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Summary
Background and objectives Osteoprotegerin (OPG), a cytokine that regulates bone resorption, has been implicated in the process of vascular calcification and stiffness.
Design, setting, participants, & measurements Serum OPG was measured in 351 participants with chronic
kidney disease (CKD) from one site of the Chronic Renal Insufficiency Cohort Study. Cortical bone mineral
content (BMC) was measured by quantitative computed tomography in the tibia. Multivariable linear regression was used to test the association between serum OPG and traditional cardiovascular risk factors,
measures of abnormal bone and mineral metabolism, and pulse wave velocity.
Results Higher serum OPG levels were associated with older age, female gender, greater systolic BP, lower
estimated GFR, and lower serum albumin. OPG was not associated with measures of abnormal bone or
mineral metabolism including serum phosphorus, albumin-corrected serum calcium, intact parathyroid hormone, bone-specific alkaline phosphatase, or cortical BMC. Among 226 participants with concurrent aortic
pulse wave velocity measurements, increasing tertiles of serum OPG were associated with higher aortic
pulse wave velocity after adjustment for demographics, traditional vascular risk factors, and nontraditional
risk factors such as estimated GFR, albuminuria, serum phosphate, corrected serum calcium, presence of
secondary hyperparathyroidism, serum albumin, and C-reactive protein or after additional adjustment for
cortical BMC in a subset (n ⫽ 161).
Conclusions These data support a strong relationship between serum OPG and arterial stiffness independent of many potential confounders including traditional cardiovascular risk factors, abnormal bone and
mineral metabolism, and inflammation.
Clin J Am Soc Nephrol 6: 2612–2619, 2011. doi: 10.2215/CJN.03910411

Introduction
Osteoprotegerin (OPG), a soluble member of the TNF
receptor superfamily, plays a critical role in the regulation of bone turnover (1). OPG is expressed by a
variety of tissues, but predominant sources are osteoblasts and vascular endothelium (2). Within bone,
OPG binds and neutralizes receptor activator of
NF-B ligand (RANKL), a potent promoter of osteoclast differentiation and survival, thereby inhibiting
bone resorption (3). In addition to regulating bone
turnover, OPG may inhibit vascular calcification, inhibit apoptosis, and modulate inflammation in the
vascular wall (2,4,5).
Animal models suggest that OPG may be an important link between bone loss and vascular disease.
OPG null mice develop severe osteoporosis and medial calcification of the aorta and renal arteries (6).
This phenotype can be rescued through transgenic
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overexpression of OPG during gestational development and into adulthood (7). These findings suggest a
physiologic role for OPG in maintaining bone mass
and a healthy vascular wall. The connection of bone
and vascular health is of particular interest in patients
with chronic kidney disease (CKD), whose disease is
often complicated by medial arterial calcification (8,9)
and a constellation of bone and mineral metabolism
abnormalities known as Chronic Kidney DiseaseMineral and Bone Disorder (CKD-MBD). The causes
of medial arterial calcification in patients with CKD
are not fully understood but serum phosphate and
other retained uremic toxins likely play a pathologic
role (10).
Distinct from intimal calcification, medial calcification does not result in arterial luminal stenosis, but
may contribute to cardiovascular disease by decreasing the distensibility of the great vessels. This subse-
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quent aortic stiffness results in increased left ventricular
afterload and increased myocardial oxygen demand, promoting left ventricular hypertrophy and subendocardial
ischemia (11). Aortic pulse wave velocity is an indirect,
noninvasive measurement of aortic stiffness that is associated with adverse cardiovascular outcomes in patients
with CKD (12,13).
In contrast to knockout animal studies that suggest OPG
may be vasculoprotective, human studies have demonstrated associations between higher serum OPG levels and
adverse cardiovascular outcomes in many patient groups,
including those with CKD (14 –23). It is unknown whether
these associations result from a role of OPG in the vascular
wall, if the observed associations are secondary to the
effects of OPG in modulating bone turnover and mass, or
if OPG rises in response to vascular injury. The objectives
of this study are (1) to identify correlates of serum OPG
levels in patients with moderate to severe CKD with particular interest in vascular risk factors and measures of
CKD-MBD and (2) to determine if OPG levels are associated with aortic pulse wave velocity, independent of these
vascular risk factors and measures of CKD-MBD.

Materials and Methods
Patients and Study Design
The Chronic Renal Insufficiency Cohort (CRIC) Study is
a multicenter cohort study of adult participants with CKD
(about 50% with diabetes) recruited between 2003 and
2008. By design, the cohort represents a wide spectrum of
kidney dysfunction, and is racially and ethnically diverse
(24). An ancillary study of bone structure that included
measures of serum OPG levels was performed at the University of Pennsylvania site. The closest ancillary study
visit within 1 year was linked to a CRIC main study visit.
Of the 380 ancillary study participants, 351 had a serum
OPG level available at the time of the first CRIC bone study
visit and were used to study correlates of OPG. Two hundred twenty-six participants had a measurement of aortic
pulse wave velocity available for analyses of the association between OPG and pulse wave velocity. The study was
approved by the Institutional Review Board at the University of Pennsylvania and all participating clinical sites. All
participants provided written informed consent.
Data Collection and Measurement
Serum OPG levels were measured by ELISA (ALPCO,
Salem, NH) with an interassay coefficient of variation (CV)
of 11.3% and an intra-assay CV of 2.7%. Bone-specific
alkaline phosphatase was measured by ELISA (QUIDEL,
San Diego, CA) with an interassay CV of 5.6% and intraassay CV of 3.8%. Plasma parathyroid hormone was measured using a total intact assay (Scantibodies, Santee, CA).
Bone measures in the left tibia were obtained by peripheral quantitative computed tomography (pQCT) using a
Stratec XCT2000 device (Orthometrix, White Plains, NY)
with a 12-detector unit, voxel size of 0.4 mm, slice thickness
of 2.3 mm, and scan speed of 25 mm/s. Scans were analyzed with Stratec software version 5.50. Cortical bone
mineral content (g) was assessed at 38% of tibia length
proximal to the distal physis using Cortmode 2 (threshold,
711 mg/cm3). The manufacturer’s hydroxyapatite phan-
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tom was scanned daily for quality assurance. The CV for
short-term precision ranged from 0.5% to 1.6% for pQCT.
Aortic pulse wave velocity was measured in CRIC participants at the second annual follow-up visit using the
SphygmoCor PVx System (AtCor Medical, West Ryde,
Australia) by trained personnel. Measurements were made
using the right carotid and femoral arteries with patients in
the supine position after a 5-minute rest period. An adjusted measure of aortic pulse wave velocity was created
after accounting for waist circumference–induced error in
the measurement of the distance between the sternal notch
and femoral artery. Detailed description of the protocol for
measurement and adjustment of the pulse wave velocity
have been described previously (25). Aortic pulse wave
velocity measurements and serum OPG measurements occurred on the same day in 88% of participants, within 3
months in 95% of participants, and all within 1 year.
Routine laboratories including serum creatinine, albumin, calcium, phosphate, total alkaline phosphatase, highsensitivity C-reactive protein, and urine albumin were performed using standard assays in a central laboratory.
Urinary albumin and serum phosphate were available at
baseline only; however, other laboratory values were available annually. Eighty percent of serum phosphorus and
urinary albumin measures were collected on the same day
as serum OPG with 87% and 86% performed within 3
months, respectively. Corrected serum calcium levels were
calculated as follows: corrected calcium (mg/dl) ⫽ serum
calcium (mg/dl) ⫹ 0.8 [4 ⫺ serum albumin (g/dl)] (26).
GFR was estimated (eGFR) from serum creatinine using
the abbreviated Modification of Diet in Renal Disease
(MDRD) study equation for calibrated serum creatinine
(27). The presence of secondary hyperparathyroidism was
defined in two ways, as intact parathyroid hormone level
greater than the upper limit of normal reported for the
assay (ⱖ66 pg/ml), and as exceeding 2003 Kidney Disease
Outcome Quality Initiative (KDOQI) clinical practice
guideline targets based on CKD stage (⬎70 pg/ml for
stage 3 CKD; ⬎110 pg/ml for stage 4 CKD; and ⬎300
pg/ml for stage 5 CKD) (26). Demographics, medical history, updated medication information, and physical examination (i.e., BP, anthropometric measures) was obtained at
annual CRIC visits. Calcitriol, doxercalciferol, and paricalcitol were classified as active vitamin D sterols. Phosphorus binding medications include calcium- and noncalciumbased binding agents. Diabetes was defined using fasting
glucose measurements and/or the use of insulin or oral
hypoglycemic medications. Hypertension was defined as a
systolic BP ⱖ140 mmHg, diastolic BP ⱖ90 mmHg, or use of
antihypertensive medications. Prevalent cardiovascular
disease was defined by self-report.
Statistical Analyses
Serum OPG levels were log-transformed to approximate
a normal distribution and also analyzed categorically in
tertiles. Characteristics of the study population were compared across tertiles of serum OPG using ANOVA (continuous variables) or Pearson’s chi-squared test (categorical
variables).
First, we assessed the relationship between candidate
predictor variables and natural log (serum OPG) using
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scatterplots, and linear regression. In these models, age,
systolic BP, body mass index, waist circumference, eGFR,
serum phosphate, corrected serum calcium, serum albumin, total alkaline phosphatase, bone-specific alkaline
phosphatase, and cortical bone mineral content were
treated as continuous variables. C-reactive protein was
treated as a log-transformed continuous variable. Demographics and traditional vascular risk factors that were
hypothesized to be associated with serum OPG levels
based on previous literature, biologic rationale, and/or
observed univariate associations (P ⬍ 0.10) were included
in a multivariable linear regression model to identify cardiovascular risk factors that were independently associated with serum OPG levels. CKD-MBD–specific risk factors including serum phosphate, corrected serum calcium,
presence of secondary hyperparathyroidism, total alkaline
phosphatase, bone-specific alkaline phosphatase, and cortical bone mineral content were tested for association with
serum OPG levels after adjustment for age, gender, and
race. Regression coefficients were exponentiated to obtain
estimates of the percentage difference in serum OPG per 1
unit difference in predictor variables.
Subsequently, we assessed the relationship between
OPG and aortic pulse wave velocity. Aortic pulse wave
velocity was analyzed as a natural log-transformed variable to approximate a normal distribution. Linear regression was used to determine the association between increasing tertiles of serum OPG and natural log (aortic pulse
wave velocity). Models were sequentially adjusted for demographics and traditional vascular risk factors (age, gender, race, diabetes, prevalent cardiovascular disease, history of hypertension, current/former smoking, and
systolic BP), followed by nontraditional risk factors (eGFR,
albuminuria, serum albumin, C-reactive protein, serum
phosphate, corrected serum calcium, and the presence of
secondary hyperparathyroidism), and finally for cortical
bone mineral content obtained by pQCT in the subset for
which this measure was available (n ⫽ 161). Interactions
were tested between serum OPG tertiles and gender, race,
diabetes, and presence of secondary hyperparathyroidism
(ⱖ66 pg/ml), and also categories of cortical bone mineral
content and C-reactive protein (above versus below median) in models adjusted for demographics and traditional
and nontraditional risk factors. Regression coefficients
were exponentiated to obtain estimates of the ratio of aortic
pulse wave velocity compared with the reference across
serum OPG tertiles. The fit of linear models was assessed
graphically through examination of residual plots. All
analyses were performed using STATA Special Edition
10.0 (College Station, TX, 2008). Hypotheses were tested
using a two-sided type 1 error rate of 0.05.

Results
A total of 351 individuals had measurements of serum
OPG available at the first CRIC bone study visit and comprise the study population. The population was 30% female, 57% black, and 52% had diabetes. Median age was 61
years (range 21 to 77 years). Mean eGFR was 47.6 ml/min
per 1.73 m2 (SD 14.1). Seventeen percent of participants
had an eGFR ⱖ60 ml/min per 1.73 m2, 72% had an eGFR
of 30 to 59 ml/min per 1.73 m2, 11% had an eGFR of 15 to

29 ml/min per 1.73 m2, and ⬍1% had an eGFR ⬍15 ml/
min per 1.73 m2. Macroalbuminuria (ⱖ300 mg of albumin
per day) was present in 26% of participants. Serum OPG
levels ranged from 1.21 to 22.31 pmol/L with a median
value of 6.06 pmol/L (interquartile range 4.56 to 8.11
pmol/L).
Baseline clinical characteristics and measures of CKDMBD stratified by tertile of serum OPG are presented in
Tables 1 and 2, respectively. Increasing tertiles of serum
OPG were significantly associated with greater age, female
gender, diabetes, prior cardiovascular disease, prior hypertension, higher systolic BP, lower eGFR, lower serum albumin, higher serum phosphate, and use of active vitamin
D sterols. Notably, increasing tertiles of OPG were not
associated with markers of metabolic bone disease, such as
intact parathyroid hormone, total and bone-specific alkaline phosphatase, or measures of bone mineral content by
pQCT.
Table 3 presents adjusted associations between serum
OPG and other clinical measures. After adjustment for age,
gender, and race, serum OPG levels were not associated
with clinical measures of CKD-MBD. Figure 1 presents the
unadjusted association between eGFR and log-transformed serum OPG, demonstrating progressively higher
serum OPG with lower eGFR. In multivariable models
including demographics and vascular risk factors (age,
gender, race, diabetes, cardiovascular disease, hypertension, systolic BP, former/current smoking, eGFR, and serum albumin), serum OPG levels remained strongly associated with lower eGFR, and also older age, female gender,
greater systolic BP, and lower serum albumin (Table 3).
Among the 351 individuals in the study, 226 (64%) had
a concurrent aortic pulse wave velocity measurement
available and were included in analyses of the association
between OPG and pulse wave velocity. Aortic pulse wave
velocity ranged from 4.2 to 20.8 m/s with a median of 9.3
m/s. Participants who did not have a concurrent pulse
wave velocity performed were less likely to have cardiovascular disease (45% versus 55%; P ⫽ 0.004) and had lower
eGFR (45.1 versus 48.9 ml/min per 1.73 m2; P ⫽ 0.02), but
otherwise had similar clinical characteristics to those of the
full study population.
With use of linear regression, higher serum OPG was
associated with faster pulse wave velocity (P ⬍ 0.001).
Furthermore, the association was not modified by categories of bone mineral content (P ⫽ 0.52; Figure 2). Increasing
tertiles of serum OPG were associated with faster pulse
wave velocity (P ⫽ 0.001), with a 30% higher aortic pulse
wave velocity seen in patients in the highest tertile of
serum OPG compared with the lowest (P ⬍ 0.001). The
association between increasing tertiles of serum OPG and
the relative increase in aortic pulse wave velocity compared with the lowest tertile is shown in Table 4 in models
adjusted for demographics and traditional vascular risk
factors, and then further adjusted for nontraditional risk
factors and cortical bone mineral content by pQCT. The
association between serum OPG and aortic pulse wave
velocity persisted despite these adjustments (P ⫽ 0.04). In
the fully adjusted model, participants with the highest
serum OPG levels had a 10% higher aortic pulse wave
velocity compared with those with the lowest levels (P ⫽
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Table 1. General clinical characteristics of the study population stratified by tertiles of serum osteoprotegerin

Characteristic, Mean (⫾SD) or n (%)

Tertile 1
(1.21 to 5.03 pmol/L),
n ⫽ 117

Demographics
age (years)
female gender
black race
Comorbid conditions
diabetes
cardiovascular disease
hypertension
current/former smoker
Examination
body mass index (kg/m2)
waist circumference (cm)
systolic BP (mmHg)
diastolic BP (mmHg)
aortic pulse wave velocity (m/s)b,c
Laboratory
albuminuria
⬍30 mg/day
30 to 299 mg/day
ⱖ300 mg/day
eGFR (ml/min per 1.73 m2)
serum albumin (g/dl)
hs-CRP (mg/L)b
Medications
ACE inhibitors
lipid-lowering medications

Tertile 2
(5.05 to 7.45 pmol/L),
n ⫽ 117

56.4 (⫾11.6)
29 (24.8)
56 (47.9)

60.2 (⫾9.3)
31 (26.5)
70 (59.8)

44 (37.6)
26 (22.2)
99 (84.6)
52 (44.4)

66 (56.4)
44 (37.6)
99 (84.6)
65 (55.6)

Tertile 3
(7.46 to 22.31 pmol/L),
n ⫽ 117
63.6 (⫾9.1)
47 (40.2)
73 (62.4)

Pa

⬍0.01
0.02
0.06

73 (62.4)
53 (45.3)
110 (94.0)
69 (59.0)

⬍0.01
⬍0.01
0.04
0.07
0.54
0.44
⬍0.01
0.43
⬍0.01

31.7 (⫾7.0)
107.5 (⫾17.1)
124 (⫾21)
75 (⫾15)
8.0 (7.0, 9.8)

31.9 (⫾7.2)
107.8 (⫾17.3)
131 (⫾21)
76 (⫾14)
9.4 (7.9, 11.9)

30.9 (⫾6.2)
105.2 (⫾16.9)
136 (⫾21)
73 (⫾14)
10.6 (9.0, 12.2)

50 (52.1)
24 (25.0)
22 (22.9)
51.5 (⫾13.9)
4.0 (⫾0.37)
2.2 (1.0, 6.1)

40 (41.7)
31 (32.3)
25 (26.0)
48.3 (⫾13.6)
3.9 (⫾0.40)
2.5 (0.9, 5.5)

45 (45.0)
27 (27.0)
28 (28.0)
42.8 (⫾13.5)
3.8 (⫾0.36)
2.4 (1.0, 6.8)

61 (52.6)
62 (53.5)

57 (49.6)
76 (66.1)

51 (44.0)
73 (62.9)

0.62
⬍0.01
⬍0.01
0.63
0.41
0.12

eGFR, estimated GFR; hs-CRP, high-sensitivity C-reactive protein; ACE, angiotensin-converting enzyme.
a
P value using ANOVA (continuous variables) or Pearson’s chi-squared test (categorical variables).
b
Values presented as median (interquartile range). P-values calculated from log-transformed variable.
c
Among n ⫽ 226 with concurrent pulse wave velocity available.

Table 2. Chronic Kidney Disease Mineral and Bone Disorder (CKD-MBD)–related characteristics of the study population stratified by tertiles
of serum osteoprotegerin

Characteristic, Mean (⫾SD) or n (%)
Laboratory
serum phosphate (mg/dl)
corrected serum calcium (mg/dl)
intact PTH ⱖ66 pg/ml
intact PTH above KDOQI guideline
bone-specific alkaline phosphatase (U/L)b
total alkaline phosphatase (U/L)b
Bone structure by pQCT
cortical bone mineral content (g)c
Medications
phosphorus binders
active vitamin D sterols

Tertile 1
Tertile 2
Tertile 3
(1.21 to 5.03 pmol/L), (5.05 to 7.45 pmol/L), (7.46 to 22.31 pmol/L),
n ⫽ 117
n ⫽ 117
n ⫽ 117

Pa

3.4 (⫾0.55)
9.2 (⫾0.39)
33 (29.2)
27 (23.9)
28 (22, 36)
78 (68, 92)

3.5 (⫾0.64)
9.1 (⫾0.46)
41 (36.6)
33 (29.5)
29 (20, 40)
81 (65, 106)

3.6 (⫾0.57)
9.2 (⫾0.43)
40 (35.1)
34 (29.8)
27 (21, 35)
81 (68, 102)

0.05
0.54
0.46
0.54
0.18
0.23

409.7 (⫾81.7)

406.7 (⫾82.3)

387.9 (⫾82.3)

0.14

9 (7.8)
0 (0)

15 (13.0)
4 (3.5)

19 (16.4)
9 (7.8)

0.13
⬍0.01

PTH, parathyroid hormone; KDOQI, Kidney Disease Outcomes Quality Initiative; pQCT, peripheral quantitative computed tomography.
a
P value using ANOVA (continuous variables) or Pearson’s chi-squared test (categorical variables).
b
Values presented as median (interquartile range). P-values calculated from log-transformed variable.
c
280 of 351 participants had cortical bone mineral content available.

2616

Clinical Journal of the American Society of Nephrology

Table 3. Association between clinical measurements and percentage difference in serum osteoprotegerin levels

Percentage Difference (95% CI)
Chronic Kidney Disease-Mineral and Bone Disorder measuresa
serum phosphate (per 1 mg/dl)
corrected serum calcium (per 1 mg/dl)
calcium X phosphorus product
intact PTH ⱖ66 pg/ml
intact PTH above KDOQI guidelines
total alkaline phosphatase (per 10 U/L)
bone-specific alkaline phosphatase (per 10 U/L)
cortical bone mineral content (per 50 g)
Demographics and vascular risk factorsb
age (per 10 years)
female gender
black race
diabetes
cardiovascular disease
hypertension
current/former smoker
systolic BP (per 10 mmHg)
eGFR (per 10 ml/min per 1.73 m2)
serum albumin (per 1 mg/dl)

6.5% (⫺1.5%, 15%)
⫺1.7% (⫺11.2%, 8.8%)
0.2% (⫺0.6%, 1.0%)
3.4% (⫺6.1%, 13.9%)
5.4% (⫺4.8%, 16.6%)
1.5% (0%, 3.1%)
⫺1.5% (⫺4.5%, 1.5%)
1.6% (⫺2.5%, 5.9%)
7.1% (2.6%, 11.8%)
10.2% (0.2%, 21.3%)
1.0% (⫺7.7%, 10.5%)
8.1% (⫺0.8%, 17.8%)
9.3% (⫺0.1%, 19.6%)
5.2% (⫺8.2%, 20.5%)
4.3% (⫺4.5%, 14.0%)
2.7% (0.6%, 4.9%)
⫺3.9% (⫺6.8%, ⫺0.8%)
⫺17.0% (⫺25.8%, ⫺7.2%)

P
0.11
0.74
0.58
0.49
0.31
0.05
0.32
0.45
⬍0.01
0.05
0.83
0.08
0.05
0.46
0.35
0.01
0.01
⬍0.01

PTH, parathyroid hormone; KDOQI, Kidney Disease Outcomes Quality Initiative; eGFR, estimated GFR.
a
Percentage difference values were adjusted for age, gender, and race.
b
Percentage difference values were adjusted for all other demographics and vascular risk factors.

Figure 1. | Unadjusted scatterplot of estimated GFR and log(serum
osteoprotegerin) (n ⴝ 351) with fitted regression line. Shaded area
represents 95% confidence interval.

0.04). There was no evidence of interactions between serum OPG levels and gender (P ⫽ 0.44), race (P ⫽ 0.42),
diabetes (P ⫽ 0.87), secondary hyperparathyroidism (intact
parathyroid hormone ⱖ66 pg/ml; P ⫽ 0.60), cortical bone
mineral content above versus below the median (P ⫽ 0.31),
or C-reactive protein levels above versus below the median
(P ⫽ 0.30). Results were unchanged in a sensitivity analysis
including only those participants whose measurements of
serum OPG and aortic pulse wave velocity occurred within
3 months of each other (n ⫽ 214; data not shown).

Discussion
In a cohort of patients with CKD, we demonstrated a
graded association between serum OPG levels and aortic
stiffness that was independent of eGFR, clinical measures

Figure 2. | Unadjusted scatterplot of log(serum osteoprotegerin)
and log(aortic pulse wave velocity) (n ⴝ 226) with fitted regression
line. Shaded area represents 95% confidence interval. Open circles
represent participants with cortical bone mineral content below the
median and closed circles represent participants with cortical bone
mineral content above the median.

of CKD-MBD, and markers of generalized inflammation.
This association did not differ by categories of bone mineral content or by the presence or absence of secondary
hyperparathyroidism. We observed a 10% higher aortic
pulse wave velocity between the lowest and highest tertile
of serum OPG, which corresponds to an absolute difference in aortic pulse wave velocity of about 0.7 to 1 m/s, on
average, in this study population. Previous work in patients with kidney disease has demonstrated a 39% increase in odds of mortality for each 1 m/s increase in pulse
wave velocity (28), suggesting that this is a clinically meaningful difference.
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Table 4. Ratio of pulse wave velocity compared with reference tertile (95% confidence interval) by tertiles of serum
osteoprotegerin (n ⴝ 226)

Modela

Tertile 1
(1.21 to 5.03 pmol/L)

Tertile 2
(5.05 to 7.45 pmol/L)

Tertile 3
(7.46 to 22.31 pmol/L)

P Trend

Unadjusted
Traditional vascular risk factor
adjusted
Traditional/nontraditional risk
factor adjusted
Cortical bone mineral content
adjustedb

Refc
Refc

1.19d (1.10, 1.30)
1.09d (1.01, 1.17)

1.30d (1.20, 1.42)
1.15d (1.06, 1.25)

⬍0.001
0.001

Refc

1.06 (0.98, 1.14)

1.11d (1.02, 1.20)

0.01

Refc

1.06 (0.97, 1.15)

1.10d (1.01, 1.20)

0.04

a

Traditional vascular risk factor adjusted model adjusted for age, gender, race, diabetes, history of cardiovascular disease, history
of hypertension, current/former smoking, and systolic blood pressure; traditional/nontraditional risk factor adjusted model
adjusted for traditional risk factors above plus estimated GFR, albuminuria, serum albumin, log(C-reactive protein), serum
phosphate, corrected serum calcium, and presence of secondary hyperparathyroidism.
b
Cortical bone mineral content adjusted model adjusted for traditional/nontraditional risk factors above plus and cortical bone
mineral content in the subset with quantitative computed tomography available (n ⫽ 161).
c
Note reference ⫽ 1.0.
d
P ⬍ 0.05.

In this study, we used pQCT in the tibia diaphysis to
assess bone mineral content. Measuring bone with pQCT is
superior to measuring with dual-energy x-ray absorptiometry (DXA) because of its ability to differentiate cortical
from trabecular bone and lack of artifact from overlying
vascular calcification. Additionally, a cortical site was chosen because cortical bone is particularly sensitive to the
effects of hyperparathyroidism (29,30). We found no evidence for a relationship between serum OPG and measures
of bone mineral content, bone turnover, or mineral metabolism abnormalities. Additionally, there was no evidence
that cortical bone mass above or below median values
modified the association of serum OPG with aortic stiffness. We believe these findings argue against the hypothesis that the relationship between OPG and pulse wave
velocity is secondary to effects of circulating OPG levels on
bone resorption, but instead argues for a direct role in the
vascular wall.
Our findings are consistent with other human studies
that have demonstrated associations between higher serum OPG levels and various adverse cardiovascular outcomes (14,15,17,20,31,32). These findings in humans are in
contrast to studies in OPG-deficient mice who exhibit diffuse medial calcification of the aorta and renal arteries
because of low OPG levels (6). Several possibilities may
explain this discrepancy. It is possible that the medial
calcification present in OPG-deficient mice is secondary to
the severe osteoporotic phenotype and not a direct result of
OPG deficiency on the vasculature. It is also possible that
OPG is a calcification inhibitor, as suggested by animal
models, and acts as a marker of underlying vascular disease. In several studies, treatment with either recombinant
OPG or the RANKL inhibitor, denosumab, inhibited or
regressed the development of vascular calcification
(4,6,7,33–35). Under this scenario, OPG levels may rise in
patients with vascular disease as a compensatory response
to mitigate further injury, by inhibiting a remodeling process in the vascular wall that resembles bone formation
(4,7). Additionally, OPG is known to bind and neutralize

the proapoptotic factor TNF-related apoptosis inducing
ligand (TRAIL) (36). As apoptotic debris is a possible nucleus for hydroxyapatite deposition in the vascular wall,
serum OPG expression in the endothelium may be upregulated to counteract apoptosis (37). Finally, it is also possible
that OPG is a noncausal bystander in the process of medial
calcification. Recent work has demonstrated that medial
arterial calcification is an active process whereby vascular
smooth muscle cells differentiate into osteoblast-like cells
which express bone-specific proteins and actively deposit
bone matrix (38). OPG, which is normally secreted by
osteoblasts, may also be secreted by these osteoblast-like
cells nonspecifically, making it a potent biomarker of this
remodeling process. Because of the cross-sectional nature
of our study, we cannot determine the temporal sequence
of the rise in serum OPG and the development of arterial
stiffness. For this reason we cannot distinguish between
the possibilities that serum OPG levels rise in response to
the development of arterial stiffness versus that elevated
levels of serum OPG precede the development of arterial
stiffness.
Previous cross-sectional work has also demonstrated
that serum OPG levels are associated with aortic pulse
wave velocity (21,32,39 – 42). However, in contrast to these
studies, we have collected extensive phenotypic information about the study participants including careful measures of vascular risk factors and, most importantly, of
bone mineral content. Our study extends these findings by
evaluating these factors simultaneously, and implies that
these associations may not be secondary to effects of circulating OPG on bone mass or the confounding effects of
other strong vascular risk factors.
In interpreting these study results, it is important to
recognize several limitations. Although we have carefully
collected several measures of CKD-MBD, definitive diagnosis of renal osteodystrophy requires bone histomorphometry which was not available in this study. Additionally, some of these measurements were not available in the
full study population, limiting our power to detect associ-
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ations. Finally, this study was cross-sectional and not able
to evaluate the association between serum OPG and longitudinal changes in measures of CKD-MBD or pulse wave
velocity.
In conclusion, our data support a strong relationship
between serum OPG and arterial stiffness, a major risk
factor for mortality in patients with CKD. In addition, it is
independent of many potential confounders including traditional cardiovascular risk factors, measures of CKDMBD, and inflammation. Circulating levels of OPG were
not associated with clinical measures of CKD-MBD, suggesting that circulating levels may not be indicative of
active bone resorption. Given that serum levels of OPG are
higher among those with lower eGFR, the OPG signaling
pathway may be involved in the vascular disease associated with CKD independent of CKD-MBD.
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