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Objective: Osteoprotegerin (OPG) is an important regulator of bone turnover through its effects
on osteoclastogenesis, yet findings from previous studies of circulating OPG and commonly mea-
sured bone indices in humans have been conflicting. We conducted a cross-sectional study to
evaluate the association between plasma OPG and femoral neck (FN) bone density (BMD) and
geometry in a large cohort of women and men.

Design: Participants included 1379 postmenopausal women and 1165 men, aged 50–89 yr (mean,
64 yr), in the Framingham Offspring Study. Dual x-ray absorptiometry was used to evaluate FN BMD
and geometry (bone width, section modulus, and cross-sectional area at the narrow neck region).
Plasma OPG concentrations were measured by ELISA. Sex-specific analysis of covariance was used
to calculate means and assess linear trend in BMD and geometry values across OPG quartiles,
adjusted for confounders.

Results: OPG concentrations were greater in women than men, increased with age, and were
greater in smokers and those with diabetes and heart disease. Multivariable-adjusted mean FN
BMD in women increased from the lowest to the highest OPG quartile (trend, P � 0.01). However,
no linear trend between FN BMD and OPG was observed in men (trend, P � 0.34). Section modulus
and bone width increased with OPG in men (trend, P � 0.01), whereas no association between hip
geometry indices and OPG was observed in women.

Conclusion: Higher OPG concentration may indicate greater skeletal strength in women and men,
possibly through reducing bone loss in women and increasing periosteal apposition in men. (J Clin
Endocrinol Metab 93: 1789–1795, 2008)

The osteoprotegerin (OPG), receptor activator of nuclear
factor-�� (RANK), and RANK ligand (RANKL) system

is an important regulator of osteoclastogenesis. Expressed by
the osteoblast (and other cells), OPG acts as a decoy receptor
for RANKL and prevents RANKL from binding to RANK on
the surface of the osteoclast, thereby inhibiting differentiation
of the osteoclast (1). In addition to reducing the number of

differentiated osteoclasts, OPG decreases the activity of the
remaining osteoclasts and increases mature osteoclast apo-
ptosis. Thus, in vitro, OPG prevents bone loss by decreasing
resorption. In animal models, OPG deficiency causes osteo-
porosis, and transgenic overexpression of OPG results in os-
teopetrosis (2–5).

Furthermore, treatment with recombinant OPG has been
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shown to improve structural and mechanical properties of bone
in rodents and primates (6–10).

The clinical significance to the human skeleton of circulating
OPG concentration is not known. Most studies report no asso-
ciation between OPG concentration and bone mineral density
(11–15), and none have evaluated the relation of OPG to bone
geometry of the femoral neck, the fracture site associated with
the greatest morbidity, mortality, and public health costs
(16–18).

We used bone densitometry to measure traditional bone den-
sity as well as structural geometry to evaluate the cross-sectional
association between these indices of bone strength at the femoral
neck and plasma OPG concentration in a large cohort of women
and men.

Subjects and Methods

Subjects
Participants for this study were members of the Framingham Off-

spring Cohort. The Framingham Offspring Cohort was established in
1971 with enrollment of 5124 adult children and spouses of members of
the original Framingham Heart Study cohort (19, 20). Initiated in 1949,
the original study was established as a population-based cohort selected
from a two thirds sample of residents living in the town of Framingham,
MA (21). Every 4 yr, members of the Offspring Cohort have been un-
dergoing comprehensive clinical examinations conducted according to
standardized protocols.

To be eligible for the current study, members of the Offspring Cohort
were required to have undergone bone densitometry and phlebotomy
testing between 1996 and 2001. Participants younger than age 50 yr (153
women, 121 men) and women who were 50 yr and older but still pre-
menopausal (85) were excluded. There were no exclusions according to
disease status. Thus, the current study included 2527 members of the
Offspring Cohort, 1371 women and 1156 men.

Performed as part of an ancillary study to the Framingham Osteo-
porosis Study, (22), hip structure analysis was conducted for 2032 par-
ticipants (84%) of 2527 individuals in the current analysis, including
1081 women and 951 men.

Participants provided written informed consent, and the Institutional
Review Board for Human Research at Boston University and Hebrew
Rehabilitation Center approved the study.

Bone density and geometry
Dual-energy x-ray absorptiometry (DXA) scans were used to evalu-

ate femoral neck bone mineral density (Lunar DPX-L; Lunar Radiation
Corp., Madison, WI). Coefficient of variation was 1.7% (23).

Based on a principle described by Martin and Burr (24), hip structure
analysis uses two-dimensional images acquired by DXA densitometry to
characterize structural dimensions of bone cross-sections. The algorithm
averages geometric measurements over five parallel lines of pixels, each
spaced 1 pixel apart, along the narrowest point of the femoral neck (25).
Geometric parameters are measured directly from the mass profiles, with
the narrow neck region of the femur modeled as a circular annulus with
a 60:40 ratio of cortical to trabecular bone.

Bone width (centimeters), the outer diameter of the narrow neck of
the femur, was determined as the blur-corrected width of the mass
profile.

Cross-sectional area (square centimeters), a measure of compressive
(axial) strength, was computed as the integral of the bone mass profile
(grams) divided by a constant density of bone mineral (�m� 1.05 g/cm2).
Cross-sectional area measures the amount of bone surface area, exclud-
ing trabecular and soft tissue spaces, and can be interpreted as bone
mineral content.

Used to calculate the section modulus, the cross-sectional moment of
inertia (centimeters4) was computed as the integral of mass (grams) mul-
tiplied by the square of the distance (centimeters) from the profile center
of mass, divided by the constant density of mineral (�m� 1.05 g/cm2).

Section modulus (cubic centimeters), an estimate of bending strength
(in the image plane), was calculated as the cross-sectional moment of
inertia (cm4) divided by the maximum distance (centimeters) from the
center of mass to the medial or lateral margin.

Whereas reliability of hip structure parameters was not assessed in
the current study, Khoo et al. (26) evaluated precision for 119 pairs of
Lunar DPX scans obtained from women with osteoporosis (aged 42–83
yr, mean age 69 yr) enrolled in clinical trials. Coefficients of variation for
geometry indices of the narrow neck region measured by hip structure
analysis using Lunar DPX scans were 6% for cross-sectional area, 3% for
bone width, and 10% for section modulus (26).

OPG
Blood specimens were drawn in the morning after an overnight fast

and stored at �80 C without freeze-thaw cycles. Total OPG concentra-
tions (picomoles per liter) were determined by an ELISA according to the
manufacturer’s instructions (Biomedica, Vienna, Austria). Measure-
ments were performed without knowledge of participant characteristics.
Intraassay coefficient of variation was 4%.

Confounders
Clinical and lifestyle characteristics previously identified as risk fac-

tors for osteoporosis were considered as potential confounding vari-
ables. Assessments made at the time of bone densitometry were used for
the analyses. Information on participants’ age, smoking, use of osteo-
porosis medications (bisphophonate, selective estrogen receptor modu-
lator, calcitonin), and estrogen replacement therapy (for women) was
obtained by structured interview. Individuals who reported smoking at
least one cigarette per day in the past year were classified as current
smokers. Height, to the nearest one quarter inch and weight, to the
nearest half pound, were measured using a stadiometer and balance
beam scale, respectively. Body mass index was calculated as weight di-
vided by the square of height. Diabetes was defined as a fasting plasma
glucose level of more than 126 mg/dl or treatment with insulin or oral
hypoglycemic agents. Coronary heart disease was defined as recognized
or unrecognized myocardial infarction (identified by electrocardiogram
or enzymes), angina pectoris, coronary insufficiency, or congestive heart
failure (27).

Glomerular filtration rate was estimated using the Modification of
Diet in Renal Disease equation (glomerular filtration rate � 186.3 �
(serum creatinine)�1.154 � age�0.203 � (0.742 for women) (28). Serum
creatinine was measured using the modified Jaffe method.

Statistical analysis
Characteristics of participants were compared according to sex-

specific quartiles of OPG concentrations using analysis of covariance.
Sex-specific analysis of covariance was used to calculate adjusted

least-squares means and assess linear trend in bone mineral density and
geometry values across OPG quartiles. We present results first for age-
adjusted analysis and second for multivariable-adjusted analysis in
which models included age (years), height (inches), body mass index
(pounds per square inch), current smoking (yes/no), osteoporosis med-
ications (yes/no), and current estrogen use (yes/no) in women. Diabetes,
heart disease, and kidney function (as measured by glomerular filtration
rate) were not confounders and therefore not retained in multivariable
models. However, we repeated the analysis excluding these individuals
with diabetes or heart disease to examine whether findings differed from
those for the total study group. (There were no participants with chronic
renal failure.) Finally, we conducted stratified analysis in women ac-
cording whether or not they used estrogen therapy.

Analyses were performed using PC-SAS (version 9.1; SAS Institute,
Cary, NC).
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Results

Mean age of participants was 64 yr and ranged from 50 to 89 yr
(Table 1). Twelve percent of women and 10% of men were cur-
rent smokers. Prevalence of diabetes was 9% in women and 14%
in men, whereas 4% of women and 13% of men had coronary
heart disease. Postmenopausal estrogen therapy was used by
39% of women, and osteoporosis medications were used by
12% of women (bisphosphonates, 8%, selective estrogen recep-
tor modulators, 3%, other, 1%). One percent of men used an
osteoporosis medication.

Plasma OPG concentration was greater in women (median
5.75 pmol/liter; interquartile range 4.85–6.84) than men (me-
dian 5.32; interquartile range 4.38–6.47) and increased with
age, smoking, and prevalence of diabetes and heart disease (Ta-
ble 2). Women in the highest OPG quartile less frequently used
estrogen than those in the lower quartiles. Glomerular filtration
rate decreased with increasing quartile of OPG, whereas body
mass index and frequency of osteoporosis medication use did not
differ according to OPG concentration.

Age-adjusted mean bone density increased with increasing
quartile of plasma OPG concentration in women (trend, P �

0.0006) but not in men (trend, P � 0.48; Table 3). Of note, the
relatively high bone density value of 0.88 g/cm2 for quartile 4
appeared to account for the positive trend observed in women
because mean bone density values were similar for women in
quartiles 1 and 2 (0.85 g/cm2) and 3 (0.86 g/cm2).

No consistent pattern was observed in the age-adjusted mean
cross-sectional area with increasing OPG in women or men (Ta-
ble 3). For example, in women, cross-sectional area was 2.26 cm2

for the lowest and highest OPG quartile and 2.22 cm2 for each
of the two middle quartiles.

Age-adjusted mean bone width decreased in women from
3.36 cm in the lowest quartile to 3.26 cm in the highest quartile
of OPG (trend, P � 0.02; Table 3). In contrast, bone width
increased over 4% in men, from 3.70 cm in quartile 1 to 3.88 cm
in quartile 4 (trend, P � 0.01).

Section modulus was unassociated with OPG in women
(trend, P � 0.34) but positively associated with OPG in men
(trend, P � 0.02), increasing 5% from 1.78 to 1.88 cm3, respec-
tively, from the lowest and highest quartiles of OPG (Table 3).

Multivariable-adjusted mean bone density increased with
OPG concentration in women but not men (Fig. 1A), whereas
bone width (Fig. 1C) and section modulus (Fig. 1D) increased in

men but not women. The positive trend in increasing OPG with
bone width and section modulus in men was statistically signif-
icant whether OPG was treated as a categorical or continuous
variable. The trend in decreasing age-adjusted mean bone width
observed with increasing OPG in women was no longer signif-
icant in multivariable-adjusted models. No significant relation
was observed between cross-sectional area and OPG (Fig. 1B).

The analysis was repeated excluding participants with dia-
betes or coronary heart disease; however, the findings were un-
changed. We also assessed the relation between OPG and bone
density and geometry in women stratified by estrogen use; how-
ever, the results did not differ according to whether women were
taking estrogen replacement therapy.

Discussion

In this large, population-based study, increased OPG concentra-
tion was associated with greater femoral neck bone density in
women and with favorable geometry features in men. The asso-
ciations were independent of age, body size, lifestyle character-
istics, chronic diseases, and osteoporosis medication use. The
positive association between OPG and age, female gender, and
prevalence of diabetes and coronary heart disease confirms pre-
vious findings obtained in smaller studies (11–14).

Our results are consistent with those of Mezquita-Raya et al.
(29), who found a positive association between OPG and fem-
oral neck bone density in a clinical study of postmenopausal
women conducted in Spain. Our study included participants
with similar mean age and used the same OPG assay as
Mezquita-Raya et al. (29) Recently Stern et al. (30) reported in
the Rancho Bernardo Study that femoral neck bone density was
increased with OPG in women using estrogen but found no as-
sociation in women not using estrogen. Whereas we found no
interaction between estrogen use, OPG, and bone density, it is
possible that the lower frequency of estrogen use in our study (39
vs. 46% in Rancho Bernardo), or other differences between the
study populations, may account for the variation in results.

In contrast, no association between OPG and femoral neck
bone density was found in 304 women in the Rochester Epide-
miology Project (12) or 180 women in the European Vertebral
Osteoporosis Study (31). These studies were notably smaller and
used different OPG assays than ours, which may explain, at least
in part, the discordance in results. Studies of OPG and bone
density, measured for the total hip, have reported varied find-
ings, including an inverse relation in 517 postmenopausal
women in Iceland, mean aged 56 yr, (11) and no association in
490 women, aged 65 yr and older, recruited from U.S. clinical
centers (14).

Femoral neck bone density did not increase with OPG con-
centration in men in our study. This appears to be mainly due to
increases in the outer diameter in men, which can result in de-
creased bone density. The null results were consistent with find-
ings reported by MINOS, (13), an osteoporosis study of healthy
men in France (n � 252 men), as well as the Icelandic [n � 491
men (11)] and Rancho Bernardo studies [n � 307 (30)]. In the
Rochester study, however, Khosla et al. (12) observed an inverse

TABLE 1. Characteristics of women and men in the
Framingham Offspring Study, 1996–2001

Women
(n � 1371)

Men
(n � 1156)

Age (yr), mean (range 50–89) 64 64
Body mass index (kg/m2), mean 28 29
Height (cm), mean 160 175
Current smoker (%) 12 10
Type 2 diabetes mellitus (%) 9 14
Coronary heart disease (%) 4 13
Osteoporosis medications (%) 12 1
Estrogen use (%) 39
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association between OPG and femoral neck bone density in 346
men and concluded that sex steroids may regulate the production
of OPG.

In addition to evaluating conventional DXA measures of
bone density, the current study assessed femoral neck geometry
parameters in relation to circulating OPG. Width and section
modulus of the narrow neck increased favorably with OPG in
men; however, the positive associations were not present in
women. The relation of OPG to femoral neck geometry has not
yet been investigated by others; thus, we were unable to evaluate
the consistency of our findings with previous studies. However,
our findings are consistent with animal models reporting that
recombinant OPG increased periosteal circumference of the fem-
oral neck in rats and the proximal tibia and distal radius in
monkeys (7, 10). On the other hand, improvements in bone ge-
ometry observed in animals after pharmacological doses of OPG
may be due to secondary changes in PTH secretion or other
factors and may not be directly applicable to the interpretation
of our findings.

Whereas OPG concentration was positively associated with
indices of femoral neck bone strength, the results differed in
women and men. Specifically, OPG was positively associated
with greater bone mineral density in women (not men) and
greater bone width and section modulus in men (not women).
These gender-specific results may be explained, at least in part,
by a sexual dimorphism in femoral neck fragility. Throughout

growth, development, and aging, periosteal apposition increases
and displaces the cortex further away from the central axis in
men but not (nor nearly to the same magnitude) in women (32).
As a result, the periosteal diameter of the femoral neck is wider
and bending strength (a function of the distance from the central
axis to the cortical rim) is increased in men but not women. These
sex differences in bone geometry are consistent with our results
of a positive association between OPG and bone width and sec-
tion modulus (bending strength) in men but not in women. In
addition, postmenopausal women have higher rates of bone
turnover than men, so a potential effect of OPG on bone density
may be easier to detect in women, as found in the current study,
compared with men.

Alternatively, the positive association between OPG and ge-
ometry indices in men and not women may be attributable to
possible lower precision in hip structural analysis measures in
women due to smaller bone size, compared with men. Because
this investigation used DXA images previously acquired from a
scanner no longer in use, we were unable to directly assess pre-
cision for the hip structure analysis measures. However, as de-
scribed earlier in this report, as well as by others (23), reliability
was assessed for the bone density measures obtained from the
scans used in this study, with a coefficient of variation of 1.7%.
The current study is limited by the use of traditional, two-di-
mensional DXA technology, and three-dimensional imaging
methods are clearly needed to help elucidate the clinical signif-

TABLE 3. Age-adjusted mean femoral neck bone mineral density and geometry indices according to sex-specific quartile of
plasma OPG concentration, the Framingham Offspring Study, 1996–2001

Women Men

OPG
quartile

Bone density
(g/cm2)

Cross-sectional
area (cm2)

Width
(cm)

Section modulus
(cm3)

Bone density
(g/cm2)

Cross-sectional
area (cm2)

Width
(cm)

Section modulus
(cm3)

1 (low) 0.85 2.26 3.36 1.33 0.97 2.77 3.70 1.78
2 0.85 2.22 3.30 1.28 0.97 2.85 3.82 1.87
3 0.86 2.22 3.29 1.28 0.98 2.86 3.84 1.88
4 (high) 0.88 2.26 3.26 1.30 0.96 2.80 3.88 1.88
Trend, P �0.01 0.83 0.02 0.34 0.48 0.46 �0.01 0.02

TABLE 2. Characteristics of women and men according to plasma OPG concentration, the Framingham Offspring Study, 1996–
2001

Women (n � 1371) Men (n � 1156)

OPG quartile OPG quartile

1 (low) 2 3 4 (high) 1 (low) 2 3 4 (high)

n 340 345 344 342 287 293 287 289
OPG (pmol/liter), median 4.11 5.32 6.18 7.86 3.82 4.85 5.82 7.35
OPG (pmol/liter), interquartile range 0.92 0.46 0.53 1.68 0.74 0.49 0.58 1.53
Age (yr), mean 60 62 64 68a 59 62 64 69a

Body mass index (kg/m2), mean 27 28 27 28 29 29 29 29
Height (cm), mean 160 160 160 158 175 175 175 173
Current smoker (%) 9 12 13 13a 8 11 11 12a

Type 2 diabetes mellitus (%) 3 7 6 18a 7 7 16 26a

Coronary heart disease (%) 2 2 5 9a 7 7 14 24a

Glomerular filtration rate (ml/min per 1.73 m2), mean 86.52 83.11 81.20 77.08a 87.01 87.33 83.97 78.55a

OPG medications (%) 11 10 14 11 1 1 1 1
Current estrogen use (%) 47 37 40 33a

a Trend, P � 0.05.
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icance of circulating OPG on femoral neck bone density and
geometry in women and men.

Several important limitations of this study warrant discus-
sion. First, the cross-sectional design prohibits conclusions re-
garding a casual relation between OPG and bone strength indices
examined in this investigation. Moreover, we cannot determine
from the present cross-sectional study whether the observed
OPG concentrations were pathological or compensatory. Re-
sults vary widely from cross-sectional studies of the relation be-
tween OPG and markers of bone resorption (31, 33–35), and
prospective studies are required to understand the pathway in-
volving OPG, bone metabolism, and bone strength parameters.

Second, whereas OPG is expressed by the skeleton, it is also
produced by nonskeletal courses, including the vascular and im-
mune systems. Circulating OPG concentrations may not reflect
production in the bone microenvironment. Thus, caution is war-
ranted in the interpretation of circulating OPG measurements.

Third, the relative expression of OPG to RANKL is a funda-
mental regulator of bone remodeling. In the Bruneck (Italy)

Study (36), participants with decreased RANKL had a 10-fold
increased risk of lifetime peripheral and clinical vertebral frac-
ture, compared with those in the highest tertile of circulating
RANKL. However, this study was based on few fractures (n �

31), which were ascertained by self-report. In addition to
RANKL, numerous factors involved in the regulation of OPG in
vitro have been implicated including, estradiol and PTH (37, 38).
However, information on RANKL, estradiol, PTH as well as a
number of other factors was not available for the current study.
Future investigations assessing sex hormones and other regula-
tors of bone metabolism as potential mediators in the effect of
OPG and the OPG to RANKL ratio on the skeleton will provide
better understanding of the mechanisms underlying these
pathways.

Finally, measurements on OPG fractions, including mono-
meric, homodimeric (the active form), and ligand bound OPG,
were not available for the current analysis. Because the ratio of
OPG to RANKL may be an important determinant of osteoclas-
togenesis (37), development of reliable and sensitive assays that
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detect specific fractions of OPG as well as RANKL should be
included in future research efforts.

This study had several strengths including characterization
of circulating OPG according to bone density and geometry at
the femoral neck, the site associated with the greatest mor-
bidity and mortality with respect to osteoporotic fracture. In
addition, participants were members of a well-defined, pop-
ulation-based cohort with large numbers of women and men,
and information was available on a comprehensive list of po-
tential confounders in our study. Whereas the positive relation
between OPG and increased femoral neck bone density in
women and greater bone width and bending strength in men
must be interpreted with caution, the findings suggest that
circulating concentrations of this cytokine may provide clin-
ical and biological clues for treatment and prevention of
osteoporosis.
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