimal layers of blood vessels. This can
involve induction of osteochondrogenic programs of gene
expression in vascular smooth muscle cells (VSMCs) [19].
The uremic sera-induced osteopontin expression in BVSMC
is partially mediated through alkaline phosphatase activity
and an Na/Pi cotransporter-dependent mechanism. The
association of coronary arteries, the descending aorta, and
the mitral annulus irrespective of the presence of other risk
factors has previously been demonstrated for the intermediate stages of CKD by findings obtained in the MESA
(Multi-Ethnic Study of Atherosclerosis) [20]. Recently, Sage
et al. showed that vascular calcifications produced as a
result of uremic hyperphosphatemia are associated with
vascular cell expression of osteogenic genes, including bone
morphogenetic protein- (BMP-) 2 and osteopontin (OPN).
High inorganic phosphate levels in vitro stimulate the
osteogenic conversion of smooth muscle cells; however, the
mechanism governing this is not clear. We found that highphosphate medium increased the expression of BMP-2 and
OPN in mouse smooth muscle cells in culture. However, this
eﬀect was lost in the presence of the mineralization inhibitor,
pyrophosphate, suggesting a contribution of calcium phosphate crystals. These findings prompt further research into
the potential of pyrophosphate as treatment for vascular
calcification in chronic kidney disease patients [21].

3. Methods Applied in Literature Review
Two hundred and thirty-seven published papers describing
a correlation between hyperphosphatemia in CKD and
vascular calcifications were analyzed. Subsequently, papers
relating to a total of 9 randomized trials or featuring an
eﬀective study design were selected. All studies had focused
on the use of non-calcium phosphate binders as a therapeutic
option aimed at reducing nonbone, and prevalently vascular,
calcifications in a population of 879 patients. The trials taken
into consideration are listed in Tables 1 and 2.

4. Discussion
In spite of the lack of evidence from randomized controlled
trials (RCTs) to demonstrate that a lowering of phosphorus
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Table 1: A study analyzing the eﬀect of non-calcium-based phosphate binders.
Reference

Study

Patient
population

Comparison

Study design

Block et al. [15]

RIND

Incident HD

Calcium (55)

Sevelamer (54)

Chertow et al. [24]

TTG

Prevalent HD

Calcium (75)

Sevelamer (66)

Qunibi et al. [31]

CARE-2

Prevalent HD

Calcium (58)

Sevelamer (68)

Barreto et al. [32]

BRiC

Prevalent HD

Calcium (18)

Sevelamer (11)

Boaz et al. [35]

N/A

Predialysis pts

Calcium (28)

Sevelamer (27)

Results

Calcium binders resulted in more
increase in CACS versus sevelamer
at 18 months (P = .015); median
Randomly assigned
increase in CACS was 11 times
greater with calcium versus
sevelamer (P = .01)
Calcium binders with greater
percentage of CACS versus
Randomly assigned
sevelamer at 26 and 52 wk
P = .02, P = .04
Randomly assigned
Nonsignificative diﬀerences in
with atorvastatin to
CACS between calcium and
both binders or
sevelamer
52 wk
Nonsignificative diﬀerences in
Randomly assigned CACS between calcium and
sevelamer
Low-phosphorus Increase in TCS with calcium to
diet with both
baseline (P = . 001); NS with
sevelamer
binders

Table 2: A study analyzing the eﬀect of non-calcium-based phosphate binders.
Reference

Study

Patient
population

Chue et al. [51]

N/A

Prevalent HD

Calcium
(13)

Raggi et al. [25]

N/A

Prevalent HD

Calcium
(130)

Galassi et al. [28]

N/A

Incident HD

Calcium
(20ND, 25D)

Takei et al. [45]

N/A

Prevalent HD

Calcium
(21)

SUMMER Prevalent HD

Calcium
(130)

Raggi et al. [34]

Comparison

Study design

Results

Lanthanum reduced progression
Lanthanum (17) Randomly assigned of aortic VC (P < . 001) versus
calcium
Sevelamer arrested the progression
Observation at of valvular and vascular
Sevelamer (132)
calcification (P = .02) versus
52 wk
calcium
Hemodialysis diabetic at 18
months, a greater progression of
Sevelamer
Randomly assigned CACS (P = .005) than with
(13ND, 27D)
sevelamer with iPTH ranges
suggestive of low bone turnover
Sevelamer suppresses progressive
Sevelamer (21) Randomly assigned aortic calcification more than with
calcium
Less carotid and femoral intima
media thickness, minor levels of
Sevelamer (45)
Cross-sectional
LDL-cholesterol, higher iPTH
with sevelamer versus calcium

levels impacts clinical outcomes, it may be reasonable to
lower phosphorus in CKD patients with hyperphosphatemia
using phosphate binders. Limiting dietary phosphate intake
or increasing the frequency or duration of dialysis sessions
is not alone suﬃcient to lower phosphorus levels. Patient
compliance is therefore fundamental not only in limiting
dietary intake of phosphorus, but also in adhering to the
prescribed protocol of phosphate binder administration,
frequently linked to the number of pills the patient is

required to take and the degree of gastric tolerance of the
product prescribed.
There is insuﬃcient evidence that any specific phosphate
binder significantly impacts patient-level outcomes. Thus,
the choice of phosphate binder should be selected on an
individual basis. Moreover, the lowering of phosphate levels
is becoming increasingly acknowledged as mandatory in
reducing the onset of nonbone, and in particular cardiac and/or vascular, calcifications that produce a marked
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eﬀect on mortality rates in patients at various stages of
CKD.
Large epidemiological studies have consistently shown
the importance of hyperphosphatemia as a predictor of mortality in CKD stage 5 patients receiving dialysis. Experimental
data suggest a direct causal relationship between phosphorus
and several components of CKD-MBD, specifically SHTP
bone abnormalities and calcitriol deficiency. Mention is also
made of the negative interferences produced by a vitamin K
deficit in patients undergoing dialysis, that may facilitate the
onset of vascular calcifications, particularly in patients taking
dicumarol [22].
In the present paper we will focus mainly on vascular calcifications and how to personalize treatment with phosphate
binders in an attempt to reduce the presence of calcifications
on blood vessel walls. The establishing of optimum calcium
levels which, if associated to hyperphosphatemia, may give
rise to vast and extensive areas of nonbone calcifications is
of paramount importance. Non-calcium phosphate binders
available currently are aluminium hydroxide, ferric citrate,
magnesium carbonate, sevelamer HCl and sevelamer carbonate, and lanthanum carbonate. This paper will focus
mainly on the latter two due to the lack of controlled,
prospective, or retrospective trials capable of demonstrating
a favourable action of aluminium hydroxide (the use of
which is not advised in the long term), magnesium carbonate
and ferric citrate on vascular calcifications. Furthermore,
studies performed on the dialysis population with niacin and
nicotinamide have shown significant phosphate reduction
with lowering of the calcium-phosphorus product. However,
to date, no published reports or trials have been made
available that demonstrate activity of this phosphate binder
on vascular calcifications.

5. Sevelamer from CKD Stage 5D:
Effects and Comparison with
Calcium-Based Phosphate Binders
As reported in multiple publications, numerous trials undertaken to compare sevelamer HCl with calcium-based binders
have assessed the impact of phosphate-binder therapy on
arterial calcification, assessed using computerized tomography imaging techniques. In two subsequent papers, the
first reporting on 200 patients randomized to administration
of calcium acetate or sevelamer over a one-year period to
correct hyperphosphatemia, and the second paper studying
108 hemodialysis patients likewise randomized to calcium
acetate or sevelamer and followed for one year, Chertow
demonstrated how calcium treatment led to progressive
coronary artery and aortic calcification as determined
by sequential EBCT, while the use of the non-calciumcontaining binder sevelamer was devoid of a similar eﬀect
[23, 24]. A further paper examined the eﬀect of these
two oral phosphate-binders on valvular calcification in
132 hemodialysis patients, concluding that after a one-year
observation period, sevelamer had checked the progression
of vascular and valvular calcifications in almost 50% of
patients [25].
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Another report suggested that patients randomized to
receive calcium salts, compared with those randomized
to sevelamer HCl, experienced greater trabecular (but not
cortical) bone loss on the basis of changes in thoracic bone
mineral density (BMD) on EBCT scans in a subset of 132
patients in whom the necessary imaging was available [26].
More recent paper have expressed some doubt as to the
eﬀective harmfulness of the use of calcium-based phosphate
binders in the treatment of hyperphosphatemia and vascular
calcifications, which has inevitably led to a rise in the use
of sevelamer [27]. An interesting study [28] examining the
clinical outcomes in a smaller group of 109 incident HD
patients (patients new to dialysis, 64 diabetics and 45 non
diabetics) randomized to either sevelamer HCl or calciumbased binder followed up patients for a period of 18 months.
Patients received baseline, six, 12, and 18 months EBCT
scans. The study found that diabetic patients who used
calcium-based phosphate binders experienced more rapid
and more severe progression of coronary artery calcification
than those using sevelamer.
Diabetic patients treated with calcium-based binders
showed a significantly greater coronary artery calcium
score (CACS) progression than sevelamer-treated patients
(median increase 177 versus 27; P = .05). During followup, diabetic patients receiving calcium-based binders
were significantly more likely to develop serum iPTH values
<16 pmol/L than diabetic patients treated with sevelamer
(33% versus 6%, P = .005) and had a lower mean iPTH
level (24 ± 16 versus 31 ± 14 pmol/L; P = .038). No
data on cardiovascular events other than death, fractures,
or parathyroidectomy rates were available from either of
these studies, making it impossible to draw conclusions on
the impact of using sevelamer HCl instead of a calciumbased phosphate binder on such outcomes. In addition, no
studies have examined the eﬀects of lanthanum carbonate or
indeed any other phosphate binder (including calcium- and
aluminium-based compounds) on patient-level outcomes.
The largest of these studies, the Dialysis Clinical Outcomes Revisited (DCOR) study, [29] randomized 2103
prevalent CKD stage 5D patients to either sevelamer HCl
or a calcium-based phosphate binder (70% calcium acetate
or 30% calcium carbonate). The trial was designed to
evaluate all-cause mortality; more patients discontinued
because of adverse events (AEs) in the sevelamer-HCl arm
(8 versus 5%), but types of events and event rates were not
comprehensively reported. The study was extended because
the mortality rate in the control group was lower than
expected. Only 1068 patients completed the study, and there
were no diﬀerences in all-cause or cause-specific mortality
rates when comparing sevelamer HCl (mortality rate 15.0
per 100 patient-years) with calcium-treated patients (16.1
per 100 patient-years). There were also no diﬀerences in
cardiovascular mortality and hospitalization on the basis of
data from case report forms. A possible bias resulted from the
limited (90 days) followup of discontinued patients, as well as
a lack of documentation of baseline biochemical parameters
and AEs.
A secondary analysis of the DCOR study [30] on overall mortality (primary outcome), cause-specific mortality,
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morbidity, or first or cause-specific hospitalization (secondary outcomes) reported how the study had not been
well-balanced due to the presence of major atherosclerotic
cardiovascular calcifications in patients treated with calciumbased phosphate binders. This study showed a beneficial
eﬀect of sevelamer HCl on the secondary outcomes of
multiple all-cause hospitalizations and on the number
of days of hospitalization. Furthermore, hospitalizations
from CVD as ascertained from the administrative data did
not diﬀer, lending no support to the study’s hypothesis
that sevelamer HCl reduces cardiovascular disease (CVD)
morbidity. The analysis by Peter et al. using claims data
described a higher rate of hospitalization in a smaller group
of patients with a shorter duration of follow-up than that
reported by Suki et al., as a result of the fact that the
denominator for hospitalization rates did not include days
spent in hospital. Thus, although both analyses showed a
trend toward lower hospitalization rates, the fact that the
diﬀerence between patients allocated to diﬀerent binders was
of statistical significance in the analysis by Peter et al. was not
considered robust.
In the CARE 2 study [31], chronic HD patients from
the United States were randomized to receive either calcium
acetate or sevelamer HCl. Two hundred and eighty-seven
patients in both groups received atorvastatin to achieve
a low-density lipoprotein cholesterol goal of 70 mg/dL
(1.81 mmol/L). The study was designed to assess noninferiority, evaluating CAC using EBCT at 6 and 12 months
after randomization. Before 1 year, 30% of the patients
in the sevelamer arm and 43% in the calcium acetate
arm dropped out. Despite achieving comparable levels of
serum cholesterol, no diﬀerence in the progression of arterial
calcification was noted when comparing the two treatment
arms (calcium acetate and sevelamer HCl groups, resp.,
P = .90). The weakness of this study is constituted by the
high presence of pre-existing calcifications in the patients
investigated.
In a prospective study undertaken by Barreto et al.
[32], 101 hemodialysis patients were randomized for each
phosphate binder and submitted to multislice coronary and
bone biopsies at entry and 12 months to compare the eﬀects
of calcium acetate and sevelamer on coronary calcification
(CAC) and bone histology; there was no diﬀerence in CAC
progression or changes in bone remodelling between the
calcium and the sevelamer groups; however, this study
was hampered by small sample size, use of low dialysate
calcium concentrations (1.25 mmol/L), and no limits in
the use of aluminium hydroxide, which likely aﬀected the
progression of vascular calcifications. Similar conclusions on
CACS and mortality rates were reached by a recent metaanalysis of 2873 patients [33]. A recent paper performed
by Raggi et al. [34] of a ten-year period of observation
provided encouraging results for the use of sevelamer due
to the improvements produced in vascular calcifications,
bone physiology, and a potential positive trend in mortality
rates for hemodialysis patients. Recently, Boaz et al. [35]
studied a group of 45 hemodialysis patients treated with
sevelamer and 130 untreated subjects; patients receiving
sevelamer had significantly lower carotid intima media
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thickness and lower low-density lipoprotein cholesterol
levels.
Scarce literature reports are available that relate to the
predialysis stage of CKD. Relatively few papers have been
published, including an Italian study involving 90 bindernaive Italian patients with CKD stages 3–5 who were not
receiving dialysis. Russo et al. [36] randomized patients (30
per group) into either a low-phosphate diet alone group,
a low-phosphate diet in combination with fixed doses of
calcium carbonate (2 g/d) group, or a low-phosphate diet
in combination with sevelamer HCl (1600 mg/d) group and
followed up these individuals for 2 years. Coronary artery
calcification (CAC) was the primary end point of the study;
in the 84 patients who completed the study, the final CAC
scores were greater than the initial scores in those receiving
diet alone (P < .001) or diet in combination with calcium
carbonate (P < .001), whereas there was no progression of
calcification in the diet-plus-sevelamer-HCl-treated group.

6. Mechanisms of Action
The mechanism through which non-calcium phosphate
binders exert their action and slow down progression of
vascular calcifications is still unclear and remains to be
clarified. However, the RIND study, evaluating progression
of coronary artery calcification in incident hemodialysis
patients, demonstrated that vascular calcification processes
manifest in predialysis stages in the majority of patients,
which may well be linked to deranged calcium and phosphate
homeostasis. Novel insights into the pathophysiology of
calcium and phosphate handling, especially the discovery
of the phosphatonin FGF23, suggest that a more complex
assessment of phosphate balance is warranted. This assessment should include measurements of fractional phosphate
excretion and phosphatonin levels to objectively judge and
eﬀectively correct phosphate overload [37].
New markers, such as FGF-23, have been identified as
inducers of vascular calcification and cardiovascular disease
in CKD. Therefore, the use of calcium-free phosphate
binders may reduce the risk of cardiovascular disease by
reducing both serum phosphate and FGF-23 levels [38].
Recent findings have provided evidence of a direct action
of non-calcium phosphate binders on the progression of
vascular calcifications. Data published to date on the use
of non-calcium phosphate binders such as sevelamer and
lanthanum carbonate recommend the administration of
these drugs from the initial stages of CKD in association
with a dietary intake of phosphorous in order to prevent an
increase in FGF-23 and the action produced by the later on
vascular calcifications [39, 40].
In view of the large number of reports published on
the potential actions exerted by sevelamer in halting the
progression of vascular calcifications, this binder should
be dealt with separately [41–45]; it has accordingly been
demonstrated that sevelamer is capable of lowering mean
levels of HDL cholesterol, apolipoprotein B, and homocysteine. Furthermore, a decrease in the expression of the
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nitrotyrosine marker of inflammatory stress by atherosclerotic plaques in the aorta and stabilization of the plaques, a
decrease in CRP, and a reduced gastrointestinal absorption
of several uremic toxins have also been reported [46].
In addition to the eﬀects produced on FGF23, it is of
considerable interest that sevelamer has been found to reduce
serum Fetuin A levels, known to exert a cardiovascular
protective action [47].
A carbonated form of sevelamer featuring a similar
eﬃcacy in control of hyperphosphatemia and which does
not worsen metabolic acidosis, as occurs with the HCl
preparation, has recently been introduced onto the market
[48, 49]. At the current time, no conclusive data are available
from controlled trials on the action of sevelamer carbonate.
It does however seem feasible that this product may possess
a similar eﬃcacy in the treatment of vascular calcifications in
patients at all stages of CKD [50]. Trials have recently been set
up to demonstrate the potential positive eﬀects of lanthanum
carbonate on myocardial function and blood vessel elasticity
and calcifications [51].

7. Lanthanum Carbonate
A positive action of lanthanum carbonate on vascular
calcifications had already been hypothesized [52]; although
relatively few papers have been published to date to this
regard, indications are provided of a positive eﬀect of
lanthanum carbonate on the progression of vascular calcifications. One of the most recent papers [53] reported on the
findings of a pilot randomized controlled trial undertaken
to determine the eﬀect of lanthanum carbonate (LC) on
vascular calcification (VC). Forty-five HD patients were
randomized to either LC or calcium carbonate. The primary
outcome of changes to aortic VC after 18 months included
superficial femoral artery (SFA) VC, bone mineral density
(BMD) of lumbar spine, and serum markers of mineral
metabolism. At baseline, 6-month computed tomography
was performed to measure VC and BMD. A random and
at 18-month eﬀect linear regression model was performed
to assess diﬀerences. Results. Thirty patients completed the
study; indeed, the small sample size and loss to followup
were one of the major limitations to this study. Lanthanum
carbonate was associated with the reduced progression of
aortic calcification compared with calcium carbonate in HD
patients over 18 months.

8. Magnesium Carbonate
For the sake of thoroughness, this paper on the action of
non-calcium phosphate binders will conclude with a brief
analysis of magnesium carbonate and another non-calcium
binder was used only rarely. Indeed, an inverse correlation between magnesium levels and the extent of vascular
calcifications was demonstrated many years ago (studies
from 1974 to 2004) in one study undertaken to evaluate
peritoneal dialysis and three conducted on hemodialysis
patients; the latter trials have been amply analyzed in a
review by Wei et al. in 2006 [54]. Observational data suggest
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that elevated magnesium levels in dialysis patients may
prevent vascular calcification, and in vitro magnesium can
prevent hydroxyapatite crystal growth. However, the eﬀects
of magnesium on vascular calcification and bone mineral
density have not been studied prospectively. In a preliminary
study, Spiegel [55] hypothesized that magnesium carbonate
was capable of interrupting the progression of vascular
calcifications; in a recent open-label pilot study, the same
Author studied seven chronic hemodialysis patients to
evaluate the eﬀects of a magnesium-based phosphate binder
on coronary artery calcification (CAC) scores and vertebral
bone mineral density [56]. Magnesium carbonate/calcium
carbonate administered as the principal phosphate binder for
a period of 18 months and changes in CAC and V-BMD were
measured at baseline, 6, 12, and 18 months. Electron beam
computed tomography results demonstrated a small and not
statistically significant increase in absolute CAC scores, no
significant change in median percent change, and a small
insignificant change in V-BMD.
To conclude, a large number of reports present in
literature recommend that serum phosphate levels be closely
monitored, whilst at the same time not overlooking important aspects such as eliciting a decrease in the onset and
progression of vascular calcifications that produce a marked
eﬀect on the morbidity and mortality rates of CKD patients
at all stages. The tendency is to reduce calcium intake
both through dialysis and by administration of non-calcium
phosphate binders that have proved eﬀective in controlling
hyperphosphatemia but which also feature pharmacological
characteristics capable of producing a direct decrease in
calcifications to the vascular endothelium. In spite of the
large body of evidence provided in literature, further randomized, prospective studies should be undertaken with the
specific aim of evaluating the incident population to provide
further confirmation and optimization of the beneficial
eﬀects reported to date.
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To understand the relationship between putative neurohormonal factors operative in hypertension and coronary artery
calcification (CAC), the relevant cellular actions of angiotensin (Ang II) and endothelin-1 (ET-1) are reviewed. There is compelling
evidence to implicate ET-1 in CAC. ET-1 increases phosphate transport with a 42 to 73% increase in Vmax . Increased cellular
phosphate may induce CAC through increased Ca x phosphate product, transformation of vascular smooth muscle cells into a
bone-producing phenotype or cell apoptosis that releases procalcific substances. ET-1 is increased in several models of vascular
calcification. ET-1 inhibits inhibitors of calcification, matrix Gla and osteoprotegerin, while enhancing pro-calcific factors such as
BMP-2 and osteopontin. In contrast, Ang II inhibits phosphate transport decreasing Vmax by 38% and increases matrix Gla. Ang
II also stimulates bone resorption. Vascular calcification is reduced by ET-1 A receptor antagonists and to a greater extent than
angiotensin receptor blockade although both agents reduce blood pressure.

1. Introduction
The presence and severity of coronary artery calcification
(CAC) is a predictor of an increased probability of serious
clinical cardiac events including death [1–4]. Chronic kidney
disease is associated with increased CAC, and in general
the more advanced the stage of kidney disease, the greater
is the amount of CAC [5–9]. The possible causal linkage
between end-stage kidney diseases producing CAC that in
turn accelerates coronary atherosclerotic events has focused
attention on the pathophysiology of CAC in end stage renal
disease with the objective of determining steps in the process
that might be amenable to a suitable intervention to reduce
the high mortality seen in patient with chronic kidney
disease.
While the precise mechanisms producing vascular calcification are still being elucidated, investigators contend
that the processes likely involve calcium and phosphorus
metabolic dysfunction, changes of vascular cells, especially
vascular smooth cells (VSMC), into an osteoblastic phenotype and an imbalance between procalcification and anti-

calcification factors [10]. Vascular calcification in chronic
kidney disease vessels is also strongly associated with vascular
smooth muscle cell death resulting from calcium- and
phosphate-induced apoptosis [11, 12]. Vascular calcification
induced in aortas cultured in a high phosphate medium
occurs concomitantly with cell death of VSMC via apoptosis
[13]. Inhibition of apoptosis with a general caspase inhibitor
reduces calcification [13]. Calcification can be initiated by
the release of membrane-bound matrix vesicles from living
VSMC and also by the release of apoptotic bodies from
dying cells [12]. Vesicles released by VSMC after prolonged
exposure to calcium and phosphate not only accelerate
vascular calcification but also contain preformed calcium
phosphate complexes [12].
Hypertension is an important risk factor for CAC [14].
Indeed, some data suggest that the presence of hypertension
is the most important determinant of CAC in patients with
chronic kidney disease (CKD). The association between
lower eGFR and higher prevalence of CAC in the Framingham study was attenuated and of less statistical significance
after multivariable adjustment for risk factors including

2. Phosphate Transport into Cells:
Contrasting Effects of ET-1 and Ang II
CAC in chronic kidney disease (CKD) has been strongly
linked to the hyperphosphatemia in severe CKD [17–20].
Predictors of CAC are higher serum phosphorus levels, lower
eGFR levels, and traditional CVD risk factors [21]. Each
1-mg/dl increase in serum phosphorus increases the odds
ratios for CAC by 1.5 (prevalence) or 1.6 (incidence) [21].
The reduction in CAC found in some dialysis patients who
received renal transplantation correlated with a decrease in
calcium x phosphate product, in the early period after renal
transplantation [22]. These data support the contention that
increased phosphate transport into VSMC may initiate the
process of vascular calcification.
Cellular phosphate transport exhibits saturable uptake
(Figure 1). VSMC express both high aﬃnity Na-dependent
and Na-independent components of Pi transport with similar kinetic behavior [23]. The Na-coupled saturable uptake
has been explained by the expression of two type III sodiumdependent phosphate cotransporter proteins, Pit1 and Pit2
[23]. Phosphate uptake into the aorta through Pit-1 can lead
to VSMC calcification by induction of apoptosis [13] or by
phosphate-induced phenotypic changes in VSMC to a cell
with the capacity to produce calcification [24]. The influx
of phosphate through capillary membranes is mediated
by a saturable high-aﬃnity system which is independent
of sodium [25], but presumably, it is cellular phosphate
concentration rather than the transporter that regulates
cellular calcification.
Ang II produces a concentration-dependent reduction
in cellular phosphate transport (Figure 2) [26]. In some
tissues such as isolated bovine capillaries, however, Ang II
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Figure 1: Uptake of phosphate in the presence of various concentrations of phosphate (Pi). The data are the mean + SEM. The data
are adapted from Sunga and Rabkin [26].
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hypertension [5]. Amongst the 6749 participants of the
Multiethnic Study of Atherosclerosis, hypertension was a
major factor accounting for the association of decrements of
kidney function and CAC after adjustment for age, gender,
and race/ethnicity [15]. In a multivariate analysis of patients
with CKD, after considering many factors, the severity of
hypertension, reflected by the number of antihypertensive
drugs taken to control hypertension, was significantly associated with CAC with an odds ratio of 2.4 compared to
patient’s age that had an odds ratio of 1.1 [16].
Hypertension is produced by a wide variety of factors
operating in diﬀerent organs. Two factors that have been
implicated in the pathogenesis of hypertension are the
angiotensin and Endothelin family of peptides. Angiotensin
II is a powerful vasoconstrictor peptide. Endothelin, an
even more potent vasoconstrictor peptide, is released from
endothelial as well as other cell types. This paper examines
the eﬀect of angiotensin II (Ang II) and Endothelin 1 (ET-1)
on vascular calcification focusing on diﬀerences in putative
pathways leading to vascular calcification. Despite similar
eﬀects on blood pressure, these two peptides produce diﬀerent eﬀects on the process of calcification. These diﬀerences
are reflected in diﬀerent cellular actions especially on cellular
phosphate transport.
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Figure 2: Inhibition of phosphate uptake in response to various
concentrations of Ang II. The inset shows the eﬀect of Ang
II (10−7 M) on phosphate uptake in the presence of various
extracellular phosphate concentrations. The data are adapted from
Sunga and Rabkin [26].

does not aﬀect phosphate transport [27] suggesting that
the eﬀect of Ang II impacts the type III sodium-dependent
phosphate cotransporter. In contrast to Ang II, ET-1 has been
consistently demonstrated to increase cellular phosphate
transport. This has been demonstrated in capillaries [27],
brush border membrane vesicles [28] and mouse calvariaderived osteoblast-like MC3T3-E1 cells [29]. In MC3T3E1 osteoblast-like cells, ET-1 stimulates sodium-dependent
phosphate transport [29]. This eﬀect is medicated through
ET(A) and not ET(B) receptors [29]. ET1-induced stimulation of Pi transport is mediated by PKC activation through
both phosphoinositide and phosphatidylcholine hydrolyses
[29]. Considering the kinetics of phosphate transport, ET1 produces a 42 to 73% increase in Vmax , depending on
tissue or cell type, in contrast to the 38% reduction in Vmax
observed in response to Ang II (Figure 3) [26, 28–30].
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Figure 3: The eﬀect of endothelin I (ET-1) and angiotensin II (Ang
II) on the kinetics of phosphate uptake Vmax in various studies.

3. Effect of ET-1 on Vascular Calcification
ET-1 may induce vascular calcification through its potential
to induce VSMC apoptosis [31, 32]. VSMC apoptosis that
occurs with increased arterial loading is further accentuated
in the presence of ET-1 [31, 32]. Increases in arterial loading
conditions increase endothelial prepro-ET-1 and VSMC
endothelin B receptor expression [32] suggesting that the
eﬀects of ET-1 on the vasculature can be induced from blood
pressure elevation regardless of its cause. The role of Ang II
to mediate cell apoptosis is less clear [33, 34].
Endothelin content and endothelin mRNA were increased in the model of vascular calcification in which VSMC
are treated with beta-glycerophosphate [35]. In the in vivo
model of vascular calcification induced by vitamin D(3) plus
nicotine, endothelin levels in plasma and aorta as well as the
amount of endothelin mRNA in calcified aorta are increased
[35]. The ET-1 antagonist bosentan significantly reduced
vascular calcification in this model [35]. ET 1-A receptor
antagonists significantly regress the vascular calcification
that is produced in the warfarin plus vitamin K model of
vascular calcification [36]. The ability of an ET-1 A receptor
antagonist to prevent vascular calcification was much greater
than the angiotensin receptor blocker although both agents
reduced blood pressure [37]. These data strongly implicate
ET-1 in the pathogenesis of vascular calcification.

4. Matrix Gla Protein (MGP), Fetuin, and
Osteoprotegerin: Contrasting Effects of
ET-1 and Ang II
Matrix Gla protein (MGP) is a recognized inhibitor of
vascular calcification. Ang II increased MGP mRNA levels by
20% in neonatal rat cardiac myocytes and 40% in cardiac
fibroblasts [38]. Increases in this inhibitor of calcification
would be expected to reduce vascular calcification. In contrast, ET-1 decreased MGP mRNA levels 30% in myocytes
and had no eﬀect in fibroblasts [38]. Reductions in this

inhibitor of vascular calcification would be expected to
increase vascular calcification.
Osteoprotegerin (OPG) is an inhibitor of osteoclastogenesis and osteoclast activation. OPG inhibits advanced
atherosclerotic plaque progression by preventing an increase
in lesion size and lesion calcification [39]. In human aortic
smooth muscle cells, Ang II produces a dose-dependent
increase in the production of OPG [40]. A 3-fold increase
in suprarenal aortic concentration of OPG was observed
after chronic Ang II administration in ApoE(−/−) mice [40].
OPG secreted by explants of vascular tissue from human
endarterectomy samples was significantly reduced within
48 hours of incubation with the Ang II receptor blocker
irbesartan [41].
Fetuin-A inhibits pathologic calcification in both soft
tissue and vasculature, even in the setting of atherosclerosis [42]. Fetuin uptake and secretion by proliferating
and diﬀerentiating cells in the arterial wall is a protective
mechanism against arterial calcification [43]. Circulating
fetuin-A concentration decreases in parallel with decline
in renal function [44]. During predialysis stage of diabetic
nephropathy, there is a direct relationship between serum
fetuin-A levels and CAC score [45]. The combination of
fetuin-A deficiency, high-phosphate diet and CKD in ApoEdeficient mice greatly enhances calcification [42]. Thus
factors that increase phosphate transport into the cell would
be expected to enhance vascular calcification in the presence
of low fetuin-A levels. ET-1 levels increase with declining
renal function. Multiple regression analysis showed that
fetuin-A was significantly inversely associated with ET-1 and
the relationship was independent of estimated glomerular
filtration rate, sex, parathyroid hormone, and the calcium
x phosphorus product [44]. The negative correlation of
coronary artery calcification scores with serum fetuin-A
levels [46] coupled with the inverse relationship between
fetuin-A and ET-1 suggests that fetuin and ET-1 have
opposite actions leading to CAC. This possibility requires
further investigation.

5. Cellular Promoters of Calcification BMP-2
and Osteopontin: Effects of ET-1 and Ang II
Although the role of bone morphogenic protein (BMP-2) in
vascular calcification is still being elucidated, there are data
that BMP-2 induces osteoblastic diﬀerentiation of VSMC
through induction of MSX-2 or by inducing apoptosis of
VSMC [47]. BMP-2 eﬀects may be related to the loss of
regulation of the matrix Gla protein [47]. In addition, BMP2 induces Runx2 and inhibits SM22 expression, indicating
that it promotes osteogenic phenotype transition in these
cells [48]. The action of BMP-2 can be related back to
an eﬀect on phosphate transport. BMP-2 upregulates Pit1 mRNA and protein levels [48]. Inhibition of phosphate
uptake abrogated BMP-2-induced calcification suggesting
that phosphate transport via Pit-1 is crucial in BMP-2
regulation of VSMC [48]. In the mouse osteoblast-like cell
line MC3T3-E1, ET-1 significantly increased intracellular
Ca2+ concentration, DNA synthesis, and cell number [49].
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Figure 4: A simplified schematic of some of the putative eﬀects of endothelin-1 (ET-1) leading to vascular calcification discussed in this
paper.

The ability of ET-1 to induce mitosis and mitogen-activated
protein kinase phosphorylation in VSMC were significantly
increased in the presence of BMP-2 [50]. In vivo studies
showed that tissue calcium content was significantly higher
in the group that received both BMP-2 and ET-1 than in
the group receiving BMP-2 alone [49]. The eﬀect of ET-1 on
bone formation is operative through ET(A) receptors [49].
Osteopontin (OPN), a low-aﬃnity, high-capacity calcium-binding phosphoproteins, colocalizes with dystrophic
arterial calcification. In human coronary artery segments,
obtained at autopsy, there were high amounts of OPN in the
outer margins of all diseased segments at each calcification
front [51]. ET-1 consistently induces OPN in a number of
diﬀerent cell types [52–55]. ET-1 enhances OPN as well as
various other factors that induce bone formation such as
osteocalcin and bone sialoprotein [52]. ET-1 enhanced by
approximately twofold the mRNA expression of both osteopontin and osteocalcin genes in rat osteoblastic osteosarcoma ROS17/2.8 cells [55]. ET-1 modulation of the expression of these two gene products of osteoblasts suggests that
ET-1 plays a role in the regulation of bone metabolism [55].
Ang II produces similar eﬀects on OPN as ET-1. Ang II
also induces OPN expression in VSMC [56, 57]. The eﬀect
of AngII on OPN is mediated by signaling cascades involving
G(q/11), the Ras-ERK axis, p42/44 MAPK, and the Src kinase
family and by the transcription factor, Ets-1 [57, 58].

6. Effect of ET-1 and Ang II on Bone Formation
The process of vascular calcification is analogous to bone
formation. The putative eﬀects of Ang II and ET-1 on
vascular calcification are consistent with their eﬀects on bone
formation. ET-1 promotes both osteoblastic proliferation
and diﬀerentiation leading to the formation of bone nodules
in osteoblastic progenitor cells [59]. ET-1 modulation of the
expression of the two phenotype-related gene products of
osteoblasts suggests that ET-1 modulates osteoblastic functions and plays a role in the regulation of bone metabolism
[55]. There is some contrary data. ET may decrease the
expression of mRNA for osteocalcin, which is a marker
protein for the maturation of osteoblastic cells and inhibit

the mineralization of osteoblastic cells in vitro under some
circumstances [60].
The eﬀect of Ang II is diﬀerent from ET-1. Ang II
decreased alkaline phosphatase activity in bone cell populations derived from the periosteum of fetal rat calvariae
consistent with reduction in bone formation [61]. Ang II
also stimulates bone resorption. This has been demonstrated
in both in vitro and in vivo models. Ang II stimulated
bone resorption in cocultures of osteoclasts with osteoblastic
cells [62]. In bone marrow-derived mononuclear cells, Ang
II significantly increased osteoclasts via RANKL induction
[63]. In a rat ovariectomy model of estrogen deficiency,
administration of Ang II accelerated the decrease in bone
density and Ang II receptor antagonism attenuated the
decrease in bone density [63]. These data strongly point to
a role for Ang II as factor that reduces the amount of bone
mineralization.

7. Conclusion
In summary, the link between hypertension and coronary
artery calcification can be related to an action of the
vasoconstrictor peptide ET-1 on several processes that have
been implicated in the pathogenesis of coronary artery
calcification. This is illustrated in Figure 4. The ability of
ET1 to consistently increase phosphate transport into the
cell suggests that in conditions of hyperphosphatemia, that
may occurs in end-stage chronic kidney disease, there is a
heightened entry of phosphate into vascular smooth muscle.
An increase in cellular phosphate can increase cellular
calcification through at least three diﬀerent mechanisms—
an increase in calcium x phosphate product transformation
of VSMC to a bone-producing cell phenotype or cell apoptosis that releases procalcific substances. ET-1 aﬀects other
modulators of calcification in a manner that tips the balance
in favor of calcification, namely, inhibiting the inhibitors of
calcification, matrix Gla as well as osteoprotegerin and perhaps fetuin while enhancing the eﬀects of procalcific factors
such as BMP-2 and osteopontin. In contrast, another vasoconstrictor peptide operative in hypertension, angiotensin
II, is highly unlikely to be responsible for coronary artery
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calcification. Ang II inhibits cellular phosphate transport,
and increases the presence of inhibitors of calcification,
matrix Gla protein and osteoprotegerin.
[13]

References
[1] R. D. Abbott, H. Ueshima, K. H. Masaki et al., “Coronary
artery calcification and total mortality in elderly men,” Journal
of the American Geriatrics Society, vol. 55, no. 12, pp. 1948–
1954, 2007.
[2] R. Erbel, S. Mhlenkamp, S. Moebus et al., “Coronary risk stratification, discrimination, and reclassification improvement
based on quantification of Subclinical coronary atherosclerosis: the Heinz Nixdorf Recall study,” Journal of the American
College of Cardiology, vol. 56, no. 17, pp. 1397–1406, 2010.
[3] A. J. Taylor, J. Bindeman, I. Feuerstein, F. Cao, M. Brazaitis,
and P. G. O’Malley, “Coronary calcium independently predicts
incident premature coronary heart disease over measured
cardiovascular risk factors: mean three-year outcomes in the
Prospective Army Coronary Calcium (PACC) project,” Journal
of the American College of Cardiology, vol. 46, no. 5, pp. 807–
814, 2005.
[4] Y. W. Chiu, S. G. Adler, M. J. Budoﬀ, J. Takasu, J. Ashai, and
R. Mehrotra, “Coronary artery calcification and mortality in
diabetic patients with proteinuria,” Kidney international, vol.
77, no. 12, pp. 1107–1114, 2010.
[5] C. S. Fox, M. G. Larson, M. J. Keyes et al., “Kidney function is
inversely associated with coronary artery calcification in men
and women free of cardiovascular disease: the Framingham
Heart Study,” Kidney International, vol. 66, no. 5, pp. 2017–
2021, 2004.
[6] H. Kramer, R. Toto, R. Peshock, R. Cooper, and R. Victor,
“Association between chronic kidney disease and coronary
artery calcification: the Dallas heart study,” Journal of the
American Society of Nephrology, vol. 16, no. 2, pp. 507–513,
2005.
[7] M. Bursztyn, M. Motro, E. Grossman, and J. Shemesh,
“Accelerated coronary artery calcification in mildly reduced
renal function of high-risk hypertensives: a 3-year prospective
observation,” Journal of Hypertension, vol. 21, no. 10, pp.
1953–1959, 2003.
[8] R. Mehrotra, M. Budoﬀ, P. Christenson et al., “Determinants
of coronary artery calcification in diabetics with and without
nephropathy,” Kidney International, vol. 66, no. 5, pp.
2022–2031, 2004.
[9] B. R. Kestenbaum, K. L. Adeney, I. H. D. Boer, J. H. Ix, M. G.
Shlipak, and D. S. Siscovick, “Incidence and progression of
coronary calcification in chronic kidney disease: the multiethnic study of atherosclerosis,” Kidney International, vol. 76,
no. 9, pp. 991–998, 2009.
[10] R. C. Johnson, J. A. Leopold, and J. Loscalzo, “Vascular
calcification: pathobiological mechanisms and clinical implications,” Circulation Research, vol. 99, no. 10, pp. 1044–
1059, 2006.
[11] R. C. Shroﬀ, R. McNair, N. Figg et al., “Dialysis accelerates
medial vascular calcification in part by triggering smooth
muscle cell apoptosis,” Circulation, vol. 118, no. 17, pp.
1748–1757, 2008.
[12] J. L. Reynolds, A. J. Joannides, J. N. Skepper et al., “Human
vascular smooth muscle cells undergo vesicle-mediated calcification in response to changes in extracellular calcium and

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

phosphate concentrations: a potential mechanism for accelerated vascular calcification in ESRD,” Journal of the American
Society of Nephrology, vol. 15, no. 11, pp. 2857–2867, 2004.
S. Mune, M. Shibata, I. Hatamura et al., “Mechanism of
phosphate-induced calcification in rat aortic tissue culture:
possible involvement of Pit-1 and apoptosis,” Clinical and
Experimental Nephrology, vol. 13, no. 6, pp. 571–577, 2009.
L. F. Bielak, S. T. Turner, S. S. Franklin, P. F. Sheedy, and P. A.
Peyser, “Age-dependent associations between blood pressure
and coronary artery calcification in asymptomatic adults,”
Journal of Hypertension, vol. 22, no. 4, pp. 719–725, 2004.
J. H. Ix, R. Katz, B. Kestenbaum et al., “Association of mild
to moderate kidney dysfunction and coronary calcification,”
Journal of the American Society of Nephrology, vol. 19, no. 3,
pp. 579–585, 2008.
A. L. Ammirati, M. A. Dalboni, M. Cendoroglo, S. A.
Draibe, and M. E. F. Canziani, “Coronary artery calcification,
systemic inflammation markers and mineral metabolism in a
peritoneal dialysis population,” Nephron, vol. 104, no. 1, pp.
c33–c40, 2006.
S. M. Moe, “Vascular calcification and renal osteodystrophy
relationship in chronic kidney disease,” European Journal of
Clinical Investigation, vol. 36, no. 2, supplement, pp. 51–62,
2006.
G. A. Block, “Control of serum phosphorus: implications for
coronary artery calcification and calcific uremic arteriolopathy (calciphylaxis),” Current Opinion in Nephrology and
Hypertension, vol. 10, no. 6, pp. 741–747, 2001.
S. M. Moe and N. X. Chen, “Pathophysiology of vascular
calcification in chronic kidney disease,” Circulation Research,
vol. 95, no. 6, pp. 560–567, 2004.
S. Jono, A. Shioi, Y. Ikari, and Y. Nishizawa, “Vascular
calcification in chronic kidney disease,” Journal of Bone and
Mineral Metabolism, vol. 24, no. 2, pp. 176–181, 2006.
K. R. Tuttle and R. A. Short, “Longitudinal relationships
among coronary artery calcification, serum phosphorus, and
kidney function,” Clinical Journal of the American Society of
Nephrology, vol. 4, no. 12, pp. 1968–1973, 2009.
S. A. Abedi, M. K. Tarzamni, M. R. J. Nakhjavani, and
A. Bohlooli, “Eﬀect of renal transplantation on coronary
artery calcification in hemodialysis patients,” Transplantation
Proceedings, vol. 41, no. 7, pp. 2829–2831, 2009.
R. Villa-Bellosta, Y. E. Bogaert, M. Levi, and V. Sorribas,
“Characterization of phosphate transport in rat vascular
smooth muscle cells: implications for vascular calcification,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 27, no.
5, pp. 1030–1036, 2007.
X. Li, H. Y. Yang, and C. M. Giachelli, “Role of the sodiumdependent phosphate cotransporter, Pit-1, in vascular smooth
muscle cell calcification,” Circulation Research, vol. 98, no. 7,
pp. 905–912, 2006.
L. Dallaire and R. Beliveau, “Phosphate transport by capillaries of the blood-brain barrier,” The Journal of Biological
Chemistry, vol. 267, no. 31, pp. 22323–22327, 1992.
P. S. Sunga and S. W. Rabkin, “Regulation by angiotensin
II of phosphate transport in cardiac myocytes,” Biochemical
Pharmacology, vol. 42, no. 5, pp. 1123–1128, 1991.
L. Dallaire, S. Giroux, and R. Beliveau, “Regulation of phosphate transport by second messengers in capillaries of the
blood-brain barrier,” Biochimica et Biophysica Acta, vol. 1110,
no. 1, pp. 59–64, 1992.

6
[28] Y. Tomino, “Eﬀects of endothelin 1 on phosphate transport in
brush border membrane vesicles,” Nephron, vol. 76, no. 1, pp.
72–76, 1997.
[29] H. Masukawa, Y. Miura, I. Sato, Y. Oiso, and A. Suzuki, “Stimulatory eﬀect of Endothelin-1 on Na-dependent phosphate
transport and its signaling mechanism in osteoblast-like cells,”
Journal of Cellular Biochemistry, vol. 83, no. 1, pp. 47–55, 2001.
[30] J. Guntupalli and T. D. DuBose Jr., “Eﬀects of endothelin on
rat renal proximal tubule Na+-P(i) cotransport and Na+/H+
exchange,” American Journal of Physiology, vol. 266, no. 4, pp.
F658–F666, 1994.
[31] M. Cattaruzza, C. Dimigen, H. Ehrenreich, and M. Hecker,
“Stretch-induced endothelin B receptor-mediated apoptosis
in vascular smooth muscle cells,” FASEB Journal, vol. 14, no.
7, pp. 991–998, 2000.
[32] M. Cattaruzza, M. M. Berger, M. Ochs et al., “Deformationinduced endothelin B receptor-mediated smooth muscle
cell apoptosis is matrix-dependent,” Cell Death and
Diﬀerentiation, vol. 9, no. 2, pp. 219–226, 2002.
[33] J. L. Bascands, J. P. Girolami, M. Troly et al., “Angiotensin II
induces phenotype-dependent apoptosis in vascular smooth
muscle cells,” Hypertension, vol. 38, no. 6, pp. 1294–1299,
2001.
[34] J. Y. Kong and S. W. Rabkin, “Angiotensin II does not induce
apoptosis but rather prevents apoptosis in cardiomyocytes,”
Peptides, vol. 21, no. 8, pp. 1237–1247, 2000.
[35] S. Y. Wu, B. H. Zhang, C. S. Pan et al., “Endothelin-1 is a
potent regulator in vivo in vascular calcification and in vitro
in calcification of vascular smooth muscle cells,” Peptides, vol.
24, no. 8, pp. 1149–1156, 2003.
[36] R. Essalihi, V. Ouellette, H. H. Dao, M. D. McKee, and
P. Moreau, “Phenotypic modulation of vascular smooth
muscle cells during medial arterial calcification: a role for
endothelin?” Journal of Cardiovascular Pharmacology, vol. 44,
no. 1, pp. S147–S150, 2004.
[37] H. H. Dao, R. Essalihi, J. F. Graillon, R. Larivière, J. De
Champlain, and P. Moreau, “Pharmacological prevention and
regression of arterial remodeling in a rat model of isolated
systolic hypertension,” Journal of Hypertension, vol. 20, no. 8,
pp. 1597–1606, 2002.
[38] E. Mustonen, V. Pohjolainen, J. Aro et al., “Upregulation
of cardiac matrix Gla protein expression in response to
hypertrophic stimuli,” Blood Pressure, vol. 18, no. 5, pp.
286–293, 2009.
[39] B. J. Bennett, M. Scatena, E. A. Kirk et al., “Osteoprotegerin
inactivation accelerates advanced atherosclerotic lesion
progression and calcification in older ApoE−/− mice,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 26, no.
9, pp. 2117–2124, 2006.
[40] C. S. Moran, B. Cullen, J. H. Campbell, and J. Golledge,
“Interaction between angiotensin II, osteoprotegerin, and
peroxisome proliferator-activated receptor-γ in abdominal
aortic aneurysm,” Journal of Vascular Research, vol. 46, no. 3,
pp. 209–217, 2009.
[41] J. Golledge, M. McCann, S. Mangan, A. Lam, and M. Karan,
“Osteoprotegerin and osteopontin are expressed at high
concentrations within symptomatic carotid atherosclerosis,”
Stroke, vol. 35, no. 7, pp. 1636–1641, 2004.
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Vascular calcification is common in ESRD patients and is important in increasing mortality from cardiovascular complications
in these patients. Hyperphosphatemia related to chronic kidney disease is increasingly known as major stimulus for vascular
calcification. Hyperphosphatemia and vascular calcification become popular discussion among nephrologist environment more
than five decades, and many researches have been evolved. Risk factors for calcification are nowadays focused for the therapeutic
prevention of vascular calcification with the hope of reducing cardiovascular complications.

1. Introduction
Vascular calcification is a kind of extraosseous calcification and is associated with aging physiologically, and a
number of disorders including ESRD, diabetes mellitus,
and cardiovascular disease pathologically. Multifactorial processes contribute to VC in which derangements in calcium
and phosphorus homeostasis plays an important role and
becomes popular therapeutic target nowadays. In ESRD
patients with vascular calcification, a mixture of intimal
and medial calcification has been observed in the eﬀected
vessels with dominant medial involvement. The risk of CVD
mortality in ESRD patients with vascular calcification is 20
to 30 times higher than that of the general population [1–5].
Although phosphate is important for diverse cellular
and physiological functions, impaired renal function with
resultant phosphate accumulation with consequent bone
and mineral disorders and vascular calcification are major
problems among nephrologists. The increased risk of CVD
mortality by hyperphosphatemia was partially explained by
the predisposition of this population to vascular calcification
[6–8]. (Figure 1) Even in early stage CKD, serum phosphorus
level disturbances are proved to promote vascular calcification, hypertension, myocardial hypertrophy, and heart fai-

lure [9–11]. Current understanding of relationship between
phosphorus and those disorders becomes popular in medical
field, with the hope of halting or retarding the vascular
calcification from the very early status in those patients.

2. Traditional Concepts in ESRD
Patients with Vascular Calcification
2.1. Vascular Calcification in ESRD Patients. Vascular calcification (VC), an extra osseous calcification of arteries,
is strongly associated with CKD patients with or without
hemodialysis. Two types of VC include neointimal calcification, which occurs in large and medium-sized arteries,
and medial calcification, which occurs in arteries of any
size, including arterioles. VC is an important indicator of
atherosclerosis, and its occurance directly predict prognosis of atherosclerotic disease [12]. Uremic atherosclerotic
plaques are more calcified and fibroatheromatous than those
in aging, with similar cellular infiltrates [13] and more of
tunica media involvement [14, 15]. VC in ESRD patients,
those especially found in the tunica media of large arteries,
may lead to increased stiﬀening and decreased compliance of
these vessels. Consequent increased arterial pulse wave velocity, pulse pressure, and impair arterial dispensability result
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Figure 1: Mechanisms of VSMC osteogenesis during vascular calcification in chronic kidney disease. VSMC upregulate expression of
transcription factors Osf2/Cbfa1 which were enhanced by ROS, leptin, vitamin D, increased CaxP product, or high PO4 (Pi) levels induced
by Pit-1. VSMC activation occurs in part as a result of the phenotypic switch of VSMCs into osteoblast-like cells. VSMCs that have acquired
an osteogenic phenotype express ALP and produce hydroxyapatite crystals. Calcification inhibitors such as PPi inhibit hydroxyapatite
precipitation, whereas fetuin-A, MGP, OPG, OPN, and BMP-7 antagonize calcification. VSMC: Vascular smooth muscle cells, Osf2/Cbfa1:
Osteoblast-specific transcription factor, ROS: Reactive oxygen species, CaxP product: Calciumx phosphate produce, PO4(Pi): Phosphate, Pit1: Sodium-phosphate cotransporter-1, ALP: Alkaline phosphatase, PPi: Pyrophosphate, MGP: Matrix Gla protein, OPG: Osteoprotegerin,
OPN: Osteopontin, BMP: Bone morphogenic protein.

in increase afterload and left ventricular hypertrophy, which
finally compromise coronary perfusion with development of
congestive heart failure [7, 10, 16–19].
2.2. Risk Factors of Vascular Calcification in ESRD Patients.
Risk factors for premature VC in ESRD patients are diﬀerent
from the traditional atherogenic risk factors. Hyperparathyroidism and alteration in Ca-P mineral metabolism, especially hyperphosphatemia, modulate renal osteodystrophy
and vascular medial calcification [20, 21]. Microinflammation with chronically elevated acute phase protein CRP
relates with intimal calcification and predicts the CV mortality. The presence of C. pneumoniae in arterial walls and
atherosclerotic lesions also related this persistant infection
with atherosclerotic vascular lesions in CKD with or without
dialysis patients [13, 19]. Longer hemodialysis duration is
also found to be significantly relate with severe vascular
calcification [4, 5, 21, 22]. Furthermore, hyperglycemia and
hyperphosphatemia are two most significant factors to be
considered in ESRD patients with and without diabetes
mellitus, respectively [23].

2.5 to 4.5 mg/dL by a variety of mechanisms until renal disease has progressed to approximately CKD stage 5 or ESRD
[24, 25]. Adaptation of nephrons in attempt to preserve
phosphate homeostasis in ESRD patients plays an important
role for VC. Hyperphosphatemia result in secondary hyperparathyroidism, calcium and vitamin D derangements, vascular calcification, and mineral bone disorders. Additionally,
hyperparathyroid state and altered vitamin D status in ESRD
patients also play a major role in extraosseous calcifications
[1, 26–28]. Higher serum phosphorus levels may increase
serum PTH levels even in healthy individuals [29]. Our
previous study revealed serum PTH levels may stimulate
inflammatory marker IL-6 production in HD patients [30,
31]. Higher levels of serum IL-6 and hsCRP also associated
with increased VC and CVD risk. Higher serum phosphorus
levels also inhibit 1,25-dihydroxyvitamin D synthesis [32,
33]. Lower 1,25-dihydroxyvitamin D status was associated
with myocardial dysfunction [27, 34] and increased coronary
vascular calcification [26, 27, 35]. The eﬀects of vitamin D on
vascular calcification are biphasic pattern with both excess,
and deficiency may promote its development [17].

2.3. Role of Phosphate in ESRD with Vascular Calcification.
Serum phosphate concentration is usually maintained within

2.4. Mechanism of Vascular Calcification. Vascular calcification involves two distinct events, smooth muscle cell
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transformation and mineralization. Normally, blood vessels
express inhibitors of mineralization, like pyrophosphate,
matrix Gla protein, fetuin A, and loss of these inhibitors may
result in spontaneous vascular calcification. Fetuin A also
plays a role in inhibition of CaxP precipitation [36].
The presence of bone-like tissue including osteoblastlike cells and hematopoietic elements within atherosclerotic
plaque suggest VC as osteogenic diﬀerentiation of vessel wall
cells [37–40]. A signal from AS plaque induces expression of
potent osteogenic diﬀerentiation factor BMP-2a, with bone
matrix and calcium hydroxyapatite crystals deposition in the
arterial wall cells [41, 42]. Osteoprotegerin (OPG) [43, 44]
inactivates the osteoclasts by blocking RANK activation. In
dialysis patients, serum OPG levels are associated and predict
progressive vascular calcification especially when CRP level
is increased. Unregulated, degenerative calcification process
within advanced AS plaque is progressive and severe in ESRD
patients.
Hyperphosphatemia plays a very important role in
ESRD related arteropathy [6, 7, 45]. In hyperphosphatemic
environment (P > 2.4 mM), the vascular smooth muscle
cell culture systems revealed both osteochondrogenic phenotypic change and mineralization through sodium-dependent
phosphate cotransporter, Pit-1 [39, 46, 47]. There was loss of
smooth muscle-specific gene expression and upregulartion
of bone diﬀerentiation genes that translate into diﬀerential
factors (Osteocalcin, osteopontin and Runx2, etc.), with the
resultant osteogenic diﬀerentiation. Calcium deposition also
occurs in prolonged hypercalcemic (>2.6 mM) environment.
Calcium increases Pit-1 mRNA levels, increases smooth
muscle cell sensitization to phosphorus, and results in
osteoblastic diﬀerentiation. Elevated serum calcium was also
associated with elevated CaxP product, altered alkaline phosphatase, and decreased marix Gla protein, which together
play a role in VC [48].
Recent study revealed that calcium phosphate deposition
may trigger the osteogenic changes. Calcium phosphate
deposition (CPD) occurs as a cellular independent phenomenon which depends on calcium, phosphate, and hydroxyl
ions concentration, but not on CaxPi concentration products
[49]. A mouse lacking the VC inhibitor matrix-Gla protein had spontaneous extensive extraosseous calcifications
despite normal Ca and P concentrations [50]. Mineralization
is actively inhibited and prevented in the arteries. The loss
of calcification inhibitors and CPD may lead to specific
osteogene expression and VSMC diﬀerentiation and finally
result in vascular calcification [49].
A genetic mechanism of hyperphosphatemia on vascular
calcification was cited by Wu-Wong et al. in 2007. Elevated
P modulates through VDR mRNA stability and PPARγmediated gene expression may lead to its detrimental eﬀects
including vascular calcification [20].
The calcium-sensing receptor (CaSR), which is expressed
in vascular wall, plays key role in inhibition of vascular
calcification in patients with chronic kidney disease (CKD).
After CaSR stimulation, many intracellular signaling events
occur via MEK1/ERK1,2 and PLC pathways and lead to proliferation of vascular smooth muscle cells. CaSR-mediated
PLC activation is important for SMC survival and protection
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against apoptosis [51, 52]. Calcimimetic agents act on
CaSR increasingly known nowadays for treatment of SHPT
and CKD-MBD. Calcimimetics activate vascular calciumsensing receptor and modulate the expression of VC inhibitor
proteins like matrix Gla [53]. Calcimimetics were shown to
have better plasma PTH controlling than calcitriol in uremic
rats [54]. It also revealed that combination of Calcimimetics
with calcitriol prevents VC and reduced mortality. Apart
from controlling serum PTH levels, these agents also reduce
calcium (Ca), phosphate (P), and CaxP product levels, which
is more beneficial than other calcium containing phosphate
binders and vitamin D analogues [53, 54]. These studies
revealed that those agents may even reverse some vascular
abnormalities in CKD.

3. Contemporary Concepts in ESRD Patients
with Vascular Calcification
3.1. Role of Inflammation and Oxidative Stress. HD patients
with secondary hyperparathyroidism may be under an
environment of increased serum inflammatory cytokines
and oxidative stress [30, 55]. High PTH levels, inflammation, and oxidative stress may involve together in CKDMBD and cardiovascular calcification in SHP patients. Our
recent study showed calcitriol can eﬀectively suppress PTH
secretion and reduce inflammatory markers including CRP
and IL-6 [31]. While using vitamin D analogues in CKD
patients, we have to note that, on one side, with increasing
survival benefit, and on the other side, with some risks of
vascular calcification. Thus, vitamin D in its form of less
hypercalcemic agent paricalcitol, combination therapy with
calcimimetic agents is becoming popular nowadays. Zhao et
al. [56] demonstrate recently that increased mitochondrial
membrane potential may lead to intracellular and mitochondrial reactive oxygen species (ROS) stimulation, with
resultant superoxide production, and increased oxidative
stress. These ROS mediate p65 nuclear translocation which
is found to associate with phosphate-induced VC [56].
Osteogenic diﬀerentiation factor bone morphogenic protein2a (BMP-2a), a well-known mediator of VC, is nowadays
found to be a molecular link between oxidative stress and
arterial stiﬀness due to vascular calcification [41, 57].
3.2. FGF23-Klotho Axis. The fibroblast growth factor–23
(FGF-23) and klotho genes are growingly known to regulate
phosphate homeostasis recently [58]. Fibroblast growth
factor-23 inhibits proximal renal and intestinal phosphorus
absorption and klotho gene express in renal distal convoluted
tubules and parathyroid gland. In mice, deletions of klotho
and FGF-23 genes found to result in hyperphosphaemia,
vascular calcification, arteriosclerosis, elevated 1,25(OH)2 D,
and osteopenia.
Patients with CKD have elevated FGF-23 levels early in
the course of disease before clinically significant hyperphosphatemia occurs. Increased circulating FGF-23 target the
remnant nephrons, enhance phosphate excretion, and inhibit
1,25(OH)2 D3 production. Thus, frank hyperphosphatemia
does not develop until GFR < 30 mL/min. FGF-23 concentrations directly correlate with renal function. Higher
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FGF-23 levels indicate rapidly progressive CKD, and also
predict mortality in HD patient, thus, FGF-23 level may
become important as creatinine level in kidney function
assessment in future [59]. FGF-23 in earlier CKD increase
phosphate excretion and prevent the development of vascular calcification. Higher FGF-23 also lead to reduced serum
levels of 1,25(OH)2 D in early CKD despite high PTH.
Its phosphaturic and hypovitaminosis D eﬀects are more
important than PTH in earlier stages of CKD. The resultant
low serum 1,25(OH)2 D and hypocalcemia enhance PTH
secretion and progress to secondary hyperparathyroidism.
FGF-23, together with cofactor klotho, act on FGF receptor
in parathyroid gland and reduce its secretion. But, in later
stages of CKD, FGF23 resistance and hyperphosphatemia
lead to secondary HPTH despite high FGF23 levels. Due to
progressive nephron loss, the number of nephrons responds
to FGF-23 reduced and phosphate retension occurs in
late stage CKD. Abnormally high FGF23 levels in later
stages of CKD lead to vascular dysfunction, left ventricular
hypertrophy, and early mortality. Aortic calcification can
be predicted by measuring FGF-23 level in hemodialysis
patients [60]. Phosphate binders or use of long-acting PTH
analogs to reduce intestional phosphate reabsorption in
earlier stages CKD may reduce FGF-23 production and
prevent those complications. In future, FGF-23 may be an
important therapeutic target in management of CKD and
hyperphosphatemia.
3.3. Role of Metabolic Acidosis. Metabolic acidosis which is
very common in CKD patients may lead to bone dissolution
by osteoclast activation and osteoblast inhibition [61, 62].
Our studies prove that acute correction of metabolic acidosis
improves osteoblast function, increases 1,25(OH)2 D3 levels,
and attenuates circulating PTH activity in chronic renal failure patients, and it underlines the importance of maintaining
normal acid-base homeostasis in chronic renal failure [63–
65]. Mendoza et al. [66] hypothesize an assumption that the
response of extraosseous calcification to metabolic acidosis
may be similar to that of bone, and, given that metabolic
acidosis impairs bone mineralization, it is likely to attenuate
the extraosseous calcification processes. They investigate the
in vivo eﬀect of metabolic acidosis on the development
of vascular and other soft-tissue calcifications in a rodent
model of uremia. Their results show that metabolic acidosis
eventually prevents the development of calcitriol-induced
extraskeletal calcifications in uremic rats, even with elevated
plasma Ca and P levels. Metabolic acidosis plays a complex
mechanism in VC, including stimulating of the solubility of
Ca-P deposits, suppressing parathyroid secretion, inhibiting
some osteogenic enzymes, blocking bone matrix formation,
modulating the upregulation of Pit-1, and finally blocking
phosphate uptake by the arterial smooth muscle cells [61].
3.4. Role of Adipocytokine Leptin. Increased BMI and abdominal obesity are well known to be related with metabolic syndrome and cardiovascular complications. Mediators released
from adipose tissue are recently shown to be playing a role
in promoting CVD. It has been shown in our previous
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study that adipocytokine leptin level is a marker for body
adiposity in hemodialysis patients [67]. Studies conducted
by Zeadin et al. [68] and Martin et al. [69] showed that a
positive correlation between plasma leptin levels and CAC.
It has been demonstrated that leptin promote osteoblastic
diﬀerentiation of vascular smooth muscle cells and, thus,
possibly lead to vascular calcification.
3.5. Role of Salivary Phosphate. In uremic patients, hyperphosphatemia is found to be poorly controlled even with the
use of phosphate binders and dietary phosphate limitation
in addition to dialysis. Savica et al. [70] found the role
of salivary phosphate in worsening hyperphosphatemia in
CKD patients. The salivary phosphorus ratio in dialysis
patients was more than two times compared with healthy
controls, and salivary phosphorus was five times higher
than serum phosphorus in those patients. Thus, salivary
phosphate binders could be an eﬃcient approach in treating
hyperphosphatemia in those patients.
3.6. Role of Pyrophosphate. Recent data suggest that deficient
in pyrophosphate (PPi), a potent inhibitor of vascular
calcification, may increase the medial vascular calcification
in advanced kidney disease [71]. Levels of PPi are reduced in
hemodialysis patients [72]. Hydrolysis of PPi is increased in
aortas from uremic rats because of upregulation of alkaline
phosphatase, providing a mechanism for vascular deficiency
of PPi. Therefore, the data suggest that exogenous PPi may be
useful in treating or preventing uremic vascular calcification.
O’Neill and colleagues [73] show in uremic rats that systemic administration of pyrophosphate prevents or reduces
uremia-related vascular calcification, without overt negative
consequences for bone and without calcium pyrophosphate
deposition disease. These findings prompt further research
into the potential of pyrophosphate as treatment for vascular
calcification in chronic kidney disease patients.
3.7. New Concept on Measures to Halt Phosphorus-Related
Vascular Calcification. Factors that relate with vascular
calcification process in CKD patients include phosphorus
activation of the Pit-1 receptor, bone morphogenic proteins 2
and 4, leptin, endogenous 1,25 dihydroxy vitamin D, vascular
calcification activating factor, and measures of oxidative
stress. These entities may become future targets for diagnosis
and treatment since standard hydroxymethylglutaryl-CoA
reductase inhibitors have been shown to be failing to
attenuate the progressive VC in those patients.
Dietary and therapeutic phosphorus control stands out
as an important and basic step of preventing progressive
VC in CKD patients. Dietary phosphorus control plays an
important regulatory role in mineral homeostasis. Phosphorus is absorbed throughout the intestines and via 2 separate
processes, a sodium-independent paracellular pathway and
sodium-dependent carrier-mediated transcellular pathway
(NaP-IIb) [74]. Low dietary phosphorus level may increase
that type II b Na-P cotransporters protein expression on
enterocytes with increasing P absorption. The percentage
of dietary absorption varies with intake. At high levels of
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intake (>10 mg/kg/day), approximately 70% of the ingested
P is absorbed, whereas at lower levels of intake, as much as
80%–90% may be absorbed. Net intestional P absorption
may be somewhat lowered in patients with ESRD. Inorganic
phosphate is an important P which is found mostly in food
additives like enhanced meat products, cereal and snack
bars, flavored waters, and frozen meals, with 90% to 100%
absorption. Thus, the principle of Pi management in ESRD
patients is to restrict dietary Pi intake to 1∼1.4 g/day, usage
of phosphate binders as needed, and if still noncompliant
can increase the dialysis time (Nocturnal HD) and frequency
(Short Daily HD) with target levels of Pi < 4.6 mg/dL in CKD
stage 3,4 and 3.5–5.5 mg/dL in CKD stage 5.
With concept of insuﬃcient phosphorus removal by
conventional hemodialysis, phosphate binders are taking to
reduce gastrointestional phosphate absorption by virtually
all hemodialysis patients. Due to potential risk of VC with
calcium overload, Calcium-based phosphate binders are
nowadays replaced by non-Ca-based ones. Sevelamer HCl
[75–77] and Lanthanum carbonate [78–80] are the non-Cabased phosphate binders well known nowadays with beneficial eﬀects on vascular calcification. Sevelamer found to exert
many benefits on VC by increasing fetuin-A levels, reducing
systemic inflammation and modulating lipid profiles [81–
83]. Eﬃcacy and safety of new non-calcium, iron-based
phosphate binder SBR759 was studied by Block et al. in a
phase I clinical trial. Risks of iron accumulation and hypocalcemia were addressed but appear to be well tolerated [84].
Pyrophosphate, serve as an endogenous inhibitor of calcification and prevent hydroxyapatite formation in the vessel
walls [85–87]. Pyrophosphate stands important defense
against calcification in vessels without adverse eﬀects on
bone [73]. Thus, pyrophosphate becomes recent popular medication research in progress. Nitrogen-containing
bisphosphonates (NCBPs) (e.g., ibandronate, alendronate,
risedronate, and zoledronate) may inhibit the cardiovascular
calcification [88, 89]. Etidronate may also reduce chronic
inflammatory response and decrease OPG concentrations
with the resultant decrease in vascular calcification in dialysis
patients [90].
Niacin lowers serum phosphate and increases HDL
cholesterol in dialysis patients. Niaspan (prolonged-release
nicotinic acid) lowers serum phosphate and increases HDL
cholesterol in dialysis patients [91, 92]. Patients with ESRD
often have markedly elevated salivary phosphate concentration, independent of food content. A recent study on thirteen
HD patients with serum phosphate levels > 6.0 mg/dL
chewed 20 mg of chitosan-loaded chewing gum twice daily
for 2 wk at fast in addition to oral compound found to be
a useful approach for improving treatment of hyperphosphatemia in HD patients [93]. An experiment on ammonium chloride on uremic rats having a high phosphorus diet
and calcitriol treatment may prevent vascular calcification
[66]. This explains that the alkaline pH environment which
occurs during regular HD even for a short time may lead
to vascular calcification [94]. Thiosulfate, previously taken
for urolithiasis events, nowadays seem to reduce vascular
calcification [95]. Additional clinical trials on Thiosulfate are
still underway [96]. Vitamin K analogues serve as cofactors
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for gamma-carboxylation of proteins including coagulation
factors and matrix gla protein (MGP). MGP regulate vascular
calcification, and its deficiency may lead to severe VC and
CVD [50].

4. Conclusion
Vascular calcification started with extracellular phosphate
regulation of vascular smooth muscle cell osteogenic diﬀerentiation and calcium phosphate mineralization. Generalized inflammatory condition in ESRD patients also suggested
playing as an important factor in VC. FGF23-Klotho axis in
regulating serum P levels and their roles in CVD become
uncovered recently, while newer concepts of PTH and
vitamin D are still evolving. It is increasingly accepted that
factors promoting VC and inhibiting VC are in balance with
excess of any one may relate with adverse eﬀects in CKDMBD and VC. Management trends are shifting from treating
VC in older days to preventing VC in the new era. For the
last, but not the least, the main target for all those eﬀorts is
to improve survival and life quality of these ESRD patients.
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Increased arterial stiﬀness is a marker of vasculopathy in chronic kidney disease (CKD) patients, suggesting a significant
cardiovascular damage. Detection of arterial stiﬀness provides physicians with useful prognostic information independent of
traditional cardiovascular (CV) risk factors. In addition, this knowledge may help guide appropriate therapeutic choices and
monitor the eﬀectiveness of antihypertensive therapies. We review the relationship between arterial stiﬀness and CKD, as well as
the prognostic implications of increased arterial stiﬀness and the potential therapeutic strategies to ameliorate arterial compliance
and outcome in CKD.

1. Introduction
Traditional CV risk factors are of major importance to
identify subjects at risk for cardiovascular disease (CVD).
However, in spite of a significant over-representation, traditional CV risk factors do not accurately predict survival in
CKD patients. Hence, several new biomarkers of CV risk and
disease have been identified in the hope to refine the CV risk
assessment.
It is important to diﬀerentiate between circulating
and tissue biomarkers. Serum concentration of circulating
biomarkers may vary substantially according to the instant
risk at which an individual is exposed. Nevertheless, several
factors may influence and confound their serum levels, and
a recent article questioned the added value of the use of
multiple serum biomarkers to refine the risk assessment and
outcome prediction [1].
To the contrary, tissue biomarkers such as vascular
calcification or arterial stiﬀness are signs of true tissue
damage rather than risk factors. In other words, they reflect
the cumulative exposure to damaging factors that have
harmed the cardiovascular system. Notably, a growing body
of evidence suggests that tissue biomarkers can be useful

in combination with traditional CV risk factors to assess
the CV risk of a single individual. Indeed, arterial stiﬀness
or vascular calcification evaluation adds a significant and
independent contribution in the prediction of microvascular
damage of the heart, brain, retina, and kidney as well as CV
outcome.
The usefulness of a biomarker depends on its accuracy
in detecting the disease and in guiding treatment. The aim
of this paper is to summarize the available evidence that
supports the use of arterial stiﬀness assessment in CKD
patients.

2. Vascular Remodeling and Arterial Stiffness
Large central arteries play a key role in converting the pulsatile cardiac outflow into a continuous blood flow throughout the arterial tree. In systole, the heart pushes a volume
of blood (i.e., stoke volume) into the thoracic aorta (ejection
phase). Because fluids are uncompressible, the stroke volume
distends the thoracic aorta. By stretching, the arterial wall
accumulates the elastic energy that maintains the blood flow
during diastole when the ejection phase is over (Windkessel
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eﬀect). Thus, the pulsatile flow is converted into a continuous flow by the cyclic distention and recoiling of central
arteries.
The muscular and endothelial cells as well as other
components of the arterial wall have to adapt to the diﬀerent
stimuli to which they are exposed to maintain an adequate
blood perfusion during diastole. However, aging, increase in
the mean arterial pressure, diabetes, or other noxious factors
exposure induces vascular structure and function changes
that ultimately may lead to arterial wall stiﬀness increase.
In this regard, a few lines of evidence suggest that exposure to traditional and nontraditional CV risk factors leads
to arterial wall remodeling and reduced arterial compliance.
All these changes negatively aﬀect the process that converts
the pulsatile in continuous blood flow impairing the oxygen
supply to peripheral tissues.
Thus, arterial stiﬀness might be considered as a measure
of arterial damage due to the cumulative exposure of aging
and diﬀerent traditional and non-traditional CV risk factors.

3. Arterial Stiffness and Chronic Kidney
Disease: A Vicious Cycle
Many clinical and epidemiological studies have documented
that patients with impaired kidney function are at increased
risk of CV events and mortality [2]. Notably, the association
of CKD and CV events is significant even with mild decrements of renal function not suﬃciently severe to result in
elevated serum creatinine [3].
The mechanisms responsible for this strong association
are not well established. However, a few lines of evidence
suggest that arterial stiﬀness increases with progressive
worsening of renal function. A seminal paper by Wang
and coworkers [4] showed a clinically meaningful increase
in the aortic pulse wave velocity (PWV), an accurate and
reproducible parameter of arterial stiﬀness, with estimated
glomerular filtration rate (eGFR) decline. In this study, while
PWV was comparable between age-matched controls and
CKD 1-2 patients, there was a significant trend for a stepwise
increase in PWV with more advanced stages of CKD (3
through 5). Notably, multivariable analyses confirmed the
independent association between eGFR and PWV [4].
This observation was confirmed by other studies. Ix and
coworkers [5] demonstrated in a large cross-sectional study
of 4,513 individuals from the general population that arterial
stiﬀness assessed via the ankle-brachial index (ABI) was
associated with even mild impairments of the renal function
(i.e., eGFR below 80 mL/min) estimated by Cystatin-C.
In spite of adjustment for age, sex, race, hypertension,
diabetes, smoking, body mass index, LDL cholesterol, HDL
cholesterol, and CRP, values of eGFR below 80 mL/min
were associated with high ABI (RR 1.6; 95% CI 1.0–2.3;
P = .03). Notably, these results were similar when CKD
was defined by creatinine. Another study by Makita et al.
[6] further expanded the observation by documenting that
arterial stiﬀness increases in early CKD stages even in the
absence of disease of the intimal layer of the arterial wall and
independently of traditional CV risk factors [6].
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The link between CKD and arterial stiﬀness is further
complicated by the fact that arterial stiﬀness may promote
CKD progression [7–9]. Though evidence is far from being
conclusive, Tomiyama et al. [9] noted that higher brachialankle pulse wave velocity (baPWV) was associated with
greater annual rate of eGFR decline in a large cohort of 2053
Japanese subjects. Every increase of 1 m/s in baseline baPWV
was associated with a 36% greater risk of having the GFR
dropping below 60 mL/min at followup (odds ratio 1.36;
95% confidence interval: 1.09–1.70; P < .01). In contrast,
baseline eGFR did not seem to be associated with the annual
rate of change in baPWV suggesting that elevated arterial
stiﬀness may also be an independent predictor of renal
function decline [9].

4. Arterial Stiffness as a Marker of
CV Disease and Poor CV Prognosis
As a marker of cardiovascular disease, increased arterial
stiﬀness is linked to several other markers of CV dysfunction
such as microalbuminuria and proteinuria, vascular calcification (VC), and left ventricular hypertrophy (LVH).
A few lines of evidence suggest that albuminuria, a
recognized marker of vascular dysfunction, is associated
with arterial stiﬀness. In a large observational study of 2180
patients, Liu and coworkers [10] noted a significant trend
(P < .001) toward a higher probability of having albuminuria
associated with higher brachial-ankle pulse wave velocity
(baPWV). When compared to the lowest quartile of baPWV,
the adjusted odds ratios of having albuminuria during the
followup were 1.12 (95% CI: 0.63–2.02), 2.04 (95% CI: 1.15–
3.60), and 2.45 (95% CI: 1.29–4.65) for the second, third, and
fourth quartile of baPWV, respectively. Notably, the strength
of the association between baPWV and microalbuminuria
was not attenuated by multiple adjustments for potential
confounders and was enhanced in diabetic and hypertensive
patients [10].
A significant link between aortic PWV and vascular
calcification burden has also been described in CKD patients.
In a previous work [11], we showed that CKD patients
receiving dialysis with great calcification burden in the
abdominal aorta were more likely to have a significantly
higher PWV. Adjustment for several confounders did not
significantly aﬀect this association [11]. In another paper
by Di Iorio et al. [12], every 20 units increase in CACS
corresponded to a significant 23% (95% CI: 1.12–1.27;
P < .001) increase in the risk of experiencing 1 m/sec
increase in PWV during follow-up. Interestingly the link
between arterial stiﬀness and the chronic kidney diseasemineral bone disorder (CKD-MBD) syndrome might not be
limited to vascular calcification. Indeed, data from the MultiEthnic Study of Atherosclerosis (MESA) study show that
higher phosphorous levels are strongly associated with the
ankle-brachial index (ABI). A phosphorous level >4 mg/dL
compared with <3.0 mg/dL was associated with a significant
fourfold increased risk for high ABI (>1.3)(relative risk : 4.6;
95% CI 1.6–13.2; P = .01) [13].
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A few cross-sectional studies [14–16] and a recent randomized controlled trial (RCT) [17] support the hypothesis
of a strong connection between arterial stiﬀness and left
ventricle and atrium remodeling. Indeed, lower arterial compliance increases aortic pulse pressure and the cardiac workload possibly leading to left ventricular hypertrophy (LVH)
and dysfunction. Nitta and coworkers [14] documented a
significant correlation between LVH and PWV (r = 0.44,
P = .0014) in a small series of 49 patients receiving dialysis.
A subsequent paper [18] showed in a cohort of CKD stage 2
and 3 patients that aortic distensibility and LV mass assessed
by cardiac magnetic resonance were inversely associated (r =
0.349, P < .01) [18]. Notably, examinations of patients
and controls showed that arterial elastance (a measure of
aortic stiﬀness) and end-systolic elastance (a measure of left
ventricular stiﬀness) were significantly correlated (r = 0.692,
P < .001) underscoring the association between arterial
stiﬀness and cardiac function [18]. Finally, a recent RCT
[17] documented that the addition of spironolactone on top
of ACE inhibitors or angiotensin receptor blockers (ARBs)
attenuates both left ventricular hypertrophy and arterial
stiﬀness.
Low arterial compliance has been associated with an
excess of morbidity and mortality in the general population
and in CKD patients [19, 20]. In a seminal study, Blacher and
coworkers [20] documented that aortic stiﬀness determined
by measurement of aortic PWV was linearly associated with
all-cause and CV mortality in a cohort of 241 patients
undergoing maintenance dialysis (adjusted odds ratio per
1 m/sec increase in all-cause mortality: 1.39: 95% CI, 1.19 to
1.62). Similar results were reached in a larger series of 1084
patients receiving dialysis recruited in the CORD study [21].
Indeed, each 1 m/s increase in PWV was associated with a
significant 15% higher risk of dying during the 24 months of
follow-up [21]. Of interest is that adjusting for age, diabetes,
and serum albumin did not attenuate these results [21].

5. Therapeutic Approaches to Arterial Stiffness
and Impact of Arterial Stiffness Attenuation
on Survival
A few therapeutic approaches have been attempted to reduce
arterial stiﬀness both in the general population and in CKD
patients.
Agents that modulate mineral metabolism abnormalities may positively aﬀect arterial stiﬀness. Two small
observational studies showed that the use of Sevelamer, a
noncalcium-containing phosphate binder, may significantly
attenuate PWV deterioration in CKD patients receiving
chronic dialysis [22, 23]. In another small series of 132
patients new to dialysis, the use of Sevelamer was associated
with a significant reduction in the risk of PWV increase
during the first 12 months of dialysis (odds ratio: 0.86;
95%CI 0.83–0.91, P = .05) [12]. Cinacalcet may also
reduce arterial stiﬀness in hemodialysis patients [24]. Indeed,
Bonet and coworkers [24] in a small-scale prospective and
observational study noted that cinacalcet administration to
21 patients resulted in a significant reduction of PWV after
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12 months (9.35 (1.83) versus 8.66 (1.86) m/sec; P = .03;
before and after treatment).
Some preliminary data suggest that Lipid lowering agents
may also lower arterial stiﬀness. In a recent RCT [25],
37 CKD stage 2–4 patients were selected to receive 10 mg
atorvastatin or placebo for 3 years. At study completion,
aortic PWV showed a significant increase over time in
placebo-treated but not in atorvastatin-treated patients (0.51
(0.95) versus 0.30 (0.75) m/sec per year in placebo- and
atorvastatin-treated patients, resp.) [25]. Of importance is
that these promising results were not confirmed in an
ancillary study entitled the Anglo-Scandinavian Cardiac
Outcomes Trial (ASCOT) [26]. In this study, 891 hypertensive patients were randomized to atorvastatin 10 mg/day
or placebo and followedup for a mean time of 3.5 years.
Contrary to what was documented among CKD patients,
authors could not detect any eﬀect of statin on arterial
stiﬀness [26].
The eﬀect of antihypertensive agents acting on the reninangiotensin-aldosterone system (RAAS) has also been tested.
Edwards and coworkers [17] randomized 112 patients with
stage 2 and 3 CKD and a good blood pressure control
with ACE inhibitors or angiotensin receptor blockers (ARBs)
to spironolactone (25 mg) or placebo. After 40 weeks of
treatment, the use of spironolactone reduced both arterial
stiﬀness and left ventricular mass [17].
The role of RAAS on arterial system was also suggested
in a previous study of 2199 hypertensive patients. When
compared to the association of atenolol and thiazide,
amlodipine and perindopril showed a superior reduction of
aortic pulse pressure (an index of arterial stiﬀness) despite
a similar impact on brachial blood pressure [27]. Providing
that aortic pulse pressure was significantly associated with
the composite outcome of cardiovascular events and the
development of renal impairment [27], these results suggest
that central artery stiﬀness attenuation may significantly
improve survival. In this regard, a study by Guerin and
coworker [28] further corroborates this hypothesis. In this
study, the absence of PWV decrease with treatment with
ACE-I was an independent predictor of all-cause and CV
mortality during follow-up [28].

6. Conclusion
Convincing evidence supports the notion that arterial stiﬀness is a marker of arterial damage and associated with an
adverse prognosis. These concepts have been validated in
the general population as well as in CKD patients. Although
screening for arterial stiﬀness increase in patients with CKD
might not fulfill the WHO’s suggested requirements for early
disease detection [29], preliminary evidence indicates that
the integration of demographic and clinical characteristics
with information derived from arterial stiﬀness assessment
may represent an accurate and cost-eﬀective approach for
individualizing patients’ care and treatment. Finally, preliminary evidence shows that attenuation of arterial stiﬀness may
be associated with a significant improvement in survival.
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When compared to the available information for patients on dialysis (CKD stage 5D), data on the epidemiology and appropriate
treatment of calcium and phosphate metabolism in the predialysis stages of chronic kidney disease (CKD) are quite limited.
Perceptible derangements of calcium and phosphate levels start to become apparent when GFR falls below 30 mL/min in some,
but not all, patients. However, hyperphosphatemia may be a significant morbidity and mortality risk predictor in predialysis
CKD stages. The RIND study, evaluating progression of coronary artery calcification in incident hemodialysis patients, indirectly
demonstrated that vascular calcification processes start to manifest in CKD patients prior to the dialysis stage, which may be closely
linked to early and invisible derangements in calcium and phosphate homeostasis. Novel insights into the pathophysiology of
calcium and phosphate handling such as the discovery of FGF23 and other phosphatonins suggest that a more complex assessment
of phosphate balance is warranted, possibly including measurements of fractional phosphate excretion and phosphatonin levels in
order to appropriately evaluate disordered metabolism in earlier stages of kidney disease. As a consequence, early and preventive
treatment approaches may have to be developed for patients in CKD stages 3-5 to halt progression of CKD-MBD.

1. Introduction
Availability of phosphate is of key importance for a number
of normal physiological body functions including bone development, cellular membrane integrity (phospholipid content), and energy transfer (mitochondrial metabolism).
Normal phosphate homeostasis, thus, maintains serum concentrations quite constantly between 0.8 and 1.45 mmol/L in
the normal population. In this line, meals containing a high
phosphate load in most instances do not acutely raise the
serum phosphate levels, because phosphaturia may become
augmented by as yet undefined mechanisms [1]. Furthermore, serum phosphate levels show rather a circadian
rhythm which does not parallel intake (phosphate peaks in
the early morning hours) [2]. In health, the kidney excretes
approximately two thirds of the daily dietary phosphate
load, and even with deteriorating kidney function in CKD,
this excretion rate remains relatively well maintained [3].
Acute “unphysiological” oral phosphate intake is probably
managed by the so-called phosphatonins or by adaptations
of the filtered load [3, 4]. It appears that the body activates

a number of potent systems in order to avoid both the
occurrence of hyperphosphatemia.

2. Epidemiology of Hyperphosphatemia in
CKD Patients
Kestenbaum and colleagues were the first to publish data
from a large observational study studying the relationship
between phosphate serum levels and outcomes in a CKD
cohort [5]. More than 6,000 CKD patients were crosssectionally available for analysis, while 3,490 of them had a
serum phosphate measurement during the previous eighteen
months. The major result was that phosphate serum levels
were found to be in the normal range until a GFR of
30 mL/min was reached; only from then on average phosphate levels started to rise beyond the upper normal range
and started to become inversely related to GFR, while it
is yet unclear when serum phosphate levels tend to rise
“within” the normal range in CKD [6]. In Kestenbaum’s
study, serum phosphate levels above 3.5 mg/dL were already
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significantly associated with mortality. Further, mortality
risk progressively increased with each 0.5-mg/dL increase in
phosphate serum levels. In a prospective, community-based,
noninterventional, prospective cohort study (SEEK study,
n = 1814 CKD patients), Levin and colleagues were able to
demonstrate similar findings with regard to the incidence of
“visible” hyperphosphatemia—phosphate serum levels rose
perceptibly in subjects in CKD stage 4 [7]. Therefore, both
studies support the assumption that hyperphosphatemia
may just be the final indicator (tip of an iceberg) of an already
previously failing phosphate balance.

3. Phosphate Homeostasis in CKD
Up to 80% of the estimated daily phosphate intake of
20 mg/kg b.w. per day is intestinally absorbed in healthy
individuals and circulates into an “extracellular phosphate
pool” [3]. 3 mg/kg b.w. phosphate per day are exchanged
between this virtual pool and the bone, if bone turnover is
physiologically balanced. Two-thirds of the daily intake is
excreted via healthy kidneys, the other third is excreted by
the faeces resulting in a neutral phosphate balance. Kidney
disease interferes with the ability to excrete phosphate loads;
however, excretion remains surprisingly stable until the late
stages of CKD.
The fact that there is a delayed onset of hyperphosphatemic episodes in CKD is probably based on counterregulatory actions of FGF23 and PTH [8–11]. Both hormones are
causing phosphaturia when elevated and apparently become
stimulated as early as in CKD stage 3, connected to vitamin D
status and dietary phosphate intake. Both in animal models
as well as in human studies, it was shown that increases in
serum FGF23 levels were paralleled by rises in renal fractional
(relative) phosphate excretion counteracting increases in
phosphate retention and subsequent hyperphosphatemia [8–
11]. It is currently considered that a positive phosphate
balance triggers an osteocyte “phosphate sensor” towards
signalling release of FGF23. In this context, it is yet unknown,
whether phosphate itself is the circulating messenger, or
whether for example intestinal phosphatonins may serve
as FGF23 inducers [3]. Furthermore, FGF23 and PTH
secretion may be linked to each other. FGF23 actively suppresses calcitriol synthesis, thus antagonizing a central PTHsuppressive mechanism [9, 10]. Therefore, the organism
employs two diﬀerent hormonal systems in order to shelter
the body from phosphate accumulation, that is, hyperphosphatemia. There are also data that PTH and FGF23 secretion
are directly interconnected, that is, that FGF23 inhibits PTH
release via stimulating the dimeric klotho/FGF-receptor at
the parathyroid gland [12]. PTH may vice versa inhibit
FGF23 release from the osteocyte [12].
With this in mind, the question arises how acute dietary
phosphate ingestion may influence phosphate, FGF23, and
PTH regulation in CKD? Isakova et al. studied a group of
CKD patients (GFR 20–45 ml/min) versus healthy individuals ingesting a meal with a phosphate content of 500 mg
of phosphate [1]. Within 4 hours following ingestion, they
found no increase in serum phosphate levels in both groups,
but a rapid augmentation of fractional phosphate excretion
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in the healthy control group, while the baseline level of urinary excretion was already twice as high in the CKD cohort,
with a nonsignificant trend towards a further increase. This
phosphaturic response was not acutely accompanied by
increases in FGF23 or PTH levels, while at baseline these
two parameters were also already significantly elevated in
the CKD group versus the healthy controls. This study had
a few limitations including the fact that the exact timing of
interventions was not presented. Nevertheless, this response
excludes FGF23 as the predominant “acute-phase” phosphatonin regulating phosphate excretion, but FGF23 may work
as a “memory hormone” and a long-term regulator of a
positive phosphate balance. This behaviour may be more
comparable to the marker protein of diabetes control,
HbA1C, with the additional property that FGF23 not just
represents, but also acts on phosphate control. Thus, these
insights suggest the existence of additional acute regulatory
factors of phosphate balance which remain to be identified
in the future.

4. Treatment of Phosphate Retention in
Predialysis CKD: Diets
Therapeutic approaches aiming at phosphate lowering (i.e.,
serum levels as well as phosphate load) include reducing
oral intake of phosphate by dietary modifications as well as
intestinal absorption using phosphate binders. Phosphaterestricted diets should be designed in a manner that avoids
simultaneous protein malnutrition. In this context, there
are a couple of studies supporting that at least moderate
phosphate restriction is well tolerated in most individuals.
The use of phosphate-restricted diets in combination with
oral phosphate binders has become well established in
the management of patients with CKD Stages 3–5 CKD
(including CKD Stage 5D). Recent epidemiological studies
in larger cohorts of dialysis patients are uniequivocal regarding associations between dietary phosphate restriction and
survival benefits [13, 14].
Two prospective studies are available specifically evaluating the impact of phosphate-restricted diets in CKD patients.
Zeller et al. showed that the restriction of dietary protein plus
phosphate intake was welltolerated and maintained nutritional parameters in a satisfying range in a study of 35 Type
I diabetes patients with associated nephropathy [15]. Here, a
significant reduction in urinary phosphate excretion in the
group assigned to a protein/phosphate restriction as compared to subjects receiving a control diet was found. There
was no evaluation of other CKD-MBD-related parameters
performed in this investigation. Lafage-Proust and colleagues
reported in another study featuring a very strict low-protein,
low-phosphorus diet (supplemented with essential amino
acids and their ketoanalogs) that after a follow-up of five
years bone formation rate was normal or high in 10 patients,
and low in the remaining 6, without observing low-proteinassociated malnutrition in any of the participants [16].
A new view on phosphate restriction currently develops
based on considerations that there might be a significant
diﬀerence between naturally occuring phosphate and phosphate supplements in food [17–19]. Natural phosphate is
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Table 1: KDIGO clinical practice guideline for the diagnosis, evaluation, prevention, and treatment of Chronic Kidney Disease-Mineral and
Bone Disorder (CKD-MBD) [14]: recommendations for the management of phosphate in predialysis patients.
(4.1.1) In patients with CKD stages 3–5, we suggest maintaining serum phosphorus in the normal range (2C).
In patients with CKD stages 3–5 (2D) and 5D (2B), we suggest using phosphate binding agents in the treatment of
(4.1.4) hyperphosphatemia. It is reasonable that the choice of phosphate binder takes into account CKD stage, presence of other
components of CKD-MBD, concomitant therapies, and side eﬀect profile (not graded).
In patients with CKD stage 3–5D and hyperphosphatemia, we recommend restricting the dose of calcium-based phosphate
(4.1.5)
binder and/or the dose of calcitriol or vitamin D analog in the presence of persistent or recurrent hypercalcemia (1B).
In patients with CKD stage 3–5D and hyperphosphatemia, we suggest restricting the dose of calcium-based phosphate binders in
the presence of arterial calcification (2C) and/or adynamic bone disease (2C) and/or if serum PTH levels are persistently low (2C).
In patients with CKD stage 3–5D we recommend avoiding long term use of aluminum containing phosphate binders and in
(4.1.6)
patients with CKD stage 5D avoiding dialysate aluminum contamination to prevent aluminum intoxication (1C).
In patients with CKD stages 3–5D, we suggest limiting dietary phosphate intake in the treatment of hyperphosphatemia alone or
(4.1.7)
in combination with other treatments (2D).

mostly contained in food as organic esters or as phytates
(hexa-phospho-inosites), and this bound phosphate is only
absorbed at a rate between 40–60% at maximum [20–22].
In contrast, phosphate-containing food additives include
polyphosphates, diphosphates, triphosphates, potassium
phosphate, calcium phosphate and so on, while this “free”
phosphate is quite readily absorbed [19]. Recently, it became
evident from longitudinal observations of the “Chronic
Renal Insuﬃciency Cohort” (CRIC) cohort that patients
with mild to moderate renal insuﬃciency had a 2.5–2.7-fold
increased risk of hyperphosphatemia (> 4,6 mg/dL) when the
tlowest income tertile was compared to the highest income
tertile, despite equal amounts of phosphate intake (1,156
versus 1,190 mg/Tag) [23]. This diﬀerence could only be
explained by diﬀerences in “phosphate quality,” with a higher
intake of the so-called “fast food” (which is particularly rich
in phosphate additives) in the lower income group.

5. Treatment of Phosphate Retention in
Predialysis CKD: Phosphate Binders
Phosphate binders are pragmatically used in predialysis
patients when hyperphosphatemia becomes apparent however, thresholds for treatment initiation vary a lot and are
mostly based on preferences at the discretion of the individual physician. The KDIGO guidelines 2009 (Table 1)
suggest to maintain phosphate serum levels within the
normal range in CKD patients in stages 3–5 [24], but
mild hyperphosphatemia can still be considered an underrecognized and underestimated phenomenon in predialysis
patients. Calcium-containing binders may globally play a
predominant role as the first-line choice of phosphate binder
therapy in these predialysis stages, because they are relatively
inexpensive and because these patients tend to have calcium
serum levels in the lower or even below the normal range.
Since many CKD patients suﬀer from a low mineral density, there is also the question, whether a negative calcium
balance must be avoided anyway, but there is no answer on
the harmless or even beneficial calcium intake quantities that
can be permitted. However, we also know quite well that

increased calcium exposure, or a positive net calcium balance, may predispose CKD patients for the risk of developing
cardiovascular calcification [25, 26].
Of note, with the exception of calcium carbonate in many
European countries, phosphate binder treatment had generally been an oﬀ-label use in these CKD stages tolerated by
most authorities until recently. In 2009, however, sevelamer
carbonate was approved by the EMA in the indication of
treating CKD patients not on dialysis with phosphate serum
levels of above 1.78 mmol/L in Europe. The same label was
also approved for lanthanum carbonate a few months later.
There are only few publications available on phosphate
binder use in predialysis patients. Such studies are furthers
hampered by the fact that phosphate-lowering eﬀects are not
clearly visible, because a decline in phosphaturia may blunt
the changes in circulating phosphate levels.
The eﬃcacy of sevelamer carbonate in predialysis CKD
patients was recently examined in 19 nephrology centers
across Northern Europe and Australia in a single-arm study
approach with a poststudy washout period [27]. Investigators
initially screened 129 patients, 41 of whom completed the
study. Recruitment was heavily influenced by screening
failure, because the cutoﬀ of phosphate serum levels was set
very high (5.5 mg/dL), according to authority requirements
in the study protocol, which also caused a high inclusion
percentage of patients in CKD stage 5. Sevelamer carbonate
lowered serum phosphorus levels by a mean of 1.4 ± SD
1.0 mg/dL (P < .001) during an eight-week observation
period. 70% of those patients with stage 4 CKD achieved
normal serum levels of 2.7–4.6 mg/dL. Serum bicarbonate
concentrations rose significantly from 16.6 ± 3.6 mEq/L to
18.2 ± 3.7 mEq/L (P = .005) which may be clinically
meaningful given the high prevalence of metabolic acidosis
in CKD stage 4-5 patients. The mean prescribed dosage after
dosage titration was 7.8 g/day sevelamer carbonate at the end
of the study.
Lanthanum carbonate was also studied recently in a
Phase II trial in CKD stage 3 and 4 patients [28]. 121 hyperphosphatemic patients were randomized in a 2 : 1 manner
to lanthanum or placebo, respectively. 44.6% of lanthanumtreated patients reached normophosphatemia versus 26.5%
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in the placebo group, with safety profile and tolerability on
a strictly comparable level. The mean dose of lanthanum
carbonate after eight weeks was 2,645 ± 97 mg/day.
The RIND study provided some more indirect insights
into the clinical potential of phosphate binder treatment in
predialysis stages [25]. This investigation was designed as a
prospective trial observing the progression of coronary artery
calcifications in incident hemodialysis patients treated with
either sevelamer-HCl or calcium acetate. One central observation was that even though none of the patients who were
free of calcifications became positive during the first 18
months of dialysis treatment, “progressors” (about 60% of
the total cohort) were all calcified prior to initiation of dialysis treatment. Thus, prevention strategies targeting cardiovascular calcification, such as phosphate-lowering approaches, must be initiated early in the course of CKD.
Currently, there is only one prospective clinical study
addressing the biological eﬀect of phosphate binders in
CKD patients [29]. Russo and colleagues studied 90 phosphate binder-naive patients in predialysis CKD stages 3–5
with regard to progression of coronary artery calcification.
Patients were randomized (30 per group) to either a low P
diet alone, or to a low P diet in combination with fixed doses
of calcium carbonate (2 g/day) or sevelamer (1.6 g/day). Final
MSCT-based coronary artery calcification scores were greater
than initial scores in those subjects receiving diet and diet in
combination with calcium carbonate, while no progression
was observed in the diet plus sevelamer-treated group.
Absolute urinary phosphate excretion was higher in the diettreated patients but lower when compared to baseline in
those receiving phosphate binders. FGF23 serum levels were
unfortunately not available from this study.

Block and colleagues started a similar, but larger pilot
study in >200 normophosphatemic CKD patients (eGFR
20–45 ml/min) using three diﬀerent phosphate binders (lanthanum carbonate, sevelamer carbonate, calcium acetate)
with matching placebos [32]. Follow-up will be nine months,
and parameters of interest are serum concentrations of
FGF23, PTH, calcium, and phosphate, as well as changes in
arterial stiﬀness (pulse wave velocity) and coronary artery
celacification scores (multislice spiral CT). Data are expected
to be available in autumn 2011.
The biologically plausible hypothesis that “invisible”
phosphate retention may be the earliest and foremost event
in the development of secondary hyperparathyroidism was
already picked up in concept papers [33]. Here, a “phosphocentric” (in contrast a “vitamin D-centric”) view was
proposed with the consequence that the initial treatment
approach must be targeted towards limiting phosphate
ingestion and absorption in predialysis patients. This view
was recently supported by Evenepoel et al. who demonstrated
that urinary phosphate excretion in predialysis CKD patients
was indeed highest in individuals with both elevated FGF23
and PTH, respectively, and that increased FGF23 and phosphate, and decreased 25-OH-vitamin D were independently
associated with decreased calcitriol levels [34]. What needs
to be determined and better understood though is, whether,
or to which degree, secondary hyperparathyroidism (and
FGF23 elevations) is a favourable, adaptive or a disadvantageous, maladaptive mechanism, prior to basing treatment
decisions on this novel concept. Furthermore, age, klotho
expression, and potentially klotho resistance (in uremia) may
impact on shifting phosphate regulation to dysregulation
[3, 9, 10, 12].

6. Novel Concepts for Phosphate Management
in Predialysis CKD Stages

7. Conclusion

One of the key issues in phosphate management in predialysis stages of CKD is the fact that serum phosphate levels
do not appropriately reflect phosphate retention. Because
phosphate retention is immediately counterregulated by
phosphatonins such as FGF23, PTH, and probably other
factors, composite measurements of these parameters may
need to find their way into diagnostic algorithms, as well
as estimates of phosphate excretion in the urine. Nagano
et al. recently demonstrated in a uremic rat model that
phosphate binding by sevelamer dose-dependently lowered
both FGF23 and PTH serum concentrations [30]. In this
line, two clinical pilot studies were launched investigating
the eﬀect of phosphate binder treatment on these surrogate
parameters of phosphate retention. Isakova et al. studied 16
normophosphatemic CKD stage 3 and 4 patients to either
lanthanum carbonate or placebo, and to either a 750 mg
or 1,500 mg phosphate diet, in a 2 × 2 factorial design
[31]. FGF23, PTH, serum levels of calcium and phosphate,
and phosphate excretion were measured. While the high
phosphate diet and lanthanum treatment lead to decreases
in phosphate excretion, no eﬀects were observed with regard
to FGF23 and PTH levels, respectively. However, the high
phosphate diet caused a significant increase in FGF23 levels.

Much needs to be learned about the assessment and the
impact of deranged phosphate homeostasis in predialysis
CKD stages. Limited data suggest that phosphate retention
may cause harm in these stages even if serum levels do not
rise beyond the normal range. Composite measures of serum
phosphate, fractional phosphate excretion, and FGF23 may
become an integral and improved approach in therapeutic
decision making, in contrast to just waiting for hyperphosphatemia to occur. However, there is a huge gap with regard
to prospective clinical trials assessing the eﬀect of phosphatelowering strategies on clinically meaningful hard endpoints.
In addition, since a positive phosphate balance may already
tip the balance towards cardiovascular calcification and
damage, we require information on the impact of treatment
on cardiovascular surrogate parameters as well. Fortunately,
there are initiatives underway attempting to at least partially
fill those gaps of knowledge.
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The reason of high mortality in patients with chronic kidney disease (CKD) is cardiovascular disease and arterial calcification has
been accepted as an additive factor on this status. In this report we described vascular and cardiac valvular calcifications in an
adolescent on CAPD.

1. Introduction
Cardiovascular disease (CVD) is the most common cause of
death in adult and pediatric patients with CKD [1]. It was
determined that cardiac deaths in children and in young
adults in whom end-stage renal disease developed during
childhood were approximately 1000 times more frequent
than in the general pediatric population [2]. Vascular
changes were indicated in pediatric patients with dialysis and
also in predialysis CKD stages 2–4 [3–6]. These functional
and structural vascular abnormalities and arterial calcifications contribute to high cardiac mortality.
In this report, we described the vascular and cardiac
valvular calcifications in an adolescent on CAPD.

2. Case
A 17-year-old boy on CAPD with 4 exchanges per day
(1000 mL/body surface area, 2 times 1.36% and 2 times
2.27% glucose solution) for 87 months was admitted to the
hospital with severe bone pain and fatigue. Erythropoietin,
iron, antihypertensive drugs, calcitriol, and calcium containing phosphate binder had been administrated but the patient
was incompatible with his medication. He has been followed
by another center for last 2 years unregularly. He was pale and
growth retarded. Physical examination revealed tachycardia,
tachypnea, hypertension, and edema. Laboratory findings

were determined as follows: hemoglobin 5.4 g/dL, hematocrit 22%, serum urea 382 mg/dL, creatinine 9.8 mg/dL,
albumin 3.1 g/dL, calcium 10.6 mg/dL, inorganic phosphorus 8.6 mg/dL, calcium-phosphorus product 91.1 mg2 /dL2 ,
iPTH 589 pg/mL (normal 9.5–75), and CRP 5.6 mg/dL
(normal 0–0.8). Radiologic examination has been performed
owing to severe pain on wrists and ankles. In addition to
osteopenic appearance vessel wall calcifications were noticed
in the radial, ulnar, posterior tibial, anterior tibial, and iliac
arteries on radiography (Figures 1, 2, and 3). Computed
tomography revealed calcifications in the mitral valve,
coronary artery, aorta, splenic, and iliac arteries (Figure 4).
He was transferred to hemodialysis because of ultrafiltration failure. Medical treatment was rearranged according
to his clinical and laboratory findings. Calcium containing
phosphate binder was changed to calcium-free phosphate
binders. His complains subsided and serum phosphorous
level decreased gradually.

3. Discussion
It was reported that cardiovascular mortality rate is high in
pediatric dialysis patients and young adult patients with childhood onset CKD [1]. Calcifications in vascular bed
including coronary arteries and cardiac valves are significant
risk factors for cardiovascular disease. Milliner et al. [7]
retrospectively evaluated biochemical and autopsy data of
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Figure 1: Radiographies of right hand reveal calcification of radial and ulnar (arrows) arteries and their distal branches.

Figure 2: Ankle radiographies show anterior and posterior tibial arterial wall calcifications (arrows).

Figure 3: Calcification of iliac arteries (arrows) is seen on pelvic radiography.
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Figure 4: Axial CT sections from diﬀerent levels show coronary artery, aorta, splenic, and iliac artery (arrows) calcifications. Also note
pleural eﬀusion, ascites, and left lung collapes.

120 pediatric patients with uremia, on dialysis or following
renal transplantation in 1990. They found soft tissue calcification in 72 of 120 patients (60%) and lung, myocardium,
and coronary arteries were frequent sites of calcium deposition. Goodman et al. [8] suggested that calcification is
not present before the age of 20 years; however coronary
artery calcification (CAC) was detected in pediatric dialysis
patients and childhood onset chronic renal failure patients
in subsequent studies [9–12]. These vascular changes begin
as early as the first decade of life in children on dialysis and
are also present in CKD stages 2–4 [3–6].
Prevalence of CAC was reported as 15%–20% in children
[6, 12]. In young adults with childhood-onset chronic renal
failure, CAC was found 92% [10].
Administration of large doses of vitamin D and calcium
containing phosphate binders, hypercalcemia, hyperphosphatemia, elevated calcium × phosphorus (Ca × P) product,
parathyroid hormone, and duration of dialysis were found to
be associated with extraosseous calcifications [3, 6, 8, 12, 13].
Plain radiography is the simplest method for the diagnosis of calcification, and a simple scoring system was developed for vascular calcification [14, 15]. Calcified plaques
and cardiac valves can be detected by ultrasonography
and echocardiography. Both detection and quantification of
calcification can be possible by using computed tomography
(CT), especially electron-beam CT [14]. The currently
available clinical measurements such as carotis Intima Media
Thickness and Pulse Wave Velocity were not sensitive enough
to detect early calcium loading [16].

In conclusion, because of high mortality risk, the patients
with vascular calcification should be followed carefully in
view of cardiovascular diseases. Better dialysis techniques,
better patient education about diet and phosphate binders,
avoidance of marked or prolonged positive calcium balance,
and calibrating the use of vitamin D are important to prevent
vascular calcification development.
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Vitamin D deficiency appears to be an underestimated risk factor for cardiovascular disease in patients with chronic kidney disease.
Evidence from both basic science and clinical studies supports the possible protective role of vitamin D beyond its eﬀect on mineral
metabolism. Toxicity of pharmacologic doses of active vitamin D metabolites, in particular calcitriol, is mainly due to the possibility
of positive calcium and phosphorus balance. Therefore, vitamin D analogs have been developed, which suppress PTH secretion
and synthesis with reduced calcemic and phosphatemic eﬀects. Observational studies suggest that in hemodialysis patients the use
of a vitamin D receptor (VDR) activator, such as calcitriol, doxercalciferol, paricalcitol, or alfacalcidol, is associated with a reduced
mortality when compared with nonusers of any VDR activator. In this article the existing literature on the topic is reviewed,
although a more robust answer to the question of whether or not VDR activators have beneficial eﬀects in hemodialysis patients
will hopefully come from a randomized controlled trial.

1. Introduction
Chronic kidney disease (CKD) is associated with increased
cardiovascular events and mortality when the glomerular
filtration rate declines below 60 mL/min [1–3]. One significant event in CKD patients is the development of calcitriol
deficiency secondary to the reduction/absence of kidney
α1-hydroxylase which mediates the final hydroxylation step
of 25(OH)vitamin-D to 1,25-(OH)2vitamin-D, or calcitriol
[4, 5]. 1,25-(OH)2 vitamin-D deficiency causes parathyroid
hyperplasia and increased parathyroid hormone [6]; the
consequent hyperparathyroidism and hyperphosphatemia
are important risk factors for mortality in CKD patients
[4, 7]. Accordingly, vitamin D treatment is associated with a
reduced rate of cardiovascular diseases and mortality [5, 8].
Several studies also underline the side eﬀects of calcitriol
treatment, such as hypercalcemia and hyperphosphatemia,
which carry an increased risk of cardiovascular calcifications.
Compared to calcitriol, vitamin D analogs, such as paricalcitol, cause less hypercalcemia and hyperphosphatemia

because of less bone resorption and less intestinal absorption
[9, 10]. Calcitriol and vitamin D analogs are better identified
as Vitamin D receptor activators.
In addition to suppression of PTH, use of vitamin D
receptor activators has been associated with other eﬀects:
reduced hospitalization and mortality, prevention of cardiovascular diseases, vascular calcification and atherosclerosis,
inhibition of the rennin-angiotensin system, preservation
form cellular senescence, improved endothelial function,
reduced tubular interstitial fibrosis, and reduced inflammatory status.
Studies about vitamin D receptor activators and clinical
outcomes (Table 1) in chronic kidney disease are reviewed in
this article.

2. Materials and Methods
We researched on PubMed (US National Center for Biotechnology Information) all the articles about “paricalcitol and
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Table 1: Vitamin D receptor activators: summary of clinical
outcomes.
Suppression of PTH
Incidence of hypercalcemia and hyperphosphatemia
Mineral metabolism and bone disorder
Hospitalization
Mortality
Cardiovascular protection
Prevention of Atheroscleroisis
Renal protection and reduction proteinuria
Renal protection and renin-angiotensin system
Renal protection and tubular interstitial fibrosis
Anti-inflammatory eﬀect
Cellular senescence
Endothelial function

outcomes,” “doxercalciferol and outcomes,” and “maxacalcitol and outcomes” and we found 41 articles: 29 studies on
paricalcitol (8 randomized controlled trial, 3 observational
studies, 1 open label study, 5 retrospective studies, 1 review,
and 10 experimental studies in animals), 4 studies on doxercalciferol (3 randomized controlled studies, 1 observational
study), 7 studies on maxacalcitol (6 observational studies
and 1 experimental study on mice), and 1 experimental
study comparing two vitamin D analogs, paricalcitol and
doxecalciferol.

3. Results and Discussion
3.1. Suppression of PTH: Eﬀects on Calcium
and Phosphate Levels
3.1.1. Comparing Paricalcitol and Placebo (Table 2). Coyne et
al. [11] found that 91% of patients treated with paricalcitol
reached two consecutive PTH level reductions of 30%
or greater versus 13% of placebo patients (P < .001),
while incidences of hypercalcemia, hyperphosphatemia were
not significantly diﬀerent between two groups. Martin et
al. [12] demonstrated that 68% of patients treated with
paricalcitol had a 30% decrease in serum PTH for 4
consecutive weeks—without evidence of hypercalcemia and
hyperphosphatemia—versus 8% of patients treated with
placebo (P < .001) (12). Lindberg et al. [13] showed,
in an open-label study, that PTH levels fell into target
range by month 5 without episodes of hypercalcemia and
hyperphosphatemia.
3.1.2. Comparing Paricalcitol and Calcitriol (Table 2). A
multicenter, double-blind RCT conducted by Sprague et al.
[14] demonstrated that paricalcitol patients have ≥50% and
faster reduction in baseline PTH versus calcitriol patients;
they also showed that hypercalcemic episodes were 18%
for paricalcitol versus 33% for calcitriol (P < .01). In a
retrospective study, Mittman et al. [15] found that PTH
levels were significantly lower for paricalcitol versus calcitriol
(247 versus 190 pg/mL) while episodes of hypercalcemia and

hyperphosphatemia were significantly fewer for paricalcitol
versus calcitriol. A crossover study conducted by Coyne et
al. [16] demonstrated that suppression of PTH at 36 hours
was significantly greater after administration of 160 μg of
paricalcitol (63.6% ± 2.3%) versus calcitriol (but similar
after administration of 160 μg of paricalcitol), while the
increase of serum calcium is greater in calcitriol group.
Lund et al. [17] in a single-center, double-blind, activecontrolled, randomized, crossover trial observed that fractional intestinal calcium absorption was significantly lower
after paricalcitol versus calcitriol. Finally, Mittman et al.
[18] in a 2-year, single-center crossover study demonstrated
that conversion from calcitriol to paricalcitol resulted in
lower serum calcium (P < .001), lower serum phosphorus
(P < .05), reduced PTH (P = .001) and serum alkaline
phosphatase (P < .001).
3.1.3. Studies on other VDR Activators, Doxercalciferol, and
Maxacalcitol (Tables 3 and 4). In a crossover study comparing paricalcitol and doxercalciferol, Joist et al. [19] observed
a similar suppression of PTH, while serum phosphorus
was significantly higher using doxercalciferol. In a doubleblind randomized study, Frazão et al. [20], in an openlabel doxercalciferol treatment (16 weeks), and randomized,
double-blinded treatment with doxercalciferol or placebo (8
weeks), found that 80% of doxercalciferol patients showed a
70% reduction in PTH levels from baseline, although serum
calcium and phosphate levels increased respectively from
9.2 to 9.7 mg/dL and from 5.4 to 5.9 mg/dL. Coburn et al.
[21] in a randomized, double-blinded, placebo-controlled,
multicenter trial in 55 patients with stage 3 or 4 CKD showed
that iPTH levels decreased more in doxercalciferol treatment
versus placebo (P < .001); no significant diﬀerences in
mean serum calcium or phosphorus were observed between
the two groups. In a randomized study, Zisman et al. [22]
demonstrated that in patients on a maintenance dose of
paricalcitol, dosing doxercalciferol at 55–60% of the paricalcitol dose results in comparable inhibition of PTH, with
similar incidences of hypercalcemia and hyperphosphatemia.
Comparing maxacalcitol and calcitriol, Hayashi et al. [23]
found no significant diﬀerences between the two groups in
serum iPTH and phosphorus concentration, while serum
calcium was significantly higher in the maxacalcitol versus
calcitriol group during early treatment, but not at the end
of treatment. Shiizaki et al. [24], in a study conducted in
5/6 nephrectomized rats treated by a direct injection of
maxacalcitol into the parathyroid gland, found a significant
decrease of PTH versus rats treated by vehicle, along with
upregulation of both VDR and CaSR in the parathyroid
tissue; no diﬀerences in calcium and phosphorus levels were
observed between two groups. Kazama et al. [25] found
that both maxacalcitol and calcitriol significantly decreased
plasma intact PTH levels and increased serum Ca levels, but
PTH levels were significantly lower in the maxacalcitol group
after 24 weeks of treatment. In addition, serum phosphate
levels were significantly higher in the calcitriol group. Thus,
these authors proposed maxacalcitol as a possible less phosphatemic active vitamin D agent which might reduce the risk
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Table 2: Suppression of PTH and eﬀects on calcium and phosphate levels: paricalcitol versus placebo and paricalcitol versus calcitriol.
Author

Coyne et al. [11]

Martin et al. [12]

Year

2006

1998

Study
Three randomized,
placebo-controlled, phase-3 trials
were conducted in 220 patients
with stage 3 and 4 CKD with
secondary hyperparathyroidism.
24-week studies
3 double-blind RCTs
n = 78 dialysis patients 12-week
study

Lindberg et al. [13] 2001

Open-label study
n = 164 dialysis patients.
13-month study

Sprague et al. [14]

Multicenter, double-blind RCT;
n = 263 dialysis patients.
32-week study

2003

Mittman et al. [15] 2004

Retrospective study
n = 101 dialysis patients
24-month study

Coyne et al. [16]

2002

Crossover study
n = 10 dialysis patients 36-hour
study

2010

Single-center, double-blind,
active-controlled, randomized,
crossover trial. n = 22
hemodialysis patients

Mittman et al. [18] 2010

2-year, single-center crossover
study
n = 73 hemodialysis patients
converted from calcitriol to
paricalcitol using a 1 : 3
conversion ratio

Lund et al. [17]

of extraskeletal calcification [25]. Oyama et al. [26] treated
patients with maxacalcitol intravenously and found that
lower pretreatment plasma iPTH and calcium levels, but not
phosphorus levels, were predictor of the response to treatment with maxacalcitol. On the other hand, serum levels of
phosphorus did not significantly increase during treatment.
3.1.4. Parathyroid Hyperplasia (Table 5). Several studies
addressed the issue of parathyroid hyperplasia (Table 5).

Outcome 1

Outcome 2

Decreases in PTH levels of 30%
or greater in 91% of paricalcitol
versus 13% of placebo patients
(P < .001)

Incidences of hypercalcemia,
hyperphosphatemia, and
elevated Ca × P were not
significantly diﬀerent between
groups

27 of 40 patients receiving
paricalcitol (68%) had a 30%
decrease in serum PTH for 4
consecutive weeks, versus 3 of 38
patients (8%) receiving placebo
(P < .001)
Mean PTH levels fell into target
range (100–300 pg/mL) by
month 5
Paricalcitol patients had a ≥50%
and faster reduction in baseline
PTH versus calcitriol patients (87
versus 107 days). Paricalcitol
patients reached a therapeutic
PTH range in 18 weeks versus
calcitriol patients who never
reached the target range

PTH levels were significantly
lower for paricalcitol versus
calcitriol (247 versus 190 pg/mL)

Suppression of PTH at 36 hours
was significantly greater after
administration of 160 μg of
paricalcitol (63.6% ± 2.3%)
versus calcitriol
Fractional intestinal calcium
absorption was significantly
lower after paricalcitol (0.135 ±
0.006) versus calcitriol (0.158 ±
0.006, P = .022)
Conversion from calcitriol to
paricalcitol resulted in lower
serum calcium (P < .001), lower
serum phosphorus (P < .05),
reduced PTH (P = .001) and
reduced serum alkaline
phosphatase (P < .001)

No evidence of hypercalcemia
and hyperphosphatemia

Serum calcium and phosphorus
were in normal range

Hypercalcemic episodes were
18% for paricalcitol versus 33%
for calcitriol (P = .008)

Number of hypercalcemic
episodes were 111 for paricalcitol
versus 69 for calcitriol; number
of episodes of
hyperphosphatemia were 225 for
paricalcitol versus 186 for
calcitriol
Ca × P product increased more
after calcitriol administration
than after a 6- or 8-fold greater
dose of paricalcitol

Okuno et al. [27] demonstrated that the responsiveness to
maxacalcitol therapy of secondary hyperparathyroidism is
dependent on parathyroid gland size and that the simple
measurement of maximum parathyroid gland diameter by
ultrasonography may be useful for predicting responsiveness
to maxacalcitol treatment. They suggest that glands larger
than 11 mm do not adequately respond to treatment. Shiizaki
et al. [28] also studied 20 patients with SHPT and enlarged
parathyroid glands treated by percutaneous maxacalcitol
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Table 3: Suppression of PTH and eﬀects on calcium and phosphate levels: doxercalciferol versus
placebo and doxercalciferol versus paricalcitol.
Author

Joist et al. [19]

Frazão et al. [20]

Year

Study

2006

Crossover study
n = 13 dialysis patients 36-hour
study paricalcitol versus
doxercalciferol

2000

Double-blind, RCT
n = 99 dialysis patients 8-week
study

Coburn et al. [21] 2004

RCT, n = 55 patients with stage 3
or 4 CKD treated with
doxercalciferol versus placebo.

Zisman et al. [22] 2005

RCT, n = 27 hemodialysis
patients randomized to receive
doxercalciferol at either 35, 50, or
65% of the paricalcitol dose for 6
weeks

Outcome 1
Clinical suppression of PTH at
36 hours was comparable
between treatment arms (63%
following paricalcitol therapy
and 65% following
doxercalciferol therapy).
80% of doxercalciferol patients
showed a 70% reduction in PTH
levels from baseline, and 83% of
the doxercalciferol patients met
the study PTH targets.
Mean plasma iPTH level
decreased by 46% from baseline
after 24 weeks of doxercalciferol
treatment (P < .001), versus
placebo. After 6 weeks, iPTH
level decreased with
doxercalciferol versus placebo
(P < .001).
A conversion factor of 0.57 for
the dose of doxercalciferol
relative to paricalcitol resulted in
equivalent suppression of iPTH

Outcome 2
Serum phosphorus was
significantly higher during
administration of doxercalciferol
(2.12 ± 0.11 mmol/L versus 1.85
± 0.07 mmol/L).
During double-blinded
treatment, 3.26% and 0.46% of
[Ca] measurements exceeded
11.2 mg/dl with doxercalciferol
and placebo, respectively.

No significant diﬀerences in
mean serum calcium or
phosphorus between the groups.

Incidences of hypercalcemia and
hyperphosphatemia were similar
for all groups

Table 4: Suppression of PTH and eﬀects on calcium and phosphate levels: maxacalcitol versus placebo and maxacalcitol versus calcitriol.
Author

Year

Hayashi et al.
[23]

2004

Shiizaki et al.
[24]

2005

Kazama et al.
[25]

2005

Oyama et al.
[26]

2005

Study

Outcome 1

Outcome 2
No significant diﬀerences between
the two groups in phosphorus
concentration.
n = 91 patients
There were no significant
Serum calcium was significantly
47 patients treated with calcitriol
diﬀerences between the two groups
higher in the maxacalcitol versus
versus 44 patients treated with
in serum iPTH
calcitriol group during early
maxacalcitol for 12 months
treatment, but not at the end of
treatment
DI-OCT decreased PTH levels with
Uremic (5/6 NX) rats fed a
a significant diﬀerence DI-OCT
high-phosphate diet and treated by
Serum calcium and phosphorus
versus DI-vehicle.
a direct injection of
levels did not changed markedly in
Upregulations of both VDR and
maxacalcitol-OCT (DI-OCT) or
both groups
CaSR after DI-OCT were observed
vehicle (DI-vehicle)
versus DI-vehicle-treated rats.
Both treatments decreased plasma
n = 126 nondiabetic hemodialysis intact PTH levels (P < .0001) and
Serum phosphate was significantly
patients with PTH levels greater
increased serum Ca levels
greater in the calcitriol group
than 300 pg/mL treated with either (P < .0001). PTH levels were
(P < .05)
maxacalcitol (n = 80) or calcitriol significantly lower in the
maxacalcitol group after 24 weeks
(n = 46) for 24 weeks.
(P < .01).
96 patients were successfully treated
Nondiabetic dialysis patients
Serum phosphorus levels did not
(iPTH levels < 300 pg/ml within 48
(n = 146) with iPTH levels
significantly increase.
weeks). Pretreatment PTH and Ca
>300 pg/mL were treated with i.v.
Phosphorus levels were not
levels were lower in patients
maxacalcitol injected 3/week for 48
predictive of the response to
successfully treated with
treatment with maxacalcitol.
weeks.
maxacalcitol.
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Table 5: Parathyroid hyperplasia.

Author

Year

Okuno et al. [27]

2003

Shiizaki et al. [28]

Study
n = 25 patients treated with maxacalcitol (PTH
>300 pg/ml; mean maximal diameter of
parathyroid glands 11.0 ± 0.7 mm before
treatment), divided in two groups:
group S gland diameter <11.0 mm versus
group L with gland diameter >11.0 mm.
Parathyroid volume was measured by
ultrasonography.
n = 20 patients with SHPT and enlarged
parathyroid glands were treated by
percutaneous maxacalcitol injection therapy
(PMIT) under ultrasonographic guidance
consecutively 6 times, followed by i.v.
maxacalcitol.

2003

Akizawa and Kurokawa [29] 2002

A trial on the long-term administration of
maxacalcitol (3 times weekly for 26 weeks
subsequent to a 26-week pretrial) in 124
dialysis patients with secondary
hyperparathyroidism.

Saito et al. [30]

An outpatient treatment regimen using
percutaneous maxacalcitol injection therapy
(PMIT) on a weekly basis for 4–6 weeks
following dialysis.

2010

Outcome
At 4–24 weeks after administration of
maxacalcitol, intact PTH concentrations
decreased significantly in group S (P < .01),
versus group L.
Serum calcium increased significantly in group
L (P < .05), versus group S.
Glands larger than 11 mm do not adequately
respond to treatment.
PMIT and subsequent i.v. maxacalcitol
administration significantly decreased PTH
levels and parathyroid gland volume for at least
12 weeks.
PTH levels fell promptly and significantly and
were well controlled for one year. Serum
calcium levels rose significantly, but within a
physiological range. Hypercalcemia (33.1%)
was resolved or ameliorated after the
withdrawal or dose reduction of maxacalcitol.
Intact PTH decreased from 797 to 253 pg/mL.
Ultrasonographic examination detected a
gradual reduction in parathyroid gland volume
from 1.27 to 0.24 cm3 .

Table 6: Mineral metabolism and bone disorder.
Author

Slatopolsky et al. [31]

Kazama et al. [32]

Year

Study

2003

A study in uremic rats to assess
the eﬃcacy of paricalcitol in
prevention (protocol I) and
treatment (protocol II) of
hyperparathyroidism and renal
osteodystrophy.

2005

N = 50 chronic dialysis patients
with PTH levels >300 pg/mL
treated with 10 μg of i.v.
maxacalcitol thrice a week.

injection therapy, which significantly decreased the serum
intact-PTH level and parathyroid gland volume for at least
12 weeks. Akizawa and Kurokawa [29], in a trial on the longterm administration of maxacalcitol, found that PTH levels
fell promptly and were well controlled for one year, with
doses ranging from 2.5 to 20 mg per dialysis. Serum calcium
levels rose significantly, but within a physiological range;
episodes of hypercalcemia were present in 33% of patients.
Saito et al. [30] proposed an outpatient treatment regimen
using percutaneous maxacalcitol injection therapy on a
weekly basis for 4–6 weeks following dialysis. They found
no major complications and intact parathyroid hormone

Outcome
Paricalcitol was eﬀective in
preventing (protocol I) and
suppressing (protocol II) the
significant hyperparathyroidism
induced by uremia and enhanced
by a high phosphorus diet; it
improved bone histology in
uremic rats aﬀected by severe
secondary hyperparathyroidism.
PTH, bone-specific alkaline
phosphatase and osteocalcin
levels were significantly lowered;
serum calcium levels increased.
Osteoprotegerin levels
significantly decreased
(P < .0001).

decreased from 797 ± 178 pg/mL to 253 ± 25 pg/mL, while
the parathyroid gland volume gradually decreased from 1.27
± 1.06 cm3 to 0.24 ± 0.15 cm3 .
3.2. Vitamin D Receptor Activators, Mineral Metabolism, and
Bone Disorders (Table 6). Activation of the vitamin D receptor plays a role in bone metabolism and treatment with VDR
activators may favorably aﬀect bone disease. Slatopolsky et
al. [31] studied uremic rats to assess the eﬃcacy of paricalcitol in prevention and treatment of renal osteodystrophy.
Paricalcitol resulted eﬀective in preventing and suppressing
hyperparathyroidism induced by uremia and enhanced by
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Table 7: Hospitalization and mortality.

Author

Year

Study

Dobrez et al. [33]

2004

Data from January 1999 to November 2001;
n = 11443 hemodialysis patients who
received at least 10 doses of vitamin D
therapy

Vervloet et al. [34]

2009

A review of observational studies that
examined the association between the use of
VDRA and mortality

Teng et al. [35]

Tentori et al. [36]

2003

A historical cohort study to compare the
36-month survival rate among dialysis
patients receiving treatment with
paricalcitol (29,021 patients) versus
calcitriol (38,378 patients).

2006

n = 7731 patients (calcitriol: n = 3212;
paricalcitol: n = 2087; doxercalciferol:
n = 2432) in the years 1999–2004. Median
follow-up was 37 weeks.

a high phosphorus diet. In addition paricalcitol ameliorated
the histomorphometric changes induced by uremia and high
phosphorus diet, improving bone histology in uremic rats
aﬀected by severe secondary hyperparathyroidism. Kazama
et al. [32] treated 50 patients with hyperparathyroidism
(serum PTH > 300 pg/mL) with 10 μg of maxacalcitol
intravenously injected thrice a week. They observed, along
with a reduction of PTH levels, a significant decrease
of bone-specific alkaline phosphatase and osteoprotegerin
levels. Osteoprotegerin is a natural glycoprotein which plays
a critical role in osteoclast physiology. Elevated levels of
circulating osteoprotegerin may account for the development
of bone and mineral metabolic abnormalities in uremia.
3.3. Hospitalization and Mortality (Table 7). There are studies which demonstrate that VDR activators are able to reduce
hospitalization and mortality. Dobrez et al. [33] observed
in 11 443 hemodialysis patients receiving at least 10 doses
of vitamin D therapy that paricalcitol group had a lower
risk of first all-cause hospitalization (14% less, P < .0001),
fewer hospitalizations per year (0.642 fewer, P < .001), and
fewer hospital days per year (6.84 fewer, P < .001) versus
calcitriol. Vervloet and Twisk [34] analyzed the observational
studies on the association between use of VDR activators
and mortality. They underscored the absence of randomized
controlled trials but considered the available observational
studies “quite robust and consistent”. The hypothesis of
a positive, clinically significant eﬀect of treatment with
VDR activators is supported by the presence of plausible

Outcome
The paricalcitol group had a lower risk of first all-cause
hospitalization (14% less, P < .0001), fewer
hospitalizations per year (0.642 fewer, P < .001) and
fewer hospital days per year (6.84 fewer, P < .001)
versus calcitriol
Hospitalization is less frequent in patients treated with
paricalcitol versus patients treated with calcitriol
The mortality rate among patients receiving paricalcitol
was 0.180 per person-year versus 0.223 per person-year
among those receiving calcitriol (P < .001). The
diﬀerence in survival was significant at 12 months and
increased with time. In the adjusted analysis, the
mortality rate was 16 percent lower (95% CI, 10 to 21
percent) among paricalcitol-treated patients than
among calcitriol-treated patients.
At 12 months, calcium and phosphorus levels had
increased by 6.7 and 11.9 percent, respectively, in the
paricalcitol group, as compared with 8.2 and 13.9
percent, respectively, in the calcitriol group (P < .001).
Mortality rates (deaths/100 patient-years) were
identical in patients treated with doxercalciferol (15.4,
95% CI 13.6–17.1) and paricalcitol (15.3, 13.6–16.9)
and higher in patients on calcitriol (19.6, 18.2–21.1)
(P < .0001). Overall, mortality was higher for patients
who did not receive vitamin D versus those who did.

mechanisms that might explain their observed benefit in
patients on dialysis, beyond their classic role in bone and
mineral metabolism. Specifically, these include inhibition of
renin biosynthesis, modulation of arterial function, positive
eﬀects on left ventricular hypertrophy, attenuation of insulin
resistance, potential positive impact on immune function,
reduced incidence of cancer, and other potential mechanisms
[34]. A seminal study on the possible relationship between
paricalcitol treatment and reduced mortality was published
by Teng et al. [35]. They designed a historical cohort study
to compare the 36-month survival rate among hemodialysis
patients receiving treatment with paricalcitol versus calcitriol: mortality rate among patients receiving paricalcitol
was significantly lower versus patients receiving calcitriol
(P < .001). Tentori et al. [36], conduced on 7731 patients
to compare calcitriol, paracaclcitol and doxercalciferol. They
demonstrated that mortality rates were similar in patients
treated with doxercalciferol and paricalcitol, while higher in
patients treated with calcitriol (P < .001). Thus, the survival
benefit in chronic kidney disease patients, independent of the
eﬀects on parathyroid hormone and calcium levels, appears
to be better with the use of vitamin D analogs (paricalcitol
and doxercalciferol), followed by the use of calcitriol, and the
worst survival is associated with no VDR activation therapy.
The mechanisms underlying the cardiovascular and survival
benefit of VDR activators are still under active investigation.
Several diﬀerent potential factors could play a role, as VDR
has been identified in more than 30 diﬀerent tissues in the
human body, including the vasculature [8].
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Table 8: Cardiovascular protection.

Author

Year

Bodyak et al. [37]

2007

Xiang et al. [38]

2005

Zhou et al. [39]

2008

PRIMO study (Paricalcitol
Benefits in Renal Disease
Ongoing
Induced Cardiac Morbidity
Study) [40]

Mizobuchi et al. [41]

2007

Study

Outcome
Compared with DSS rats fed a high-salt (HS)
diet (6% NaCl for 6 weeks), DSS rats fed a
high-salt HS receiving paricalcitol showed
Study in Dahl salt-sensitive (DSS) rats to
lower heart and lung weights, reduced LV
evaluate if paricalcitol is able to attenuate the
mass, posterior wall thickness and end diastolic
development of left ventricular abnormalities
pressures, and increased fractional shortening.
Blood pressures did not significantly diﬀer
between the groups
In VDRKO mice, the cardiac renin mRNA level
was significantly increased, suggesting that the
cardiac hypertrophy in VDRKO mice is a
VDR knockout (KO) mice were compared with
consequence of activation of both the systemic
wild-type (WT) mice
and cardiac RAS and that
1,25-dihydroxyvitamin D3 regulates cardiac
functions
Ablation of the 1alpha-hydroxylase gene in
mice led to hypertension, cardiac hypertrophy,
and systolic dysfunction, and this cardiac
25(OH)D 1alpha-hydroxylase KO mice were
phenotype was rescued with exogenous
compared with WT mice to determine whether
1,25vitD administration. 1,25vitD plays a
the cardiovascular eﬀect of 1,25vitD is
protective role in the cardiovascular system by
dependent on calcium or phosphorus.
repressing the renin-angiotensin system
independent of extracellular calcium or
phosphorus.
RCT, oral paricalcitol compared to placebo in
220 predialysis patients (GFR 15–45 ml/min)
Study ongoing
aﬀected by mild-to-moderate LVH and an LV
ejection fraction >50%
Calcitriol and doxercalciferol, but not
paricalcitol, increased vascular calcification in
uremic rats. The diﬀerent eﬀects of VDRA on
Uremic rats (5/6 NX rats) were given calcitriol, vascular calcification are independent of an
eﬀect on Ca and P. Doxercalciferol significantly
paricalcitol, or doxercalciferol 3/week for 1
increased the Ca × P product and the aortic
month
calcium content. A lower doxercalciferol did
not increase the calcium-phosphate product
but increased the aortic calcium content.

3.4. Cardiovascular Protection (Table 8). One hypothesis
derived from the available observational studies suggests
that systemic activation of VDRs may have direct eﬀects on
the cardiovascular system to decrease mortality in patients
with chronic kidney disease [8]. Vitamin D and its analogs
may play a role in preserving the cardiovascular system
and reducing vascular calcification. In accordance with
this concept, Levin and Li [54] suggested that Vitamin
D deficiency might be an underestimated risk factor for
cardiovascular disease in chronic kidney disease. They also
underscore that evidence from both basic science and clinical
studies supports the possible protective role of vitamin D
beyond its eﬀect on mineral metabolism. Bodyak et al.
[37] studied Dahl salt-sensitive rats fed a high-salt diet
(6% NaCl for 6 weeks) and receiving paricalcitol, showing
lower heart and lung weights, reduced left ventricular mass,
posterior wall thickness and end diastolic pressures, and
increased fractional shortening. Xiang et al. [38] studied
VDR knockout mice and they showed that cardiac renin

mRNA levels were significantly increased, suggesting that
the cardiac hypertrophy in VDR knock-out mice is a consequence of the activation of both the systemic and cardiac
rennin angiotensin system and that 1,25-dihydroxyvitamin
D3 regulates cardiac functions. In another gene knock-out
study by Zhou et al. [39], ablation of the 1alpha-hydroxylase
gene in mice led to hypertension, cardiac hypertrophy, and
systolic dysfunction, and this cardiac phenotype was rescued
with exogenous 1,25-dihydroxyvitamin D administration.
The authors concluded that calcitriol plays a protective
role in the cardiovascular system by repressing the reninangiotensin system independent of extracellular calcium or
phosphorus. In humans, the PRIMO study (Paricalcitol Capsules Benefits in Renal Failure Induced Cardiac MOrbidity
Study), a multinational, randomized, double-blinded trial
with oral paricalcitol compared to placebo, is ongoing [40]:
its primary outcome measure is to investigate the eﬀects of
paricalcitol on progression or regression of left ventricular
hypertrophy in Stage 3B/4 chronic kidney disease subjects,
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Table 9: Prevention of atherosclerosis.

Author

Year

Husain et al. [42] 2010

Study
A study in atherosclerotic mice to investigate the
protective eﬀect of paricalcitol combined with
angiotensin-converting enzyme inhibitor (enalapril)
on aortic oxidative injury

through the evaluation of changes in left ventricular mass
index, in a time frame of 48 weeks.
Mizobuchi et al. [41] studied uremic rats treated with
calcitriol, paricalcitol, or doxercalciferol and found that
calcitriol and doxercalciferol, but not paricalcitol, increase
vascular calcification in uremic rats; in particular the diﬀerent eﬀects of VDR activators on vascular calcification appear
to be independent of serum calcium and phosphate levels.
3.5. Prevention of Atheroscleroisis (Table 9). Husain et al. [42]
conducted a study in atherosclerotic mice to investigate the
protective eﬀect of paricalcitol combined with angiotensinconverting enzyme inhibition (by enalapril) on aortic oxidative injury. They found that ApoE-deficient mice developed
hypertension, which was prevented by enalapril or by the
combined enalapril and paricalcitol treatment, but not by
paricalcitol alone. On the other hand, atherosclerotic plaque
in the aorta of ApoE-deficient mice was prevented by paricalcitol, enalapril, and paricalcitol + enalapril treatments.
Combination therapy aﬀorded greater protection against
aortic inflammatory and oxidative injury in atherosclerosis
than monotherapy. This observation underscores the role of
VCR activators not only as PTH suppressors but also as an
essential treatment in patients with chronic kidney diseases,
which are notoriously more exposed to cardiovascular
diseases and atherosclerosis.
3.6. Renal Protection and Reduction of Proteinuria (Table 10).
Agarwal et al. [43] in three double-blind, randomized,
placebo controlled studies in patients with chronic kidney
disease stage 3 and 4, found a reduction in proteinuria
in 51% of paricalcitol patients versus 25% of placebo
patients (P < .01). The demonstration of a reduction in
proteinuria associated with paricalcitol treatment, independent of concomitant use of agents that block the renin
angiotensin system RAA, suggests that paricalcitol is a
potential pharmacologic means of reducing proteinuria in
chronic kidney disease. As a consequence, de Zeeuw et al.
[44] designed a multinational, placebo-controlled, doubleblind trial (VITAL study): patients aﬀected by type 2 diabetes
and albuminuria receiving angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers were randomized
to receive placebo, 1 μg/day paricalcitol, or 2 μg/day paricalcitol. They demonstrated that patients treated with 2 μg of
paricalcitol showed an early and sustained reduction in urinary albumin-to-creatinine ratio versus placebo (P < .05). In
another, smaller double-blind randomized study, Fishbane
et al. [45] randomized 61 patients with estimated glomerular

Outcome
ApoE-deficient mice developed hypertension which
was prevented by enalapril or enalapril + paricalcitol
treatment (not by paricalcitol alone). Atherosclerotic
plaque in the aorta of ApoE-deficient mice was
prevented by paricalcitol, enalapril, and paricalcitol
+ enalapril treatments

filtration rate from 15 to 90 mL/min/1.73 m2 and protein
excretion greater than 400 mg/24 h to receive paricalcitol,
1 mcg/day, or placebo: changes in protein excretion from
baseline to last evaluation were +2.9% for controls and
−17.6% for the paricalcitol group (P < .05). Zhang et al. [46]
studied streptozotocin- (STZ-) induced diabetic mice and
discovered that treatment with losartan and paricalcitol completely prevented albuminuria, restored glomerular filtration
barrier structure, and markedly reduced glomerulosclerosis,
preventing renal injury in diabetic nephropathy. Thus,
evidence is available suggesting that inhibition of the rennin
angiotensin system with combination of vitamin D analogs
and rennin angiotensin system inhibitors eﬀectively prevents
renal injury in diabetic nephropathy and it may be associated
with improved renal protection.
3.7. Renal Protection and Inhibition of the Renin-Angiotensin
System (Table 11). Paricalcitol inhibits the rennin-angiotensin system. Freundlich et al. [47], in a study in remnant
kidney model of chronic renal failure (5/6 nephrectomy)
mice, administrated paricalcitol and found that paricalcitol
decreases angiotensinogen, renin, renin receptor, and vascular endothelial growth factor mRNA levels in the remnant
kidney by 30–50 percent versus untreated animals. Bodyak
et al. [37] also found that paricalcitol significantly reduced
cardiac renin expression in Dahl salt-sensitive rats.
3.8. Renal Protection and Tubular Interstitial Fibrosis
(Table 12). Tan et al. [48], using a mouse model of obstructive nephropathy, found that paricalcitol attenuates renal
tubulo-interstitial fibrosis. Paricalcitol reduced infiltration of
T cells and macrophages in the obstructed kidney and this
inhibition of inflammatory cell infiltration was accompanied
by a decreased expression of RANTES and TNF-alpha. Their
results suggest that paricalcitol inhibits renal inflammatory
infiltration and RANTES expression by promoting VDRmediated sequestration of NF-kappaB signaling. Wang et
al. [49] treated with the VDR agonist doxercalciferol dietinduced obese mice, presenting proteinuria, renal mesangial
expansion, accumulation of extracellular matrix proteins,
and activation of oxidative stress. Treatment with doxercalciferol decreased proteinuria, podocyte injury, mesangial
expansion, and extracellular matrix protein accumulation.
The VDR agonist also decreased macrophage infiltration,
oxidative stress, proinflammatory cytokines, and profibrotic
growth factor. In addition, it prevented the activation
of the renin-angiotensin-aldosterone system including the
angiotensin II type 1 receptor and the mineralocorticoid
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Table 10: Renal protection and reduction of proteinuria.

Author

Agarwal et al. [43]

Year

Study

2005

Three RCTs in 220 CKD stage 3 and 4
patients randomized to oral paricalcitol
(N = 107) or placebo (N = 113),
followed for up to 24 weeks

de Zeeuw et al. (VITAL study) [44]

2010

Fishbane et al. [45]

2009

Zhang et al. [46]

2008

Multinational RCT in 281 patients with
type 2 diabetes and albuminuria
receiving angiotensin-converting enzyme
inhibitors or angiotensin receptor
blockers were randomized to receive
24-week treatment with placebo, 1 μg/day
paricalcitol, or 2 μg/day paricalcitol
RCT of 61 patients with estimated
glomerular filtration rate from 15 to
90 mL/min/1.73 m2 and protein excretion
greater than 400 mg/24 h to receive
paricalcitol, 1 mcg/day, or placebo.

Study in streptozotocin- (STZ-) induced
diabetes model mice

Outcome
Decreased proteinuria in 29/57 (51%) of
paricalcitol patients versus 15/61 (25%)
placebo patients, P = .004 (odds for
reduction in proteinuria 3.2 times greater
for paricalcitol patients)
Patients on 2 μg paricalcitol had an early,
sustained reduction in UACR (urinary
albumin-to-creatinine ratio), ranging
from –18% to −28% (P = .014) versus
placebo
Changes in protein excretion from
baseline to last evaluation were +2.9% for
controls and −17.6% for the paricalcitol
group (P < .05).
Treatment with losartan and paricalcitol
completely prevented albuminuria,
restored glomerular filtration barrier
structure, and markedly reduced
glomerulosclerosis, eﬀectively preventing
renal injury in diabetic nephropathy

Table 11: Renal protection and inhibition of the rennin-angiotensin system.
Author

Year

Study

Freundlich et al. [47]

2008

Study in remnant kidney model of chronic
renal failure (5/6 nephrectomy) mice,
administrating two diﬀerent doses of
paricalcitol thrice weekly for 8 weeks.

Bodyak et al. [37]

2007

Study in Dahl salt-sensitive (DSS) rats.
Evaluation of the ability of paricalcitol to
attenuate the development of LV abnormalities.

receptor. An additional novel finding of this study is that the
VDR activator decreased the accumulation of neutral lipids
(triglycerides and cholesterol) and the expression of enzymes
that mediate fatty acid and cholesterol synthesis.

3.9. Anti-Inflammatory Action (Table 13). In a pilot trial,
Alborzi et al. [50] randomized patients in 3 groups receiving oral paricalcitol 0, 1, or 2 mcg/day. They observed
a reduction of high sensitivity C-reactive protein and of
albuminuria in patients treated with paricalcitol, with a
mechanism independent of its eﬀects on hemodynamics
or PTH suppression, as no diﬀerences were observed in
iothalamate clearance, 24-hour ambulatory blood pressure,
or PTH levels. Eleftheriadis et al. [51] also found that basal
TNF-alpha concentration and basal IL-8 concentration were
reduced by paricalcitol. These studies therefore suggest that
paricalcitol also has immunomodulatory properties, another
reason for administration of paricalcitol in patients with
chronic renal failure. Indeed, patients with chronic kidney

Outcome
Paricalcitol was found to decrease
angiotensinogen, renin, renin receptor, and
vascular endothelial growth factor mRNA
levels in the remnant kidney by 30–50%
compared to untreated animals.
Paricalcitol significantly reduced cardiac
renin expression in DSS rats

disease have chronic inflammation in the cardiovascular
system and a reduced immunity to infections.

3.10. Endothelial Function (Table 14). VDR activators have
been shown to modulate inflammation, thrombosis, and
vasolidation, which are associated with endothelial dysfunction [55], and they have a potential for treatment of cardiovascular disease, including the improvement of endothelial
dysfunction, which increases cardiovascular disease risk in
chronic kidney disease [56]. Wu-Wong et al. [52] suggest that
VDR activation improves endothelial function. They studied
uremic rats (5/6 nephrectomized rat) and demonstrated
that the uremia-impaired aortic relaxation was improved by
paricalcitol (with a short duration of treatment, 2 weeks),
in a dose-dependent manner, independent of serum PTH
levels or blood pressure. PTH suppression alone did not
improve endothelial function since in a separate experiment
cinacalcet suppressed PTH without aﬀecting endothelialdependent vasorelaxation. The role of phosphate in uremic
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Table 12: Renal protection and reduction of tubular interstitial fibrosis.

Author

Year

Study

Tan et al. [48]

2006

Study of the eﬀects of paricalcitol in a mouse
model of obstructive nephropathy

Wang et al. [49]

2011

Study in mice with diet-induced obesity, treated
with doxercalciferol.

Outcome
Paricalcitol reduced infiltration of T cells
and macrophages in the obstructed
kidney and this inhibition of
inflammatory cell infiltration was
accompanied by a decreased expression
of inflammatory cytokines. Paricalcitol
attenuates renal tubulo-interstitial
fibrosis in this animal model of renal
obstructive damage.
Doxercalciferol decreased proteinuria,
podocyte injury, mesangial expansion,
extracellular matrix protein
accumulation, macrophage infiltration,
oxidative stress, proinflammatory
cytokines, and profibrotic growth factor.
In addition, it prevented the activation of
the renin-angiotensin-aldosterone
system. VDR activation also decreased
the accumulation of neutral lipids
(triglycerides and cholesterol) and the
expression of enzymes that mediate fatty
acid and cholesterol synthesis.

Table 13: Anti-inflammatory action.
Author

Year

Study

Alborzi et al. [50]

2008

A pilot trial in 24 patients randomized to 3
groups to receive 0, 1, or 2 mcg of
paricalcitol orally for 1 month.

Eleftheriadis et al. [51] 2010

A study in 10 healthy volunteers; peripheral
blood mononuclear cells (PBMC) were
cultured for 48 hours in presence or not of
lipopolysaccharide (LPS) and in the
presence or not of paricalcitol. TNF-alpha
and IL-8 produced by PBMC were
measured.

Outcome
At 1 month, the treatment/baseline ratio of high
sensitivity C-reactive protein was 1.5 (95% CI: 1.1 to
2.1; P < .05) with placebo, 0.8 (95% CI: 0.3 to 1.9;
P = .62) with the 1 mcg dose, and 0.5 (95% CI: 0.3 to
0.9; P < .05) with a 2 mcg dose of paricalcitol. The
treatment/baseline ratio of 24-hour albumin excretion
rate was 1.35 (95% CI: 1.08 to 1.69; P = .01) with
placebo, 0.52 (95% CI: 0.40 to 0.69; P < .001) with a
1-mcg dose, and 0.54 (95% CI: 0.35 to 0.83; P = .01)
with a 2 mcg dose (P < .001 between group changes).
Basal TNF-alpha concentration and IL-8
concentrations were reduced by paricalcitol.
Paricalcitol also blunted the TNF-alpha concentration
increase induced by LPS. Paricalcitol reduced to its
basal level the IL-8 concentration increase by LPS. The
in vitro inhibition of TGF-alpha and IL-8 by
paricalcitol confirms the immunomodulatory
properties of this vitamin D analogue.

Table 14: Endothelial function.
Author

Year

Study

Wu-Wong et al. [52]

2010

Study in uremic rats (5/6 NX rats),
treated for two weeks with paricalcitol.

Karavalakis et al. [53]

2008

Uremic (5/6 NX) rats treated with
paricalcitol (0.2 mcg/kg, thrice weekly)
for 12 weeks. Aortic histology was studied

Outcome
Uremia impaired aortic relaxation was improved
by paricalcitol in a dose-dependent manner,
independent of serum PTH levels or blood
pressure. PTH suppression alone did not improve
endothelial function since in a separate
experiment cinacalcet suppressed PTH without
aﬀecting endothelial-dependent vasorelaxation.
Paricalcitol treatment showed both benefits and
harmful eﬀects: vasoconstriction was reduced but
calcification increased. Plasma phosphate was
increased, 2.1- to 2.5-fold higher than normal.

International Journal of Nephrology
subjects is important to consider. In the study by WuWong et al. [52] uremic rats had normal serum phosphate
levels. In a previous study, Karavalakis et al. [53] reported
that, in the 5/6 nephrectomized rats fed a special diet that
induced severe hyperphosphatemia, paricalcitol at 0.2 μg/kg
reduced vasoconstriction but increased vascular calcification.
The improvement of endothelial function by VDR
activators may be one of the mechanisms responsible for the
cardiovascular benefit associated with these agents in chronic
kidney disease.
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K. J. Martin, E. A. González, M. Gellens, L. L. Hamm, H.
Abboud, and J. Lindberg, “19-nor-1-α-25-dihydroxyvitamin
D (paricalcitol) safely and eﬀectively reduces the levels of
intact parathyroid hormone in patients on hemodialysis,”
Journal of the American Society of Nephrology, vol. 9, no. 8, pp.
1427–1432, 1998.
J. Lindberg, K. J. Martin, E. A. González, S. R. Acchiardo, J.
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Arterial stiﬀness is the major determinant of isolated systolic hypertension and increased pulse pressure. Aortic stiﬀness is also
associated with increased cardiovascular morbidity and mortality in patients with chronic kidney disease, hypertension, and
general population. Hemodynamically, arterial stiﬀness results in earlier aortic pulse wave reflection leading to increased cardiac
workload and decreased myocardial perfusion. Although the clinical consequence of aortic stiﬀness has been clearly established,
its pathophysiology in various clinical conditions still remains poorly understood. The aim of the present paper is to review the
studies that have looked at the impact of dialysis calcium concentration on arterial stiﬀness. Overall, the results of small short-term
studies suggest that higher dialysis calcium is associated with a transient but significant increase in arterial stiﬀness. This calcium
dependant increase in arterial stiﬀness is potentially explained by increased vascular smooth muscle tone of the conduit arteries
and is not solely explained by changes in mean blood pressure. However, the optimal DCa remains to be determined, and long
term studies are required to evaluate its impact on the progression of arterial stiﬀness.

1. Introduction
Midsize and large-size arteries are primarily responsible for
carrying blood from the heart to the tissues (conductive
function) and contribute little to the total vascular resistance.
However, the arterial tree must also cope with the cyclic
cardiac output and assure the perfusion of organs even
during diastole. In this respect, aorta, with its unique elastic
capacity, plays a vital role in dampening of the peak systolic
pressure and uses its elastic recoil to assure blood flow to the
organs even during diastole. Consequently, aortic stiﬀness,
a major determinant of isolated systolic hypertension and
increased pulse pressure, has been associated with increased
cardiovascular events and mortality [1–5]. The mechanisms
of arterial stiﬀness in various clinical conditions still remain
poorly understood. It is thought that stiﬀness of central
elastic arteries is the result of fragmentation of elastin fibers,
increased extracellular matrix production of collagen (vascular fibrosis), modification of extracellular matrix by advances
glycation end-products, and medial vascular calcification
(Mönckeberg sclerosis) [6–10].

2. Arterial Stiffness and
Its Hemodynamic Consequences
Arterial stiﬀness is best evaluated by determination of pulse
wave velocity (PWV) over the arterial segment of interest
(Figure 1). Determination of PWV as a measure of arterial
stiﬀness provides an intuitive understanding of its impact
on central (aortic) hemodynamic consequences (Figure 2).
Accordingly, in patients with normal arteries, the pressure
wave that is generated from the heart travels at a lower
speed, hits the reflecting sites, and returns to the ascending
aorta during the diastole. This late wave reflection results
in the elevation of diastolic pressure and is beneficial for
the coronary perfusion. However, when the blood vessels
become stiﬀ, the pressure wave travels much faster, hits the
reflecting sites, and returns to the ascending aorta during the
left ventricular ejection time (systole), when the aortic valves
are still open. This early reflection that occurs during the
systole imposes an increased workload for the left ventricle,
and its absence during the diastole contributes to a rapid
decay in diastolic pressure and poorer coronary perfusion
pressure (Figures 3 and 4).
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Figure 1: Pulse wave velocity. Pulse wave velocity (PWV) is
measured by dividing the length of the arterial segment by the
transit time of the pulse wave between the two sites of interest.
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Figure 2: Arterial wave reflection. The upper section of both panels
shows the recorded wave in subject with lower arterial stiﬀness (a)
and higher arterial stiﬀness (b) as determined by a lower and a
higher pulse wave respectively. The lower section of both panels
shows the dissection of the recorded wave into the incidental (- - -)
and reflected waves (. . .) in the respective conditions. In (a), it can be
seen that the timing of peak reflected pressure wave (arrow) occurs
after the closer of the valves (vertical line). In (b), the timing of peak
reflected pressure wave (arrow) occurs before the closer of aortic
valves (vertical line).

The biomechanical property of conduit arteries is heterogeneous in the arterial tree. As a general rule, the blood
vessels which are closer to the heart are more elastic, and
they become stiﬀer as they move towards the periphery.
This is mostly explained by the elastin component of the
vessel which follows the same pattern of distribution [6, 11].
Although arterial stiﬀness can aﬀect any conduit artery,
vascular stiﬀness hampers mostly the unique and vital
function of elastic vessels such as aorta and common carotid
arteries. It is therefore not surprising that aortic stiﬀness has
been associated with increased mortality whereas stiﬀness
of muscular conduit arteries fails to provide this distinctive
prognostic information [12]. In a recent meta-analysis of 17

600
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Time (ms)

Figure 3: Central systolic pressure time index (SPTI) and diastolic
pressure time index (DPTI). Pulse wave profile analysis of ascending
aorta shows that systolic pressure time index (SPTI) represents
myocardial workload and the diastolic pressure time index (DPTI)
represents the myocardial perfusion. The ratio of DPTI/SPTI is also
referred to as the subendocardial viability ratio. Arterial stiﬀness
and earlier wave reflection lead to a lower DPTI/SPTI ratio that may
be detrimental to the myocardial function. The pulse wave profile
shows also the ejection duration (ED), diastolic duration (DD), and
end systolic pressure (ESP).

longitudinal studies that evaluated aortic PWV and followed
up 15,877 subjects for a mean of 7.7 years, Vlachopoulos and
colleagues have concluded that an increase in aortic PWV by
1 m/s corresponded to an age-, sex-, and risk factor-adjusted
risk increase of 14, 15, and 15% in total cardiovascular events,
mortality, and all-cause mortality, respectively [5].
Besides the increased cardiac workload and reduced
coronary perfusion, stiﬀness of the central elastic arteries can
also aﬀect other organs such as kidneys and brain. When
these central arteries are provided with great elasticity, they
can absorb the pulsatility of the flow to highly perfused
organs (i.e., brain and kidneys). However, when elastic
arteries become stiﬀ, they lose the capacity to dampen this
pulsatility of blood flow, and therefore, perfusion of brain
and kidneys become highly pulsatile. This may explain the
relationship between aortic stiﬀness and increased risk of
stroke and microalbuminuria [13–16].

3. Determination of Arterial Stiffness
A thorough review of evaluation of arterial stiﬀness is beyond
the scope of this paper and has recently been reviewed in
detail by Adji and colleagues [17]. A brief presentation on
determination of arterial stiﬀness is however necessary for
the understanding of the role of dialysis calcium concentration (DCa) on arterial stiﬀness. It should be first mentioned
that arterial stiﬀness assessment can be performed for local,
segmental, or systemic arterial tree. The terms arterial
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Figure 4: Central pulse wave profile. The central pulse wave
profile can be broken into the following parameters: diastolic blood
pressure (DBP), first peak of pressure (P1), time of return of the
reflected wave (Tr), second peak of pressure (P2), systolic blood
pressure (SBP), and pulse pressure (PP). Augmented pressure (AP),
reflecting the amount of central pressure increase that is due to the
earlier arrival of reflected wave, can be calculated by subtracting P2
from P1.

stiﬀness, elasticity, distention, and compliance are sometimes
used interchangeably in common language. However, these
parameters have distinct mechanical definitions and only
underline the complexity of the biomechanical property
of the arterial wall. These definitions and methodological
aspects of evaluation of arterial stiﬀness have been addressed
by Laurent et al. [18] in an expert consensus document on
arterial stiﬀness applications.
As mentioned previously, arterial stiﬀness is still best
measured by determination of segmental PWV over that
arterial segment. As arterial stiﬀness aﬀects pulse wave
profile, peripheral pulse wave profile analysis by radial artery
tonometry, digital volume pulse, and oscillometric waveform
analysis of brachial artery have been used to derive various
indices of arterial stiﬀness and arterial compliance. For the
purpose of this paper a detailed analysis of each method used
to evaluate the impact of DCa on arterial stiﬀness will be
addressed for each study.

4. Impact of Dialysis Calcium Concentration on
Arterial Stiffness in Hemodialysis
The hemodynamic eﬀects of higher DCa have been the
subject of many studies. From these studies, one can conclude that increased cardiac output and increased vascular
resistance are responsible for a lesser decrease in postdialysis
blood pressure and for a hemodynamically more stable
hemodialysis session [19–22]. However, only a handful
of protocols have studied the impact of DCa on arterial
stiﬀness. These studies are summarized in Table 1 and will be
reviewed here in detail. In reviewing these studies, one must

also consider the gradual trend towards a lower DCa that has
occurred during the past two decades.
The first of these studies was performed by Marchais and
colleagues [23], where they showed in hemodialysis patients
(n = 26) that DCa of 1.5 mM was not associated with
changes in aortic and brachial stiﬀness as measured by PWV,
whereas a DCa of 1.75 mM was associated with an increase
in both aortic (1091 ± 329 to 1221 ± 268 cm/s, P < .01)
and brachial PWV (1173 ± 315 to 1438 ± 271 cm/s, P <
.001). The increase in serum ionized calcium (iCa) was more
pronounced with DCa of 1.75 mM (1.29 ± 0.06 to 1.55 ±
0.01 mM, P < .0001) than with DCa of 1.5 mM (1.28 ± 0.08
to 1.34 ± 0.11, P < .01). The blood pressure did not change
during dialysis, and it was concluded that high-calcium bath
induced hypercalcemia and elevation of arterial stiﬀness in
hemodialysis patients.
In a study by Kyriazis et al. [24], the interdialytic and
intradialytic eﬀects of DCa were evaluated in 19 subjects who
were randomly assigned to DCa of 1.25 and 1.75 mM for
4 sessions of dialysis in a crossover fashion. They evaluated
arterial stiﬀness by oscillometric waveform analysis of the
brachial artery to determine brachial artery compliance, that
is, the capacity of the artery to accept a volume of blood for
each mmHg increase of pressure. The vascular compliance
was derived by radial (perpendicular to the wall of the artery)
compression and expansion of the brachial artery caused
by the oscillating blood pressure. Determination of arterial
compliance was then calculated based on the brachial artery
diameter that was estimated by a mathematical model in
which the average size of the brachial artery at mean arterial
pressure was scaled for body surface area. Using this method,
these investigators showed that predialysis pulse pressure
and iCa levels were the only determinants of the predialysis
brachial arterial compliance. After 4 sessions of dialysis with
the lower concentration of calcium, the predialysis iCa was
lower (1.10 ± 0.08 versus 1.15 ± 0.07 mM, P < .001) and
arterial compliance was better as compared to the higher
DCa (0.101 ± 0.03 versus 0.092 ± 0.02 mL/mmHg, P <
.05). However, the postdialysis brachial artery compliance
improved by 32% and 37% with both DCa of 1.25 and 1.75
mM, respectively. This intradialytic improvement of arterial
compliance was inversely correlated with changes in systolic
and pulse pressures and was not related to the changes in
iCa levels. However, this lack of diﬀerence in intradialytic
changes of arterial compliance between the two DCa may be
related to the methodological limitations in the assessment
of arterial compliance.
In 8 patients with a baseline dialysis calcium of 1.75 mM,
Yoo and colleagues [25] studied the arterial compliance of
the common carotid artery after ten sessions of DCa of
1.25 mM followed by 10 sessions of DCa of 1.75 mM. The
common carotid diameter was determined by ultrasound;
however, the local pulse pressure was not determined, and
the brachial pulse pressure was used to determine carotid
compliance. Nevertheless, these investigators showed that
switching to DCa of 1.25 mM for ten sessions improved the
compliance of common carotid artery which increased from
0.140 mm2 /kPa to 0.170 mm2 /kPa. After switching back to
DCa of 1.75 mM, the common carotid compliance returned
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Table 1: Summary of studies evaluating the eﬀects of dialysis calcium concentration on arterial stiﬀness in dialysis.

References

Population
(n)

Dialysis Ca

Duration

Marchais et al.
(1989) [23]

26 HD

1.5 mM versus
1.75 mM

1 HD per DCa

Kyriazis et al.
(2000) [24]

19 HD

1.25 mM versus
1.75 mM (crossover)

4 HD per DCa

Yoo et al.
(2004) [25]

8 HD

1.75 mM (baseline)↓
10 HD per DCa
1.25 mM ↓ 1.75 mM

Kyriazis et al.
(2007) [26]

14 HD

1.25 mM versus
1.75 mM

1 HD per DCa

18 HD

1.00 mM versus
1.25 mM versus
1.50 mM (Latin
square crossover)

1 HD per DCa

49 PD

1.25 mM versus
1.75 mM
(observational study
of prevalent cases)

6 months

Leboeuf et al.
(2009) [29]

Demirci et al.
(2008) [30]

Stiﬀness index

Results

(i) 1.5 mM: Slight ↑ iCa,
brachial and aortic PWV
Aortic PWV, brachial PWV
unchanged
(ii) 1.75 mM: ↑ iCa, ↑
brachial and aortic PWV
Estimated brachial artery compliance
(i) 1.25 mM: iCa stable, ↑
(oscillometric pulse wave analysis and AC
estimation of brachial artery diameter) (ii) 1.75 mM: ↑ iCa, ↑ AC
Carotid arterial compliance (carotid
(i) 1.25 mM: ↓ iCa, ↑ AC
ultrasound and brachial pulse pressure) (ii) 1.75 mM: ↑ iCa, ↓ AC
(i) 1.25 mM: ↓ iCa, SI and
Stiﬀness index (SI), reflection index
RI unchanged
(RI) derived from the digital volume
(ii) 1.75 mM: ↑ iCa, ↑ SI,
pulse waveform
↑ RI
(i) Association between
ΔiCa and relative changes
in brachial and aortic
Brachial PWV, aortic PWV,
stiﬀness, independent of BP
augmentation index (AI)
(ii) Postdialysis reduction
of augmentation index,
independent of DCa or
ΔiCa
(i) PWV identical at
baseline in both groups,
Brachial PWV, augmentation index (AI) (ii) PWV increased in the
high-calcium group during
study (not adjusted for BP)

HD: hemodialysis; PD: peritoneal dialysis; BP: blood pressure; iCa: ionized calcium; Δ iCa: changes in iCa; PWV: pulse wave velocity; AC: arterial compliance;
AI: augmentation index.

to its baseline value of 0.140 mm2 /kPa. In this study, the iCa
was 1.6 ± 0.1 mM at baseline, decreased to 1.11 ± 0.07 mM
with DCa of 1.25 mM (P < .05 compared to baseline), and
returned to baseline levels (1.6 ± 0.1) after reusing DCa of
1.75 mM.
In another study by Kyriazis and colleagues [26], the
eﬀects of DCa on arterial stiﬀness were studied during a
single session of dialysis with DCa of 1.75 versus 1.25 mM. In
this study arterial stiﬀness was assessed by stiﬀness index (SI)
and reflection index (RI) that were derived from pulse wave
analysis of digital volume pulse (DVP). The DVP waveform
consists of a systolic peak and a second diastolic peak which is
formed by the reflection of the pulse wave from the reflection
site from the lower body (Figure 5). The time delay (peakto-peak time (PPT), see Figure 5) between the systolic and
diastolic peaks is related to the transit time of pressure waves
from the root of the subclavian artery to the apparent site of
reflection and back to the subclavian artery. In addition to
conduit vessel stiﬀness, the degree of pulse wave reflection
also depends on the impedance of the microvascular bed
and the tone of the small- to medium-sized blood vessels.
Knowing that the reflection site is proportional to the height
(h) of the subject, the stiﬀness index is calculated by dividing
the height by the peak-to-peak time (SI = h/PPT) [27]. The
RI is calculated by dividing the height of the reflective wave

(b) to the height of the incident wave (a) (RI = b/a) [27].
Therefore, SI is determined both by pulse wave velocity and
vascular tone, while RI is a measure of pulse wave reflection.
[28] In this protocol, both SI and RI increased, respectively,
by 5.7 and 6% during treatment with a DCa of 1.75 mM,
whereas they remained unchanged with DCa of 1.25 mM.
Serum iCa increased with 1.75 mM (1.15 ± 0.08 versus 1.65
± 0.07, P < .001) and decreased with 1.25 mM (1.16 ± 0.09
versus 1.10 ± 0.05, P < .001).
The historical choice of a DCa of 1.75 and even 1.5 mM
in an era where calcium-based phosphate binders were
universally used in CKD patients was gradually challenged
over the last decade. In this context, we undertook the task
of evaluating the impact of three DCa (1.00, 1.25, 1.5 mM)
that changed the postdialysis ionized calcium concentrations
within the physiological range [29]. Accordingly, 18 subjects
underwent a midweek dialysis session with all three DCa over
a three-week period. Arterial stiﬀness was assessed before and
after each dialysis. Carotid-femoral PWV (c-f PWV), and
carotid-radial PWV (c-r PWV) was measured to determine
the stiﬀness of both elastic and muscular conduit arteries.
The central hemodynamic impact of DCa was determined
by means of generalized transfer function applied to radial
pulse wave profile. In postdialysis, iCa decreased with DCa
of 1.00 mM (−0.14 ± 0.04 mM, P < .001), increased with

International Journal of Nephrology

Signal

RI = b/a
SI = height/PPT

a

b

PPT

Time

Figure 5: Contour of digital volume pulse. The digital volume pulse
provides a dicrotic signal. The first peak is the incident pulse wave
generated from the heart while the second peak is generated from
the reflection of incidental wave from the reflection site of the lower
part of the body. The peak-to-peak time (PPT) represents the transit
time between the incidental and reflective waves. Since the travel
distance of the reflective wave is proportional to the height (h) of
the subject, a stiﬀness index (SI) can be calculated by dividing height
by the PPT. The ratio of the height of the reflective wave (b) to the
incidental wave (a) is used as the reflective index (RI).

a DCa of 1.50 mM (0.10 ± 0.06 mM, P < .001) but
did not change with a DCa of 1.25 mM. Tests of withinsubject contrast showed a linear relationship between higher
DCa and higher postdialysis changes in c-f PWV, c-r PWV,
and mean blood pressure (P < .001, P = .008 and
P = .002, resp.). Heart rate-adjusted central augmentation
index (augmentation pressure divided pulse pressure, see
Figure 4) decreased significantly after dialysis, but was not
related to DCa. In a multivariate linear-mixed model for
repeated measures, the percentage increase in c-f PWV and
c-r PWV was significantly associated with the increasing
level of iCa, whereas the increasing level of change in mean
blood pressure was not significant. We conclude that DCa
and acute changes in the serum iCa concentration, even
within physiological range, are associated with detectable
and significant changes of arterial stiﬀness.

5. Impact of Dialysis Calcium Concentration on
Arterial Stiffness in Peritoneal Dialysis
The impact of peritoneal DCa on arterial stiﬀness still
remains elusive. The only data available comes from a recent
report from Demirci et al. [30] where they evaluated the
eﬀects of DCa on the progression of arterial stiﬀness. These
patients were on dialysis for more than 6 months with either
DCa of 1.25 (n = 34) or 1.75 mM (n = 15). After a
baseline assessment of arterial stiﬀness, the patients were
reevaluated 6 months later while using the same dialysis
prescription. Arterial stiﬀness was assessed by brachial artery
PWV, and central augmentation index was determined by
radial artery tonometry. At baseline, the augmentation index
was higher with DCa 1.75 mM as compared to 1.25 mM
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(27% ± 10% versus 21% ± 9%, P < .05). Brachial PWV was
not diﬀerent between the groups at baseline (8.4 ± 1.1 m/s
versus 8.5 ± 1.7 m/s, p = ns). However, after 6 months,
brachial PWV increased in the 1.75 mM group (from 8.4 ±
1.1 to 9.6 ± 2.3 m/s, P < .05), but had not changed in the
1.25 mM group (from 8.5 ± 1.7 m/s to 8.2 ± 1.9 m/s, P = ns).
The augmentation index did not progress in either group.
There are however some limitations to the interpretation of
the results provided by this study. First, the blood pressure
was higher in the 1.75 mM group as compared to the
1.25 mM group at baseline (100 ± 22 mmHg versus 88 ±
18 mmHg, P = .06) and still higher after 6 months of
followup (106 ± 14 versus 91 ± 15, P < .01 (P value was not
provided by the original authors)). Therefore, it cannot be
assumed that the progression of arterial stiﬀness was blood
pressure independent in this study. Second, it should be
mentioned that these subjects were at least on the same DCa
for the preceding six months prior to baseline evaluation,
and yet their brachial PWV was practically identical at
baseline. Therefore, it is hard to reconcile why an impressive
progression of brachial artery stiﬀness occurred over the
ensuing 6 months in the 1.75 mM group.

6. Conclusion
In summary, it is clear that acute manipulations of serum
ionized calcium by dialysis calcium concentration can
modulate vascular stiﬀness. This behavior can readily be
explained on the basis of smooth muscle cells being in
series with collagen and in parallel with elastin fibers, such
that reduction in muscular tone transfers stress from the
muscular fibers and collagen to the elastins of the wall,
and the increase in muscular tone produces the reverse
eﬀect [31, 32]. However, in long-term studies, the DCa
could also lead to structural arterial stiﬀness that may
result from increased calcium load and its interference with
mineral and bone metabolism. Clearly, long-term studies are
required to evaluate the impact of DCa on the progression of
arterial stiﬀness to better define the optimal dialysis calcium
concentration.
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Dialysate calcium (Ca) concentration should be viewed as part of the integrated therapeutic regimen to control renal
osteodystrophy and maintain normal mineral metabolism. The goals of this integrated approach are to keep the patient in a
mild positive Ca mass balance (CaMB), to maintain normal serum Ca levels, to control plasma parathyroid hormone values to
two to three times above normal levels, and to avoid soft-tissue calcifications. Thus, a correct net CaMB during hemodialysis (HD)
is crucial in the treatment of renal osteodystrophy. Very few studies have been published which measured CaMBs in bicarbonate
HD. This is mainly due to the technical diﬃculties in achieving an accurate measurement of CaMBs owing to the need for the
collection of the total spent dialysate or of a proportional aliquot of it. Whereas no doubt exists about the fact that an inlet
dialysate Ca concentration (CaD) of 1.75 mmol/L leads to a positive CaMB, more controversial is this issue, when dealing with a
CaD of 1.50 mmol/L and, even more, when dealing with a CaD of 1.25 mmol/L. Another important issue is the appropriate CaD
in long-hour slow-flow nocturnal HD. Finally, which CaMB should we study: ionized CaMB or total CaMB? This issue is largely
discussed in the review.

Disturbances in mineral and bone metabolism are highly
prevalent and are a major cause of morbidity and mortality
among chronic kidney disease patients. To address this issue,
current guidelines recommend a number of therapeutic
strategies, such as the use of phosphate binders, vitamin
D analogues, or calcimimetics [1]. However, in current
practice, little attention is paid to the dialysate calcium
(Ca) concentration. On the contrary, it should be viewed as
part of the integrated therapeutic regimen to control renal
osteodystrophy and maintain normal mineral metabolism.
The goals of this integrated approach are to keep the patient
in a mild positive Ca mass balance (CaMB), to maintain
normal serum Ca levels, to control plasma parathyroid
hormone (PTH) values from two to three times above
normal levels, and to avoid soft-tissue calcifications [2].
Thus, a correct net CaMB during hemodialysis (HD) is
crucial in the treatment of renal osteodystrophy.
CaMB during HD is influenced by both diﬀusive and
convective transport. The driving force which determines the
diﬀusive transport is given mainly by the inlet dialyzer diffusion concentration gradient between the ionized calcium

(iCa) levels in the dialysate and in the plasma water. It is
expressed as
1.12 × inlet dialyzer iCa concentration
− plasma water iCa concentration,

(1)

where 1.12 is the Gibbs-Donnan factor [3, 4].
CaMB is influenced also by the convective transport.
CaMBs, which can be expressed as iCaMBs and total CaMBs,
(tCaMBs) can be calculated as follows (tCaMB is taken as an
example):


tCaMB = tCa concentration in the fresh dialysate

× liters of the fresh dialysate

− tCa concentration in the spent dialysate

× liters of the dialysate

+ tCa concentration in the spent dialysate
× volume of ultrafiltration)].
(2)
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Figure 1: Flow chart of the GENIUS single-pass batch dialysis system.
Table 1: Ca mass balances in bicarbonate HD with diﬀerent inlet dialysate Ca concentration (CaD).
Authors
Malberti et al. [5]
Hou et al. [6]
Fabrizi et al. [7]
Al-Heijaili et al. [8]
Karohl et al. [9]
Malberti et al. [5]
Malberti et al. [10]
Al-Heijaili et al. [8]
Karohl et al. [9]
Basile et al. [11]
Basile et al. [12]
Basile et al. [12]
Al-Heijaili et al. [8]
Basile et al. [11]
Basile et al. [11]
Hou et al. [6]
Fabrizi et al. [7]
Malberti and Ravani [10]
Al-Heijaili et al. [8]
Karohl et al. [9]
Sigrist and McIntyre [13]
Karohl et al. [9]

Hours
4
4
3
4
4
4
4
4
4
4
4
8
8
4
4
4
3
4
4
4
4
4

Number of patients
20
7
6
13
23
20
11
13
23
22
11
11
13
22
22
7
6
11
13
23
52
23

CaD (mmol/L)
1.75
1.75
1.75
1.75
1.75
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.375
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.00

Calcium mass balance (mg)
+80 ± 164
+876 ± 92
+308 ± 52
+584 ± 196
+405 ± 413
−112 ± 80
−204 ± 124
−80 ± 64
+46 ± 400
+293 ± 228
+285 ± 137
+298 ± 132
−171 ± 287
+182 ± 125
+75 ± 122
+216 ± 136
−6 ± 36
−324 ± 156
−328 ± 108
−468 ± 563
−188 ± 232
−578 ± 389

Means ± SD. Solute removal during dialysis is expressed as a negative number, whereas solute gain is expressed as a positive number.

Solute removal during dialysis is expressed as a negative
number, whereas solute gain is expressed as a positive
number.
Total spent dialysate and ultrafiltrate can be collected
in a calibrated tank. Partial dialysate collection can be

performed via a time-driven sampling pump in the waste
tubing. This system regularly collects a constant volume
of fluid consisting of spent dialysate and ultrafiltrate [14].
Very recently, the GENIUS single-pass batch dialysis system
(Fresenius Medical Care, Bad Homburg, Germany) was

International Journal of Nephrology
utilized in studies on CaMBs [9, 11, 12]. It was chosen
because it oﬀers the opportunity of eﬀecting mass balances
of any solute in a very precise way, at variance with those
obtained with the standard single-pass dialysis systems,
which are always at risk of systematic errors [15]. The
characteristics of the GENIUS dialysis system are shown in
Figure 1 and have been described elsewhere [16].
Very few studies have been published which measured
CaMBs in bicarbonate HD [5–13]. This is mainly due to the
technical diﬃculties in achieving an accurate measurement
of CaMBs owing to the need for the collection of the total
spent dialysate or of a proportional aliquot of it [14].
Table 1 summarizes CaMBs obtained in the most relevant
studies in bicarbonate HD [5–13]. Whereas no doubt exists
about the fact that an inlet dialysate Ca concentration
(CaD) of 1.75 mmol/L leads to a positive CaMB [5–9], more
controversial is this issue, when dealing with a CaD of
1.50 mmol/L [5, 8–12] and, even more, when dealing with a
CaD of 1.25 mmol/L [6–11, 13]. Worth noting, very recently
Basile et al. showed that a CaD of 1.375 mmol/L was able
to keep the patient in a mild positive tCaMB to maintain
normal plasma Ca levels and not to stimulate PTH secretion
[11].
Another important issue is the appropriate CaD in longhour slow-flow nocturnal HD. This issue has been addressed
in very few studies [8, 12]. Al-Hejaili et al. showed that in
order to remain in positive CaMB in long-hour slow-flow
HD a patient requires the CaD to be in excess of 1.50 mmol/L
[8]. By contrast, Basile et al. showed that, when using a
CaD of 1.50 mmol/L, both treatments (4 h and 8 h) always
achieved a positive iCaMB for the patients [12].
Finally, which CaMB should we study: iCaMB or tCaMB?
A very recent study by Basile et al. [11] confirmed and
extended data already published by Argiles et al. [14]: mean
tCaMBs were less positive than mean iCaMBs for each
of the CaD studied (1.25, 1.375 and 1.50 mmol/L), even
though their diﬀerence did not reach the level of statistical
significance [11]. When pooling all the 66 experiments
(22 patients undergoing one experimental bicarbonate HD
session with the three CaD), a mean diﬀerence of 9.8
percent between tCaMBs and iCaMBs was obtained [11].
This diﬀerence was less striking (4.7 percent), but statistically
significant (P < .006), when comparing the ratios iCa/tCa
of the fresh and spent dialysate obtained in the kinetic
studies [11]. The figure of 4.7 percent was close to the values
obtained by Argiles et al. [14]: the mean percent diﬀerences
in their study were 8.3 and 5.0 between the ratios iCa/tCa
of the fresh and spent dialysate, when using, respectively, a
CaD of 1.25 and 1.50 mmol/L [14]. Furthermore, Argiles et
al. claimed that phosphate captured by the dialysate fluid
during its passage through the dialyzer may be responsible
for such a shift between Ca pools [14]. Even though this is
true, complexing of iCa by phosphate is probably only part
of the truth. Actually, other anions may complex iCa, such as
lactate, citrate, bicarbonate, and sulphate [17]. Furthermore,
kinetic studies by Basile et al. showed that the main factor
leading to precipitation of Ca complexes is probably the
large diﬀerence in pH existing between the inlet dialysate
and the ultrafiltrate recipient (Figure 1) [11]. In fact, Moore
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observed a decrease in iCa of ultrafiltrates above pH 7.3–
7.6; this most likely represents a solubility (kinetic) problem
related to variable precipitation of certain Ca complexes
[17].
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FGF23 is a bone-derived hormone that plays an important role in the regulation of phosphate and 1,25-dihydroxy vitamin D
metabolism. FGF23 principally acts in the kidney to induce urinary phosphate excretion and suppress 1,25-dihydroxyvitamin
D synthesis in the presence of FGF receptor 1 (FGFR1) and its coreceptor Klotho. In patients with chronic kidney disease
(CKD), circulating FGF23 levels are progressively increased to compensate for persistent phosphate retention, but this results in
reduced renal production of 1,25-dihydroxyvitamin D and leads to hypersecretion of parathyroid hormone. Furthermore, FGF23
is associated with vascular dysfunction, atherosclerosis, and left ventricular hypertrophy. This paper summarizes the role of FGF23
in the pathogenesis of mineral, bone, and cadiovascular disorders in CKD.

1. Introduction
Patients with chronic kidney disease (CKD) are at increased
risk for cardiovascular events compared with individuals
with normal kidney function [1]. In addition to traditional cardiovascular risk factors, disturbances in calciumphosphate metabolism are regarded as strong contributing
factors of higher cardiovascular mortality in CKD patients
[2, 3]. Indeed, elevated serum phosphate, low calcitriol,
and high PTH levels represent the classical triad that
leads to secondary hyperparathyroidism, each factor being
independently associated with cardiovascular events and
mortality in patients with CKD [4, 5].
Recently, the phosphaturic hormone, fibroblast growth
factor (FGF-23), is overpoweringly entered into the traditional pathophysiological scheme of secondary hyperparathyroidism.

2. Structure of FGF-23
Seven known subfamilies of human FGFs have been defined
[6, 7]. The FGF-19 subfamily is composed of three proteins—FGF-19, FGF-21, and FGF-23—which exert diverse

physiological functions. FGF-23 is a central regulator
of phosphate homeostasis and calcitriol blood levels;
FGF-19 inhibits the expression of enzyme cholesterol 7-ahydroxylase (CYP7A1), which is the first and rate-limiting
step in bile acid synthesis [8]; FGF-21 stimulates insulinindependent glucose uptake in adipocytes and lowers triglycerides [9]. Interestingly, FGF-19, FGF-21, and FGF-23 contain a disulfide bond that is absent in most other subfamilies.
This may explain why FGF-23 can be distributed in the
bloodstream to mediate its functions.
FGF-23 is a 251-amino acid protein (MW 26 kDa) synthesized and secreted by bone cells, mainly osteoblast [10].
It is composed of an amino-terminal signal peptide (residues
1–24), followed by an “FGF-like sequence” (residues 25–180)
and a carboxyl-terminal extended sequence (residues 181–
251) that is unique compared with other members of the FGF
family [7]. The half-life of intact FGF-23 in the circulation
of healthy individuals has been estimated to be 58 min [11].
FGF-23 exerts its biological eﬀects through activation of FGF
receptors (FGF-Rs); this activation is Klotho dependent as a
Klotho/FGF-R complex binds to FGF-23 with higher aﬃnity
than does FGF-R or Klotho alone [12]. Klotho is a 130kDa transmembrane b-glucuronidase capable of hydrolyzing
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steroid b-glucoronides. It was named after Klotho, one of the
Moirae (the fates) in Greek mythology who spun the thread
of life from her distaﬀ onto her spindle; indeed, Klothodeficient mice manifest a syndrome resembling accelerated human aging and extensive atherosclerosis. Because
FGF-23/mice show similar phenotypes to Klotho/mice, a
common signaling pathway has been postulated [13, 14].
Klotho gene expression was detected in cells of the renal
tubule, parathyroid, and choroid plexus. Importantly, renal
Klotho expression is largely confined to the distal tubules,
which is also the site for initial FGF-23 binding and
signaling [15, 16]. However, renal phosphate reabsorption
mainly occurs in the proximal tubules, and it is currently
unknown how FGF-23 signaling in the distal tubule translates into decreased phosphate reabsorption in the proximal
tubules.

3. Physiological Functions of FGF-23
Renal phosphate excretion is physiologically regulated mainly by proximal tubular cells, which express both Na/Pi Type
II and Na/Pi IIc cotransporters at their apical membrane
[17].
FGF-23 reduces the action of both cotransporters; in
addition, it may inhibit gastrointestinal phosphate absorption by reducing intestinal Na/Pi IIb cotransporter activity
in a vitamin D-dependent manner [18].
The principal physiological stimuli for increased FGF-23
expression both in vitro and in vivo are 1,25(OH)2D3 and
high dietary phosphate intake [19–22]. Persistent hyperphosphataemia is an eﬀective trigger for FGF-23, while
rapid changes in serum phosphate concentrations may not
induce an acute increment in serum FGF-23 levels [23].
It is therefore possible that FGF-23 responds to the net
phosphate balance rather than to the serum phosphate
level, but experimental data supporting this hypothesis are
scarce.

4. FGF-23, PTH, and Calcitriol
FGF-23, PTH, and calcitriol may influence each other in
opposite manner. FGF-R and Klotho are expressed in
parathyroid glands; FGF-23 might decrease PTH mRNA
transcription [24]. FGF-23 activity is not dependent on PTH,
as the phosphaturic eﬀects of FGF-23 are maintained in
animals after parathyroidectomy [25]. Conversely, PTH may
stimulate FGF-23 secretion by osteoblast, as FGF-23 levels
are increased in rodents with primary HPT, which may be
reversed by parathyroidectomy [26]. In rodents, injection of
recombinant FGF-23 reduces calcitriol levels within hours
by decreasing renal expression of 1a-hydroxylase (CYP27B1)
and increasing the expression of 24-hydroxylase (CYP24A1),
which controls calcitriol degradation [25]. Conversely, calcitriol itself stimulates FGF-23 generation by binding to a
vitamin D response region in the FGF-23 gene promoter
[27].
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5. FGF-23 in Subjects with
Intact Renal Function
The main physiological role of FGF-23 in healthy subjects is
to regulate urinary phosphate excretion to maintain stable
serum phosphate levels. However, no correlation between
FGF-23 and serum phosphate levels has been found in
individuals without overt renal disease [28, 29]. Possible
explanation for this finding is that most studies which found
no significant change in FGF-23 levels were smaller, and
phosphate loading was restricted to a maximum of 3 days
[21].

6. FGF-23 23 in Subjects with CKD
In CKD, circulating FGF-23 levels gradually increase with
declining renal function such that by the time patients reach
end-stage renal disease, FGF23 levels can be up to 1000-fold
above the normal range [30]. The increase in FGF-23 begins
at a very early stage of CKD as a physiological compensation
to stabilize serum phosphate levels as the number of
intact nephrons declines [28, 30–32]. In contrast, it was
hypothesized that increased FGF-23 levels in CKD result
primarily from decreased renal clearance [31]. However,
there is no increase in the accumulation of degraded FGF-23
in advanced CKD. It is also likely that FGF-23 levels depend
on an increased secretion due to an end-organ resistance to
the phosphaturic stimulus of FGF-23 because of a deficiency
of the necessary Klotho cofactor [33, 34]. Other potential
explanations for the early rise in FGF-23 could be the
release of unidentified FGF-23 stimulatory factors or loss of
a negative feedback factor(s) that normally suppress FGF-23,
by the failing kidney.

7. FGF-23, Mortality,
and Cardiovascular End Points
Since alterations in mineral metabolism are associated with
increased cardiovascular risk in CKD, it is plausible that
FGF-23 is directly involved in it. Indeed, in patients starting
hemodialysis, higher FGF-23 levels were strongly associated
with increased risk of 1-year mortality both in crude- and
multivariate-adjusted models, with the highest FGF-23 quartile reaching a nearly 6-fold higher risk than the lowest [35].
In addition, in this population, FGF-23 was stronger predictor of mortality than the serum phosphate level. Importantly,
FGF23 did not associate to mortality in patients within
the highest quartile of serum phosphate (>1.77 mmol/L),
suggesting that the prognostic value of FGF23 is blunted in
the presence of severe hyperphosphatemia.
The role of FGF-23 on cardiovascular or renal end points
but not on mortality has been evaluated in patients with
CKD not on dialysis. In 227 diabetic patients with CKD
stages 1–4, the progression of renal disease was assessed [32].
It was found that FGF-23 but not serum phosphate levels
was significant independent predictor of CKD progression,
defined as doubling of serum creatinine and/or terminal
renal failure. In a cross-sectional study, a large cohort of
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men and women in CKD stage 2 with a mean eGFR
of 73 mL/min/1.73 m2 was evaluated. In this cohort, that
represented a valuable model of healthy individuals and early
CKD, it was observed that higher FGF-23 was linked to
several dynamic measurements of vascular function, including arterial stiﬀness measured by pulse wave velocity and
endothelial dysfunction measured by an invasive forearm
technique [36] in both crude- and multivariate-adjusted
models. A subgroup of this population underwent a novel
technique named whole-body magnetic resonance imaging
angiography, which provides information about the degree
of arterial stenosis as a surrogate marker of atherosclerosis in
all major vascular territories. Higher FGF-23 level was associated with higher atherosclerosis score [37]. It is important
to underline that FGF-23 in some studies has been linked
to peripheral vascular calcification and/or coronary artery
calcification score, whereas other reports have failed to show
such an association [29, 38–41]. On this regard, it has been
speculated that FGF-23 could function as a local inhibitor
of vascular calcification; FGF-23 inhibits calcification in
vascular smooth muscle cells in vitro; this inhibitory eﬀect
is strengthened in an inflamed setting, which is often present
in CKD patients [42]. Given the osteogenic transformation
of vascular smooth muscle cells that occurs in atherosclerotic
plaques, it is possible that FGF-23 may be locally expressed
in the cardiovascular system. But the presence of FGF-23 in
the heart or aorta has not been demonstrated yet [43]. It is
currently thought that, at least in early CKD, FGF-23 indirectly contributes to decreased vascular calcification through
maintaining a normal serum phosphate level. Finally, the
relation between FGF-23 and left ventricular hypertrophy
has been evaluated, that is another strong cardiovascular
risk factor in CKD. This issue is clinically relevant because
other members of the FGF family have been implicated in
the pathogenesis of myocardial hypertrophy. Serum FGF23 was positively associated with left ventricular mass index
and increased risk of having left ventricular hypertrophy.
In particular, these associations were found in the highest
FGF-23 tertile (>48 pg/mL) and were strengthened when
restricted to subjects with eGFR <60 mL/min/1.73 m2 [35].
It is worth noticing that the associations between FGF23, vascular dysfunction, atherosclerosis, and left ventricular
hypertrophy were all progressively strengthened in patients
with a lower eGFR despite normal phosphate levels. This
finding supports the hypothesis that FGF-23 may reveal
information about phosphate-related toxicity that cannot be
obtained by measurements of serum phosphate.
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negative eﬀects of FGF-23 on survival are the mirror of the
negative eﬀects of serum phosphorus. Alternatively, FGF23 may influence outcomes by inducing hypovitaminosis
D suppressing 1a-hydroxylase with subsequent reduction
in calcitriol secretion. Vitamin D deficiency is a nontraditional cardiovascular risk factor in CKD [53–55]. However,
available data seem to exclude an ancillary role for FGF23 as mirror of serum phosphorus because adverse eﬀects
associated with high FGF-23 levels remained statistically
significant after adjustment for phosphate, calcium, and PTH
levels [32]. On the same way, adverse eﬀects associated with
high FGF-23 levels remained statistically significant after
adjustment for vitamin D levels [35, 36]. In addition, FGF23 has recently been shown to antagonize some eﬀects of
vitamin D in vitro; in a cell culture model, vitamin D
induced cell apoptosis, whereas FGF-23 and Klotho induced
cell proliferation [56]. Therefore, some hypotheses have been
proposed. It has been hypothesized that FGF-23 at very
high serum concentrations (as observed in CKD patients)
may exert certain nonspecific and presumably adverse eﬀects
through low-aﬃnity, Klotho-independent binding to FGF-R,
for example, on endothelial cells [57].

9. Conclusion
FGF-23 is a regulator of calcium-phosphate metabolism. In
clinical trials, elevated FGF-23 levels were independently
associated with faster progression of CKD, therapy-resistant
secondary hyperparathyroidism, left ventricular hypertrophy, and increased cardiovascular mortality in dialysis
patients. However, FGF-23 is not just a marker of the
derangements of calcium-phosphate metabolism in CKD,
but rather a relevant factor responsible for the inception
of secondary hyperparathyroidism and for cardiovascular
morbidity and mortality. Thus, FGF-23 could represent a
promising therapeutic target that might improve the fatal
prognosis of patients with CKD.
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Jüppner, H. Lee, and J. S. Finkelstein, “Regulation of Cterminal and intact FGF-23 by dietary phosphate in men and
women,” Journal of Bone and Mineral Research, vol. 21, no. 8,
pp. 1187–1196, 2006.
N. Ito, S. Fukumoto, Y. Takeuchi et al., “Eﬀect of acute changes
of serum phosphate on fibroblast growth factor (FGF)23 levels
in humans,” Journal of Bone and Mineral Metabolism, vol. 25,
no. 6, pp. 419–422, 2007.
T. Krajisnik, P. Björklund, R. Marsell et al., “Fibroblast growth
factor-23 regulates parathyroid hormone and 1α-hydroxylase
expression in cultured bovine parathyroid cells,” Journal of
Endocrinology, vol. 195, no. 1, pp. 125–131, 2007.
T. Shimada, H. Hasegawa, Y. Yamazaki et al., “FGF-23 is a
potent regulator of vitamin D metabolism and phosphate
homeostasis,” Journal of Bone and Mineral Research, vol. 19,
no. 3, pp. 429–435, 2004.
T. Kawata, Y. Imanishi, K. Kobayashi et al., “Parathyroid hormone regulates fibroblast growth factor-23 in a mouse model
of primary hyperparathyroidism,” Journal of the American
Society of Nephrology, vol. 18, no. 10, pp. 2683–2688, 2007.
S. Liu, W. Tang, J. Zhou et al., “Fibroblast growth factor 23 is
a counter-regulatory phosphaturic hormone for vitamin D,”
Journal of the American Society of Nephrology, vol. 17, no. 5,
pp. 1305–1315, 2006.
R. Marsell, E. Grundberg, T. Krajisnik et al., “Fibroblast
growth factor-23 is associated with parathyroid hormone and
renal function in a population-based cohort of elderly men,”
European Journal of Endocrinology, vol. 158, no. 1, pp. 125–
129, 2008.
M. Roos, J. Lutz, H. Salmhofer et al., “Relation between
plasma fibroblast growth factor-23, serum fetuin-A levels and
coronary artery calcification evaluated by multislice computed
tomography in patients with normal kidney function,” Clinical
Endocrinology, vol. 68, no. 4, pp. 660–665, 2008.
O. Gutierrez, T. Isakova, E. Rhee et al., “Fibroblast growth
factor-23 mitigates hyperphosphatemia but accentuates calcitriol deficiency in chronic kidney disease,” Journal of the
American Society of Nephrology, vol. 16, no. 7, pp. 2205–2215,
2005.
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KDIGO (Kidney Disease: Improving Global Outcomes) is an international nonprofit organization devoted to “improve the care
and outcomes of kidney disease patients worldwide through promoting coordination, collaboration, and integration of initiatives
to develop and implement clinical practice guidelines.” The mineral and bone disorder (MBD) in patients with chronic kidney
disease (CKD) has been the first area of interest of KDIGO international initiative. KDIGO guidelines on CKD-MBD were
published in 2009 with the intent to modify the previous KDOQI guidelines that had failed to consistently change the global
outcome of CKD patients. After the publication of KDOQI guidelines for bone metabolism and disease in 2003, a large number of
observational data emerged in literature linking disordered mineral metabolism with adverse clinical outcomes. Notwithstanding
this large body of observational data, a paucity of evidence from high-quality clinical trials was available for the development
of KDIGO guidelines. Herein, a summary will be provided of the most important findings of KDIGO guidelines regarding the
diagnostic workup and clinical monitoring of CKD-MBD patients.

1. Introduction
The nonprofit foundation KDIGO (Kidney Disease: Improving Global Outcomes) was established in 2003 with the
aim to improve outcomes in CKD patients through the
optimization of care.
The mineral and bone disorder (MBD) in CKD has
been the first area of interest of the KDIGO international
initiative. A KDIGO position statement published in 2006
defined CKD-MBD disease as due to either one or a combination of the following clinical situations: (a) abnormalities
of calcium, phosphorus, parathyroid hormone (PTH), or
vitamin D metabolism; (b) abnormalities in bone turnover,
mineralization, volume, linear growth, or strength; (c)
vascular or other soft tissue calcification [1]. The term renal
osteodystrophy was limited to the diagnosis of alterations in
bone morphology and their histomorphometric quantification by bone biopsy. With regard to the volume and quality of

evidence, a KDIGO Work Group of international experts and
an Evidence Review Team (ERT) were set up to collaborate
for the development of a set of new guidelines for the care of
adults and children with CKD stages 3–5 and for patients on
chronic dialysis therapy or with a kidney transplant. To this
purpose, the end points of direct importance to patients were
identified as follows: mortality, cardiovascular disease events,
fractures, hospitalisation, and quality of life. Intermediate
and biochemical end points were also identified: vascular
calcification, bone mineral density and bone biopsy, and
circulating levels of PTH, calcium, phosphorus, and alkaline
phosphatases. Only the randomised controlled trials (RCTs)
of at least a 6-month duration with a sample size of more
than 50 patients were taken into consideration for systematic
review. An exception was made for studies involving bone
biopsy, in which smaller sample sizes were accepted. For the
development of KDIGO guidelines, evidence from literature
was graded according to the Grading of Recommendations
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Table 1: KDIGO guideline for CKD-MBD: laboratory monitoring.
CKD stage
3
4
5 and 5D

Calcium and
phosphorus
monitoring
Every 6–12
months
Every 6–12
months
Every 1–3
months

PTH and ALP
monitoring
Based on
baseline level
Every 6–12
months
Every 3–6
months

25 (OH) D
monitoring
Based on
baseline level

ALP: alkaline phosphatase.

Assessment, Development, and Evaluation system (GRADE)
[2, 3]. The strength of evidence was graded “strong” (level
1) and “weak” (level 2), indicating recommendation and
suggestion, respectively, the quality of evidence was distinguished into A (high), B (moderate), C (low), and D (very
low). KDIGO guidelines for CKD-MBD were published in
August 2009, and they established targets and strategies for
biochemical bone and vascular components of this syndrome
[4]. Unfortunately, due to the limited volume of available
high-quality evidence found in the literature by the ERT, in
the guidelines, the suggestions were largely more frequent
than the recommendations. KDIGO appeared extremely
cautious mainly in the field of therapeutic interventions due
to the almost complete lack of clinical trial data supporting
specific therapeutic strategies. According to the KDIGO
guidelines, the diagnostic workup of CKD-MBD should
include both the evaluation of biochemical abnormalities
and of bone and vascular involvement in a CKD patient.

2. Biochemical Abnormalities
The KDOQI guidelines recommend that laboratory monitoring should begin in CKD stage 3 in adults (1C) and earlier
at CKD stage 2 in children (2D). Table 1 shows the frequency
of monitoring of the main laboratory parameters for CKDMBD in adults. The frequency of measurements can be
increased in CKD patients receiving treatments for CKDMBD or in those in which biochemical abnormalities have
been identified. Target levels for biochemical parameters
are illustrated in Table 2, together with those indicated
previously by the KDOQI guidelines [5].
2.1. Calcemia and Phosphatemia. According to the KDIGO
guidelines, the target for calcium and phosphorus is to
maintain circulating levels at the normal laboratory range
(2C and 2D, resp.) at all stages of CKD. In particular, in
CKD stage 5, phosphorus levels should not be simply equal
to the upper phosphorus level of 5.5 mg/dL, as suggested
by KDOQI guidelines, but should be lowered as much
as possible toward the laboratory limit, which is lower
than 5.5 mg/dL. Importantly, some observational studies of
patients with normal renal function have shown that higher
levels of serum phosphorus, even within the normal range,
are associated with increased cardiovascular morbility and
mortality [6]. Unfortunately, there are no prospective studies

that have specifically identified the inflection point at which
the increase in phosphorus becomes significantly associated
with reduced survival and increased cardiovascular morbidity and mortality in patients at all stages of CKD. However,
there is an increasing awareness of the dangerousness of
hyperphosphatemia which is accompanied by the current
tendency to maintain circulating phosphorus levels as low as
possible, in the absence of conditions of malnutrition.
Like phosphorus, calcium levels should also be maintained within the normal laboratory range. It has been
observed that calcium levels >9.5 mg/dL (>2.38 mmol/L)
or even higher are associated with increased mortality
in CKD patients [7–11]. Conversely, there is not much
evidence of an association between low levels of calcium
and mortality, and data of literature are controversial [8].
In recent observational studies, however, low serum calcium
levels were associated with increased mortality in timevarying analyses and in combination with higher serum
phosphorus (>3.5 mg/dL) and PTH levels (>150 pg/mL) [12,
13]. On the other hand, there are two aspects to consider.
The first aspect is methodological, and it concerns the use
of calcium corrected for albumin by means of formulas,
which is very common in scientific literature. Recent studies
have demonstrated that, considering ionized calcium as gold
standard, the “corrected calcium” formula does not oﬀer any
superiority over total calcium for diagnosis [14]. For this
reason, the KDIGO Work Group felt that both corrected
calcium measurements and total calcium should continue to
be used if they are part of the routine clinical practice. The
second aspect is the evaluation of the calcium-phosphorus
product. The eﬀectiveness of this mathematical parameter
in the clinical practice has recently been objected when
compared with the evaluation of calcium and phosphorus
alone. Welcoming these objections, KDIGO guidelines no
longer recommend the use of this parameter in the clinical
practice or give any target to achieve.
2.2. Parathyroid Hormone. At present, the use of “secondgeneration” PTH assays, which are widely available, is
still highly recommended in the clinical practice by the
Work Group, also in consideration of the fact that “thirdgeneration” PTH assays have not been shown convincingly to improve the predictive value for the diagnosis of
underlying bone disease. Second-generation assays detect
not only the entire 1–84 PTH molecule, but also large
fragments 7–84 whose concentration increases in CKD [15].
Third-generation methods detect only the entire 1–84 PTH
molecule. The combined use of second- and third-generation
assays allows measuring the 1–84 PTH/7–84 ratio. In some
observational studies, this ratio has proved to be a significant
predictor of bone disease and mortality [16]. However,
these data were not a suﬃcient basis for recommending
the preferential use of third-generation methods, which are
also not yet widely available. The Work Group aﬃrms that
PTH target levels for patients with CKD stages 3–5 not
on dialysis are still unknown; for this reason, it was found
reasonable to suggest that in patients not yet on dialysis as
well as in those with levels of intact PTH above the upper
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Table 2: KDIGO guideline for CKD-MBD: laboratory target range.
PTH target

CKD stage (mL/min)

KDOQI
25–70
70–110

3 (59–30)
4 (29–15)
5 (<15)

Unknown

150–300

In the range of 2–9 times
the upper reference limit
for the assay without
marked changes over time
Phosphorus target (mg/dL)
KDOQI
KDIGO

5D (dialysis)

CKD stage (mL/min)
3 (59–30)
4 (29–15)
5 (<15)
5D (dialysis)

2.7–4.6

In the reference range

3.5–5.5

Toward the reference range
Calcium target

CKD stage (mL/min)
3 (59–30)
4 (29–15)
5 (<15)
5D (dialysis)

KDIGO

KDOQI
In the reference
range

KDIGO

In the reference range
8.4–9.5 (10.2)

normal limit (2C) of the assay, calcium and phosphorus
abnormalities be first evaluated and eventually treated. In
fact, moderately elevated levels of PTH at this stage might
express an adaptive mechanism which is still eﬃcacious
and requires only interventions on the causative factors
represented by bone mineral disorders.
As for dialysis patients with CKD stage 5, instead, the
Work Group suggests that only those patients for which
the following double requirement of PTH levels is satisfied,
be considered within the PTH target: PTH levels in the
range of approximately two to nine times the upper normal
limit for the assay (2C) and circulating levels remaining
stable over the time. Actually, many observational studies
have investigated the relationship between the circulating
levels of PTH and adverse outcome, but the results obtained
were often divergent, especially for low levels of PTH. In
a large observational study, only intact PTH levels higher
than 600 pg/mL were associated with an increased mortality
risk [7]. Even more controversial is the relationship between
mortality and low levels of PTH [17, 18]. It is possible that
some interactive factors have a role in this relationship, such
as comorbidities, which aﬀect a great number of CKD and
ESRD patients [18]. It is important to observe that in the
KDIGO guidelines PTH targets have been anchored to the
specific method applied. As a matter of fact, many diﬀerent
results from methods of the same generation have been
reported [19]. This can be misleading in the application
of guidelines in which target values refer to assays that are
diﬀerent from those used in the clinical practice. KDOQI
guidelines suggested to maintain PTH levels between 150
and 300 pg/mL in CKD stage 5 patients, but this target
range was based on studies where PTH was assayed with

second-generation intact PTH Allegro Nichols IRMA, but
that assay was no longer commercially available after KDOQI
guidelines release. Referring target levels of PTH to the
specific method applied is one of the great merits of
KDIGO guidelines. Unfortunately, there is no information
in these guidelines on the collection timing in relation to
the frequency of hemodialysis and pulsatile PTH secretion,
which is an area that has been little investigated in CKD and
ESRD patients [20, 21].
2.3. Vitamin D. CKD patients are characterized not only
by a deficit in renal 1 alpha hydroxylase, which causes low
levels of 1,25 dihydroxyvitamin D (1.25 VD), but also by
a high-frequency deficit in circulating 25-hydroxyvitamin
D [22–24]. The circulating levels of 25 VD are present in
multiple quantities compared to those of 1,25 VD, and 25 VD
represents the nutritional form of a vitamin acting like
an hormone. In fact, in addition to its established role in
mineral homeostasis, vitamin D also seems to be crucially
involved in other functions related to cellular response to
environmental stimuli [25–27]. In particular, 25 VD seems
to be hydroxylated by one extrarenal 1 alpha hydroxylase in
many cells, even extrarenal cells. If activated locally in these
cells, vitamin D is believed to be able to unblock genetic
backgrounds and regulate important cell functions. These
functions, called autocrine, could be helpful to explain the
nontraditional eﬀects of this hormone, in other words those
eﬀects which are not directly associated to its regulatory
role in mineral metabolism. These nontraditional eﬀects of
vitamin D aﬀect various fields related to pathology, from
oncology to immunopathology and cardiovascular pathology; moreover, they seem to have a role in the protection
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of survival even in non-CKD patients [27, 28]. In patients
with stages 3–5D, the KDIGO guidelines suggest measuring
circulating levels of 25 VD and repeating testing at intervals
determined by the baseline values obtained (2C). However, it
has also been emphasized that testing methods for 25 VD are
not yet standardized, and definitions of “insuﬃciency” and
“deficiency” need to be further validated in CKD patients.
These definitions should also take into account the season
and the geographical area where the assay is performed,
as these parameters could influence the exposure and the
consequent production of vitamin D.
2.4. Alkaline Phosphatases. The frequency of measurement of
alkaline phosphatases is very similar to that of PTH and can
provide additional information on bone turnover. In fact,
as some comparative histological studies have demonstrated,
PTH alone is not a good predictor of bone mineral disease
with high and low turnover, except for respectively very high
or very low values [29]. The Work Group believes that total
alkaline phosphatases can contribute to correctly evaluating
the status of skeletal metabolism, even in the presence of
treatments interfering with bone turnover. However, in the
presence of very high levels of total alkaline phosphatases,
concomitant conditions such as hepatopathy and cholestasis
must be excluded. Bone alkaline phosphatases can help to
resolve interpretative doubts about the extra bone origin of
alkaline phosphatases.
The importance of measuring alkaline phosphatases
is emphasized by recent studies showing the association
between total alkaline phosphatase levels and mortality in
CKD and ESRD patients [30, 31]. It is recommended that
for every laboratory test, all necessary information about the
actual assay method in use be obtained by clinicians, who
are also recommended to base therapeutic decisions on trend
rather than on a single laboratory value.
The same laboratory tests and timing of monitoring
are also applicable to transplanted patients (CKD stages 1–
5 T), even to patients at the period immediately after kidney
transplant the KDIGO guidelines recommend measuring
serum calcium and phosphorus at least weekly, until these
parameters have become stabilized.

3. Vascular and Bone Abnormalities
There is evidence in literature of the existence of a relationship between bone and vessels predisposing to the formation
of vascular and soft tissue calcifications in CKD-MBD
patients and in those with abnormal mineral metabolism
[32]. Hypercalcemia and, above all, hyperphosphatemia may
be the main responsible factors. Hyperphosphatemia is able
to activate a sodium-phosphate cotransporter, Pit-1. This
cotransporter causes the increase in intracellular phosphorus
concentration in vascular smooth muscle cells, thus inducing
an increase in the production of the core-binding factor
alpha-1 [33], which is a transcription factor for osteoblastic
diﬀerentiation of smooth muscle cells triggering an active
vascular ossification process [34]. Hyperphosphatemia is
associated with progressive coronary calcification in CKD
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patients [35]. In these patients, coronary and noncoronary
vascular calcifications are independent predictors of survival
[36]. Vascular stiﬀness is considered to be the main cause of
elevated mortality in patients with strong vascular calcification. On the basis of all these statements, KDIGO guidelines
include the study of vascular calcifications and bone health
in the diagnosis of CKD-MBD.
Quantitative evaluation of coronary artery calcification
by electron beam computed tomography (EBCT) or by multislice computed tomography (MSCT) has been frequently
used for research purposes, but it is still uncommon. For
this reason, KDIGO guidelines suggest the use of other more
easily available techniques, such as lateral abdominal radiograph for quantification of abdominal aortic calcifications at
level L1–L4 (Kauppila method) [37], and echocardiogram
for detection of valvular calcifications. The KDIGO Work
Group also suggests that CKD-MBD patients with high
presence of vascular calcifications should be considered at
the highest cardiovascular risk in the clinical management
of this pathology. Bone biopsy is the gold standard for the
diagnosis of bone disease, and it should be limited to some
specific settings in CKD patients: unexplained fractures, persistent bone pain, unexplained hypercalcemia, unexplained
hypophosphatemia, possible aluminum toxicity, and prior to
therapy with bisphosphonates. The detection of bone diseases through bone biopsy is possible through the evaluation
of three parameters: turnover, measured as bone-formation
rate, mineralization, measured as unmineralized osteoid,
and bone volume (TMV classification). Osteitis fibrosa,
characterized by high bone turnover, normal mineralization
and increased bone volume, is still the most frequent form
of uremic osteodystrophy in CKD patients not on dialysis
and in hemodialysis patients, although in these patients it
is progressively becoming less frequent compared to those
on peritoneal dialysis. Adynamic bone disease, characterized
by low bone turnover, normal mineralization, and low
bone volume, is very common in patients on peritoneal
dialysis and is becoming progressively more frequent also
in CKD patients not on dialysis and in those on chronic
hemodialysis. Osteomalacia, characterized by reduced bone
turnover, abnormal mineralization, and little or unchanged
bone volume, is not very frequent (<10%) in patients
with CKD stages 3–5D. Mixed renal osteodystrophy, mainly
aﬀecting patients on chronic hemodialysis, is similar to
osteitis fibrosa in terms of bone turnover and to osteomalacia for mineralization and bone turnover. Finally, renal
osteodystrophy with mild lesions, mainly aﬀecting patients
on peritoneal dialysis, has lesions similar to those of osteitis
fibrosa, but with lesser degree of changes in turnover and
bone volume.
The KDIGO guidelines emphasize that the most accurate
tools for the diagnosis of renal osteodystrophy are bone
biopsy and TMV classification. Other indirect methods
are less accurate, as in the case of BMD, whose ability
to predict fracture risk in patients with CKD stages 3–
5 as it does in the general population is not confirmed.
BMD cannot certainly distinguish between diﬀerent types
of renal osteodystrophy. As mentioned above, measurements
of circulating PTH do not provide adequate diagnostic
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information on the type of bone disease, except for very
high or very low levels. Not even the laboratory aid of
bone alkaline phosphatases and biochemical markers of bone
turnover increases suﬃciently the predictive value of PTH for
the underlying bone disease. Additionally, the measurement
of bone mineral density (BMD) and biochemical markers of
bone turnover should not be performed routinely in CKD
patients stages 3–5. However, postmenopausal or age-related
osteoporosis can be detected by BMD at earlier stages of
CKD (until early stage 3). In later stages and in the presence
of CKD-MBD, the underlying bone lesion should always
be defined as renal osteodystrophy and not osteoporosis;
the gold standard diagnosis is bone biopsy, as mentioned
above. In transplanted patients with an estimated glomerular
filtration rate greater than approximately 30 mL/min per
1.73 m2 , measurement of BMD is suggested in the first 3
months after kidney transplant.
Bone fragility and especially vertebral and hip fractures
are two of the main characteristics of renal osteodystrophy
and are caused by abnormal bone quality [38]. These
fractures are often unknown or diﬃcult to detect; thus, a
careful radiographic investigation is necessary given their
important association with increased mortality and vascular
calcification [39]. The encouragement to expand the investigation of bone fractures for diagnosis in CKD-MBD patients
is clearly evident in the KDIGO guidelines.

4. Conclusions
KDOQI guidelines attribute a syndromic dimension to
the abnormalities in the parathyroid-bone axis, which is
responsible for worsening chronic renal failure. Alterations
in mineral metabolism represent the core of this syndrome,
and the KDOQI guidelines strongly recommend their therapeutic monitoring as the pivotal aspect for the correct clinical
management of the disease at all CKD stages. This core is
surrounded by parathyroid, bone, and vascular abnormalities. A correct diagnostic workup for CKD patients can no
longer be limited to periodic laboratory measurements of
circulating levels of PTH, calcium, and phosphorus. It should
also include the measurement of total alkaline phosphatase
and the detection of deficit of the nutritional form of vitamin
D. Together with this, the search for bone fractures as well
as for vascular calcifications and, in specific cases, the characterization of osteodystrophy through bone biopsy should
also be considered. This extension of the diagnostic workup
of CKD-MBD is aimed at the prognostic determination of
the CKD stage in the patient, with consequences in the
clinical management of the disease. As a matter of fact,
patients with significant bone and/or vascular involvement
are to be considered at higher risk and need to be treated. In
these patients, any concomitant cardiovascular risk factors,
both traditional and uremia related, if subject to possible
changes, will require a particularly intensive treatment.
However, KDIGO is extremely cautious in recommending
such interventions, due to the almost complete lack of
clinical trial data supporting specific strategies.
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Secondary hyperparathyroidism is a systemic disorder that associates with bone and cardiovascular disease, including arterial
calcification. Treatment with calcitriol, the active form of vitamin D, reduces parathyroid hormone levels, but may result in
elevations in serum calcium and phosphorus, increasing the risk of vascular calcification in dialysis patients. New vitamin D
receptor activators (VDRAs) have been developed and investigated with the rationale to treat high serum PTH levels, with
a reduced risk of hypercalcemia and hyperphosphatemia. Paricalcitol is a selective VDRA that suppresses PTH secretion with
minimal increases on serum calcium and phosphate. Moreover, paricalcitol prevents vascular calcification in experimental models
of renal failure, compared with calcitriol.

1. Introduction
Secondary hyperparathyroidism (SHPT) aﬀects less than half
of the approximately 320 000 haemodialysis (HD) patients
in the US who suﬀer from stage-V chronic kidney disease
(CKD) (also known as end-stage renal disease or end-stage
kidney disease) [41]. SHPT is characterized by abnormally
elevated serum concentrations of intact parathyroid hormone (PTH), and abnormalities of serum calcium, phosphorous, and vitamin D concentrations. Inadequate treatment
of SHPT has been associated with the following conditions:
skeletal abnormalities (renal osteodystrophy), cardiovascular complications [1], infections and immunoregulatory
dysfunction [2], foot and extremity complications, and
anaemia. Patients on HD are at increased risk for fracture
(including hip fracture) and vascular calcification, which
results in significant morbidity (including hospitalization)
and mortality [3].
Diminished levels of vitamin D have been significantly
associated with an increased risk of vascular calcification in
patients with a moderate or high risk of coronary heart disease, even with normal renal function [4]. Age, race, diabetic
history, and log 1,25-D have been related to arterial mass

of coronary calcium and inversely correlated with calcium
phosphate mass. Furthermore, a cross-sectional examination
from NHANES (2001–2004) patient data demonstrated a
significant graded, inverse correlation between serum 25D
levels and the prevalence of peripheral arterial disease and
was independent of gender, age, race, and multivariable
adjustment [5].
Several studies in patients with CKD have now correlated
arterial calcification with the presence of coronary artery
disease [6], peripheral vascular disease [7], left ventricular
hypertrophy [6] and mortality. Increased pulse pressure, left
ventricular hypertrophy, and arrhythmias, resulting from
arterial stiﬀness, have been suggested as potential eﬀects of
arterial calcification that may lead to cardiovascular disease
and death.
CKD patients have a dramatically higher incidence of
cardiovascular morbidity and mortality compared to the
general population. Studies show that CVD mortality is 10 to
70 times greater in the dialysis population than in the general
age-matched cohort [8].
In the last 10 years, several studies pointed out that vascular calcification is a major cause of cardiovascular disease
in the dialysis population. In CKD patients, high levels of
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plasma calcium, serum phosphate, and PTH play a critical
role in the pathogenesis of cardiovascular events [9]. Nasri et
al. [10] analyzed the influence of PTH on myocardial function. In their cross-sectional study in hemodialysis patients,
they determined that excess PTH played a significant role
in the development of LVH and reduced left ventricular
ejection fraction. In a decade-long retrospective study, Dai
et al. found a 52% prevalence of severe LVH among ESRD
patients. Ha et al. [11] further extended the links between
LVH and CKD, finding an 87% prevalence of concentric
and eccentric LVH among predialysis patients. Foley et
al. corroborated the results in a decade-long prospective
study, finding that 80% of the 433 patients initiating dialysis
presented with LVH on echocardiography. The relationship
between elevated PTH and LVH was further explored in a
retrospective study by Goto et al. [12] who determined that
parathyroidectomy in CKD patients with advanced SHPT led
to a significant improvement of left ventricular ejection, fraction, and function. Hyperphosphatemia and hypercalcemia
have been shown to promote calcification of the vasculature, myocardium, and cardiac valves. Vascular calcification
manifested in reduced vessel wall elasticity, increased intimamedia layer thickness, and enhanced pulse-wave velocity—
has been linked to LVH—and occurs with increased severity
in dialysis patients versus non-CKD patients.
Patients develop extensive medial calcification, which
causes increased arterial stiﬀness and high morbidity and
mortality due to cardiovascular events [13]. A variety of
risk factors are associated with vascular calcification in
dialysis patients (time on dialysis, uremic toxins, history of
diabetes, inflammation), but abnormal ties in bone mineral
metabolism may play a critical role [14]. In fact, elevated
serum phosphate, calcium-phosphate product, and PTH
levels contribute to vascular calcification, although their roles
are incompletely understood [15, 16].
Elevations of serum phosphate and calcium-phosphate
product levels may worsen cardiovascular events in the
uremic population, through a progressive increase in calcium
deposition in the coronary arteries and heart valves [8].
Furthermore, calcium-containing phosphate binders can
increase calcium load [17]. In haemodialysis children and
young adults, Goodman et al. [18] showed a correlation
between coronary artery calcification detected by electron
beam computed tomography (EBCT) and years on dialysis,
serum phosphorus, calcium-phosphate product levels, and
daily intake of calcium. Moreover, experimental observations
in uremic rats [19, 20] and in dialysis patients [21] indicate
that the calcium and aluminium-free phosphate binder,
Sevelamer HCl, reduced the progression of cardiovascular
calcification observed in a control group treated with
calcium-based phosphate binders [20].

2. The Role of Paricalcitol on CKD-MBD
Prevention and Treatment
Prevention and treatment of SHPT commonly requires
control of both phosphate and 1,25(OH)2 D levels in serum.
Phosphate levels are usually controlled by reducing dietary
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phosphate intake, by dialysis, and by using phosphatebinders. 1,25(OH)2 D eﬀectively suppresses PTH production
and improves bone histology in some patients [22].
The therapeutic use of 1,25(OH)2 D in CKD mainly aims
to raise intestinal absorption of calcium, to protect bone
against osteomalacia and to control parathyroid function.
However, also the function of other organs expressing
VDR, as kidney, pancreas, myocardium, and testis, might
be improved by vitamin D administration. 1,25(OH)2 D
inhibitory eﬀect on PTH synthesis and parathyroid
hyperplasia is well established in CKD. Vitamin D analogues
with a lower hypercalcemic and hyperphosphatemic activity,
are now available as an eﬃcient alternative to 1,25(OH)2 D
treatment. Furthermore, normal serum levels of 25(OH)D
are relevant for the prevention or treatment of SHPT, due
to the capacity of 25(OH)D to support renal 1α-hydroxylase
activity or the synthesis of active vitamin D metabolites
diﬀerent from 1,25(OH)2 D.
Clinical targets for serum concentrations of phosphate,
calcium, and PTH have been proposed in the 2003 guidelines
proposed by the Kidney Dialysis Outcomes Quality Initiative
(K/DOQI) Work Group [23]. Target for plasma concentrations of PTH increases according to creatinine clearance
because patients develop a progressive tissue resistance to
PTH explained by a diminished expression of PTH receptors
and by 1,25(OH)2 D deficiency or resistance [24, 25]. The
low target for calcium concentrations aims to avoid calcium
overload and excessively high calcium x phosphate product.
A particular bone complication of the therapy with
vitamin D metabolites occurs in case of excessive parathyroid
suppression. As defined in the K/DOQI guidelines, the target
for PTH concentration is 150–300 pg/mL in end-stage CKD.
The new K/DIGO guidelines proposed a new target for
serum PTH levels [26], but if the values of circulating
PTH are suppressed below these limits, bone cells become
quiescent and bone remodelling is far slowed [27]. The
histology pattern of these functional alterations is adynamic
bone disease, characterized by decreased number of bone
cells, bone metabolic inactivity, and reduced bone formation
rate [25]. The mechanism of adynamic bone disease is
unknown. The clinical consequences of adynamic bone disease may be an increased fracture risk while its relationship
with osteoporosis is still debated [28]. At the opposite,
osteomalacia may develop in case of 1,25(OH)2 D deficiency,
even though the toxic eﬀect of aluminum overload has
been the most frequent cause of osteomalacia in dialysis
population till some years ago [29, 30].
Several new vitamin D analogues have been developed
and investigated with the rationale to treat secondary
HPT with a reduced risk of hypercalcemia and hyperphosphatemia in CKD patients. Vitamin D analogues have
variable aﬃnity for the components of the vitamin D system,
including the vitamin D-binding protein and the nuclear
VDR. Some of the eﬀects are genomic and mediated through
changes in the structural configuration of the vitamin DVDR complex or in the aﬃnity of the vitamin D-VDR
complex for the key response elements in various target
genes. There are currently 3 vitamin D analogues approved
for use in CKD patients with secondary HPT in the US,
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1,25-dihydroxy-22-oxavitamin D3 (22-oxacalcitriol, OCT),
1,25-dihydroxy-19-norvitamin D2 (19-norD2 , paricalcitol),
and 1α-hydroxyvitamin D2 (1αOHD2 ).
Three identical, 12-week studies determined that paricalcitol was safe and eﬀective in suppressing serum PTH
levels in 78 HD patients without significantly increasing
serum calcium and phosphorus levels. The mean percentage decrease in iPTH was 60%, and calcium levels rose
slightly but remained within the normal range. Changes in
phosphate from baseline to study end were not significantly
diﬀerent between the group treated with paricalcitol and the
group treated with placebo.
First, Martin et al. [31] reported the outcomes of up to 1
year of therapy with paricalcitol in 164 HD patients. Paricalcitol rapidly suppressed PTH, with the mean iPTH reaching
a target of 150–300 pg/mL by month 5. Furthermore, 19norD2 had minimal eﬀects on calcium and phosphate.
Most (70%) of the episodes of hypercalcemia (>11.5 mg/dL)
that occurred did so when iPTH was suppressed below
150 pg/mL.
Second, a 12-week study by Martin et al. [32] compared
PTH suppression and calcium/phosphate outcomes when
125 HD patients were given doses of paricalcitol that were
based on the patient’s dry weight or on the serum level of
iPTH. Both regimens were eﬀective in reducing iPTH to the
target of four consecutive weeks of 30% or greater reductions
from baseline. The patients receiving the dosing regimen
based on iPTH level reached this target significantly faster
than those on the weight-based regimen (31 versus 45 days,
P = .0306). No incidences of hypercalcemia occurred in
either group.
Third, Llach and yudd [30] proved that 19-norD2 is
eﬀective in suppressing PTH in 37 HD calcitriol-resistant
patients. This study showed that using 3 mcg of paricalcitol
for each 1 mcg of calcitriol that the patient had previously
received (a 1 : 3 ratio) resulted in a decline in mean iPTH
from 836 to 341 pg/mL after 2 months. Clearly the above
studies establish that 19-norD2 rapidly suppresses PTH with
no significant diﬀerence in the incidence of hyperphosphatemia or hypercalcemia compared to placebo.
Paricalcitol has also been directly compared with calcitriol in an international study involving HD 263 patients.
This study showed that paricalcitol reduced iPTH 50% or
more from baseline and did so significantly faster than
calcitriol. Patients receiving paricalcitol had significantly
fewer sustained episodes of hypercalcemia and/or increased
Ca × P product [33]. In addition, a historical study examined
the records of 67,399 patients who had been treated exclusively with calcitriol or paricalcitol. Patients were evaluated
over a 2-year period until one of the following occurred:
death, a switch to another vitamin D formulation, renal
transplantation, or transfer to another facility. This study
showed a statistically significant diﬀerence in survival rate
in favor of paricalcitol over calcitriol [34]. Furthermore, in
patients taking 19-norD2 a reduced hospitalization rate was
observed [35]. These findings will need to be supported by
prospective trials before definitive conclusions can be made.
The mechanism for paricalcitol’s low calcemic eﬀect is
due to reduced stimulation of intestinal calcium transport
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proteins (e.g., calbindin, CAT, and PMAT) compared to
calcitriol, [36, 37] thus conferring a selective activator
function [38].
With the ubiquitous presence of the VDR in many
tissues, it is of little wonder that the role of the VDR
is multifaceted in providing tissue-specific responses. The
impact of selective VDR activators on vascular calcification
is multifaceted in that in vivo and clinical outcomes show
variable results depending on the clinical circumstance and
dose of VDR activator administered [39]. Although VDR
activation may mitigate the eﬀects of uremia-induced arterial
calcification, emerging data support a potential role for VDR
activation in preventing or ameliorating the pathogenesis of
atherosclerosis.
These are a number of examples of many selective VDR
activator eﬀects on cardiovascular structure and function
that, if borne out in humans, have the potential to improve
clinical outcomes in CKD-MBD (Figure 1).
Low or clinically relevant doses of VDR activators
correlate with decreased deposition of calcium and improved
therapeutic outcomes, whereas high doses may actually
induce vascular calcification. In 28-week-old mice, therapeutically relevant doses of calcitriol and paricalcitol reduced
aortic calcium levels and aortic gene expression of osterix,
Msx2, core binding factor (alpha)1 (Cbfa1/Runx-2), and
osteocalcin, markers for progression of vascular calcification;
while an elevated dose of 1,25-D or paricalcitol actually
stimulated vascular calcification [40]. In a study of uremic
rats, doxercalciferol produced marked increases in aortic
calcification and aortic mRNA and protein expression of
Runx2 and osteocalcin, whereas paricalcitol had no eﬀect on
these endpoints [41].
VDR activation has been shown to have a number of
potential ameliorative eﬀects on both inhibitors and inducers
of calcification. The addition of VDR activators suppresses
calcification inducers type I collagen, bone sialoprotein, IL1β, and tumor necrosis factor (TNF)-α, as well as bone
morphogenetic protein (BMP)-2 [42]. In addition, calcification inhibitors matrix Gla protein (MGP), osteopontin, and
osteocalcin were upregulated by VDR activator treatment
[43]. The same is true for type IV collagen.
Another hypothetical mechanism of VDR activation
impact on cardiovascular outcome is an inappropriate activation of the renin-angiotensin-aldosterone system (RAAS),
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which plays a central role in the regulation of blood pressure,
electrolyte, and volume homeostasis and may represent a
major risk factor for hypertension, heart attack, and stroke.
Evidence from clinical studies has demonstrated an inverse
relationship between circulating vitamin D levels and the
blood pressure and/or plasma renin activity [44].

3. Conclusions
The modern strategies to prevent SHPT in CKD patients give
great relevance to vitamin D replacement therapy. A sound
approach to treatment requires taking into account many
factors, including stage of CKD, underlying renal disorder,
levels of circulating PTH, bone status, vitamin D deposits,
and serum calcium and phosphate levels. The aim of vitamin
D replacement therapy is to prevent SHPT from the early
stages of CKD, because once parathyroid hyperplasia and
osteodystrophy develop, they cannot be completely reverted.
Because nephrologists have largely focused their attention on
dialysis patients, unfortunately few studies have analyzed the
outcome of vitamin D therapy in nonuremic patients.
The therapeutic strategies for SHPT are now changing.
The availability of selective VDRAs may warrant inhibition
of parathyroid glands with lower eﬀect on calcium and
phosphate levels and perhaps reduces mortality of dialysis
patients. Paricalcitol is a selective VDRA with minor impact
on serum Ca and P levels. Paricalcitol is growly used in
dialysis patients for its eﬃcacy and safety in the treatment
and prevention of SHPT in this population. Recent studies
demonstrated that therapy with paricalcitol injection is
associated with improved survival, fewer hospitalizations,
and shorter hospital stays in HD patients compared with
calcitriol, even if prospective clinical trials are ongoing.
Additionally, subjects on HD who did not receive active
vitamin D had higher all-cause and cardiovascular mortality
compared with subjects who received any form of active
vitamin D.
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Metastatic calcification is a frequent complication encountered in patients undergoing maintenance dialysis and has a complex
pathogenesis. It is often diﬃcult to treat and is associated with high morbidity and mortality. Early recognition and prompt
initiation of treatment is vital. Local wound care and aggressive metabolic control remain the cornerstones of the therapy. Various
novel treatment strategies including sodium thiosulfate and hyperbaric oxygen therapy have been utilized and reviewed in this
paper. The response rate to treatment is poor and prevention is the best approach.

1. Introduction
Extraskeletal metastatic calcifications are seen frequently
in patients undergoing maintenance dialysis, and the incidence increases with dialysis vintage [1]. Calciphylaxis is
a rare but life-threatening form, characterized by systemic
medial calcification of the arterioles leading to ischemia
and subcutaneous necrosis. It is reported to occur from
as little as 1 month to as long as 12 years after the onset
of end-stage renal disease (ESRD), with a median time of
2 years and 9 months [2]. The term “calciphylaxis” was
coined in 1962 by Hans Selye, who used it to describe
a systemic anaphylactic reaction leading to soft-tissue and
vascular calcification in animal models [3]. It continues to
be used widely to describe the phenomenon in humans,
despite the introduction of “calcific uremic arteriolopathy”
(CUA) as a more descriptive term. The incidence of this
condition appears to be increasing, due in part to the use
of calcium-based phosphate binders and vitamin D analogs
for the treatment of severe hyperparathyroidism [4]. Another
contributing factor is a greater awareness and recognition of
clinical signs and risk factors associated with calciphylaxis.
It is estimated to have an incidence of 1% per year [5]
and a prevalence of 4.1% in dialysis patients [1], with

preponderance among obese, Caucasian females [2, 5, 6]
and diabetic patients [7]. Reports to the Australian and
New Zealand Dialysis and Transplant Registry (ANZDATA)
identified calciphylaxis as a cause of death in 64 patients
(from 1985 until March 2004) and listed it as a comorbid
condition in 86 cases [8].
Slowly progressive metastatic calcifications are much
more common than calciphylaxis in patients with end-stage
renal disease. Common sites of involvement are the blood
vessels, periarticular regions, heart, lungs, kidneys, gastric
mucosa, central nervous system, breasts, and eyes. The liver,
spleen, skeletal muscle, small and large bowel, peritoneal
cavity, tongue, and larynx are less commonly aﬀected [9].

2. Pathogenesis
The pathogenesis of calciphylaxis is complex and poorly
understood. Intimal fibrosis, mural calcifications of the dermohypodermic arterioles, and vascular thrombus formation
all reduce arteriolar blood flow leading to microvascular
ischemia [10]. This results in areas of painful ischemic
necrosis in the dermis and subcutaneous fat, mainly involving the abdomen, buttocks, and medial aspects of the
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panniculitis and arterial occlusion and calcification in the
absence of vasculitic changes [26]. Skin biopsy may invite
further infection in the presence of an active infection, can
initiate ulcer formation and propagation, and is subject to
sampling error. Thus, it should be performed only after
considering and discussing the risks and benefits of the
procedure with the patient.

4. Prognosis

Figure 1: A large, necrotic, nonhealing ulceration on the abdomen
of a patient with end stage renal disease, typical of a calciphylactic
lesion.

thighs. It manifests as livedo reticularis and/or violaceous,
painful, plaque-like subcutaneous nodules, which progress
to ischemic/necrotic ulcers with eschars that often become
superinfected (Figure 1). Less commonly involved organs
and muscle groups include kidneys, heart, skeletal muscle, lungs, and gastrointestinal tract [11]. Abnormalities
in mineral metabolism including hyperphosphatemia [6],
hyperparathyroidism [12], an elevated plasma calcium and
phosphate product [13] and active vitamin D supplementation [14] and deficiency of inhibitors of vascular
calcifications, such as fetuin-A [15, 16] and matrix Gla
protein [17], have all been implicated in this process. High
level of 1,25-dihydroxy vitamin D3 has been associated with
deleterious eﬀect on the vascular smooth muscle cell (SMC)
phenotype causing medial wall calcification, suppression
of endogenous inhibitors of SMC calcification, stimulation
of SMC expression of alkaline phosphatase, and low bone
turnover leading to hyperphosphatemia and hypercalcemia
[14]. In the only prospective trial of CUA, the declining use
of calcium salts was associated with a decline in incidence
[18]. Chronic inflammatory states including autoimmune
disorders [19] and hypercoagulable states such as protein C
and protein S deficiency [20, 21] have also been identified
as potential contributors. Administration of certain medications including warfarin [22], systemic corticosteroids [23],
iron-dextran [24], erythropoietin [6], and albumin [25] has
been reported to be associated with calciphylaxis.

3. Diagnosis
Early recognition is the key to better treatment outcomes.
In lieu of any specific laboratory tests, the diagnosis is
most often clinical, made apparent by the presence of
proximal ulcers, intact peripheral pulses and the absence
of neuropathy in a patient with the above-mentioned risk
factors. The noninvasive tests including plain radiographs,
high-resolution computed tomography, bone scans, and Xray mammography are nonspecific for this condition. In
the absence of contraindications, the diagnosis may be
confirmed by skin biopsy, which reveals calcifying septal

Calciphylaxis continues to be a lethal complication with
an estimated one-year survival rate of 45.8 percent [23].
The presence of advanced disease at the time of therapy
and proximal ischemic lesions are poor prognostic features.
Ulceration carries a mortality of greater than 80 percent as a
result of local and systemic infections and sepsis [7].

5. Treatment Approach
The optimal therapy of calciphylaxis is to prevent its
development by rigorous control of phosphate and calcium
balance while avoiding or modifying the other risk factors.
Unfortunately, no randomized controlled trials are available
to guide management of aﬀected patients. A multidisciplinary therapeutic approach is recommended in those
with established disease, focusing on local wound care and
metabolic control.
An aggressive local wound care program should be
initiated to prevent local and systemic infections [11]. This
typically involves the use of enzymatic debriding agents, wetto-dry dressings, hydrocolloid or hydrogel dressings, and
systemic antibiotics as needed for infections and avoidance
of local tissue trauma, including subcutaneous injections.
The role of surgical debridement for ulcerations in this
condition remains controversial [23]. Improved survival
rates have been documented; however, it predisposes the
patient to increased risk of sepsis and worsening pain. A
pain management specialist should be consulted to provide
adequate pain control anticipating a prolonged duration
of persistent discomfort. Emotional support should be
provided to the patient and family, as calciphylaxis is very
painful and debilitating disease. Nutritional status of the
patient should be well addressed. An increase in dietary
protein has been shown to promote wound healing in
patients with low serum protein [11].
Every eﬀort should be made to correct the underlying
abnormalities in plasma calcium and phosphorus concentrations aiming for a target calcium and phosphorus product
below 55 and serum levels of phosphate between 2.7 and
4.6 mg/dL [27]. A diet low in calcium and phosphate
should be strictly followed. Noncalcium-containing phosphate binders, such as sevelamer carbonate or lanthanum
carbonate, rather than calcium-based phosphate binders
should be administered as the latter increase the rate of
hypercalcemia [28]. Though no study has demonstrated
that the use of more frequent dialysis sessions or high-flux
hemodialysis membranes alter the long-term outcome, the
dialysis dose should be increased in patients with inadequate
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clearance [28]. A low-calcium-containing dialysis solution
(for both hemodialysis and peritoneal dialysis) may be
used to lower serum calcium levels [29], but their success
alone in healing the lesions remains unproven. Since the
activity of matrix Gla protein is dependent on vitamin K
carboxylation, discontinuation of warfarin therapy should be
strongly considered.
Normalization of serum parathyroid hormone (PTH)
levels should be attempted using cinacalcet rather than vitamin D analogues, as the latter tends to raise the calcium and
phosphate product. Cinacalcet may serve as an alternative to
parathyroidectomy for the correction of secondary hyperparathyroidism [30]. However, parathyroidectomy should
still be considered for patients with refractory hyperparathyroidism. Parathyroidectomy has been shown to provide pain
relief and improve wound healing and short-term mortality,
yet the long-term benefits are still unknown [5, 12, 31].

6. Novel Therapies
Sodium Thiosulfate. Sodium thiosulfate has been used therapeutically for more than one hundred years for a variety of
conditions including acute cyanide poisoning, recurrent calcium urolithiasis, nephrocalcinosis, and tumoral calcinosis.
Intravenous sodium thiosulfate has been increasingly used
as an adjunctive treatment in patients with debilitating calciphylactic necrotic lesions [32, 33]. Marked improvements
with reduction of pain and inflammation and improved
healing of ulcerative lesions have been demonstrated within
a few days to six months of use. The proposed mechanism of
action is that it dissolves insoluble calcium salts embedded
in tissue into soluble calcium thiosulfate. Other proposed
mechanisms include reversal of endothelial dysfunction and
increased vasodilatation through its antioxidant properties.
It is generally considered to be a safe and nontoxic drug.
Sulfate retention causing increased anion gap metabolic
acidosis has been occasionally reported with no documented
morbidity or mortality in humans at the doses used clinically.
The reported doses vary from 5 to 25 grams intravenously,
three to four times per week for a period of 6 to 24 months.
However, the optimum dosage schedule and duration of
treatment remains to be determined.
Bisphosphonates. Bisphosphonates have a powerful inhibitory eﬀect on osteoclast activity and bone resorption and
are largely used in treatment of osteoporosis, tumoral
hypercalcemia, and Paget’s disease. They have also been
shown to exert an inhibitory eﬀect on macrophage activity
and local proinflammatory cytokine production. Animal
models and few case reports have shown improvement of
calciphylaxis lesions associated with systemic inflammatory
response, when treated with intravenous pamidronate and
oral etidronate [34, 35]. This benefit has been ascribed more
to their anti-inflammatory eﬀect than to their eﬀects on
calcium metabolism.
Hyperbaric Oxygen Therapy (HBO). HBO consists of breathing 100% oxygen at a pressure higher than ambient atmospheric pressure (1 atmosphere absolute) while the patient
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is situated inside a sealed treatment chamber. Healing is
impaired when tissue oxygen tension falls below 20 mmHg.
Hypoxia also hinders with the oxygen-dependent polymorphonuclear leukocyte-mediated bacterial killing in the
wound infections. HBO therapy increases the amount of
oxygen in diseased tissue thereby promoting wound healing.
HBO at 2.5 atmospheres absolute has been used for 90
minutes, 5 days per week for 5 to 7 consecutive weeks in
reported cases. The therapy has been shown to be beneficial
in healing cutaneous ulcers of calciphylaxis in some patients;
however, the treatments are costly and not readily available.
It may also increase the pain in some patients and remains
ineﬀective with organ involvement [36].
Steroids. The use of corticosteroids in the treatment of calciphylaxis remains controversial. In a single case report, the
use of prednisone resulted in stabilization or improvement
in nonulcerating lesions [7]; however, it may predispose
the patient to systemic infection [11]. Moreover, systemic
corticosteroids have even been reported to be a risk factor
for calciphylaxis in non-ESRD patients with an autoimmune
disorder [23].
Sterile Maggot Therapy. Larvae of the species Lucilia sericata have been used to debride and disinfect skin lesions
of calciphylaxis. The maggots have enzymes that liquefy
necrotic tissue and secrete phenylacetic acid and phenylacetyl
aldehyde, which have antibacterial activity that helps to
prevent infection [37]. This treatment is almost painless,
and results have been promising. The risks and long-term
outcomes still need to be assessed.
Anticoagulation Therapy. There have been case reports of
use of low-dose tissue plasminogen activator [38] and
substitution of warfarin with low molecular weight heparin
[22] with proven benefit in calciphylaxis.
Limb Revascularization. Limb revascularization has been
attempted to treat distal wound involvement, but gangrene
and lower-extremity ischemia continues to progress in
many patients, and the outcomes have been poor [39]. It
is debatable whether primary amputation should be the
treatment of lower-extremity calciphylaxis when ischemia is
also present.
Response to any therapy is assessed principally by
physical examination. The disease continues to have high
morbidity and mortality with poor response to any therapeutic regimen. Thus, early recognition and prompt initiation of
multidisciplinary treatment measures is vital.

7. Conclusions
Calciphylaxis is a severe form of metastatic calcification seen
in ESRD patients undergoing maintenance hemodialysis. It
often presents as ischemic skin ulceration and is associated
with high morbidity and mortality. Abnormal mineral
and bone metabolism is the strongest risk factor, and its
correction along with local wound care is the cornerstone
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of the therapy. However, prevention is the best approach
as the outcomes remain poor despite many novel treatment
modalities.
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