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The hypothesis of this study is that the mechanical integrity
of the collagen network in bone deteriorates with age, and
such adverse changes correlate with the decreased toughness
of aged bone. To test the hypothesis, 30 human cadaveric
femurs from donors ranging from 19 to 89 years of age were
tested to determine the age-related changes in the mechanical
properties of demineralized bone and fresh bone samples.
Along with bone porosity, bone density, and weight fractions
of the mineral and organic phases, collagen denaturation and
concentrations of collagen cross-links (HP, hydroxylysylpyr-
idinoline; LP, lysylpyridinoline; PE, pentosidine) were deter-
mined for these bone specimens as a function age. Analysis of
variance (ANOVA) showed that age-dependent changes were
reflected in the decreased strength, work to fracture, and
fracture toughness of bone; in the decreased strength, elastic
modulus, and work to fracture of the collagen network; as
well as in the increased concentration of pentosidine (a
marker of nonenzymatic glycation) and increased bone po-
rosity. Regression analyses of the measured parameters
showed that the age-related decrease in work to fracture of
bone (especially its postyield portion) correlated significantly
with deterioration in the mechanical integrity of the collagen
network. The results of this study indicate that the adverse
changes in the collagen network occur as people age and such
changes may lead to the decreased toughness of bone. Also,
the results suggest that nonenzymatic glycation may be an
important contributing factor causing changes in collagen
and, consequently, leading to the age-related deterioration of
bone quality. (Bone 31:1–7; 2002) © 2002 by Elsevier Sci-
ence Inc. All rights reserved.
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Introduction

Over the years, loss of bone mineral or bone mass has been
considered the major cause of age-related bone fractures.36,38
However, the large overlap in bone density that exists between
healthy individuals and patients who sustain bone fractures
suggests that low bone density is not the only reason for the
weakening of bone.37 A recent study reported that the risk of

bone fracture for older women (average 75 years old) is about
7%, whereas such a risk is only 1% for much younger individuals
(average 45 years old), although they have a similar bone density
level.23 In addition, it has been found that, although elderly black
Gambian women also experience loss of bone mass, they rarely
suffer osteoporotic bone fractures as compared with their white
counterparts.2
Bone is a natural composite comprising mineral (mainly

hydroxyapatite), organic (mostly type I collagen), and water
phases.25,28 Thus, the biomechanical properties of bone are
dependent on the quality and spatial arrangement of these con-
stituents.35 Recent studies have shown that the mineral predom-
inantly contributes to bone stiffness,42,43 whereas the quality of
collagen matrix may predominantly determine the toughness of
bone.10,12,15,47,49 In addition, it was found that osteoporosis is
not just a simple loss of bone mass, but involves significant
changes in the biochemical and physical properties of the colla-
gen network.27 Thus far, only a few studies on the age-related
changes in collagen and their correlation with the toughness of
bone have been reported in the literature.47,49 Although these
studies have demonstrated the involvement of collagen in age-
related changes in bone quality, the underlying mechanisms are
still not clear.
The hypothesis of this study is that the mechanical integrity of

the collagen network in human bone deteriorates with age, and
such adverse changes correlate with the decreased toughness of
aged bone. To test this hypothesis, we examined age-related
changes in collagen molecular structures, the mechanical integ-
rity of the collagen network, and the mechanical properties of
bone. Finally, we attempted to explore the correlation of age-
related changes in the collagen network with the toughness of
bone.

Materials and Methods

Thirty fresh frozen human cadaveric femurs were acquired from
the Musculoskeletal Transplant Foundation (Edison, NJ) and a
local tissue bank, ranging between 19 and 89 years of age. All
samples were screened carefully to avoid the influence of any
bone-related pathologies. These samples were divided into three
age groups: young adults (19–49 years old); middle-aged
(50–69 years old); and elderly (!70 years old). Each group
included ten samples (n " 10). Eight men and two women were
included in both the young adult group and the middle-aged
group, and four men and six women in the elderly group. For
preparation of test specimens, a 40-mm-long section from the
anterior aspect of the middiaphysis was excised from each femur.
Two small bone coupons (1 mm # 4 mm # 4 mm) were used to
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assess the amount of collagen denaturation and the concentration
of collagen cross-links, respectively. In addition, two bone cou-
pons (30 mm # 4 mm # 2 mm) were obtained along the
longitudinal axis of bone using a diamond saw and a benchtop
milling machine under copious irrigation. One of them was used
to perform fracture toughness tests in a three-point bending
configuration to assess the transverse fracture toughness of bone.
The other was used to determine the elastic modulus, yield
strength, ultimate strength, and work to fracture of bone in
three-point bending tests. All mechanical test specimens were
kept moist throughout the preparation and testing, and were
tested at room temperature.
To assess the fracture toughness of bone, a precrack was

introduced in the middle of bone specimens using a circular saw
and a sharp razor blade. Test specimens were supported in a
custom-designed fixture with a support span of 16 mm. The
specimens were loaded in the middle until fracture at a loading
rate of 5 mm/min on materials testing machine (Model 1011,
Instron Corp., Canton, MA). The curve of load vs. displacement
was recorded, and fracture toughness values (critical stress in-
tensity factor, KIC) were calculated following ASTM Standard
E399.4 Because the precrack created in the specimens propagates
in a direction perpendicular to the longitudinal axis of bone, the
property measured in this test was actually the transverse fracture
toughness of bone.
The bending properties of bone were determined by loading

bone specimens to failure in a three-point bending configuration
with a 16 mm support span. The loading rate was 5 mm/min. The
elastic modulus and strength of bone were determined based on
the load vs. deflection curve using the beam flexure theory as
described in ASTM Standard D790-86.3 Also, the work to
fracture was calculated as the area under the curve of load vs.
displacement. Because there were small variations ($2%) in the
size of bending specimens used in this study, the work to fracture
actually represented of the toughness of the specimens. Because
of the limited availability of bone stock, specimen sizes in the
fracture toughness and three-point bending tests were smaller
than those recommended in the standards. However, a relative
comparison between these specimens should be valid because
they had the same shape and size and were tested under identical
conditions.
Flat dog-bone-shaped tensile specimens were prepared to

determine the mechanical behavior of the collagen network
(demineralized bone). Before demineralization, 8 mm portions at
both ends of the specimens were embedded in a plastic block to
facilitate gripping of specimens during the test. The overall
length of the specimen was 30 mm, and the gage length, width,
and thickness were 10 mm, 2 mm, and 2 mm, respectively
(Figure 1). Then, the bone samples were immersed in a buffered
(pH 7.4) 0.5 mol/L ethylene-diamine tetraacetic acid (EDTA)
solution at 4°C for 6 weeks with frequent changes of the solution
until complete removal of the mineral phase. After demineral-
ization, the specimens were washed three times in distilled water
for 10 min and then preserved in a phosphorus-buffered saline
solution with 0.02% sodium azide and 50 mmol/L EDTA. These
specimens were tested under wet condition at room temperature
and were extended to failure in the Instron materials testing
machine (Model 1011) at a loading rate of 10 mm/min. The
load-deformation curve was recorded and the elastic modulus
(E), ultimate strength (%sc), work to fracture (Wfc), and strain to
fracture (εfc) were determined as shown in Figure 2.
A selective digestion technique was used to determine the

amount of denatured collagen molecules (percentage of the total
amount of collagen), as described elsewhere.9 Also, a simplified
high-performance liquid chromatographic assay was used to
quantify the pyridinium and pentosidine cross-links in the colla-

gen network.8 Briefly, bone samples were hydrolyzed at 110°C
and vacuum dried. The hydrolysate then was dissolved in water
containing 10 nmol pyridoxine/mL and 2.4 &mol homoargin-
ine/mL as internal standards, and diluted fivefold in dilution
solution (0.5% [v/v] heptafluorobutyric acid in 10% [v/v] aceto-
nitrile). A two-isocratic-step chromatography was run together
with a programmed fluorimeter. Finally, the concentrations of
hydroxylysylpyridinoline, lysylpyridinoline, and pentosidine
cross-links were measured and normalized by the total amount of
collagen as moles per mole collagen. The column used was a
Waters S5 ODS2 column (4.6 mm # 150 mm), packed with 5
&m spherical silica particles with 80 Å pores.
The weight fractions of mineral and organic phases of bone

were determined using the specimens tested in the fracture
toughness test. The bone specimens were weighed in air under
wet and dry conditions to record wet and dry weights (dried in a
vacuum oven overnight at 70°C). The bone samples then were
ashed at 800°C for 3 hs.40 The weight of ash residue was
considered to be the weight of the bone mineral and the discrep-
ancy between dry weight and ash weight was considered the
weight of the organic phase. The weight fractions of mineral and
organic phases were calculated by dividing the weight of ash

Figure 1. Schematic representation of the tensile test specimen for
testing demineralized bone samples.

Figure 2. Determination of mechanical parameters for demineralized
bone samples using their strain-stress curves (Ec, modulus of elasticity;
Wfc, work to fracture; %fc, failure strength; εfc, strain at fracture of the
collagen network).
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residue and weight of organic phase by wet weight of bone,
respectively. Finally, the density of bone (db) was determined by
dividing the wet weight by the volume of bone specimens.
The measurements of porosity were performed on the remain-

ing half of the specimen used for the fracture toughness test. The
cross section adjacent to the fracture site was embedded in a
plastic resin and polished following standard procedures for
engineering materials. An image of the cross section was digi-
tized into a computer via a CCD camera attached to a light
microscope. An image processing and computational code writ-
ten in a macroprogramming language (NIH IMAGE, National
Institutes of Health, Bethesda, MD) was then used to calculate
the ratio of the area of cavities (haversian and vascular canals) to
the entire cross-sectional area. This ratio was approximated as
the porosity of bone. To ensure accuracy of the measurements,
manual enhancement of contrast in the digitized images between
pores and bone tissues were performed.
All experimental data were compiled as mean ' standard

deviation. Analysis of variance (ANOVA) was performed to
examine the effects of age on all parameters measured, and post
hoc multiple comparisons (using Fisher’s protected least signif-
icant difference test) were made to detect significant differences
between the groups. In addition, Pearson’s product moment
correlation coefficients were calculated to account for the rela-
tionship between all age-dependent parameters measured in this
study. The significance of the correlation between any two
parameters was determined using Fisher’s r-to-z transformation.
Furthermore, a direct multiple regression was performed to
determine the contribution of bone porosity and collagen net-
work strength to bone biomechanical properties. Differences and
correlations were considered significant at p $ 0.05.

Results

ANOVA analyses indicated that age had significant effects on
the mechanical integrity of bone (Table 1). Although neither the
ultimate nor yield strength (%s and %y) of bone showed any
significant difference for the young and middle-aged groups,
they decreased significantly for the elderly group. In contrast,
aging exhibited little effect on the elastic modulus (E) of bone.

The work to fracture (Wf) of bone decreased with increasing age.
Interestingly, it was observed that the resilience of bone (Wfc,
total elastic energy absorbed in preyield deformation) was con-
sistent for young and middle-aged bone samples, but decreased
by almost 30% for elderly ones. However, the energy absorbed
during postyield deformation (Wfp) appeared to decrease contin-
uously with increasing age. Moreover, the transverse fracture
toughness of bone showed a significant decrease only for elderly
bone samples, with no significant changes between young and
middle-aged ones.
As to the mechanical integrity of the collagen network in

bone (Table 2), it was observed that its failure strength (%sc),
elastic modulus (Ec), and work to fracture (Wfc) decreased
significantly for elderly bone samples, with no significant dif-
ference between young and middle-aged groups. However, the
strain to fracture (εfc) of the collagen network showed little
change with increasing age.
The constituents and microstructure of bone also demon-

strated significant changes with increasing age. The concentra-
tion of pentosidine (PE) cross-links (the marker of nonenzymatic
glycation-induced cross-links) exhibited a significant increase
with the increasing age, whereas the denaturation of collagen
(%DC) and concentrations of the other two enzymatic collagen
cross-links (i.e., hydroxylysylpyridinoline [HP] and lysylpyr-
idinoline [LP]) showed few age-related changes (Table 3).
Moreover, the porosity of bone demonstrated a significant in-
crease with increasing age. Correspondingly, the weight fraction
of the mineral phase exhibited a slight decrease for middle-aged
and elderly bone samples. Finally, significant changes in bone
density were observed only in middle-aged bone samples as
compared with the young group (Table 4).
Pearson’s product moment correlation coefficients were cal-

culated to assess the correlation of mechanical integrity of the
collagen network, porosity of bone, and pentosidine cross-links
with the age-dependent biomechanical properties of bone (Table
5). The porosity of bone exhibited a significant correlation with
strength, elastic modulus, and work to fracture (both elastic and
postyield portions), but had little correlation with transverse
fracture toughness of bone. In addition, bone porosity showed no
significant correlation with the biomechanical properties of the

Table 1. Mechanical properties of bone as a function of age (n " 10)

Age groups %s (MPa) %y (MPa) E (GPa) Wf (N ! mm) Wfc (N ! mm) Wfp (N ! mm) KIC (MPa√m)

Young 281 ' 35.5 227 ' 23.8 11.5 ' 1.99 118 ' 35.3 44.2 ' 9.92 74.0 ' 28.0 5.09 ' 0.98
Middleaged 270 ' 30.8 221 ' 31.9 11.1 ' 0.78 95.0 ' 19.1a 40.4 ' 6.75 53.8 ' 19.8a 5.39 ' 0.82
Elderly 227 ' 35.7a,b 191 ' 35.9a 10.7 ' 1.34 71.8 ' 16.6a,b 31.8 ' 8.99a 40.0 ' 15.6a,b 4.28 ' 0.79a,b
ANOVA p $ 0.05 p $ 0.05 p ! 0.05 p $ 0.05 p $ 0.05 p $ 0.05 p $ 0.05

KEY: %s, ultimate strength; %y, yield strength; ANOVA, analysis of variance; E, elastic modulus; KIC, fracture toughness of bone; Wf, total work to
fracture; Wfc and Wfp, elastic and postyield portions of W.
aStatistically significant difference compared with young group (p $ 0.05).
bStatistically significant difference vs. middle-aged group (p $ 0.05).

Table 2. Mechanical properties of the collagen network (demineralized bone) as a function of age (n " 10)

Age groups %sc (MPa) Ec (MPa) Wfc (N ! mm) εfc

Young 23.8 ' 7.15 209 ' 36.1 63.3 ' 24.2 0.155 ' 0.052
Middle-aged 20.2 ' 7.68 207 ' 36.4 48.3 ' 29.1 0.141 ' 0.052
Elderly 15.4 ' 5.55a,b 143 ' 33.1a,b 35.8 ' 17.1a 0.135 ' 0.028
ANOVA p $ 0.05 p $ 0.05 p $ 0.05 p ! 0.05

KEY: ANOVA, analysis of variance; εfc, strain to fracture; %sc, failure strength; Ec, elastic modulus; Wfc, work to fracture of the
collagen network.
aStatistically significant difference vs. young group (p $ 0.05). bStatistically significant difference vs. middle-aged group (p $ 0.05).
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collagen network. In contrast, the mechanical integrity of the
collagen network (e.g., %sc, Ec, and Wfc) exhibited little correla-
tion with the strength and elastic modulus of bone, but correlated
significantly with the work to fracture (Wf) of bone, especially
with the postyield portion of Wf. Moreover, the concentration of
PE demonstrated significant correlations with most mechanical
properties of bone.
Using strength of the collagen network and bone porosity as

independent variables, a direct multiple regression analysis was
performed to determine their contributions to the mechanical
properties of bone, because these two parameters are independent
and representative of the collagen network and bone microstruc-
tural properties (Table 6). It was found that bone porosity
contributes predominantly to the ultimate and yield strength (%s
and %y), elastic modulus (E), and work to fracture (Wf) including
both the elastic and postyield portions, but had little effect on the
fracture toughness (KIC). On the other hand, the mechanical
integrity of the collagen network, represented by the failure
strength (%sc), showed no significant correlation with ultimate
and yield strength (%s and %y), elastic modulus (E), and fracture
toughness (KIC) of bone, but contributed significantly to the work
to fracture (Wf), especially to the postyield portion (Wfp) of Wf.

Discussion

To test the hypothesis that the mechanical integrity of the
collagen network in bone deteriorates with age, and such changes
correlate with the age-related decrease in the toughness of bone,
we measured the mechanical properties of the demineralized
bone and bone samples (n " 30) acquired from a broad range of
ages (19–89 years), and determined their compositional and
microstructural characteristics. The experimental results of this
study indicate that the mechanical integrity of the collagen
network deteriorates with increasing age and correlates signifi-
cantly with the decreased work to fracture (Wf) of aged bone,
thereby supporting the hypothesis of the present study.
Several limitations exist for interpreting the results of this

study. First, bone is an anisotropic material with collagen fibrils
and mineral crystals oriented at various angles with respect to the

long axis of bone.21,29,30,48 Hence, age-related changes in colla-
gen may be orientation-dependent, and may have different ef-
fects on the mechanical behavior of bone in other orientations.31
In this study, however, only transverse fracture toughness of
bone, longitudinal tensile properties of the collagen network, and
transverse bending properties of intact bone samples were mea-
sured. Thus, the results of this study are meaningful only for the
orientations tested. Second, the selective digestion technique has
its limits in determining the amount of denatured collagen
molecules. This technique requires that (-chymotrypsin be able
to completely digest the denatured collagen molecules. However,
some denatured collagen molecules may not be digested by
(-chymotrypsin due to the varied concentration of collagen
cross-links between the molecules. For instance, a preliminary
study by our group has shown that ribose-treated demineralized
bone samples exhibited far fewer denatured collagen molecules
compared with controls (no treatment). This suggests that the
nonenzymatic glycation-induced cross-links may inhibit the
(-chymotrypsin digestion of denatured collagen molecules. In
this study, an age-related increase in nonenzymatic glycation-
induced crosslinks was observed. Thus, it is possible that the
amount of denatured collagen in aged bone samples is underes-
timated. This issue is presently being investigated by our group.
Finally, pentosidine is a senescent cross-link and the only mea-
surable one of the advanced glycation end products. Thus, in this
study pentosidine was used as a marker to assess the nonenzy-
matic glycation-induced cross-links. However, it is unclear
whether the concentration of pentosidine is proportionally related
to the concentrations of the other advanced glycation end prod-
ucts. Thus, only a rough and qualitative assessment can be made
for the effect of the nonenzymatic cross-links in bone using the
pentosidine concentration.
This study has revealed for the first time that the mechanical

properties of the collagen network are age-dependent. Such
changes are reflected by a 35% decrease in failure strength (p $
0.05), a nearly 30% decrease in elastic modulus (p $ 0.05), an
almost 50% decrease in work to fracture (p $ 0.05), and a 10%
but not statistically significant decrease in strain to fracture (p !
0.05) with increasing age. The mechanical properties of demin-

Table 4. Microstructural and compositional changes in bone (n " 10)

Age groups PO (%) WFm (%) WFo (%) db (g/cm3)

Young 8.59 ' 1.86 57.9 ' 1.37 35.2 ' 0.94 1.95 ' 0.04
Middle-aged 12.7 ' 2.64a 55.7 ' 1.50a 35.3 ' 1.08 1.90 ' 0.04a
Elderly 13.2 ' 3.55a 56.0 ' 1.42a 34.9 ' 0.84 1.92 ' 0.05
ANOVA p $ 0.05 p $ 0.05 p ! 0.05 p $ 0.05

KEY: ANOVA, analysis of variance; db, bone density; Po, bone porosity; WFm, weight fraction of the mineral phase; WFo, weight
fraction of the organic phase.
No significant differences in all the parameters between middle-aged and elderly groups.
aStatistically significant difference vs. young group (p $ 0.05).

Table 3. Collagen denaturation and collagen cross-links as a function of age (n " 10)

Age groups %DC PE (mmol/mol) LP (mol/mol) HP (mol/mol)

Young 8.46 ' 1.81 0.44 ' 0.21 0.188 ' 0.058 0.376 ' 0.076
Middle-aged 8.73 ' 2.17 0.90 ' 0.23a 0.177 ' 0.041 0.376 ' 0.077
Elderly 8.85 ' 1.73 1.39 ' 0.29a,b 0.196 ' 0.061 0.395 ' 0.106
ANOVA p ! 0.05 p $ 0.05 p ! 0.05 p ! 0.05

KEY: ANOVA, analysis of variance; %DC, percent denatured collagen; HP, hydroxylysylpyridinoline; LP, lysylpyridinoline; PE,
pentosidine.
aStatistically significant difference vs. young group (p $ 0.05).
bStatistically significant difference vs. middle-aged group.
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eralized bone samples determined in this study are in a good
agreement with those reported elsewhere.14 Thus far, numerous
investigations have focused on age-related changes in the chem-
istry of collagen itself.5,6,26,32 Very few have been directed
toward the understanding of the role of collagen in the decreased
toughness of aged bone.17,47,49 A study by Danielsen et al. found
that shrinkage temperature decreases with the chronological age
of human bone collagen.17 In addition, Danielsen et al. reported
that ultimate strength and maximum stiffness of demineralized
bone specimens of male rats decrease with age.16 Similarly,
Zioupos et al. measured the shrinkage temperature and the rate of
contraction of demineralized bone samples during isometric
heating, and found that age-related changes in the collagen
network are manifested by the decreased shrinkage temperature
and the decreased maximum changing rate of contraction force.49
It is obvious that the mechanical integrity and thermal stability of
the collagen network are interrelated. Hence, it is presumable
that the integrity of collagen molecules and the concentration of
cross-links in between the molecules are the dominant factors
affecting the integrity of the collagen network in bone.
Age-related changes in mature enzymatic collagen cross-links

have been controversial. For instance, several recent studies have
reported that the concentration of hydroxylysylpyridinoline and
lysylpyridinoline cross-links in human bone are not age-depen-
dent.5,49 However, another recent study demonstrated that the
levels of hydroxylysylpyridinoline and lysylpyridinoline are age-
related, and these pyridinium cross-links have a strong and
positive correlation with bone strength.39 The present study has
demonstrated that these mature collagen cross-links are constant
irrespective of increasing age. Also, our experiments have shown
that hydroxylysylpyridinoline and lysylpyridinoline cross-links
are very stable and may survive even when bone samples are
heated at 200°C or gamma-irradiated at 60 kGy.11 These results
suggest that it is unlikely that these mature collagen cross-links
are sensitive to the aging process of bone.
Bone is a composite consisting of mineral, organic, and water

phases.25 Thus, its mechanical properties are dependent upon the
quality, spatial arrangement, and interaction of its constituents. It
has been shown that the mineral phase most likely imparts
stiffness to bone, whereas the more compliant collagen network
contributes predominantly to the toughness of the tissue.24,47,49
Evidence from previous studies also demonstrated that increased
bone porosity (or bone mass loss) is a primary contributing factor
in age-related bone fractures.1,18 The results of the present study
are consistent with previous studies, showing that bone porosity
increases with age (Table 4), and correlates significantly with
bone strength and stiffness. However, age-related changes in
mechanical integrity of the collagen network also appear to have
a significant effect on the work to fracture of bone, especially on
the postyield property of bone (Table 6). It is noteworthy that
neither bone porosity nor collagen integrity correlated signifi-
cantly with the transverse fracture toughness of bone, suggesting
that crack propagation in the transverse direction is not sensitive
to either bone porosity or mechanical integrity of the collagen
network. In fact, the toughening mechanism of bone has been
reported to rely heavily on microcrack formation around the tip
of propagating crack.45
The nonenzymatic cross-links in collagen are formed by a

so-called Maillard reaction with sugar.34,41 Thus far, pentosidine
has been commonly used to assess the nonenzymatic glycation
end products.7,44 The effect of such nonenzymatic modifications
of collagen on the mechanical integrity of bone has been reported
to be a prominent feature of diabetes mellitus and aging.19,20 The
results of the present study again indicate that there is an
age-related increase in nonenzymatic glycation, and it correlates
with the deterioration of aged bone. Several studies have spec-
ulated that the modification of bone matrices with advanced
glycation end products may play a role in the remodeling of
senescent bone matrix tissues.22,33 Also, some recent studies
have demonstrated that the collagen in bone is susceptible to
glycation-mediated changes by in vitro ribose treatments, and
that the increased stiffness of the collagen network in bone due

Table 5. Correlations between mechanical properties of collagen network and bone (n " 30)

Bone properties

%s %y E Wf Wfc Wfp KIC

Collagen network properties
%sc 0.33 0.14 0.22 0.54* 0.38* 0.54a 0.34
Ec 0.28 0.19 0.09 0.36 0.25 0.36 0.12
Wfc 0.31 0.17 0.21 0.54* 0.36 0.54a 0.30
Po ) 0.56a ) 0.43a ) 0.52a ) 0.48* ) 0.56a ) 0.38a ) 0.14
PE ) 0.55a ) 0.39a ) 0.33 ) 0.62* ) 0.54a ) 0.58a ) 0.48a

KEY: bone properties: %s, ultimate strength; %y, yield strength; E, elastic modulus;Wf, work to fracture;Wfc, elastic portion ofWf;Wfp,
postyield portion ofWf; KIC, fracture toughness of bone; Po, bone porosity; collagen network properties: %sc, failure strength; Ec, elastic
modulus; Wfc, work to fracture; PE, pentosidine cross-link concentration.
aStatistically significant correlation (p $ 0.05).

Table 6. Regression coefficients of bone porosity and strength of collagen network obtained in direct multiple regression analyses (n " 30)

Bone properties

%s (MPa) %y (MPa) E (GPa) Wf (N ! mm) Wfc (N ! mm) Wfp (N ! mm) KIC (MPa√m)

Collagen network properties
Po (%) ) 5.9a ) 4.1a ) 0.19a ) 3.14a ) 1.43a ) 1.66a ) 0.005
%sc (MPa) 0.99 ) 0.48 0.002 1.99a 0.19 1.58* 0.036
Regression p $ 0.05 p $ 0.05 p $ 0.05 p $ 0.05 p $ 0.05 p $ 0.05 p ! 0.05

KEY: bone properties: %s, ultimate strength; %y, yield strength; E, elastic modulus;Wf, work to fracture;Wfc, elastic portion ofWf;Wfp, postyield portion
of Wf; KIC, fracture toughness. %sc, strenght of collagen network properties: Po, bone porosity.
aSignificant correlation (p $ 0.05).
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to such glycation may be related to the age-related increase in
skeletal fragility and fracture risk.13,46 However, the results of
this study indicate that the stiffness of the collagen network
decreases with age irrespective of the increased pentosidine
level, suggesting that in vivo glycation-mediated changes are
different from those induced by in vitro ribose treatments. The
underlying mechanisms on the effects of nonenzymatic glycation
on mechanical integrity of the collagen network and bone remain
unclear and further investigations are needed.
In conclusion, the results of this study indicate that the

mechanical integrity of the collagen network deteriorates with
increasing age, and may lead to decreased work to fracture of
aged bone. Moreover, the nonenzymatic glycation end products,
assessed using pentosidine concentration, may be one of the
major causes for age-related changes in the collagen network and
bone quality.

Acknowledgments: This study was supported by grants from the Whi-
taker Foundation (RG-99-0440), NIAMS/NIH (R03 AR46428), and the
San Antonio Area Foundation.

References

1. Alho, A., Husby, T., and Hoiseth, A. Bone mineral content and mechanical
strength. An ex vivo study on human femora at autopsy. Clin Orthop 227:292–
297; 1988.

2. Aspray, T. J., Prentice, A., Cole, T. J., Sawo, Y., Reeve, J., and Francis, R. M.
Low bone mineral content is common but osteoporotic fractures are rare in
elderly rural Gambian women. J Bone Miner Res 11:1019–1025; 1996.

3. ASTM Standard and D790-86. Standard Test Methods for Flexural Properties
of Unreinforced and Reinforced Plastics and Electrical Insulating Materials.
Philadelphia: American Society for Testing and Materials; 1986.

4. ASTM Standard and E399-90. Standard Test Method for Plane Strain Fracture
Toughness of Metallic Materials. Philadelphia: American Society for Testing
and Materials; 1993.

5. Bailey, A. J., Sims, T. J., Ebbesen, E. N., Mansell, J. P., Thomsen, J. S., and
Mosekilde, L. Age-related changes in the biochemical properties of human
cancellous bone collagen: Relationship to bone strength. Calcif Tissue Int
65:203–210; 1999.

6. Bailey, A. J., Wotton, S. F., Sims, T. J., and Thompson, P. W. Biochemical
changes in the collagen of human osteoporotic bone matrix. Connect Tissue
Res 29:119–132; 1993.

7. Bank, R. A., Bayliss, M. T., Lafeber, F. P., Maroudas, A., and Tekoppele, J. M.
Ageing and zonal variation in post-translational modification of collagen in
normal human articular cartilage. The age-related increase in non-enzymatic
glycation affects biomechanical properties of cartilage. Biochem J 330:345–
351; 1998.

8. Bank, R. A., Beekman, B., Verzijl, N., de Roos, J. A. Sakkee, A. N., and
TeKoppele, J. M. Sensitive fluorimetric quantitation of pyridinium and pento-
sidine crosslinks in biological samples in a single high-performance liquid
chromatographic run. J Chromatogr B Biomed Sci Appl 703:37–44; 1997.

9. Bank, R. A., Krikken, M., Beekman, B., Stoop, R., Maroudas, A., Lafeber,
F. P., and te Koppele, J. M. A simplified measurement of degraded collagen in
tissues: Application in healthy, fibrillated and osteoarthritic cartilage. Matrix
Biol 16:233–243; 1997.

10. Boskey, A. L., Wright, T. M., and Blank, R. D. Collagen and bone strength.
J Bone Miner Res 14:330–335; 1999.

11. Bozarth, G. R., Hutchinson, H., Li, X., Wang, X. D., Williams, R. P., and
Agrawal, C. M. Mechanical properties and collagen analysis of allograft treated
with sequential dose gamma-irradiation. J Bone J Surg Am. In press.

12. Burstein, A. H., Zika, J. M., Heiple, K. G., and Klein, L. Contribution of
collagen and mineral to the elastic–plastic properties of bone. J Bone J Surg
[Am] 57:956–961; 1975.

13. Catanese, J., Bank, R. A., TeKoppele, J. M., and Keaveny, T. M. Increased
cross-linking by non enzymatic glycation reduces the ductility of bone and
bone collagen. In: Proceedings of ASME 1999 Bioengineering Conference,
Bioengineering Division. 1999; 267–268.

14. Catanese, J., III, Iverson, E. P., Ng, R. K., and Keaveny, T. M. Heterogeneity

of the mechanical properties of demineralized bone. J Biomech 32:1365–1369;
1999.

15. Currey, J. D., Foreman, J., Laketic, I., Mitchell, J., Pegg, D. E., and Reilly,
G. C. Effects of ionizing radiation on the mechanical properties of human bone.
J Orthop Res 15:111–117; 1997.

16. Danielsen, C. C., Andreassen, T. T., and Mosekilde, L. Mechanical properties
of collagen from decalcified rat femur in relation to age and in vitro maturation.
Calcif Tissue Int 39:69–73; 1986.

17. Danielsen, C. C., Mosekilde, L., and Bollerslev, J. Thermal stability of cortical
bone collagen in relation to age in normal individuals and in individuals with
osteopetrosis. Bone 15:91–96; 1994.

18. Davey, D. A. Osteoporosis in clinical practice—bone densitometry and frac-
ture risk. S Afr Med J 88:1419–1423; 1998.

19. Fleischli, J. G., Laughlin, T. J., Lavery, L. A., Shah, B., Lanctot, D., Agrawal,
C. M., and Athanasiou, K. The effects of diabetes mellitus on the material
properties of human metatarsal bones. J Foot Ankle Surg 37:195–198; 1998.

20. Gundberg, C. M., Anderson, M., Dickson, I., and Gallop, P. M. “Glycated”
osteocalcin in human and bovine bone. The effect of age. J Biol Chem
261:14557–14561; 1986.

21. Hasegawa, K., Turner, C. H., and Burr, D. B. Contribution of collagen and
mineral to the elastic anisotropy of bone. Calcif Tissue Int 55:381–386; 1994.

22. Hou, J. C., Zernicke, R. F., and Barnard, R. J. Effects of severe diabetes and
insulin on the femoral neck of the immature rat. J Orthop Res 11:263–271;
1993.

23. Hui, S. L., Slemenda, C. W., and Johnston, C. C., Jr. Age and bone mass as
predictors of fracture in a prospective study. J Clin Invest 81:1804–1809; 1988.

24. Jepsen, K. J., Goldstein, S. A., Kuhn, J. L., Schaffler, M. B., and Bonadio, J.
Type-I collagen mutation compromises the post-yield behavior of Mov13 long
bone. J Orthop Res 14:493–499; 1996.

25. Katz, J. L. Hard tissue as a composite material. I. Bounds on the elastic
behavior. J Biomech 4:455–473; 1971.

26. Knott, L. and Bailey, A. J. Collagen cross-links in mineralizing tissues: A
review of their chemistry, function, and clinical relevance. Bone 22:181–187;
1998.

27. Knott, L., Whitehead, C. C., Fleming, R. H., and Bailey, A. J. Biochemical
changes in the collagenous matrix of osteoporotic avian bone. Biochem J
310:1045–1051; 1995.

28. Lane, J. M. Biochemistry of fracture repair. In: Proceedings of the AAOS
Monterey Seminar. Chicago: American Academy of Orthopedic Surgeons;
1979; 141–165.

29. Martin, R. B. and Boardman, D. L. The effects of collagen fiber orientation,
porosity, density, and mineralization on bovine cortical bone bending proper-
ties. J Biomech 26:1047–1054; 1993.

30. Martin, R. B., Lau, S. T., Mathews, P. V., Gibson, V. A., and Stover, S. M.
Collagen fiber organization is related to mechanical properties and remodeling
in equine bone. A comparison of two methods. J Biomech 29:1515–1521;
1996.

31. Mehta, S. S., Oz, O. K., and Antich, P. P. Bone elasticity and ultrasound
velocity are affected by subtle changes in the organic matrix. J Bone Miner Res
13:114–121; 1998.

32. Miller, L. M., Tibrewala, J., and Carlson, C. S. Examination of bone chemical
composition in osteoporosis using fluorescence-assisted synchrotron infrared
microspectroscopy. Cell Mol Biol (Noisy-le-grand) 46:1035–1044; 2000.

33. Miyata, T., Notoya, K., Yoshida, K., Horie, K., Maeda, K., Kurokawa, K., and
Taketomi, S. Advanced glycation end products enhance osteoclast-induced
bone resorption in cultured mouse unfractionated bone cells and in rats
implanted subcutaneously with devitalized bone particles. J Am Soc Nephrol
8:260–270; 1997.

34. Monnier, V. M., Sell, D. R., Nagaraj, R. H., Miyata, S., Grandhee, S., Odetti,
P., and Ibrahim, S. A. Maillard reaction-mediated molecular damage to extra-
cellular matrix and other tissue proteins in diabetes, aging, and uremia.
Diabetes 41 (Suppl. 2):36–41; 1992.

35. Moro, L., Romanello, M., Favia, A., Lamanna, M. P., and Lozupone, E.
Posttranslational modifications of bone collagen type I are related to the
function of rat femoral regions. Calcif Tissue Int 66:151–156; 2000.

36. Nevitt, M. C. and Cummings, S. R. Type of fall and risk of hip and wrist
fractures: The study of osteoporotic fractures. The Study of Osteoporotic
Fractures Research Group. J Am Geriatr Soc 41:1226–1234; 1993.

37. Ott, S. M. When bone mass fails to predict bone failure. Calcif Tissue Int 53
(Suppl.):S7–S13; 1993.

38. Parfitt, A. M. Bone age, mineral density, and fatigue damage. Calcif Tissue Int
53:S82–S82; 1993.

39. Rath, N. C., Balog, J. M., Huff, W. E., Huff, G. R., Kulkarni, G. B., and Tierce,

6 X. Wang et al. Bone Vol. 31, No. 1
Age-related changes in collagen vs. bone toughness July 2002:1–7

mats
Markering

mats
Markering



J. F. Comparative differences in the composition and biomechanical properties
of tibiae of seven-and seventy-two-week-old male and female broiler breeder
chickens. Poultry Sci 78:1232–1239; 1999.

40. Schaffler, M. B. and Burr, D. B. Stiffness of compact bone: Effects of porosity
and density. J Biomech 21:13–16; 1988.

41. Sell, D. R., Nagaraj, R. H., Grandhee, S. K., Odetti, P., Lapolla, A., Fogarty,
J., and Monnier, V. M. Pentosidine: A molecular marker for the cumulative
damage to proteins in diabetes, aging, and uremia. Diabetes Metab Rev
7:239–251; 1991.

42. Singer, K., Edmondston, S., Day, R., Breidahl, P., and Price, R. Prediction of
thoracic and lumbar vertebral body compressive strength: Correlations with
bone mineral density and vertebral region. Bone 17:167–174; 1995.

43. Smith, C. B. and Smith, D. A. Relations between age, mineral density and
mechanical properties of human femoral compacta. Acta Orthop Scand 47:
496–502; 1976.

44. Takahashi, M., Hoshino, H., Kushida, K., and Inoue, T. Direct measurement of
crosslinks, pyridinoline, deoxypyridinoline, and pentosidine, in the hydrolysate
of tissues using high-performance liquid chromatography. Anal Biochem
232:158–162; 1995.

45. Vashishth, D., Behiri, J. C., and Bonfield, W. Crack growth resistance in

cortical bone: Concept of microcrack toughening. J Biomech 30:763–769;
1997.

46. Vashishth, D., Gibson, G. J., Khoury, J. I., Schaffler, M. B., Kimura, J., and
Fyhrie, D. P. Influence of nonenzymatic glycation on biomechanical properties
of cortical bone. Bone 28:195–201; 2001.

47. Wang, X., Bank, R. A., TeKoppele, J. M., Hubbard, G. B., Athanasiou, K. A.,
and Agrawal, C. M. Effect of collagen denaturation on the toughness of bone.
Clin Orthop 228–239; 2000.

48. Weiner, S., Arad, T., Sabanay, I., and Traub, W. Rotated plywood structure of
primary lamellar bone in the rat: Orientations of the collagen fibril arrays. Bone
20:509–514; 1997.

49. Zioupos, P., Currey, J. D., and Hamer, A. J. The role of collagen in the
declining mechanical properties of aging human cortical bone. J Biomed Mater
Res 45:108–116; 1999.

Date Received: June 21, 2001
Date Revised: October 19, 2001
Date Accepted: October 30, 2001

7Bone Vol. 31, No. 1 X. Wang et al.
July 2002:1–7 Age-related changes in collagen vs. bone toughness




