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Abstract: Osteocalcin is one of the most abundant noncol-
lagenous proteins in bone. It is strongly associated with the
mineral phase of bone, and has long been associated as a
marker of bone turnover. However, its relationship to bone
composition, strength, and structure is unclear. Carp rib
bone is an excellent model for the study, because osteocalcin
represents almost 60% of the total extractable noncollag-
enous proteins found in it. Because of the abundance of
osteocalcin relative to other extractable proteins, any
changes in the properties of carp rib bone would be more
likely influenced by the osteocalcin concentration. To test the
hypotheses that the concentration of osteocalcin is reflected
in other properties of bone, the correlations between the
osteocalcin concentration and the mineral content, micro-
structural properties, and physical characteristics of the
bone mineral crystals were determined utilizing radioimmu-
noassay (RIA), spectrophotometry, nanoindentation, and

small-angle X-ray scattering (SAXS) techniques, respec-
tively. Osteocalcin concentration was found to be correlated
to the molar Ca/P ratio and inversely correlated to the elas-
tic modulus and hardness in the longitudinal plane. This
study provides evidence for a putative relationship between
the concentration of osteocalcin and the microstructural me-
chanical properties of bone. Correlations were also found
between the mechanical properties in the longitudinal plane
and both the phosphate content and the molar Ca/P ratio.
However, no relationships could be identified between os-
teocalcin concentration and several parameters of bone crys-
tals, as determined by SAXS. © 2000 John Wiley & Sons, Inc.
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INTRODUCTION

Osteocalcin (OC), also known as g-carboxyglutamic
acid-containing protein (BGP), is one of the most ex-

tensively studied and most abundant noncollagenous
proteins found in bone matrix. It has a strong affinity
for hydroxyapatite (HA) but not for amorphous cal-
cium phosphate, and is a potent inhibitor of HA for-
mation.1 Osteocalcin is a biochemical marker of bone
metabolism or turnover,2 but its precise pathophysi-
ologic role still remains unclear. In developing bone,
an increase in osteocalcin concentration closely fol-
lows the mineralization phase, suggesting that its in-
formational function is to regulate bone turnover.3 Os-
teocalcin is thought to function as a signal in the for-
mation, recruitment, differentiation, and/or activation
of bone-resorbing osteoclasts.4,5

Osteocalcin deficiency has long been associated
with increased bone formation,6,7 but with little effect
on morphology or structure.8 OC expression is re-
stricted to growing bone (or bone to be mineralized),
implicating its role in the modulation or mineraliza-
tion of bone.9 OC-deficient transgenic mice have in-
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creased bone formation without impairing bone re-
sorption or affecting mineral content, suggesting os-
teocalcin prevents excessive bone formation.10

However, studies to determine the relationship be-
tween OC concentration and mechanical properties
have been inconclusive; OC-deficient mouse bones
tested in 4-point bending exhibited a significantly
higher failure load relative to wild-type mice, but no
differences in yield energy and stiffness were found.10

A significant positive correlation between OC concen-
tration and the molar Ca/P ratio has also been re-
ported.11 Review of the literature to examine the po-
tential effects of osteocalcin on the mineral content of
bone have shown no correlation,8,10,12 an inverse cor-
relation,13 or mixed results.14 The reasons for these
discrepancies are unknown, but each study measured
mineral content in different ways.

The hypotheses of the current study are that the
distribution of osteocalcin concentration is reflected in
the following properties: molar Ca/P ratio (an indica-
tor of the degree of mineralization present); the micro-
structural mechanical properties in the transverse and
longitudinal planes; and several physical properties of
the mineral crystals that comprise bone. Several stud-
ies in the literature attempt to correlate OC concentra-
tion in serum or in bone with an index of the degree of
mineralization of bone. However, at the time this
study began, only one report had been published ex-
amining the relationship between OC content and me-
chanical properties,10 and none investigating the in-
fluence of OC concentration on the physical character-
istics of bone mineral crystals. The results of this study
should help characterize the role of OC in determining
the mineralization, the microstructural mechanical
properties, and the crystal properties of bone.

METHODS

The first through fifth pairs of ribs were harvested from a
fresh frozen 9 lb carp (Cyprinus carpio). A carp rib bone
model was chosen for study primarily because of its unusu-
ally high content (∼60%) of OC relative to other extractable
proteins, similar to bluegill rib bone,15 and the existence of
an RIA for carp OC. Because of the abundance of OC relative
to other extractable proteins in carp rib bone, any changes in
the properties of bone would be more likely due to the con-
centration of osteocalcin present, effectively amplifying its
relative importance. Fish bone can be classified as cellular or
acellular, depending on the presence of osteocytes. Cellular
fish bone, which includes C. carpio,16 is similar to mamma-
lian bone, but undergoes little internal remodeling and lacks
osteons,17 like rat bone.18 Subsequent inspections of H & E
stained carp rib bone specimens confirmed it was cellular
bone (data not shown).

Each of the three pairs of ribs were cut into 14 pieces of
approximately 5 mm each, producing segments of bone each

representing about 6% of the overall length. The most distal
segment of each rib was also left longer, if necessary. Speci-
mens were divided up such that alternating pieces were
used for different tests. The end result was seven levels of
discretization along the length of the rib for every test.

Specimens used for assays were prepared by extracting
their mineral and soluble proteins with 10% formic acid over
a period of 24 h, following an established method.19 Super-
natants of the specimen extracts were used in all subsequent
assays. The OC content was determined in triplicate by a
radioimmunoassay (RIA) for carp osteocalcin. Raw data
were normalized to the initial sample weight and corrected
for dilution, as described previously.20

The degree of mineralization of the bone specimens was
determined spectrophotometrically. Phosphate assays were
performed in duplicate following Sigma Diagnostics’ Proce-
dure 360-UV. Ultra-violet absorbance was read on a SPEC-
TRAmaxt PLUS (Molecular Devices Corporation, Sun-
nyvale, CA) spectrophotometer at 340 nm. Calcium was as-
sayed by flame atomic absorption spectroscopy (AAS) using
a Varian AA775 AAS (Varian Techtron Pty. Ltd., Springvale,
Australia), at a wavelength of 422.7 nm.21 The Ca/P ratio, an
index of the degree of mineralization, was determined upon
adjustment for dilution factor and normalization to the ini-
tial sample weight.

Microstructural mechanical properties were determined
by nanoindentation. Nanoindentation methods are based on
Sneddon’s solution to the axisymmetric Boussinesq prob-
lem,22 which provided simple formulae relating the depth of
penetration of an indenter of arbitrary profile with the ap-
plied force required for the indenter to make the impression.
Nanoindentation methods were developed from hardness
testing methods to determine the properties of thin films23

and were subsequently refined.24,25 The material properties
of a specimen at the microstructural level can now be deter-
mined with a spatial resolution of better than 1 mm.26,27

Specimens for nanoindentation were taken from ribs 1, 3,
and 5, and prepared by mounting transverse and longitudi-
nal sections of bone in epoxy resin and polishing to a 0.05
mm finish. Specimens were tested using the Nanoindentert
II at the Oak Ridge National Laboratory (ORNL). Each speci-
men was programmed for at least three indentations with
target depths of about 1 mm. The experiments yielded data
for indentation modulus (E, a measure of elasticity) and
hardness (H, a measure of a material’s resistance to penetra-
tion by a hard object). The microstructural mechanical prop-
erties were determined from indentations in the transverse
(T) and longitudinal (L) planes, with Poisson’s ratio as-
sumed to be 0.3. Figure 1(A) illustrates the transverse and
longitudinal planes examined in this study.

Small-angle X-ray scattering (SAXS) methods allow the
determination of the physical properties of the inhomoge-
neities within materials under investigation. A crystal dif-
fracts an incident X-ray beam at specific angles depending
on the wavelength of the X-ray, the crystal orientation, and
the structure of the crystal.28 Conceptually, SAXS is similar
to the scattering of visible light in an inhomogeneous mate-
rial. The scattering of light originates from differences in the
refractive index of the neighboring phases, while SAXS re-
sults from the differences in the electron density in hetero-
geneous microstructures.29,30 In a typical SAXS measure-
ment, a beam of highly collimated X-rays is focused incident
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to a specimen (gas, liquid, or solid). The scattered radiation
of the X-rays due to the inhomogeneities in the specimen is
measured, typically with a two-dimensional position-
sensitive X-ray proportional detector. To probe a specimen
microstructure ranging from a few Ångstroms to hundreds
of Ångstroms, the scattering angle must be small. In addi-
tion, the detector must be positioned several meters away
from the sample under investigation to achieve the requisite
resolution.

Experimentally, raw data from the SAXS measurements
were collected by the 64 × 64 two-dimensional virtual pixel
array of the detector via a data acquisition computer. The
counts stored in the memory were displayed in a two-
dimensional contour plot showing the angular distribution
of scattered X-ray photons in isotropic or anisotropic scat-
tering. For each specimen, the scattering momentum trans-
fer function Q and the scattering intensity I(Q) were calcu-
lated based on the scattering configuration geometry and
instrumental resolution. The transfer function is defined as
Q = (4p/l) sin(u/2), where l is the X-ray wavelength and u
is the scattering angle. The scattering intensity I(Q) is de-
fined as the total number of X-ray photons scattered in the
direction defined by Q per unit area.31 The scattering con-
tour plot is generally circular in shape, but it can be a variety
of patterns depending the formation, orientation, and mor-
phology of microstructures within materials. A typical case
is where the scatterer is exceedingly thin in one dimension,
causing the diffraction spots to broaden into lines parallel to
that dimension, and resulting in an ellipsoid-shaped contour
plot.32

The primary scatterers of X-rays in bone are the bone
crystals. Raw data from SAXS measurements allow the
physical characterization of bone crystals.33 Physical charac-
teristics that can be determined include periodicity (d, de-
rived from optical theory34), average inhomogeneity “grain”
size (a29,30), power-law scattering “shape function” (a, de-

rived from fractal theory 35,36), and minimum average di-
mension (T, relating the volume of a material to its surface
area31,37,35). SAXS data can be analyzed azimuthally for cir-
cular-shaped isotropic scattering patterns, or by sector for
anisotropic scattering patterns, with each sector represent-
ing one dimension of the scatterers within the specimen. The
one-dimensional corrected scattering intensities Ic(Q) were
obtained after a proper correction for the sample transmis-
sion and thickness, background scattering, dark current, and
detector sensitivity corrections.

Specimens for small-angle X-ray scattering were from
transverse and longitudinal sections of rib 3 only. After sec-
tions were cut, they were mounted individually on a speci-
men wheel made available at the ORNL SAXS facility. The
ORNL 10-m SAXS system was equipped with a Rigaku X-
ray rotating anode generator, a pyrolytic graphite mono-
chromator, a 20 × 20 cm two-dimensional position-sensitive
detector, and an online data acquisition computer.38 The X-
ray source was Cu Ka radiation (wavelength l = 1.54 Å),
operated at 40 kV and 80 mA. In the current study, data
were collected in three dimensions of the samples, from
transverse and longitudinal sections of bone, as illustrated in
Figure 1: transverse plane (T), and longitudinal plane (L),
radial (R), and axial (A) directions (assuming a cylindrical
coordinate system).

The parametric, linear independence, or dependence be-
tween pairs of variables was determined by computing their
parametric correlation coefficient (r). For each correlation
test, individual data points for each variable in each section
were averaged for comparison. Fisher’s Z transformation,
with the Hotelling transformation (because n < 25), was used
to provide p-values. For the SAXS variables, the smaller
sample size dictated the use of an alternative test, the Spear-
man Rank Correlation Coefficient test. In both cases, a posi-
tive value of r indicated a positive linear relationship,
whereas a negative value indicated an inverse relationship.
A significance level of 95% was used for all tests.

RESULTS

A summary of all measurements made in the cur-
rent study is given in Table I, organized by biochemi-
cal measurements, mechanical measurements, and
SAXS measurements. A summary of the results of all
statistically significant (p = 0.05) correlation tests is
given in Table II. The parametric correlation tests re-
vealed a positive linear relationship between OC con-
centration and molar Ca/P ratio (Table II). Figure 2
shows that the molar Ca/P ratio increased as OC con-
tent increased. No statistically significant relationships
were found between OC and the concentrations of
calcium or phosphate. A significant negative correla-
tion was found between OC concentration and the
microstructural elastic modulus (EL) and hardness
(HL) in the longitudinal plane, but not in the trans-
verse plane (Table II). Figure 3 shows that EL de-
creased as OC content increased. No correlations were
found between OC concentration and any of the bone
crystal parameters, as measured by SAXS.

Figure 1. (A) Sketch of a typical section of a carp rib bone,
which can be represented as a gently curving, hollow cylin-
der, illustrating the orientations of interest: (A) axial direc-
tion, (T) transverse, and (L) longitudinal planes. (B) Close-
up, to show detail for SAXS specimens. Within the longitu-
dinal plane there are two directions: the (A) axial direction
and the (R) radial direction.
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Additional correlations were found among the
other variables, listed in Table II. Significant correla-
tions were found between EL and both the phosphate
concentration (positive) and the molar Ca/P ratio (in-
verse). Correlations were also discerned between HL

and Ca/P, and between HT and PO4 as well. A total of

three inverse correlations were found between SAXS
variables and the degree of mineralization and na-
noindentation variables (aT and PO4; aA and Ca/P;
and aA and ET). The correlation between E and H is

TABLE I
Summary of (A) the Biochemistry and Nanoindentation

Measurements, and (B) the SAXS Measurements
Performed in This Study

A. Variable Plane Mean ± S.D. (n)

µg OC/mg bone — 0.492 ± 0.11 (61)
mg Ca/mg bone — 0.188 ± 0.0076 (40)
mg PO4/mg bone — 0.251 ± 0.020 (40)
molar Ca/P ratio — 1.79 ± 0.15 (38)
ET (GPa) Transverse plane 15.9 ± 1.2 (68)
HT (GPa) Transverse plane 0.359 ± 0.062 (68)
EL (GPa) Longitudinal plane 8.86 ± 0.74 (58)
HL (GPa) Longitudinal plane 0.249 ± 0.025 (58)

B. Variable Plane/direction Median (range) (n)

dR (nm) Radial direction 6.58 (1.1) (7)
aR (nm) Radial direction 1.51 (0.12) (7)
aR Radial direction 1.68 (0.40) (7)
TR (nm) Radial direction 1.53 (0.22) (7)
dA (nm) Axial direction 11.1 (4.9) (7)
aA (nm) Axial direction 1.63 (0.46) (7)
aA Axial direction 1.99 (0.47) (7)
TA (nm) Axial direction 1.68 (0.19) (7)
dT (nm) Transverse plane 6.75 (1.3) (7)
aT (nm) Transverse plane 1.19 (0.47) (7)
aT Transverse plane 1.76 (0.40) (7)
TT (nm) Transverse plane 1.80 (0.45) (7)

TABLE II
Statistically Significant (p < 0.05) Results of the

Parametric Correlation Test and the Spearman Rank
Correlation Test, Represented by the Sample Correlation

Coefficient (r) and Significance of Each Analysis

na

Variables

r SignificanceIndependent Dependent

(Parametric correlation coefficient test used)
19 OC Ca/P 0.488 p < 0.05
21 OC EL −0.435 p < 0.05
21 OC HL −0.574 p < 0.01
19 PO4 Ca/P −0.878 p < 0.0001
20 PO4 HT 0.461 p < 0.05
20 PO4 EL 0.550 p < 0.05
19 Ca/P EL −0.539 p < 0.05
19 Ca/P HL −0.464 p < 0.05
21 ET HT 0.654 p < 0.001
21 EL HL 0.756 p < 0.001

(Spearman Rank Correlation test used, due to smaller
sample size)

7 PO4 aT −0.811 p < 0.05
6 Ca/P aA −0.943 p < 0.05
7 ET aA −0.821 p < 0.05

aOne Ca and one PO4 specimen were lost during their
respective assays, reducing the maximum value of n from 21
to 20 (and 19 for the Ca/P ratio).

Figure 2. Molar Ca/P ratio as a function of osteocalcin
concentration. The data points on the left-hand side of the
plot, which included the most distal bone section from all
three ribs, also had the generally lowest molar Ca/P ratio by
section. The molar Ca/P ratio data were found to be linearly
proportional to the amount of OC present (p <0.05), from the
correlation coefficient analysis. The dotted line is its linear
regression line, with slope = 0.62, intercept = 1.48, and r2 =
0.24.

Figure 3. Indentation elastic modulus in the longitudinal
direction as a function of osteocalcin concentration. The data
points on the left-hand side of the plot, which included the
most distal bone section from all three ribs, also had the
generally highest indentation modulus by section. The lon-
gitudinal elastic modulus data were found to be inversely
linearly proportional to the amount of OC present from the
correlation coefficient analysis (p < 0.05). The dotted line is
its linear regression line, with slope = 2.85, intercept = 10.25,
and r2 = 0.19.
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not unusual, occurring in many ceramics and ceramic
composites. The inverse correlation between PO4 con-
centration and the molar Ca/P ratio was not a sur-
prise, as the latter is a function of the former. How-
ever, a similar correlation was not observed between
Ca concentration and molar Ca/P ratio.

DISCUSSION

In this study a significant positive correlation was
found between the concentration of osteocalcin and
the degree of mineralization, as measured by the mo-
lar Ca/P ratio (Fig. 2). A similar correlation was found
by Boskey et al.,11 who reported a significant differ-
ence between the molar Ca/P ratio of ovariectomized
OC-deficient and wild-type mice (Ca/P = 1.26 and
1.41, respectively). In the present study, the measured
Ca/P ratios were generally in excess of 1.67, the ratio
observed in hydroxyapatite. The lack of correlation
between calcium concentration and the molar Ca/P
ratio suggests that some Ca is present in a form other
than a calcium phosphate. The higher Ca/P ratios may
reflect the limited substitution of carbonate for phos-
phate, as calcium carbonate,39 in the mineral phases
present. This supports the notion that bone is a com-
bination of different mineral phases rather than just a
single apatite phase.40 No significant correlations were
found between Ca or PO4 content and OC concentra-
tion.

Significant inverse correlations between OC and the
microstructural mechanical properties of bone were
found, but only in the longitudinal plane (Fig. 3). Like
most long bones, the mechanical properties in the
transverse plane were found to be significantly larger
than those of the longitudinal plane, but no correlation
was found between OC and either ET or HT. An in-
verse correlation between OC concentration and the
elastic modulus (measured by compression) of bone
has also recently been reported in core samples from
the inferior region of the anterior/posterior axis of the
human femoral head.13 However, unlike the current
study, the investigators also found an inverse relation-
ship between OC concentration and volumetric bone
mineral density, a measure of bone mineralization that
should correlate with the molar Ca/P ratio. A previ-
ous study on macroscopic specimens found an in-
crease in four-point bending failure load in OC-
deficient mice relative to wild-type mice, which was
attributed to the increase in bone mass.10 However, in
the current study, the decrease in microstructural elas-
tic modulus with increasing OC concentration indi-
cates that an increase in mineralization (and, hence,
bone mass) is not necessarily reflected by an increase
in some mechanical properties.

The plane-specificity of the current study may be
directly related to a position-specific binding of OC

between the inorganic (mineral) and organic (colla-
gen) phase of bone, given the affinity of OC for hy-
droxyapatite1 and collagen type I.41 Alternatively, it
may be due to an indirect influence of OC concentra-
tion on the mechanical properties, by control of the
degree of mineralization. Given the results of the re-
cent femoral head study,13 which conflict with the lat-
ter explanation, it seems likely that there is a direct
relationship between osteocalcin concentration and
elastic modulus.

No significant physical correlations were found be-
tween the concentration of osteocalcin and any of the
bone crystal parameters measured (periodicity, aver-
age inhomogeneity size, “shape function” exponent,
and minimum average dimension). However, a tem-
poral relationship has been suggested by the appear-
ance of osteocalcin about two weeks after the de-
position of bone mineral.3 Indeed, Hunter et al.12

subsequently found that osteocalcin inhibited hy-
droxyapatite crystal formation by delaying nucleation
rather than altering the amount of hydroxyapatite
formed.

The scattering exponent in the transverse plane (aT)
was found to be inversely proportional to the phos-
phate concentration (p < 0.05). It is generally agreed
that mature bone is composed of plateshaped crys-
tals42 with a = 2, whereas immature bone composed of
needle-shaped crystals has a = 1.36 This correlation
implies that the bone crystals are more plateshaped
when the amount of phosphate is lower.

An inverse relationship was also found between
minimum average inhomogeneity size (aA) and the
molar Ca/P ratio (p < 0.05). The correlation suggests
that the bone crystals become smaller as Ca/P ratios
exceed the ideal 1.67 ratio for hydroxyapatite.

Lastly, the scattering shape function in the longitu-
dinal plane, axial direction (aA) was found to be in-
versely proportional (p < 0.05) to the elastic modulus
in the transverse plane (ET). This study found aA to be
generally around 2, implying that the bone crystals
found in the carp rib bone tested are plate-shaped. The
correlation found then suggests that as bone crystals
mature and become more plate-shaped, the elastic
modulus of the resulting bone decreases in the trans-
verse direction.

This study was limited to one specimen of C. carpio.
A single specimen eliminated the effects of age and
sex. The purpose of this study was to test the hypoth-
eses that variations in OC concentration would corre-
late with changes in various bone properties. Given its
unusually large content of OC relative to other extract-
able proteins, we propose that carp rib bone is an ex-
cellent model for examining the importance of osteo-
calcin in bone.

The results of this study show the concentration of
osteocalcin in carp rib bone is correlated to the molar
Ca/P ratio as well as to the microstructural mechani-
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cal properties in the longitudinal plane only. Phos-
phate concentration and molar Ca/P ratio were found
to be determinants of the elastic properties in the lon-
gitudinal plane, but not in the transverse plane. The
study provides evidence of a relationship between the
concentration of osteocalcin and the microstructural
mechanical properties of bone. Although OC com-
prises almost 60% of the total extractable protein in
carp rib bone, the contributions of other proteins in the
matrix to mineralization precludes definitive conclu-
sions of the relationship between OC and microstruc-
tural mechanical properties.
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