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ARTICLE INFO ABSTRACT

Purpose: The osteoprotogerin/receptor activator of NF-kappa 3/receptor activator of NF-kappa (3 ligand (OPG/
RANK/RANKL) pathway plays a critical role in bone remodeling. This study investigated associations between
serum levels of OPG, soluble RANKL (sRANKL), and the ratio of OPG/sRANKL to risk of incident hip fracture.
Methods: A nested case-control study was conducted among postmenopausal, Caucasian women aged 50-79
at baseline (1993-1998), followed for hip fracture through March 2005 in the Women's Health Initiative
Observational Study. 400 incident hip fracture cases were selected and individually matched to 400 controls
with no prior fracture or incident hip fracture. Matching factors were baseline age, enrollment date and hormone
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therapy (HT) exposure. Baseline serum OPG and sRANKL levels were measured using high sensitivity ELISA. Odds
ratios were computed for quartiles of each biomarker adjusting for matching factors and hip fracture risk factors.
Results: Serum OPG was significantly associated with older age, low physical activity and poorer physical func-
tion in control women. SRANKL was inversely associated with total calcium intake in control women, but not
associated with age or other fracture risk factors. The odds ratio for hip fracture comparing the highest to lowest
quartiles of OPG was 2.28 (95% confidence interval (CI), 1.45-3.61) after adjusting for the matching variables
(p-value for linear trend <0.001), and 1.87 (95% CI, 1.15-3.04; p for linear trend = 0.02) after adjusting for
self-rated health status, physical activity and physical functioning. No significant associations between sSRANKL
or the ratio of OPG/sRANKL and hip fracture risk were observed.

Conclusion: Serum OPG levels were independently associated with a nearly twofold increased risk of hip fracture
in postmenopausal women.

© 2013 Elsevier Inc. All rights reserved.

Introduction

The discovery of osteoprotegerin (OPG) in 1997 led quickly to the
understanding that the OPG/RANKL/RANK System is central to the
coupling of osteoclasts and osteoblasts in bone biology [1]. At the

Abbreviations: OPG, osteoprotogerin; RANK, receptor activator of NF-kappa ;
RANKL, receptor activator of NF-kappa 3 ligand; sRANKL, soluble receptor activator
of NF-kappa {3 ligand; WHI, Women's Health Initiative.
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level of the bone remodeling unit, receptor activator of NF-kappa
ligand (RANKL) is expressed on the cell surface of both osteoblasts
and stromal cells. RANKL binds to RANK and leads to differentiation
and maturation of osteoclasts, leading to bone resorption. OPG is a
protein made by osteoblasts that binds to RANKL as a decoy receptor
and blocks its interaction with RANK, thus blocking osteoclast forma-
tion and bone resorption. Other tissues besides osteoblasts produce
RANKL and OPG and thus, measurements of these biomarkers in
the serum may reflect both skeletal and non-skeletal sources, as
well as age-related differences in clearance [2]. The balance between
RANKL and OPG may be regulated by other cytokines or hormones
that promote bone resorption.

Associations between OPG, bone turnover markers, and BMD
have been inconsistent [2-4]. There are limited data examining the
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relationship between OPG and/or RANKL and fracture risk. OPG levels
were not associated with fracture in one study [5], but high levels
were associated with increased risk in a small case-control study of
hip fracture [6] and height loss in postmenopausal women [7].
SRANKL has been associated with fracture in one study with 31 frac-
tures [8], but no association was seen between sRANKL and height
loss in a larger cohort of postmenopausal women [7]. The early stud-
ies are limited by small sample sizes, low numbers of fracture events,
and lack of sensitivity of early generation assays.

The sole epidemiologic study to examine a high sensitivity marker of
OPG in relation to incident hip fracture found that the highest levels of
OPG were associated with hip fracture risk [9]. We conducted a nested
case-control study within the Women's Health Initiative Observational
Study (WHI-0S) to examine serum OPG and soluble RANKL (SRANKL)
levels and the ratio of OPG to sSRANKL to risk of incident hip fracture
risk. A second objective was to determine if associations between
these biomarker levels and incident hip fracture differed for women
who were users vs. nonusers of HT, those with high and low body
mass index, those with high vs. low total calcium intake (diet plus sup-
plement intake) and those with high and low FRAX scores (a measure of
10-year fracture risk).

Materials and methods
Study group

The WHI-OS is a prospective cohort study that enrolled 93,676
women ages 50-79 years from 1994-1998 at 40 clinical centers through-
out the United States [10]. The women were eligible if they were post-
menopausal, unlikely to move or die within three years, not enrolled in
the WHI Clinical Trials and not currently participating in any other clini-
cal trial. At baseline, the women completed screening and enrollment
questionnaires by interview and self-report, a physical examination and
blood specimen collection. The study was reviewed and approved by
the Human Subjects Review Committees at each participating institution.

Follow-up and outcome ascertainment

The women were sent questionnaires annually to report the occur-
rence of any hospitalization and a wide variety of outcomes including
clinical fractures of any type. The median (interquartile range) of
follow-up time was 8.0 (7.0-9.0) years per participant as of September,
2005. At that time, 4.8% of WHI-OS participants had withdrawn or were
lost to follow-up and 6.7% had died. Hip fractures were verified by review
of radiological, magnetic resonance imaging, or operative reports by
trained physicians at each clinical center and then confirmed by blinded
central adjudicators [11]. Hip fractures with a possible or confirmed path-
ological cause (from malignancy, infection or focal bone lesion) were ex-
cluded. There was no attempt to distinguish fractures caused by
excessive trauma from other hip fractures.

Nested case-control study design

The study population was restricted to Caucasian women who had
been part of a previous whole genome association study. From this
group, 400 randomly selected incident cases of hip fracture and
their matched controls were identified. Controls were selected using
random sampling in a 1:1 ratio with cases from the subpopulation
of women who reported no postmenopausal fractures (self-reported
fracture at age >55 years) at baseline and no incident hip fracture
through the planned study closeout (March 31, 2005) with individual
matching by age (+/—1 year), enrollment date (+/1 year) and cur-
rent hormone therapy use at baseline (exact). Matching by enroll-
ment date serves the dual purpose of matching on length of
follow-up and length of frozen storage for the serum specimens. Bio-
marker levels were obtained in 396 cases and 397 controls. This study

design provided 80% power to detect a difference of 0.20 standard de-
viations in mean biomarker levels between cases and controls at the
0.05 level of statistical significance. This corresponds to 80% power
to detect a statistically significant odds ratio of 1.22 for hip fracture
per 1 standard deviation difference in biomarker levels.

Baseline clinical variables

Baseline questionnaires ascertained information on race/ethnicity,
treated diabetes, history of myocardial infarction, coronary revascu-
larization or stroke, current and past smoking, parental history of
hip fracture, and self-rated health status. Detailed information on cur-
rent and past HT use was ascertained by questionnaire. Alcohol con-
sumption was estimated using questionnaire items as servings per
week. Physical activity was classified on the basis of frequency and
duration of four speeds of walking and mild, moderate and strenuous
activities in the prior week. Kilocalories of energy expended in a week
on leisure time activity was calculated (MET score = kcal h/week/kg)
[12]. Physical function was measured using the 10-item Rand-36 phys-
ical function scale which includes items measuring whether health now
limits physical function in moderate/vigorous activities, strength to lift,
carry, stoop, or bend, stair climb, ability to walk various distances with-
out difficulty, and self-care [13]. Weight was measured to the nearest
0.1 kg on a balance beam scale with the participant dressed in indoor
clothing without shoes. Height was measured to the nearest 0.1 cm
using a wall-mounted stadiometer. Body mass index was calculated as
weight (kg)/height (m?).

Current use of prescription medications including corticosteroids
was recorded by clinic interviewers at the first screening visit by
direct inspection of medicine containers. Prescription names were
entered into the WHI database which assigned drug codes using
Medispan software. Dietary supplements, including calcium prepara-
tions, taken at least twice weekly for the prior two weeks were en-
tered directly from medicine containers as described above. Dietary
intake of calcium was measured using a semi-quantitative food fre-
quency questionnaire [14]. Total calcium intake was defined as the
sum of calcium from diet, supplements, and medications. FRAX scores
were provided by the WHO Collaborative Group based on women's
individual clinical risk factors without bone mineral density [15].

Cases and controls did not have previous measurements of bone
mineral density, serum 25-hydroxyvitamin D (Vitamin D) levels or
bone metabolism markers, except as detailed below.

Laboratory procedures

Laboratory personnel were blinded to case—control status for all mea-
surements. OPG and sRANKL were measured by ELISA (Osteoprotegerin
EIA, and ampli-sRANKL EIA, Biomedica kits distributed by American Lab-
oratory Products Company, LTD; Salem, NH) at Ohio State University in
baseline serum that had been stored at —70° Celsius within two hours
of collection. The OPG assay measures both free and complexed
OPG-RANKL and detects both the monomeric and dimeric forms of
OPG. The minimum detection limit is 0.14 pmol/L (2.8 pg/ml). The
range of OPG levels in serum sample from normal healthy individuals
is 0.65-4.2 pmol/L (13.0-84 pg/ml). The intra-assay and inter-assay co-
efficients of variation are 6% and 8%, respectively. The SRANKL ELISA
measures free RANK-L and uses an enzyme catalyzed amplification
cycle to enhance the detection limit. The median value for normal
healthy women is 0.37 pmol/L. The detection limit of the assay is
0.001 pmol/L. The intra-assay and inter-assay coefficients of variation
are 8% and 6%, respectively. Serum sRANKL levels were undetectable
in one-third of cases and controls overall (35% of cases, 28% of controls).

Plasma “whole” parathyroid hormone (PTH) levels were measured
by immunoradiometric assay utilizing a polyclonal 1-84 PTH antibody
(Whole PTH™) at Ohio State University. This third generation assay
specifically measures the entire biologically active 1-84 PTH molecule.
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The minimum detection limit is 1 pg/ml and functional sensitivity is
assessed at 3 pg/ml. The range of PTH levels in samples from normal
healthy individuals is 5-39 pg/ml. The intra-assay and inter-assay
coefficients of variation are 4% and 7%, respectively. A subgroup of
125 participants (all but two were hip fracture cases) were part of a sep-
arate case-control study that measured 25-hydroxyvitamin D, cross-
linked C-telopeptide (CTX) and amino-terminal propeptide of type I
procollagen (PINP) in baseline serum using methods described previ-
ously [16]. These measurements were made available to the present
study in order to examine correlations with serum OPG and sRANKL.

Statistical methods

Baseline characteristics were compared between hip fracture cases
and matched controls, with corresponding p-values calculated from
chi-square tests for categorical variables and t-tests for continuous vari-
ables. To further assess the potential for confounding, baseline character-
istics were compared across quartiles of OPG and sRANKL levels in control
participants. Spearman correlations were calculated to assess the strength
of association between each biomarker and select continuous covariates.

Distributions of OPG and sRANKL were compared for hip fracture
cases and controls. Histograms of the biomarker distributions were plot-
ted for cases and controls; measurements of sSRANKL varied by three
orders of magnitude so a log10 scale was used to better display the distri-
bution of sSRANKL. Associations between OPG and sSRANKL levels and the
ratio of OPG/SRANKL levels and incident hip fracture were assessed in lo-
gistic regression models adjusting for the matching baseline factors of
age, blood draw date, and current HT use, as well as plate. Odds ratios
were computed for quartiles of each biomarker compared to the lowest
quartile, and per standard deviation of the continuous form of the log
transformed biomarker unless the association with hip fracture was
found to be non-linear. Quartiles cutpoints were defined based on the
distribution in controls. Therefore, for SRANKL, undetectable levels de-
fined the lowest quartile which was coded at 0.0005, the midpoint be-
tween 0 and 0.001 (the lower detection limit) for purposes of analysis.
Associations were first examined without any additional adjustment
and then with adjustment for body mass index (continuous), and finally
in a fully adjusted model. Covariates were selected for inclusion in the full
multivariate model based on their association with incident hip fracture
in the initial univariate analysis and their correlation with each biomark-
er level in controls. Correlations between biomarker levels and covariates
were assessed using Spearman correlation coefficients.

Stratified analyses were conducted for HT, body mass index and
FRAX score, estimating odds ratios within binary categorizations of
each of these variables. The statistical significance of differences in
the odds ratios was tested using cross-product terms added to the
fully-adjusted multivariate models for each biomarker.

Statistical analyses were performed using SAS statistical software
(version 9.2; SAS Institute, Cary, North Carolina), generalized additive
models [17] and corresponding figures were computed with R (version
2.11; R Development Core Team (2010) - http://www.R-project.org)
and the R library mgcv.

Theory

Because OPG acts as a decoy receptor for RANKL to block bone re-
sorption within the bone remodeling unit, it would be biologically plau-
sible for higher serum levels of OPG to be associated with reduced bone
resorption, higher bone density and a decreased risk of hip fracture. Al-
ternatively, higher serum levels of OPG could occur to counteract high
RANKL bioactivity resulting in increased bone resorption and therefore
higher serum levels could reflect a compensatory mechanism that is re-
lated to increased hip fracture risk. Thus, the results of this study could
inform which of these mechanisms is more supported by the data.

Results

Cases of hip fracture were identical to controls on the matching fac-
tors of age (69.8 years) and current HT use (37.8%; Table 1). Cases
were significantly more likely to be current smokers, to have a parent
who broke their hip, to use corticosteroids, to have lower physical func-
tion and higher 10-year probabilities of hip fracture as estimated by
FRAX compared to controls. Cases were significantly less likely than con-
trols to drink alcohol, and had lower levels of physical activity, self-rated
health status, and body mass index (Table 1).

Controls with higher OPG levels were older, and after adjusting for
age were significantly more likely to have treated diabetes, poorer
self-rated health status, and lower physical function scores compared
to controls with lower OPG levels (Table 2). The mean age of controls
in the lowest quartile (<4 pmol/L) was 67.7 years compared to
72.6 years in the highest quartile (>6 pmol/L; p < 0.001; r = 0.33).
Serum OPG levels were modestly correlated with PTH levels (r =
0.11). Serum sRANKL levels were not associated with age in controls
(Table 3). The only covariate that showed significant associations with
SRANKL was total calcium intake which appeared lower in the lowest
quartile of SRANKL (0.0005 pmol/L). Current HT use did not significantly
differ across quartiles of either biomarker (Tables 2 and 3). SRANKL levels
were not correlated with serum PTH (r = 0.02).

Table 1
Baseline characteristics of hip fracture cases and matched controls from the Women's
Health Initiative Observational Study.

Case (N = 400) Control (N = 400) P-value®

N % N %
Current HT 151 37.8 151 37.8 Matching
variable
Smoking 0.004
Never 183 46.4 215 54.4
Past 176 44.7 165 418
Current 35 8.9 15 3.8
Alcohol consumption 0.06
Non/past drinker 136 343 103 258
<1 drink/week 115 290 136 34.0
1-14 drinks/week 128 323 144 36.0
>14 drinks/week 17 43 17 43
Episodes/week mod-stren phys 0.05
activity >20 min (categorical)
No activity 65 16.4 47 12.0
Some activity 170 428 151 384
2 - <4 episodes per week 72 18.1 78 19.8
4+ episodes per week 90 22.7 117 29.8
Parent broke hip 83 213 56 143 0.01
Treated diabetes 24 6.0 19 48 043
(pills or injections)
Hx of angina, MI or stroke 55 13.8 49 123 0.54
Self-reported health <0.001
Excellent 41 103 66 16.5
Very good 137 343 190 47.6
Good 156 39.1 119 29.8
Fair/poor 65 16.3 24 6.0
Corticosteroid use 14 35 5 1.3 0.04
Mean SD Mean SD P-value
Age at screening, years 69.8 (6.4) 69.8 (6.4) Matching
variable
Body-mass index (BMI), kg/m2 25.6 (5.0) 27.0 (5.8) <0.001

Total energy expenditure/week 109
from phys act, MET-hours

(109) 146 (14.6) <0.001

Rand-36 physical function score 716  (22.7) 80.8 (18.6) <0.001

Total calcium intake (mg) 12204 (717.8) 1281.5 (721.8) 024

Total vitamin D intake (IU) 395.6 (293.0) 3949 (257.1) 097

Serum parathyroid hormone 224  (13.3) 219 (7.9) 0.52
(PTH; PG/mL)

FRAX 10 year probability (%) of 6.6 (7.8) 43 (4.3) <0.001

hip fracture without BMD

@ Test of association based on Chi-squared tests (categorical variables) or t-tests
(continuous variables).
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The odds ratio for hip fracture comparing the highest quartile of OPG
to the lowest was 2.28 (95% confidence interval (CI), 1.45-3.61) after
adjusting for the matching variables (p-value for linear trend <0.001)
and there was no attenuation after additional adjustment for BMI
(Models 1 and 2; Table 4). After additional adjustments for self-rated
health status, physical activity and physical functioning in model 3,
the odds ratio for the highest compared to lowest quartile was 1.87
(95%Cl, 1.15-3.04; p for linear trend = 0.02). This association persisted
after additional adjustment for serum PTH (model 4). When OPG was
examined as a continuous variable, the odds ratio for a 1 standard devi-
ation difference was 1.31 (95% CI, 1.09-1.57) and the p-values for linear
trend were highly significant in all four models (p = 0.01); Table 3. Ex-
amination of the GAM plot (Appendix I) for OPG shows a linear trend in
the odds ratios across the levels of OPG.

No significant associations between serum sRANKL levels and hip
fracture were observed (Fig. 1, Table 4). One-third of the study popula-
tion had undetectable sSRANKL levels (134 (35%) of cases, 106 (28%) of
controls; Fig. 1). The odds ratios comparing the highest to lowest
(undetectable) quartiles were all close to 1.0 and the p-values for linear
trend were non-significant in all models. Odds ratios in the middle two
quartiles were in the direction of decreased risk of hip fracture suggesting
a possible u-shaped relationship between sRANKL and hip fracture.

Examination of the GAM plot for sSRANKL illustrates of the non-
linearity of the observed association (Appendix I).

No associations were observed between the ratio of OPG/sSRANKL
levels and hip fracture in similar analyses to those described above. In
sensitivity analyses, exclusion of non-detectable sSRANKL cases and con-
trols did not change the results, nor was there a disproportionate num-
ber of cases among non-detectable values of SRANKL (p = 0.08). The

association of OPG with hip fracture did not vary by quartile of SRANKL.
The OPG association with hip fracture was also not significantly modi-
fied by current HT use (p-interaction = 0.62), BMI (p = 0.07), total
calcium intake (p = 0.55), or FRAX score (p = 0.97). Although not sta-
tistically significant, the odds ratios across categories of BMI suggested a
stronger association of OPG levels in normal weight women, than in
obese women. Odds ratios were 1.11 (95% CI 1.04-1.18) for women in
the normal weight category (BMI < 25); 1.07 (95% CI 1.02-1.13) for
overweight women (BMI 25-<30); 1.05 (95% CI 0.98-1.12) for obese
women (BMI 30-<35); and, 1.00 (95% CI 0.90-1.12) for extremely
obese women (BMI > 35).

In the 125 participants with available measurements, serum OPG
was modestly correlated with baseline CTX (r = 0.11) and PINP
(r = 0.13), whereas no correlation with baseline serum 25(OH)D
(r = 0.02) was observed. sRANKL levels were uncorrelated with
these biomarkers (coefficients <0.05 for all three comparisons).

Discussion

In this case—control study nested within the WHI Observational Study,
OPG levels had an independent, linear association (log transformed scale)
with increased risk of hip fracture consistent with a nearly twofold
increased risk in the highest compared to lowest quartiles. No associa-
tions were observed between sSRANKL or the ratio of OPG/sRANKL and in-
cident hip fracture. Neither biomarker was associated with the current
HT use. Serum OPG levels were significantly related to age, and after
adjusting for age to markers of frailty [18] including low physical activity
and poor physical function.

Table 2
Baseline characteristics of controls (n = 397) by quartiles® of OPG.
<4 pmol/L >4 <5 pmol/L 5 < -6 pmol/L >6 pmol/L P-value”
(N = 100) (N = 100) (N =199) (N =98)
N % N % N % N %
Current HT 43 43.0 36 36.0 33 333 38 388 0.30
Smoking 0.93
Never 54 54.5 48 48.5 63 64.9 48 49.5
Past 42 424 48 48.5 29 299 45 46.4
Current 3 3.0 3 3.0 5 5.2 4 41
Alcohol consumption 0.90
Non/past drinker 24 240 22 22.0 31 313 26 26.5
<1 drink/week 33 33.0 38 38.0 30 303 32 327
1-14 drinks/week 38 38.0 36 36.0 35 354 35 35.7
> 14 drinks/week 5 5.0 4 4.0 3 3.0 5 5.1
Episodes/week mod-stren phys activity >= 20 min 0.18
No activity 13 13.1 10 103 12 122 12 125
Some activity 36 36.4 33 34.0 43 43.9 37 385
2-<4 episodes per week 17 17.2 16 16.5 19 19.4 25 26.0
4+ episodes per week 33 333 38 39.2 24 24.5 22 229
Parent broke hip 15 15.2 9 9.0 17 17.9 14 14.7 0.81
Treated diabetes (pills or shots) 3 3.0 1 1.0 4 4.1 11 11.2 0.007
Hx of angina, MI or stroke 12 121 6 6.1 14 141 16 16.5 0.30
Self-reported health 0.003
Excellent 22 22.0 24 24.0 9 9.2 10 10.2
Very good 55 55.0 40 40.0 53 54.1 42 429
Good 18 18.0 28 28.0 34 347 38 388
Fair/poor 5 5.0 8 8.0 2 2.0 8 8.2
Use of corticosteroids 0 0.0 0 0.0 3 3.0 2 2.0 0.22
Mean SD Mean SD Mean SD Mean SD P-value
Age at screening, years 67.6 6.6 68.5 6.2 70.5 5.7 72.6 6.0 <0.001
Body-mass index (BMI), kg/m2 26.9 4.7 26.9 55 274 6.8 26.8 6.0 0.10
Total energy expenditure/week from phys act, MET-hours 14.9 14.5 16.0 14.8 14.0 13.8 14.0 15.6 0.44
Rand-36 physical function score 85.9 14.8 835 16.2 76.4 20.8 775 19.5 0.002
Total calcium intake (mg) 1239.7 730.8 13115 749.5 1350.2 703.0 1238.0 714.9 0.80
Total vitamin D intake (IU) 369.7 255.1 407.5 266.7 415.1 240.2 396.4 265.6 0.88
Serum parathyroid hormone (PTH; PG/mL) 21.7 7.9 21.8 7.6 222 8.1 219 8.2 0.98
FRAX 10 year probability (%) of hip fracture without BMD 3.1 34 33 34 4.8 5.0 5.8 4.8 0.74

¢ Quartiles of OPG based on controls.
b Test of association adjusted for age.
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Table 3
Baseline characteristics of controls (n = 397) by quartiles® of SRANKL.
Below detectable 0.001 to 0.1 to 0.2 pmol/L >0.2 pmol/L P-value”
threshold <0.1 pmol/L (N =96) (N =94)
(N =114) (N =93)
N % N % N % N %
Current HT 37 325 33 355 41 42.7 39 415 0.14
Smoking 0.49
Never 60 53.6 43 46.2 55 59.1 55 58.5
Past 46 411 48 51.6 34 36.6 36 383
Current 6 5.4 2 22 4 43 3 32
Alcohol consumption 0.71
Non/past drinker 30 26.3 27 29.0 26 271 20 213
<1 drink/week 40 35.1 31 333 28 29.2 34 36.2
1-14 drinks/week 39 342 29 31.2 40 41.7 36 383
> 14 drinks/week 5 4.4 6 6.5 2 2.1 4 43
Episodes/week mod-stren phys activity >20 min (categorical) 0.13
No activity 20 17.7 8 8.7 11 11.8 8 8.7
Some activity 41 36.3 45 48.9 32 344 31 33.7
2-<4 episodes per week 22 19.5 13 141 15 16.1 27 293
4+ episodes per week 30 26.5 26 283 35 37.6 26 283
Parent broke hip 20 18.0 11 121 10 104 14 154 0.46
Treated diabetes (pills or shots) 4 3.5 7 7.5 5 52 3 3.2 0.87
Hx of angina, MI or stroke 18 16.1 10 10.8 8 83 12 12,9 0.36
Self-reported health 0.15
Excellent 16 14.2 16 17.2 16 16.7 17 18.1
Very good 49 434 42 452 48 50.0 51 54.3
Good 39 345 30 323 27 28.1 22 234
Fair/poor 9 8.0 5 54 5 5.2 4 43
Use of corticosteroids 1 0.9 2 22 1 1.0 1 1.1 0.99
Mean SD Mean SD Mean SD Mean SD P-value
Age at screening, years 70.1 6.9 69.7 5.6 69.9 6.5 69.3 6.3 047
Body-mass index (BMI), kg/m2 274 6.6 26.8 5.4 26.9 5.8 26.8 49 0.37
Total energy expenditure/week from phys act, MET-hours 15.3 16.8 13.6 14.8 15.4 154 145 10.1 0.89
Rand-36 physical function score 79.6 21.1 81.9 18.0 79.1 184 83.2 14.5 0.38
Total calcium intake (mg) 1098.2 632.5 1364.0 696.0 1383.2 827.7 13309 711.0 0.01
Total vitamin D intake (IU) 349.6 2394 450.7 263.1 408.4 264.2 391.1 2574 0.30
Serum parathyroid hormone (PTH; PG/mL) 22.0 7.3 20.8 7.9 229 8.7 21.8 7.8 037
FRAX 10 year probability (%) of hip fracture without BMD 5.0 5.4 3.8 3.6 3.9 34 4.1 44 0.69

2 Quartiles of SRANKL based on controls.
b Test of association adjusted for age.

Evidence from large prospective studies regarding associations
of serum OPG and sRANKL and incident fractures, particularly hip
fracture, is extremely limited. Two smaller, previous studies have ex-
amined serum OPG levels in relation to incident hip fracture. In a
case-control study of 490 women aged 65 and older (154 with

fracture, number of hip fractures not reported) nested within the
Study of Osteoporotic Fracture (SOF), the age-adjusted odds ratio
for hip fracture by a 1 standard deviation difference in serum OPG
was 1.3 (95% (I, 1.0-1.7) using an early generation assay [5], virtually
identical to the odds ratio observed in this study. In that study, OPG

Table 4
Multivariable adjusted odds ratios for the associations of serum OPG and sRANKL levels with risk of hip fracture.
Quartiles of OPG Case (N) Control (N) Model #1? P-trend Model #2° P-trend Model #3¢ P-trend Model #4¢ P-trend
OR  (95% CI) OR  (95% CI) OR  (95% CI) OR  (95%CI)
>6 pmol/L 136 93 228 (1.45,3.61) <0.001 233 (1.47,3.70) <0.001 1.87 (1.15,3.04) 0.02 1.78 (1.09,2.91) 0.03
5<-6 pmol/L 85 93 1.32 (0.85,2.07) 1.36 (0.87,2.13) 132 (0.82,2.12) 1.28 (0.79,2.07)
>4<-5 pmol/L 89 93 1.39 (0.89,2.16) 145 (0.93,2.26) 1.36 (0.85,2.18) 135 (0.84,2.17)
<4 pmol/L 70 94 1.0 1.0 1.0 1.0
OPG linear’ (1 SD increase) 380 373 1.39 (1.17,1.65) <0.001 1.40 (1.17,1.66) <0.001 131 (1.09,1.57) 0.004 1.28 (1.07,1.54) 0.009
Quartiles of SRANKL
>0.2 pmol/L 104 89 0.95 (0.64,1.40) 0.67 0.91 (0.62,1.35) 0.55 0.99 (0.65,1.50) 0.90 1.00 (0.66,1.53) 0.99
0.1-0.2 pmol/L 73 90 0.67 (0.44,1.01) 0.64 (0.43,097) 0.70 (0.45,1.07) 0.72 (0.46,1.12)
0.001 < -0.1 pmol/L 69 89 0.65 (0.43,0.99) 0.63 (0.41,0.95) 0.63 (0.40,0.98) 0.63 (0.40,0.98)
Below detectable threshold 134 106 1.0 1.0 1.0 1.0
SRANKL Linear (1 SD increase) 380 374 NAS

Note: For SRANKL, 3-df test of association (i.e., not assuming trend) yielded p-values of 0.08, 0.06, 0.09, and 0.10 for models #1 to 4, respectively.

2 Model #1 adjustments include age, current HT use, year of enrollment and plate.
> Model #2 includes model #1 adjustments plus BMI.

c

4 Model #4 includes model #3 adjustments plus PTH (continuous variable; log-scale).

Model #3 includes model #2 adjustments plus self-reported health, physical activity, and physical functioning.

€ Total number of cases and controls after excluding participants with missing/invalid biomarker data, missing plate information, or incomplete covariate information for model #3.

-

Estimated OR (95%CI) where OPG was fit as a linear variable used model #3 adjustments.

& Estimates that assumed a linear relationship between sSRANKL and the log-odds of hip fracture were not computed. The association was decidedly non-linear (see Appendix I).
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Fig. 1. Distribution of serum OPG and sRANKL levels by case-control status.

levels were not associated with increased risks of total fractures or
wrist fractures A case-control study of Danish women with hip frac-
ture (n = 41) or lower forearm fracture (n = 66) compared to
age-matched community controls found an odds ratio for the highest
quartile of serum OPG compared to the lowest of 2.5 (95% CI, 1.3-4.7)
[6]. Neither of these studies adjusted for possible confounders other
than age. In the Tromso Study, serum OPG levels, but not SRANKL
levels, were found to be associated with height loss in postmenopaus-
al women, particularly those not using HT [7]. Most recently in the
Tromso Study, high serum OPG levels were found to be associated
with 2.8 times the risk of hip fracture in men, and 1.6 times the risk
of hip fracture in women not using HT, but no association was seen
in women taking HT [9]. In the present study, no interaction was seen
between HT use and serum OPG levels, indicating a similar association
in both users and non-users of HT. Discontinuation of HT use after base-
line, which was common after publication of the WHI HT Trial results,
could have contributed to this null interaction, or it may simply be ab-
sent in this population. Among the baseline HT users in the WHI Obser-
vational Study, nearly two-thirds had discontinued HT use by the eighth
year of follow-up. The only study to report an association of SRANKL
with any fracture was an Italian cohort of 906 (half women) who expe-
rienced 31 fractures classified as “non-traumatic” and 115 fractures
classified as “traumatic” [8]. The multivariate-adjusted relative risk of
nontraumatic fracture in the highest tertile (22 fractures) compared
to the lowest (2 fractures) was 9.4 (95% CI, 2.1-40.1) whereas no asso-
ciation was found for traumatic fracture.

Associations between OPG and sRANKL with markers of bone re-
sorption and turnover are inconsistent as are studies relating OPG
and sRANKL to levels of bone mineral density [4]. For example, OPG
was positively associated with BMD in women using estrogen in the
Rancho Bernardo study, but no association was seen in women not
using HT [3] whereas RANKL was not associated with BMD. The numer-
ous conflicting reports may reflect either differences in study popula-
tions many of which were small and select, the assays used to measure
the biomarkers, or approaches to controlling for confounding [4]. In
general, more studies have found no association [2,5,19-23] between

serum OPG levels and BMD, than have found either inverse or positive
associations [4,7]. Most studies have found no association of SRANKL
levels with bone density, even the one study reporting an association
with nontraumatic fracture [4,8].

Prospective studies that have examined baseline serum OPG levels
and future hip fracture suggest a hypothesis about possible mecha-
nisms. OPG levels were inversely correlated with serum osteocalcin
in the SOF case-control study [5]. Our findings support modest, posi-
tive associations between serum OPG and bone resorption markers in
a subset of 125 women. Higher OPG levels were also associated with
greater bone loss in women in the Tromso Study [24]. Taken together,
these findings suggest the possibility that higher levels of serum OPG
are indicative of higher bone resorption, lower bone formation and
increased rates of bone loss leading to higher fracture risk. Measure-
ments of bone metabolism markers and bone density were not avail-
able in all cases and controls in the present study, and therefore, we
could not directly evaluate this mediation hypothesis. However, a re-
cent study comparing cytokine production by bone marrow and bone
cells in 37 women who had hip replacement due to femoral neck frac-
tures and 15 women who had hip replacement due to osteoarthritis
supports the hypothesis that hip fracture is associated with increased
OPG expression, produced equally by the bone marrow and bone
cells, compared to the osteoarthritis controls [25]. RANKL expression
by bone marrow cells was also elevated in the fractured women, and
the authors postulate that the increase in OPG was possibly a re-
sponse to block RANKL in the presence of increased bone turnover.

Serum OPG, but not SRANKL levels, were directly correlated with age
(r = 0.33; p < 0.01) in the present study, in agreement with many pre-
vious studies [2,4]. However, data on longitudinal changes in biomarker
levels are lacking in postmenopausal women. In this study, no signifi-
cant association between the current HT use and OPG levels was ob-
served in the control women. Estrogen has been shown to increase
the production of OPG by osteoblasts in vitro [26]. However, serum
levels of OPG have shown no association with serum hormone levels
in vivo in postmenopausal women [2]. Moreover, experimental studies
examining changes in serum OPG levels after treatment with estrogen
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therapy in postmenopausal women show conflicting results with one
study demonstrating decreased OPG levels after treatment [27] and an-
other showing no significant change in OPG levels but a trend toward
higher levels [28]. The evidence to date therefore suggests no consistent
association between serum OPG and HT use in postmenopausal women.

Strengths of this study include the nested case-control design
within a prospective study, the rigorous adjudication of hip fracture
cases, the availability of information on a broad range of covariates,
and the use of highly sensitive biomarker assays. Markers of bone re-
sorption and measurements of BMD were not available in all cases
and controls for testing hypotheses about mechanisms, but our pur-
pose was to examine associations with hip fracture to fill this gap in
the literature. As discussed above, the large volume of literature relat-
ing these biomarkers to BMD and bone metabolism markers is quite
inconsistent rendering studies of fracture necessary to understand
the ultimate impacts of these biomarkers. About one-third of the
women had undetectable sRANKL levels which is less than the other
published studies [7], but still limited the distribution on this variable.

Conclusions

We conclude that OPG levels were independently associated with a
nearly twofold increased risk of hip fracture in postmenopausal
women in the WHI-OS. sRANKL levels and the ratio of OPG/sRANKL
were not associated with incident hip fracture. These results are consis-
tent with the hypothesis that higher serum OPG levels are a response to
elevated osteoclastogenesis and bone resorption in skeletal tissues
which might lead to increased risk for hip fractures.
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Fig. A. Multivariable adjusted generalized additive models of the effect of OPG on hip fracture.
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