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Biomarkers of Vascular Calcification and Mortality in
Patients with ESRD
Julia J. Scialla,* W.H. Linda Kao,†‡ Ciprian Crainiceanu,§ Stephen M. Sozio,‡ Pooja C. Oberai,† Tariq Shafi,‡
Josef Coresh,† Neil R. Powe,| Laura C. Plantinga,¶ Bernard G. Jaar,‡** and Rulan S. Parekh†‡††

Abstract
Background Vascular calciﬁcation is common among patients undergoing dialysis and is associated with
mortality. Factors such as osteoprotegerin (OPG), osteopontin (OPN), bone morphogenic protein-7 (BMP-7), and
fetuin-A are involved in vascular calciﬁcation.
Design, setting, participants, & measurements OPG, OPN, BMP-7, and fetuin-A were measured in blood samples
from 602 incident dialysis patients recruited from United States dialysis centers between 1995 and 1998 as part of
the Choices for Healthy Outcomes In Caring for ESRD Study. Their association with all-cause and cardiovascular
mortality were assessed using Cox proportional hazards models adjusted for demographic characteristics,
comorbidity, serum phosphate, and calcium. An interaction with diabetes was tested because of its known
association with vascular calciﬁcation. Predictive accuracy of selected biomarkers was explored by C-statistics in
nested models with training and validation subcohorts.
Results Higher OPG and lower fetuin-A levels were associated with higher mortality over up to
13 years of follow-up (median, 3.4 years). The adjusted hazard ratios (HR) for highest versus lowest tertile
were 1.49 (95% conﬁdence interval [95% CI], 1.08 to 2.06) for OPG and 0.69 (95% CI, 0.52 to 0.92) for fetuin-A. In
stratiﬁed models, the highest tertile of OPG was associated with higher mortality among patients without
diabetes (HR, 2.42; 95% CI, 1.35 to 4.34), but not patients with diabetes (HR, 1.26; 95% CI, 0.82 to 1.93; P for
interaction=0.001). In terms of cardiovascular mortality, higher fetuin-A was associated with lower risk
(HR, 0.85 per 0.1 g/L: 95% CI, 0.75 to 0.96). In patients without diabetes, higher OPG was associated with greater
risk (HR for highest versus lowest tertile, 2.91; 95% CI, 1.06 to 7.99), but not in patients with diabetes or
overall. OPN and BMP-7 were not independently associated with outcomes overall. The addition of OPG and
fetuin-A did not signiﬁcantly improve predictive accuracy of mortality.
Conclusions OPG and fetuin-A may be risk factors for all-cause and cardiovascular mortality in patients
undergoing dialysis, but do not improve risk prediction.
Clin J Am Soc Nephrol 9: ccc–ccc, 2014. doi: 10.2215/CJN.05450513

Introduction
The mortality rate among patients with ESRD who are
undergoing dialysis is approximately seven times greater
than for similar individuals in the general population
and is largely attributed to cardiovascular causes. Although survival has improved modestly over the past
decade, the annual adjusted mortality rate of 185.8 per
1000 patient-years remains high (1). Detailed investigations into novel uremia-related risk factors that contribute to excess cardiovascular mortality may identify
promising therapeutic targets in ESRD.
Decades of clinical observations have noted deposition of extraosseous calcium in patients with ESRD
(2,3). Medial calciﬁcation of large vessels, intimal calciﬁcation of coronary arteries, and calciﬁcation of the
cardiac valves are each associated with higher mortality in patients with ESRD (4). They may be initiated by
the uremic milieu, as well as comorbid factors, such as
diabetes, inﬂammation, and hyperphosphatemia (5,6).
www.cjasn.org Vol 9 April, 2014

Animal models have identiﬁed osteoprotegerin (OPG),
osteopontin (OPN), bone morphogenic protein-7 (BMP7), and fetuin-A as factors that may regulate calciﬁcation in the vasculature (7–13).
Fetuin-A is secreted by hepatocytes into the circulation, where it forms soluble complexes with calcium and
phosphate (11,14). OPG, OPN, and BMP-7 are produced
by a variety of cell types, including endothelial and vascular smooth muscle cells, with increased expression in
the setting of active calciﬁcation (12,14,15). Numerous
clinical studies have demonstrated associations between
these biomarkers and measures of vascular calciﬁcation
and stiffness (16–22). In this study, we evaluated the association between selected calciﬁcation biomarkers and
long-term mortality in a large, prospective cohort of incident dialysis patients. Additionally, we assessed
whether the associations were independent of established calciﬁcation stimuli, such as abnormal phosphate
metabolism, diabetes, and inﬂammation.
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Materials and Methods
Study Population
Participants were from the Choices for Healthy Outcomes
In Caring for ESRD (CHOICE) study. CHOICE enrolled 1041
participants from United States dialysis centers in a multicenter, prospective cohort study between 1995 and 1998.
Included in the study were 602 participants with blood
samples available. The study was approved by the Institutional Review Board at Johns Hopkins University School of
Medicine, and all participants provided written informed
consent.
Data Collection and Measurement
Calciﬁcation biomarkers were measured within 6
months of study enrollment using enzyme immunoassays.
Samples were collected before dialysis treatment, processed,
and stored in 280°C freezers. OPG (coefﬁcient of variation
[CV],10%; Alpco Diagnostics), fetuin-A (CV ,15%; Epitope
Diagnostics), and BMP-7 (CV,10%; R&D Systems) were
measured in serum, and OPN (CV,10%; R&D Systems)
was measured in plasma. Routine laboratory measures
were averaged from all values available in the ﬁrst 3 months
of dialysis. Corrected serum calcium was calculated (corrected calcium [mg/dl]=serum calcium [mg/dl]+0.8 [42serum
albumin [g/dl]). IL-6, C-reactive protein, and C-terminal ﬁbroblast growth factor-23 (FGF-23; Immutopics, San Clemente, CA) were measured within 6 months of enrollment.
Baseline comorbid conditions were abstracted from predialysis medical records, and the Index of Co-Existent Disease
(ICED) was calculated (23). Deaths were ascertained through
March 31, 2009, by linkage with the US Renal Data System.
Cause of death was ascertained through December 31, 2004,
from the National Death Index, with chart review to conﬁrm
cause of death when possible, as previously described (24). A
cardiovascular cause of death included coronary artery disease, cerebrovascular disease, peripheral vascular disease,
and abdominal aortic aneurysms.
Statistical Analyses
Baseline characteristics of the study population were described and compared between patients with diabetes and
patients without diabetes. Laboratory characteristics were
compared across tertiles of each calciﬁcation biomarker using
linear regression for continuous variables or a Pearson’s chisquared test for categorical variables. Multiple imputation by
chained equations was used to impute missing covariates
(ﬁve cycles) before multivariable models were built (25).
The following covariates were imputed using all other covariates as predictors: history of cardiovascular disease (n=2;
,1%), history of diabetes (n=1; ,1%), body mass index
(n=33; 5%), index of coexistent disease (n=1; ,1%), serum
phosphate (n=3; ,1%), serum calcium (n=4; ,1%), serum
albumin (n=4; ,1%), C-reactive protein (n=35; 6%), IL-6
(n=37; 6%), and FGF-23 (n=91; 15%).
Unadjusted survival was compared across tertiles of each
biomarker using the Kaplan–Meier method and log-rank
tests. To adjust for confounding, the relative hazard of
mortality by levels of calciﬁcation biomarkers (continuous
and tertiles) was modeled using Cox proportional hazards
models stratiﬁed by clinic cluster. Survival time was from
dialysis initiation to death, with entry when calciﬁcation
biomarkers were measured. Participants were censored at

transplantation (n=140) or last follow-up (n=39). Our main
model (model 1) was adjusted for demographic factors,
comorbidity (including ICED, diabetes, and prevalent cardiovascular disease at dialysis initiation), body mass index, serum phosphate, and corrected serum calcium.
Model 2 was additionally adjusted for inﬂammatory
markers (serum albumin, log [C-reactive protein] and log
[IL-6]) and log (FGF-23). Interactions were tested between
calciﬁcation biomarkers and sex, race, diabetic status, prior
cardiovascular disease, high versus normal serum phosphate (.5.5 mg/dl versus #5.5 mg/dl) and the presence
of inﬂammation (deﬁned as serum albumin,3.6 g/dl,
C-reactive protein$10 mg/L, or IL-6$3.09 pg/ml, as previously described [24]) using stratiﬁed models and interaction terms in model 1. Restricted cubic splines were ﬁt to
explore nonlinear relationships between levels of calciﬁcation biomarkers and all-cause mortality after multivariable
adjustment. If nonlinearity was suspected, piecewise linear
splines were ﬁt to test for signiﬁcant changes in slope at
deﬁned knots.
We assessed cardiovascular mortality in secondary analyses. Because of fewer events, these models were not additionally adjusted for inﬂammatory markers or FGF-23. In
sensitivity analyses, we repeated analyses using unimputed
data and model-wise deletion to handle missing data.
To evaluate predictive accuracy, we evaluated C-statistics
in models incorporating OPG and fetuin-A compared with
base models. We used unimputed data among those with
complete covariate information (i.e., complete case analysis)
to ensure that nested models were comparable (n=428).
We randomly assigned half of the diabetic patients and
half of the nondiabetic patients to training (n=213) or validation (n=215) datasets. In the training set, we ﬁt models of
all-cause mortality with and without OPG as a continuous
linear predictor and fetuin-A as a piecewise linear spline. We
calculated a C-statistic for each model in the validation cohort and tested for differences in C-statistic across nested
models (26).
All analyses were performed using Stata software, special
edition 11.0 (Stata Corp., College Station, Texas) and a twosided a value of 0.05.

Results
The majority of the study population was treated with
hemodialysis (95%) (Table 1). The median OPG was 10.9
(interquartile range [IQR], 8.0–15.3) pmol/L, the median
fetuin-A was 0.49 (IQR, 0.40–0.60) g/L, the median OPN
was 150.6 (IQR, 94.8–229.1) ng/ml, and the median BMP-7
was 13.7 (IQR, 10.3–19.2) pg/ml. Fifty-seven percent of the
study population was diabetic. Diabetic participants were
older, were more likely to be overweight or obese, had greater
cardiovascular comorbidity, and had higher levels of OPG
and lower levels of fetuin-A (Table 1).
Unadjusted levels of calcium, phosphate, inﬂammatory
markers, and FGF-23 are presented by tertiles of calciﬁcation biomarkers in Table 2. Higher levels of OPG were
associated with lower serum phosphate. Higher levels of
OPG and OPN and lower levels of fetuin-A were associated with increased indices of inﬂammation (i.e., lower
serum albumin and higher C-reactive protein and IL-6).
Patterns of univariate associations with the selected
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Table 1. Baseline characteristics of study population overall and compared across diabetic status

Clinical Characteristic
Age (yr)
Sex
Male
Female
Race
White
Black
Other
Cause of ESRD
Diabetes
Hypertension
GN
Other
Dialysis modality
Hemodialysis
Peritoneal dialysis
Comorbid disease
Diabetes
Cardiovascular disease
Congestive heart failure
Prior myocardial infarction
Smoking
Never
Former
Current
Body mass index
Underweight (#18.0 kg/m2)
Ideal weight (18.1–25.0 kg/m2)
Overweight (25.1–30.0 kg/m2)
Obese (.30 kg/m2)
Calciﬁcation biomarkers
Osteoprotegerin (pmol/L)c
Fetuin-A (g/L)c
Bone morphogenic
protein-7 (pg/ml)c
Osteopontin (ng/ml) c

Overall
(n=602)

Diabetica
(n=340)

Nondiabetic
(n=261)

P Valueb

57.8614.9

59.2612.3

55.9617.6

0.01
0.25

320 (53.2)
282 (46.8)

174 (51.2)
166 (48.8)

146 (55.9)
115 (44.1)

357 (59.3)
211 (35.1)
34 (5.7)

193 (56.8)
121 (35.6)
26 (7.7)

163 (62.5)
90 (34.5)
8 (3.1)

293 (48.7)
106 (17.6)
94 (15.6)
109 (18.1)

293 (86.2)
21 (6.2)
11 (3.2)
15 (4.4)

—
85 (32.6)
83 (31.8)
93 (35.6)

569 (94.5)
33 (5.5)

321 (94.4)
19 (5.6)

247 (94.6)
14 (5.4)

340 (56.5)
253 (42.0)
292 (48.5)
143 (23.8)

—
182 (53.7)
201 (59.1)
102 (30.0)

—
71 (27.2)
91 (34.9)
41 (15.7)

241 (40.0)
246 (40.9)
97 (16.1)

138 (40.6)
146 (42.9)
43 (12.6)

102 (39.1)
100 (38.3)
54 (20.7)

23 (3.8)
231 (38.4)
161 (26.7)
154 (25.6)

12 (3.5)
107 (31.5)
96 (28.2)
106 (31.2)

11 (4.2)
124 (47.5)
65 (24.9)
47 (18.0)

10.9 (8.0–15.3)
0.49 (0.40–0.60)
13.7 (10.3–19.2)

12.2 (9.4–15.9)
0.46 (0.38–0.57)
13.5 (10.0–19.9)

9.4 (6.7–13.6)
0.53 (0.44–0.63)
13.8 (10.5–18.8)

,0.001
,0.001
0.57

150.6 (94.8–229.1)

144.9 (96.9–216.2)

159.6 (91.4–254.3)

0.19

0.04

,0.001

0.91

,0.001
,0.001
,0.001
0.04

,0.001

Unless otherwise noted, values are expressed as the mean6SD or number (percentage) of patients.
a
Diabetic status was unknown in one participant.
b
P value compares patients with diabetes versus patients without diabetes using ANOVA or Kruskal–Wallis test for continuous
variables and chi-squared test for categorical variables.
c
Presented as median (interquartile range)

laboratory measures were similar when stratiﬁed by diabetic status (data not shown).
A total of 423 patients died over a period of up to 13.3
years (median follow-up of 3.4 years). Median survival in
the cohort was 4.3 years, but was shorter in patients with
diabetes (4 years) than in those without (5 years) (Figure 1).
Median follow-up was shorter than median survival, because of early censoring among patients who received kidney transplants (n=140). Higher tertiles of OPG were
associated with decreased survival, with median survival
durations of 6.3, 4.3, and 3.7 years in tertiles 1, 2, and 3,
respectively (P,0.001) (Supplemental Figure 1A). Lower
tertiles of fetuin-A were associated with decreased survival overall, with median survival durations of 3.5, 4.3,
and 5.6 years in tertiles 1, 2, and 3 (P,0.001) (Supplemental Figure 1B). Higher tertiles of OPN were associated with

decreased survival, with median survival durations of 5.4,
3.9, and 3.9 years in tertiles 1, 2, and 3 (P=0.02) (Supplemental Figure 1C). BMP-7 was not associated with survival (P=0.23).
Adjusted hazard ratios (HRs) for mortality by tertiles of
calciﬁcation biomarkers are presented in Table 3. Overall,
higher OPG and lower fetuin-A were associated with
higher hazard of mortality after multivariable adjustment
(P=0.01 and 0.01, respectively). Additional adjustment for
inﬂammatory markers (i.e., serum albumin, C-reactive
protein, and IL-6) and FGF-23 attenuated these associations. Tertiles of OPN and BMP-7 were not associated
with hazard of mortality.
The associations between serum OPG levels and mortality were signiﬁcantly modiﬁed by diabetes (P for interaction=0.001) (Supplemental Figure 2). Among patients

5.4861.35
5.3861.23
5.1061.24
0.003

5.2361.24
5.3061.35
5.4261.27
0.15

5.1561.17
5.4561.37
5.4261.33
0.11

5.2361.21
5.3361.30
5.3661.39
0.38

9.3460.67
9.4260.59
9.4560.58
0.11

9.4260.59
9.3960.61
9.4060.66
0.78

9.4260.62
9.4260.65
9.4060.60
0.82

9.3560.69
9.3960.57
9.4760.59
0.08

Phosphate
(mg/dl)

1477 (773–3276)
1547 (690–4468)
2200 (1030–7779)
0.003

1507 (829–3876)
1552 (784–5888)
2057 (936–7073)
0.04

1677 (1001–4788)
1651 (757–5375)
1584 (839–6372)
0.75

1506 (685–4183)
1794 (1006–6074)
2043 (915–6089)
0.17

Fibroblast
Growth
Factor-23
(RU/ml)

3.7460.32
3.6460.34
3.5960.33
,0.001

3.6760.35
3.6760.35
3.6360.30
0.20

3.5760.32
3.6560.32
3.7160.39
,0.001

3.7260.39
3.6560.35
3.5660.29
,0.001

Serum
Albumin
(g/dl)

3.8 (1.7–6.8)
4.4 (2.0–12.3)
4.3 (1.9–13.3)
0.26

4.2 (1.7–11.4)
4.2 (1.8–10.5)
4.4 (1.6–11.2)
0.89

5.3 (2.7–16.8)
4.1 (1.5–12.5)
3.4 (1.6–7.4)
,0.001

3.8 (1.6–10.5)
4.3 (2.0–9.7)
5.1 (2.2–13.5)
0.02

C-Reactive
Protein
(mg/l)

3.8 (2.5–6.5)
4.4 (2.7–7.3)
5.3 (3.1–10.2)
0.02

4.0 (2.8–7.8)
4.1 (2.5–7.3)
4.6 (2.5–8.4)
0.90

5.3 (3.2–11.6)
4.0 (2.6–7.4)
3.7 (2.4–6.9)
,0.001

3.7 (2.4–6.7)
4.2 (2.7–7.4)
5.3 (3.1–9.7)
,0.001

IL-6
(pg/ml)

9.4 (7.0–13.0)
11.2 (8.4–15.3)
11.8 (8.0–15.6)
0.004

10.4 (7.8–14.1)
10.7 (7.8–15.1)
10.7 (7.6–15.3)
0.51

11.8 (8.7–16.1)
10.1 (7.6–13.9)
10.9 (7.6–15.3)
0.02

6.9 (5.5–8.0)
10.9 (9.9–12.2)
17.0 (15.3–21.1)
–

Osteoprotegerin
(pmol/l)

0.50 (0.42–0.61)
0.47 (0.39–0.56)
0.47 (0.38–0.58)
0.03

0.48 (0.38–0.60)
0.49 (0.40–0.58)
0.47 (0.40–0.57)
0.55

0.37 (0.33–0.40)
0.49 (0.46–0.52)
0.65 (0.60–0.76)
–

0.51 (0.42–0.59)
0.50 (0.41–0.62)
0.47 (0.37–0.59)
0.09

Fetuin-A
(g/l)

13.1 (9.8–18.2)
14.1 (10.4–19.6)
14.3 (10.5–20.0)
0.41

8.6 (6.4–10.3)
13.7 (12.5–15.0)
23.8 (19.3–29.2)
–

13.9 (9.8–20.5)
14.6 (11.4–21.5)
13.0 (9.7–17.4)
0.28

13.0 (10.3–18.8)
14.1 (10.7–19.6)
14.1 (10.1–19.0)
0.92

Bone
Morphogenic
Protein-7
(pg/ml)

67.6 (33.3–94.8)
150.6 (135.0–172.1)
289.0 (229.1–381.9)
–

150.6 (98.6–224.8)
131.0 (73.0–211.1)
160.5 (111.1–259.1)
0.10

158.9 (101.0–232.4)
151.8 (107.4–254.4)
129.5 (73.8–216.2)
0.01

128.8 (71.3–203.1)
151.1 (104.0–228.4)
167.9 (111.7–253.7)
0.01

Osteopontin
(ng/ml)

Values are the mean6SD or median (interquartile range).
a
Sample size varies by biomarker because of availability of blood samples: osteoprotegerin, n=580; fetuin-A, n=579; bone morphogenic protein-7, n=498; osteopontin, n=510.
b
P trend from linear regression. Outcome variables were log transformed before testing in the case of skewed variables (ﬁbroblast growth factor-23, C-reactive protein, IL-6, osteoprotegerin,
fetuin-A, bone morphogenic protein-7, and osteopontin).

Osteoprotegerina
Tertile 1
Tertile 2
Tertile 3
P valueb
Fetuin-Aa
Tertile 1
Tertile 2
Tertile 3
P valueb
Bone morphogenic
protein-7a
Tertile 1
Tertile 2
Tertile 3
P valueb
Osteopontina
Tertile 1
Tertile 2
Tertile 3
P valueb

Variable

Corrected
Calcium
(mg/dl)

Table 2. Selected laboratory variables by tertiles of calcification biomarkers
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Figure 1. | Lower cumulative survival among participants with diabetes compared to those without. Unadjusted cumulative survival in
overall study population among those with diabetes (dashed line) and those without diabetes (solid line). P value represents a test of different
survival between those with and without diabetes by the log-rank test.

with diabetes, we did not observe an association between
OPG levels and mortality; however, among patients without diabetes, higher tertiles of OPG were associated with a
graded risk of mortality, with a hazard that was 2.42 times
higher in the highest tertile than in the lowest (P=0.003)
(Table 3). This association was not attenuated after additional adjustment for inﬂammatory markers and FGF-23
(HR, 2.37; 95% conﬁdence interval [95% CI], 1.25 to 4.49
for the highest tertile compared with the lowest). The association between fetuin-A and mortality was similar
among patients with diabetes and those without diabetes
(P for interaction=0.65). Among patients without diabetes,
OPN demonstrated higher risk of mortality in the highest
tertile compared with the lowest (P=0.01) and remained
signiﬁcant with adjustment for inﬂammation and FGF-23
(P=0.05). A similar pattern was not observed among patients with diabetes, but the interaction between these calciﬁcation biomarkers and diabetes was not statistically
signiﬁcant. The association of both OPG and fetuin-A
was similar across subgroups deﬁned by sex, race, history
of prior cardiovascular disease, serum phosphate concentrations, and biochemical evidence of inﬂammation (Supplemental Figure 3).
In exploratory models, we did not observe strong
evidence for nonlinear relationships between the levels of
OPG, OPN, or BMP-7 and the hazard of mortality using
restricted cubic splines, but levels of fetuin-A demonstrated a
threshold effect with the hazard of mortality (Supplemental
Figure 4). Using piecewise linear splines in fully adjusted
models (model 2), we found signiﬁcant nonlinearity
(P=0.04), with an increasing risk among those with levels
,0.50 g/L (P=0.01), but no independent relationship between
fetuin-A levels and mortality if fetuin-A was .0.50 g/L
(P=0.51).
During a period of up to 9.3 years (median, 3.4 years), there
were 186 cardiovascular deaths and 195 deaths due to noncardiovascular causes. In unadjusted analyses, the hazard of

death from cardiovascular disease in the highest tertile of
OPG was 2.87 times higher than in the lowest tertile (95% CI,
1.90 to 4.35; P,0.001). By tertiles of fetuin-A, the unadjusted
hazard of death from cardiovascular disease was 52% lower
(HR, 0.48; 95% CI, 0.32 to 0.71; P,0.001). Results attenuated
after multivariable adjustment but demonstrated a pattern
similar to that of all-cause mortality (Table 4). Diabetes modiﬁed the association of cardiovascular mortality with OPG (P
for interaction=0.001), but not fetuin-A (P for interaction=0.09). Results for all-cause and cardiovascular mortality
were similar in sensitivity analyses using unimputed data
(Supplemental Tables 1–3).
We explored the predictive accuracy of OPG and fetuinA. Both OPG and fetuin-A within the lower range were
independently associated with all-cause mortality after
multivariable adjustment (model 1) among participants in
the training set (HR, 1.25 [95% CI, 1.07 to 1.46] per 5 pmol/L
higher OPG; HR, 0.76 [95% CI, 0.60 to 0.97] per 0.1 g/L
higher fetuin-A when ,0.5 g/L). However, their inclusion
did not signiﬁcantly improve predictive accuracy, as quantiﬁed by the C-statistic, compared with multivariable models
or models that included inﬂammatory markers and FGF-23
(Table 5).

Discussion
We observed that levels of calciﬁcation biomarkers are
associated with mortality in persons with ESRD. Speciﬁcally, higher levels of OPG were associated with signiﬁcantly
greater risk of all-cause and cardiovascular mortality; however, this was most striking in participants without diabetes.
OPN demonstrated a similar pattern, with higher risk for allcause mortality observed among those with the highest
levels, but only among patients without diabetes. In contrast,
we observed that lower levels of fetuin-A were associated
with greater risk of all-cause and cardiovascular mortality
and a threshold effect, with higher risk for those with levels

Reference
1.28 (0.86 to 1.91)
1.02 (0.68 to 1.53)

Reference
1.21 (0.90 to 1.62)
1.21 (0.89 to 1.63)

1.10 (0.91 to 1.33)

1.10 (0.85 to 1.42)

Reference
1.04 (0.71 to 1.53)
1.10 (0.75 to 1.60)

0.88 (0.79 to 0.98)c

0.90 (0.83 to 0.98)c

Reference
0.99 (0.74 to 1.32)
1.08 (0.82 to 1.44)

Reference
1.09 (0.78 to 1.53)
0.64 (0.44 to 0.93)c

Reference
0.93 (0.72 to 1.22)
0.69 (0.52 to 0.92)c

0.99 (0.93 to 1.07)

1.08 (0.93 to 1.24)d

1.16 (1.04 to 1.29)c

1.01 (0.96 to 1.06)

Reference
1.19 (0.79 to 1.78)
1.26 (0.82 to 1.93)

Diabeticb (n=341)

Reference
1.34 (1.00 to 1.80)
1.49 (1.08 to 2.06)c

All (n=602)

1.27 (0.86 to 1.88)

Reference
0.82 (0.47 to 1.44)
1.65 (0.92 to 2.98)

1.09 (0.99 to 1.21)

Reference
1.10 (0.62 to 1.97)
2.11 (1.17 to 3.81)c

0.89 (0.77 to 1.02)

Reference
0.77 (0.47 to 1.29)
0.61 (0.36 to 1.01)

1.46 (1.16 to 1.83)c,d

Reference
1.39 (0.81 to 2.40)
2.42 (1.35 to 4.34)c

Nondiabetic (n=261)

Multivariable Adjusteda

1.01 (0.83 to 1.24)

Reference
0.99 (0.74 to 1.33)
1.01 (0.76 to 1.35)

0.98 (0.93 to 1.03)

Reference
1.11 (0.82 to 1.51)
1.06 (0.77 to 1.45)

0.94 (0.87 to 1.02)

Reference
0.98 (0.75 to 1.28)
0.77 (0.57 to 1.04)

1.07 (0.95 to 1.20)

Reference
1.26 (0.93 to 1.73)
1.27 (0.89 to 1.80)

All

1.03 (0.78 to 1.36)

Reference
1.02 (0.69 to 1.52)
1.06 (0.71 to 1.57)

0.95 (0.88 to 1.02)

Reference
1.18 (0.78 to 1.78)
0.80 (0.52 to 1.24)

0.89 (0.80 to 1.00)c

Reference
1.01 (0.72 to 1.42)
0.63 (0.42 to 0.92)c

1.00 (0.86 to 1.16)d

Reference
1.06 (0.70 to 1.62)
1.03 (0.65 to 1.63)

Diabetic

1.26 (0.80 to 1.98)

Reference
0.75 (0.41 to 1.34)
1.70 (0.91 to 3.18)

1.08 (0.96 to 1.21)

Reference
0.97 (0.53 to 1.78)
1.94 (1.00 to 3.74)c

0.98 (0.84 to 1.15)

Reference
0.92 (0.53 to 1.59)
0.82 (0.46 to 1.44)

1.43 (1.12 to 1.82)c,d

Reference
1.33 (0.73 to 2.43)
2.37 (1.25 to 4.49)c

Nondiabetic

Additionally Adjusted for Inﬂammation and
Fibroblast Growth Factor-23a

a
Multivariable model adjusted for age, sex, race, index of coexistent disease, diabetes, cardiovascular disease, body mass index, serum phosphate, and corrected serum calcium; additionally
adjusted model also adjusted for serum albumin, log IL-6, log C-reactive protein, and log ﬁbroblast growth factor-23.
b
Diabetes status was imputed for one participant.
c
P,0.05.
d
P for interaction,0.01 from model using biomarker as a continuous variable.
e
Natural log transformed before continuous modeling because of highly skewed distribution.

Continuous (per ln)e

Continuous (per 50 ng/ml)
Bone morphogenic protein-7
(n=498)
Tertile 1
Tertile 2
Tertile 3

Continuous (per 0.1 g/L)
Osteopontin (n=510)
Tertile 1
Tertile 2
Tertile 3

Continuous (per 5 pmol/L)
Fetuin-A (n=579)
Tertile 1
Tertile 2
Tertile 3

Osteoprotegerin (n=580)
Tertile 1
Tertile 2
Tertile 3

Variable

Table 3. Adjusted hazard ratios (95% confidence intervals) of all-cause mortality by levels of calcification biomarkers and stratified by diabetic status
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Reference
1.08 (0.64 to 1.84)
1.34 (0.80 to 2.26)
1.02 (0.86 to 1.21)
Reference
1.06 (0.68 to 1.65)
0.68 (0.41 to 1.13)
0.86 (0.74 to 0.99)d

1.35 (1.19 to 1.53)d

Reference
0.66 (0.46 to 0.95)d
0.48 (0.32 to 0.71)d

0.76 (0.67 to 0.86)d

Diabetic b
(n=329)

Reference
1.80 (1.17 to 2.77)d
2.87 (1.90 to 4.35)d

All (n=580)

0.69 (0.54 to 0.87)d

Reference
0.30 (0.14 to 0.62)d
0.34 (0.17 to 0.69)d

1.99 (1.55 to 2.56)d

Reference
3.52 (1.46 to 8.48)d
7.43 (3.29 to 16.79)d

Nondiabetic
(n=251)

0.10

,0.01

P Value for
Interactionc

0.85 (0.75 to 0.96)d

Reference
0.86 (0.59 to 1.27)
0.69 (0.45 to 1.05)

1.13 (0.96 to 1.32)

Reference
1.24 (0.78 to 1.96)
1.59 (0.99 to 2.55)

All

0.89 (0.77 to 1.04)

Reference
1.19 (0.76 to 1.88)
0.74 (0.43 to 1.27)

0.96 (0.79 to 1.18)

Reference
0.94 (0.53 to 1.65)
1.09 (0.62 to 1.93)

Diabetic

Nondiabetic

0.71 (0.55 to 0.93)d

Reference
0.43 (0.18 to 1.01)
0.42 (0.18 to 0.98)d

1.38 (0.97 to 1.98)

Reference
2.06 (0.76 to 5.58)
2.91 (1.06 to 7.99)d

Adjusteda

b

Adjusted for age, sex, race, index of coexistent disease, diabetes, cardiovascular disease, body mass index, serum phosphate, and corrected serum calcium.
Diabetes status was imputed for one participant.
c
P value for interaction from model using biomarker as a continuous variable.
d
P,0.05.

a

Continuous
(per 0.1 g/L)

Continuous
(per 5 pmol/L)
Fetuin-A (n=579)
Tertile 1
Tertile 2
Tertile 3

Osteoprotegerin
(n=580)
Tertile 1
Tertile 2
Tertile 3

Variable

Unadjusted

Table 4. Hazard ratios (95% confidence intervals) of cardiovascular mortality by tertiles of osteoprotegerin and fetuin-A and stratified by diabetes

0.09

,0.01

P Value for
Interactionc
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Table 5. Predictive accuracy (C-statistics and 95% confidence intervals) of all-cause mortality using nested models stratified by
diabetes

Model

Overall (n=215)a

Diabetes (n=122)a

No Diabetes (n=93)a

Demographic modelb
Demographic model + osteoprotegerin/fetuin-Ac
P value for difference
Model 1
Model 1+ osteoprotegerin/fetuin-A
P value for difference
Model 2
Model 2 + osteoprotegerin/fetuin-A
P value for difference

0.70 (0.65 to 0.75)
0.69 (0.64 to 0.74)
0.68
0.72 (0.67 to 0.76)
0.72 (0.68 to 0.77)
0.47
0.74 (0.70 to 0.78)
0.74 (0.69 to 0.78)
0.34

0.64 (0.58 to 0.71)
0.64 (0.57 to 0.71)
0.97
0.70 (0.64 to 0.76)
0.70 (0.64 to 0.76)
0.70
0.71 (0.65 to 0.77)
0.71 (0.65 to 0.77)
0.93

0.78 (0.71 to 0.85)
0.76 (0.69 to 0.82)
0.30
0.75 (0.67 to 0.82)
0.75 (0.68 to 0.81)
0.91
0.79 (0.73 to 0.85)
0.78 (0.72 to 0.84)
0.35

The n value is sample size of validation dataset.
Demographic model is adjusted for age, sex, and race (black/other versus white); model 1 is adjusted for all variables in the demographic model plus history of cardiovascular disease, history of diabetes, body mass index, index of coexistent disease (mild,
moderate or severe), serum phosphate, and corrected serum calcium; model 2 is adjusted for all variables in model 1 plus serum
albumin, log (C-reactive protein), log (IL-6), and log (ﬁbroblast growth factor-23).
c
Osteoprotegerin is modeled linearly as a continuous variable, fetuin-A is modeled as a continuous variable using piecewise linear
splines with a knot at 0.5 g/L.
a

b

,0.5 g/L. The overall pattern we observed in this study is
best explained by active vascular production of OPG and
OPN and consumption of the circulating calciﬁcation inhibitor, fetuin-A, in patients with calcifying vascular disease.
The observed association of higher OPG levels and
mortality is consistent with previous reports in dialysis
patients (27); however, differences by diabetic status have
not been previously reported. OPG is secreted directly
from the vascular wall, where it modulates apoptosis, inﬂammation, and calcium deposition (28). Additionally, its
primary role may be in bone, where OPG is secreted by
osteoblasts to inhibit differentiation and maturation of
neighboring osteoclasts (10,29,30). Higher levels of OPG
probably indicate a compensatory increase of OPG locally
in the vascular wall to counteract vascular calcium deposition or result from the transition of vascular smooth muscle cells to cells resembling osteoblasts. OPN is also
secreted locally in the vascular wall and bone tissue and
demonstrated a similar pattern of risk, with the highest
levels of this marker associated with higher risk of mortality among patients without diabetes. In aggregate, these
results implicate the active process of vascular calciﬁcation
in the high risk of mortality and cardiovascular disease in
patients undergoing dialysis.
Remarkably, the association between higher levels of the
calciﬁcation biomarkers, OPG and OPN, and higher risk of
mortality was dramatically stronger among patients without diabetes than among patients with diabetes. Diabetes
is a strong independent stimulus for vascular calciﬁcation
and is associated with poor outcomes among patients
receiving dialysis (1,31). In our study population, cumulative survival was worse among those with than in those
without diabetes. It is possible that among a population
with a very high prevalence of vascular calciﬁcation and
poor outcomes, higher levels of calciﬁcation biomarkers
may be less informative. Additionally, circulating levels
of these biomarkers may be inﬂuenced by glucose and insulin levels, which further limits their utility in this population (32,33). Associations between OPG and mortality

among patients without diabetes were independent of inﬂammation and FGF-23, which is noteworthy because
each is an independent risk factor for mortality in patients
undergoing dialysis (34–36). In fact, FGF-23 has been associated with vascular calciﬁcation in several studies (37–
39), but not consistently (40), and experimental studies do
not support a direct role of FGF-23 in promoting calciﬁcation (40,41). Prior associations between FGF-23 and calciﬁcation may be in part due to its correlation with phosphate
and klotho deﬁciency. It is more likely that the role of FGF23 leading to higher mortality in dialysis patients is due to
the development of left ventricular hypertrophy (42). Additionally, questions still remain on racial differences in FGF23 and other mineral metabolites, which is beyond the scope
of the current manuscript (35).
Although OPG, OPN, and BMP-7 are produced locally in
the vascular wall, fetuin-A is produced in the liver. FetuinA concentrations are high in calciﬁed vascular lesions,
where it is deposited from the circulation in conjunction
with calcium and phosphate (14). This alternative physiology probably explains why the pattern of association between fetuin-A and mortality differs from that seen with
the other calciﬁcation biomarkers. We corroborate, as well
as extend, the ﬁndings in other cohorts of patients with
ESRD that deﬁciency of fetuin-A is associated with higher
all-cause and cardiovascular mortality (43–47). Adjustment for inﬂammation and FGF-23 weakened the association between fetuin-A levels and mortality, with loss of
statistical signiﬁcance. Fetuin-A is a negative acute phase
reactant that is correlated with other inﬂammatory markers; therefore, these models may have been overadjusted
(46). It is plausible that inﬂammation and fetuin-A are factors in a shared pathophysiologic pathway, whereby
chronic inﬂammation contributes to deﬁciency of fetuinA, promoting dystrophic calciﬁcation and higher mortality
risk (46). Lower fetuin-A levels have not been consistently
associated with mortality or cardiovascular disease in populations not undergoing dialysis (16,48–51). In this study,
we observed a threshold effect whereby only levels ,0.5
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g/L were associated with increasing mortality, which may
account for apparently conﬂicting results. Alternatively,
differences in assay performance may contribute to the
heterogeneity (52).
Despite the independent associations that we observed
between OPG, fetuin-A, and mortality, the inclusion of
these biomarkers did not improve clinical risk prediction in
this study, and our ﬁndings do not support immediate
application of these calciﬁcation biomarkers in risk prediction algorithms. It is important to note that our sample
size for model building and internal validation was limited,
particularly after stratiﬁcation by the presence of diabetes,
and conﬁdence limits for our C-statistics were wide.
Therefore, small effects on predictive capability cannot
be excluded. Additionally, predictive accuracy was modest
overall, even in models that included inﬂammation and
FGF-23. Despite the negative ﬁndings in terms of robust
risk prediction, the independent associations with mortality highlight the potential etiologic role of dysregulated
calciﬁcation in the high mortality of dialysis patients.
This study has many strengths, including a prospective
design of incident dialysis patients with complete ascertainment of mortality, classiﬁcation of cardiovascular mortality
using validated methods, and measurement of multiple confounding variables, including adjudicated comorbidity. The
study also has several notable limitations. Although we have
proposed that variability in the measured biomarkers may be
related to the state of calciﬁcation in the vasculature, we did
not have direct measures of calciﬁcation in this study to
corroborate this. In fact, the circulating factors measured in this
study probably have pleiotropic effects, including roles in
apoptosis and inﬂammation (53), that could account for the
observed associations. Furthermore, we cannot determine
whether these factors play a causal role in the development
of disease or are markers of the underlying pathophysiologic
state. Many of the calciﬁcation biomarkers, such as OPN, are
subject to phosphorylation and other post-translational modiﬁcations that affect their biologic activity and that we could
not measure (54), and single measurements may not adequately capture their variability over time. In addition, currently available serum assays do not distinguish between free
serum fetuin-A and fetuin-A bound in fetuin-mineral complexes, which become more prevalent with advancing CKD
(55). Finally, although we found potentially important interactions between the presence of diabetes at baseline and some
calciﬁcation biomarkers, we did not evaluate the impact of
diabetic control on these factors in this study.
Our ﬁndings support the role of calciﬁcation in excess
mortality, particularly cardiovascular mortality, noted
among patients with ESRD undergoing dialysis. The
association between the calciﬁcation biomarkers OPG
and OPN may be stronger among dialysis patients without
diabetes, underscoring the heterogeneity of the dialysis
population. These ﬁndings highlight the importance of
these novel pathways of calciﬁcation in the adverse outcomes of patients receiving dialysis and identify candidate
targets for future clinical applications.
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