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Abstract

This review will define the role of collagen and within-bone heterogeneity and elaborate the
importance of trabecular and cortical architecture with regard to their effect on the mechanical
strength of bone. For each of these factors, the changes seen with osteoporosis and ageing will be
described and how they can compromise strength and eventually lead to bone fragility.
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Introduction

Osteoporotic fractures occur spontaneously or as a result of minimal trauma from day-to-day
activities [1]. In 90% of all hip fractures, the leading mechanism of trauma is a simple fall,
[2-5] indicating bone fragility in these patients. Early detection of an impaired quality of
bone is crucial in the prevention of osteoporotic fractures. Previous studies suggest broad
under-diagnosis of osteoporosis [6], and the opportunity to start bone modulating therapies
before the occurrence of an osteoporotic fracture is missed in up to 84% of osteoporotic
fracture cases [7].
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The assessment of bone mineral density (BMD) as a surrogate marker of bone strength using
non-invasive methods like dual-energy X-ray absorptiometry is widely regarded as the gold-
standard for diagnostic screening and as a guide prior to therapeutic decisions [8]. However,
BMD accounts for only 60% of the variation in bone fragility [9], because it is unable to
depict differences in bone material composition and structural design. Both characteristics
influence bone strength to a large extent [10].

The unique mechanical properties of bone reflect the need to provide at the same time
strength and lightweight design, stiffness and elasticity, the ability to resist deformation and
to absorb energy [11]. This is possible because of the complex arrangements in
compositional and micro-architectural characteristics of bone as well as continuous
adjustments over time in response to dynamic extrinsic and intrinsic factors. Ageing and
other factors like estrogen deficiency can affect these components and eventually result in
decreased bone strength and fracture toughness [12]. Osteoporaotic fractures, therefore, are
the macroscopic result of a sequence of multiple nano- and microstructural events.

This review will define the roles of (1) trabecular and cortical bone architecture, (2)
structural and compositional heterogeneity in trabecular bone, and (3) alterations in collagen
in determining mechanical integrity of bone. For each of these factors, the changes seen with
osteoporosis and ageing will be described and how they can compromise strength and
toughness, eventually lead to bone fragility.

Differences between trabecular and cortical bone

Macroscopically, the two most apparent structural features of bone are those of trabecular
and cortical bone. Cortical bone forms a solid osseous shell around the bone and consists of
dense and parallel, concentric, lamellar units — the osteons. Each is surrounded by a layer of
cement-like substance, forming the so called cement line. The osteons are nurtured and
interconnected by a system of Haversian and Volkmann’s canals as well as canaliculi [11].
On its outer surface, cortical bone is covered by an envelope of connective tissue, the
periosteum; and on its inner surface it is covered by the endosteum.

In contrast, trabecular bone shows a characteristic network of lamellar bone plates and rods
that presents with less density, less homogeneity, and a lesser degree of parallel orientation.
The trabecular bone is supplied by diffusion from the surrounding bone marrow; there are no
vessels within trabeculae. Trabecular bone is always surrounded by a cortical bone but the
thickness and strength of the cortical shell depends on location. Long bones, for example,
show a higher cortex-to-trabecular bone volume ratio than vertebrae and the diaphyseal areas
of long bones show a higher cortex-to-trabecular bone ratio than the metaphyseal areas [10].

Cortical bone is stiffer and able to resist higher ultimate stresses than trabecular bone, but it
is also more brittle [10,13,14]. Trabecular bone /n vitro can withstand strains up to 30%,
cortical bone fails with strains of only 2%. While the biomechanical behaviourof cortical
bone is rather uniform, trabecular bone shows a wide variability in strength and stiffness.
This variability to the largest part depends on the trabecular bone’s apparent density. Due to

Injury. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osterhoff et al.

Page 3

its heterogeneity, the apparent density and thus the trabecular bone modulus can vary 100-
fold from one location to another within the same metaphysis [14].

Besides apparent density, stiffness and strength of cortical and trabecular bone depend on the
loading direction, indicating its anisotropic microstructure [10,15,16]. In general, bone can
resist to higher compression loads than tension loads and to higher tension loads than shear
loads [15,16]. In line with this, the trabecular connectivity inside a bone — as a measure of
anisotropy — contributes more to the bone’s biomechanical strength than the trabecular
thickness or the bone mineral density [17].

The mechanical response to loading, differs widely between cortical and trabecular bone.
Cortical bone, for instance, shows small load carrying capacity when loaded beyond its
range of elastic deformation (post-yield) both with tensile and compression loads [10,14]. In
contrast, the load carrying capacity of trabecular bone is insignificant after tensile fracture,
but even larger than for cortical bone after compressive fracture [14,18].

Each bone’s location in the body and the forces acting on it determine its characteristic
microstructure and composition. For example, vertebral bodies must resist high and
repetitive axial compression loads but experience much less shear or tension loads. If the
trabecular bone is removed from a vertebral body, this leads to increased cortical shell
stresses and a disproportionate decrease in the vertebral bone’s ability to withstand
compression forces [19].

The femoral neck or the proximal humerus, on the other hand, is mainly subjected to shear
forces and bending moments, the latter of which create a combination of compression,
tension, and shear. Both show a distinct cortical structure. There is only little change in the
biomechanical strength if the trabecular components are removed from a proximal femur
[20], but any reduction in cortical thickness or change in cortical shape can increase the risk
for sustaining a hip fracture [21] or a proximal humerus fracture [22].

In vivo, bone experiences different loads from different directions and in different intensity
and frequency over time. Bone has two main structural responses to changing loading
patterns: altering structural density and increasing the degree of structural orientation along
the acting force vectors, i.e. anisotropy [10,14].

These adaptive responses would not be possible without the existence of continuous bone
remodelling. In bone remodelling, bone tissue is removed by osteoclastic resorption and new
bone is formed by osteoblasts. In the early life span after skeletal maturity the amounts of
bone removed and replaced with each cycle of bone remodelling are usually equal to each
other, leaving the total volume of bone unchanged. With ageing and in the setting of
osteoporosis, the balance of bone resorption and formation becomes negative. The bone loss
in aged and osteoporotic bone is a consequence of imbalanced and excessive bone
remodelling [11].

As bone remodelling occurs on osseous surfaces, osteoporotic bone loss is a function of
surface available for bone remodelling [23]. In individuals less than 65 years of age, the
largest surface available for bone remodelling is the trabecular bone. In this population,
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trabecular bone — due to its lesser density when compared to cortical bone — provides only
about 20% of the skeletal bone mass but it is responsible for most of the turnover [10,13].
Thus, the bone loss in early osteoporosis is mainly a trabecular bone loss. With increasing
age, the cortical bone becomes more and more porous and, therefore, its endocortical surface
increases (Figure 1). As a consequence, the largest loss of absolute bone mass due to
osteoporosis occurs in cortical bone by intracortical rather than endocortical or trabecular
remodelling [23].

The transition from early trabecular to later cortical bone loss is consistent with the
epidemiological data on osteoporatic fractures. Vertebral compression fractures, being
“trabecular fractures”, are more common in individuals aged less than 65 years [24]. With
increasing cortical bone loss after the age of 65 years, hip fractures, being rather “cortical
fractures”, become more frequent (Figure 2).

The knowledge about these differences between trabecular and cortical bone and the
changes of their relation due to ageing has multiple potential implications for the
understanding and treatment of osteoporotic fractures. It might be advantageous to apply
anti-resorptive or anabolic medication regimens that aim for modification of trabecular bone
remodelling in younger patients and for modification of cortical bone remodelling in the
elderly. When a fracture has occurred, different surgical approaches might be favourable that
either address the “trabecular” or “cortical” character of the bone that is fractured. Bone
cement, for instance, which is strong in compression and weak in shear and tension forces, is
an excellent adjunct tool in the treatment of osteoporotic vertebral or even metaphyseal
“trabecular fractures” [25,26]. In proximal humeral or femoral “cortical fractures,” in
contrast, a focus on cortical alignment is of more importance and the use of additional
support by cortical grafts might be beneficial [27,28].

Changes in trabecular bone with osteoporosis and aging

Structural heterogeneity

Even a cursory examination of anatomic sites with high risk of osteoporotic fracture reveals
that bone density and microstructure are not uniform throughout the trabecular
compartment. This regional heterogeneity in density and microstructure is common
knowledge for the proximal femur: Ward’s triangle is the region of low density between the
femoral neck and greater trochanter, and the primary compressive group is the region of high
density and strong microstructural alignment in the femoral head and neck (Figure 3).

Density and microstructure are also not uniform throughout the vertebral centrum. Volume
fraction and bone mineral density are highest in the regions of the centrum closest to the
endplates and in the posterio-lateral regions [29-34]. Trabecular separation (Tb.Sp.*) and
degree of anisotropy are highest in the middle and anterior regions of the centrum [33-36].
The relatively low density and high degree of anisotropy in the anterior region has been
suggested as a primary cause of the high proportion of anterior wedge fractures among
vertebral fractures [37,38]. In addition, the spatial variations in density and architecture
throughout the vertebra change with age [30,35] and with degeneration of the intervertebral
disc [38,39]. Within the population, bone loss occurs with age at a higher rate on average in
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the regions near the endplates than in the central regions — resulting in a more uniform
density distribution — but the data also show that in many elderly individuals, the density
distribution remains highly nonuniform [35,37].

The heterogeneity in density and architecture throughout bones such as the femur and
vertebra have been proposed [40-43] as a major reason why the average BMD of the bone
explains only ~60% of the variation in whole-bone strength. Biomechanical studies support
the hypothesis that heterogeneity is important for mechanical strength. An early study using
finite element modeling of the femur found that increases in bone density in a fairly small
region (~5 cm?3) at the femoral neck could produce a relatively greater increase in bone
strength as compared to a uniform increase throughout the entire bone [44]. Studies in the
vertebra have found that the compressive failure properties of the vertebra in both static and
fatigue loading conditions were predicted better by measures of density from one or several
sub-regions of the centrum as compared to average density of the entire centrum [40,41].

However, the literature on the mechanisms by which regional variations in density and
microstructure affect bone strength is mixed. Studies of excised specimens of trabecular
bone have found that failure in compression initiates in regions of low local volume fraction
[45] and that larger intra-specimen variations in trabecular thickness and tissue properties
are associated with lower apparent elastic moduli [46,47]. Supporting these findings, Snyder
and colleagues have reported that estimating the weakest cross-section of the vertebral body
provides good predictions of vertebral strength [48,49] and fracture risk [50]. A study on a
small sample of human vertebrae also reported that increased heterogeneity in volume
fraction in the centrum was associated with decreased compressive strength [51]. In contrast,
more recent studies have found that, increased intravertebral heterogeneity in density is
associated with increased vertebral strength [52].

Ideally, the measures of heterogeneity that will emerge are those that have biomechanical
underpinnings. For example, increased intravertebral heterogeneity may confer higher
vertebral strength if this heterogeneity arises from the existence of regions of high density
that are strategically placed in a centrum that is otherwise of low average density. In other
words, larger structural heterogeneity could be advantageous if the particular spatial
distribution of bone density matches the way that load is distributed throughout the vertebral
body. Prior measurements have shown that in erect spinal postures, less than half of the total
load applied to the vertebral body is distributed over the anterior half, and that this fraction
decreases with age [53]. Vertebral bodies with higher density posteriorly than anteriorly
would be expected to exhibit higher strength under this type of load distribution, as has been
shown [52]. In addition, a prevailing hypothesis has emerged that degeneration of the
intervertebral disc results in transfer of more of the applied load to the outer regions of the
vertebral body, thus causing resorption in the central and mid-transverse regions [54].
Vertebrae that have undergone this adaptation may thus be less likely to fracture [53].

Even considering regional variations in density and microstructure within small but critical
areas of the vertebral body may provide further insight into the mechanisms of fracture. For
example, collapse of the superior endplate has long been associated with vertebral fracture,
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and this collapse initiates in and propagates to regions overlying trabecular bone of low
density and mechanically inferior microstructure [55] (Figure 4).

In summary, large amounts of heterogeneity in density and microstructure exist throughout
the trabecular compartment of the bones with high prevalence of osteoporotic fracture.
Substantial evidence exists that this heterogeneity has important biomechanical
consequences, but further work is required to establish mechanisms and clinical
implementation of these insights.

Tissue heterogeneity

Changes in tissue composition and mechanical properties at the material/tissue level
(lamellae, individual trabeculae) likely contribute to fracture risk, but up until recently these
changes have been less well understood. A number of studies have sought to address this,
using a combination of mechanical testing (nano-indentation, micro-mechanical testing)
[56-60] and compositional analyses at the tissue level [57-59,61-64], and their findings
regarding changes in tissue properties and composition during osteoporosis are conflicting.
It has been reported for example that trabecular bone tissue from the proximal femur of
ovariectomized sheep (12 months post-surgery) had a lower tissue modulus, as measured by
nano-indentation, compared to age matched controls [56,57]. These changes were associated
with a decrease in mineral content in the osteoporotic trabecular bone tissue [57,62].
Interestingly, the differences were not maintained 31 months post-surgery [57]. In contrast,
micro-tensile testing showed that the stiffness and strength of ovariectomized rat trabeculae
was increased by 40-90% by 54 weeks post-ovariectomy [58,59]. These increases were
associated with a significant increase (11%) in the mineral content of these trabeculae,
although overall bone mineral density and mass were reduced [58,59]. It has also been
reported that increased calcium content and stiffness occur within individual trabeculae from
human osteoporotic bone [64,65].

Variations in experimental methods, animal model or the anatomical location from which
bone was chosen for analysis might explain the discrepancies between previous studies. For
example decreased trabecular stiffness was reported based on nanoindentation of trabeculae
from the anteromedial region of the proximal femur of the ovariectomized sheep [56,57],
whereas increased trabecular stiffness was based on micro-tensile testing of trabeculae from
a region below the growth plate of the tibia of ovariectomized rat bones [58,59].
Nanoindentation characterises the mechanical properties (elastic modulus, hardness) of
nanometer areas of bone tissue (typically within individual lamellae), whereas micro-tensile
testing assesses the mechanical behaviour of entire trabeculae. Therefore, to understand
these discrepancies further a recent study sought to distinguish (1) the spatial distribution of
mineral within different lamellae across individual trabeculae and (2) the variation in
trabecular mineralisation in different anatomical regions of the proximal femur following the
onset of estrogen deficiency [66]. Mineral content (wt% Ca) was determined using a
quantitative backscattered scanning electron microscopy approach, for individual trabeculae
harvested from the proximal femur of ovariectomized sheep (12 months post-OVX) and age-
matched controls. It was found that the difference in mineralization between the superficial
and deep lamellae of trabeculae was more pronounced in ovariectomized sheep (Figure 5),
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representing an increase in mineral heterogeneity of approximately 13%, compared to
trabeculae from aged matched controls [66]. Moreover the distribution of bone mineral was
shown to be dependent on anatomical location within the proximal femur, with a higher
variability of mineralization between the greater and lesser trochanter regions of
ovariectomized sheep (Figure 5), which coincides with the intertrochanteric fracture line
[66]. These findings were undetectable by focusing solely on bone mineral density and are
corroborated by studies of human osteoporotic trabeculae [64,67].

Rapid increases in bone resorption by osteoclasts occur at the onset of osteoporosis but abate
over time. As such the disparity between different studies might also relate to the extent of
disease progression, the timing of which likely varies between animal models and human
bone. A recent study sought to understand how trabecular tissue mineralization is altered
over prolonged estrogen depletion and compared this to normal age-related changes in
trabecular bone tissue composition [68]. Bone mineral density distribution parameters were
compared in trabeculae from the proximal femora of ovariectomized sheep that underwent
estrogen deficiency for 12 or 31 months and age-matched controls. It was reported that
normal ageing increases mean mineralization and mineral heterogeneity at a trabecular level
and that these differences arise due to an increase in the mineralisation of the deep lamellae
of the trabeculae with ageing (Figure 6). However, prolonged estrogen deficiency (31
months) leads to significantly decreased mean mineralization compared to trabeculae from
both aged matched controls and a shorter duration of estrogen deficiency (12 months)
(compare with Figure 5). Increased rates of bone turnover during estrogen deficiency could
explain this lower mean mineralization. However, reductions in mineralization were
nonuniform within the proximal femur [68]. The underlying mechanisms by which
trabecular mineral heterogeneity is altered during osteoporosis might be due to
hypermineralized osteocyte lacunae in osteoporotic trabecular bone and an increased bone
turnover [69]. Additionally, this variability might be related to local variations in the
mechanical environment, which might lead to alterations in tissue mineral content at those
regions regulated by mechanosensitive bone cells [69]. Together these recent studies [66,68]
reveal the importance of duration and anatomical location in assessing the effects of estrogen
deficiency on trabecular bone mineralization and may explain discrepancies regarding the
effect of estrogen deficiency between previous studies.

In summary, it is becoming increasingly clear that, even though overall trabecular bone mass
and strength are reduced during osteoporosis, the scarce trabecular tissue that remains is
more heterogeneous, with regions of trabecular tissue that are more mineralized, stiffer and
stronger. It would also appear that these changes are a transient and site-specific
characteristic of osteoporosis, whereby the trabecular tissue properties are altered varyingly
as the disease progresses.

Changes in cortical bone with aging and osteoporosis

The biomechanical competence of a bone is determined by the amount and quality of bone
material and even more importantly by the arrangement of the material in space.
Geometrical measures including bone size, cross-sectional area or area moment of inertia
explain up to 80% of the biomechanical competence of whole bones. For the distal radius,
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the best predictors of fracture load were measures of cortical bone mass, cortical area and
cortical width [70]. For the proximal femur cortical area, size of the femoral neck and area
moment of inertia were the strongest predictors of fracture load [70]. The combination of
individual parameters in multiple regression models has provided further evidence that
geometrical measurements considerably improve the prediction of bone strength beyond
measurement of bone mineral density [71]. Consequently it has been found that fracture risk
in patients is associated with certain geometrical features such as local thinning of cortical
bone [72].

Furthermore, the mechanical competence of cortical bone strongly depends on its porosity.
Cortical bone tissue is composed of osteons and interstitial bone. The longitudinally oriented
Haversian canals and the perpendicular Volkmann canals perforate the cortical bone matrix.
Towards the endocortical bone surface Haversian canals can unite and also connect with the
intramedullary cavity. The Haversian canals and the resorption cavities produce a porous
bone tissue with pore diameters ranging from a few up to several hundred micrometers. The
number and size of the pores determine intracortical porosity and bone mineral density
(Figure 7). With increasing pore size the mechanical properties of cortical bone considerably
degrade. Thus porosity accounts for about 70% of elastic modulus and 55% of yield stress of
cortical bone [73]. Accordingly, fracture toughness also decreases significantly with
increasing porosity possibly by reducing the available area for the propagation of
microcracks [74].

Age-related degradation of mechanical competence of bone appears to be more pronounced
for mechanical properties associated with failure than for those associated with stiffness.
Energy absorption, fracture toughness and ultimate tensile strain show age-related decrease
of about 5-10% per decade, while elastic moduli in tension or compression degrade by only
about 2% per decade [12]. It appears, therefore, that the relationship between failure
properties and stiffness properties changes with increasing tissue maturity. This makes the
accurate prediction of fracture risk even more difficult. Fracture risk prediction largely relies
on non-invasive image assessment and the measurement of mineral density. However, while
bone mineral density is closely related to stiffness properties of bones its association with
failure strength or toughness is less pronounced.

Changes in bone’s mechanical competence are explained by functional adaptation of bone
structure and age-related deterioration of intrinsic mechanical properties both being directly
related to bone remodeling. When bone remodeling is suppressed, the ratio of highly
mineralized to new, less mineralized bone tissue is increased resulting in an increase in the
homogeneity of cortical bone tissue. A more homogenous tissue allows cracks to grow more
easily and thus reduces the toughness of the composite material. Furthermore, remodeling
reduces the regional variability of collagen fiber orientation, leading to changes in
mechanical properties. It has been shown that the collagen network itself experiences up to
50% loss in its capability to absorb energy during ageing probably because of an increase in
the percentage of denatured collagen [75]. With increasing age, the degree of mineralization
increases, which is reflected in an increase in mineral content of cortical bone tissue. As
micro-damage in cortical bone accumulates with increasing age, there is a concomitant
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progressive increase in micro-crack density [76]. After the age of 50, micro-cracks
accumulate in cortical bone and this occurs much more quickly in women than in men.

But not only cortical bone material changes with age, bone geometry also adapts to a
modified mechanical environment. In essence, both the outer and inner diameter of the
cortex increases while the thickness of the cortex is reduced [77]. In addition, the porosity of
the cortex increases with age and results in a dramatic increase of the intracortical bone
surface. The increase in porosity results from coalescence of Haversian channels within the
cortex and from fragmentation of the endocortical bone surface. The remaining cortical
remnants have similarity to trabecular bone and can be described by trabecularization of the
endocortical bone (Figure 1). The porosity in cortical bone increases from about 4% in
young healthy bone to around 12% at age 60 years [14] and up to almost 50% in very elderly
individuals [23]. The increasing surface area of the cortical bone provides more surface to
receive signals for remodeling to be initiated and thus further accelerates cortical bone loss
with age. In fact, most of the trabecular appearing bone is likely to be trabecularized cortical
bone fragments [78]. While at early ages bone loss dominates at trabecular sites, with
increasing age bone is primarily lost in the cortex of peripheral bones. Fifty percent of the
bone loss occurs at the endocortical aspect of cortical bone, thinning the cortex and leaving
trabecular like cortical fragments [23].

The adaptive changes of cortical bone tissue with age are largely site-dependent. In the
femoral neck bone loss is lowest in inferior regions that bear the largest loads during normal
gait, whereas regions at the superior aspect which are less loaded undergo thinning of the
cortex by endocortical absorption. These regions with reduced thickness however,
experience highest stresses during falling and are more likely to fracture at advanced age. In
the femoral shaft, a similar mechanism has been reported long ago [79]. In the distal
forearm, the age-related adaptation is reflected in endosteal absorption together with
periosteal apposition, increasing the area moment of inertia and thus preserving bone rigidity
and strength [80] to some extent. Although this adaptive response has been observed in both
women and men, it appears to be more effective in men.

Although the crucial role of cortical bone for the mechanical competence of bone and the
risk of fracture has been recognized it has not really been transferred to clinical practice for
fracture risk assessment or for monitoring of osteoporosis treatment. Future clinical imaging
techniques will have to consider measures cortical bone geometrical features and also its
local porosity.

The role of collagen

The matrix of bone is composed of both inorganic (i.e. mineral) and organic (i.e. water,
collagen, and non-collagenous proteins) components. The role of mineral composition in
skeletal fragility has been studied in depth, and it is generally understood that in normal
bone, the mineral content provides strength and stiffness [81]. There is less known about the
effect of collagen and non-collagenous proteins, but there is increasing evidence suggesting
that changes in protein content and structure play important roles in age- and disease-related
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changes in bone. In particular, the organic matrix is considered to be responsible for bone’s
ductility and its ability to absorb energy prior to fracturing [82].

Ninety percent of bone’s organic matrix is composed of type | collagen, a structural protein
comprised of three polypeptide chains with a defined amino acid sequence, glycine-X-
hydroxyproline or glycine-proline-X (X is an amino acid such as lysine). This particular
sequence of amino acids allows the polypeptide chains to twist into a triple helical structure
with the small glycine in the middle, and amino acids that remain exposed on the surface of
the triple helix are involved in the formation of collagen crosslinks [83]. Collagen undergoes
numerous post-translational modifications with aging and disease, including both enzymatic
and non-enzymatic crosslinking. In general, enzymatic crosslinking is considered to be a
normal process for healthy collagen and has a beneficial effect on its mechanical properties,
while non-enzymatic crosslinking results in a brittle collagen network that leads to
deteriorated bone mechanical properties if its accumulation exceeds normal repair [84].

Enzymatic crosslinking requires the enzyme lysyl oxidase to aid the formation of intra- or
inter-fibrillar crosslinks such as pyridinoline and deoxypyridinoline [85]. The lysine-based
crosslinks form in the overlap regions of fibrils in a head-to-tail fashion (Figure 8) [86]. In
the maturation process, bivalent crosslinks slowly transform into a more stable, trivalent,
non-reducible conformation. Mature crosslinks accumulate, inhibit collagen fibril
remodeling, increase the stiffness of the fibril, and provide increased strength to the tissue
[86,87]. Pyridinoline and deoxypyridinoline serve as markers of bone resorption and are
indicators of collagen maturity [88]. Enzymatic crosslinks are most reliably quantified and
characterized with mass spectrometry [89] or HPLC (high performance liquid
chromatography) [90], but some studies indicate that FTIR (Fourier transform infrared)
spectroscopy can illustrate collagen crosslink characteristics [91]. Using these methods,
enzymatic crosslinks have been shown to be reduced in osteoporotic patients with hip
fractures compared to healthy controls [92,93].

The second pathway for collagen crosslinking does not involve any enzymes, and is termed
non-enzymatic glycation. Unlike the enzymatic crosslinks, which link the ends of the
collagen molecules, non-enzymatic crosslinks are found at any position along the collagen.
Non-enzymatic glycation involves a reaction between an aldehyde group of a sugar (e.g.
glucose) and the e-amino group of hydroxylysine or lysine. This reaction results in the
formation of glucosyl-lysine, which undergoes further reactions to form an Amadori product
or Schiff base adduct. Both of these intermediate products undergo additional reactions to
create crosslinks that form within and across collagen fibers and are known as advanced
glycation end-products (AGEs) [86], which have been shown to accumulate in numerous
tissues including skin, cartilage, tendons, and bone [94]. AGEs accumulate with age and
disease [85]. Specifically, osteoporotic bone has significantly more AGEs than normal
healthy bone [92,93]. The increased AGE levels can result in brittleness of tissues
undergoing non-enzymatic glycation [95].

There are two methods used for quantifying AGEs in bone, and these techniques incorporate
measurement of the autofluorescence emitted by most AGEs. One technique quantifies
pentosiding, a single AGE crosslink and the only non-enzymatic crosslink that has been
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successfully isolated and quantified in bone, using HPLC [96]. As pentosidine composes
less than 1% of total fluorescent AGEs in bone and is weakly correlated to the amount of
total fluorescent AGEs in human bone [83,97], it is valuable to measure total fluorescent
AGEs in addition to pentosidine content. The second technique quantifies the bulk
fluorescence of AGEs from enzyme-digested or acid-hydrolyzed bone samples relative to a
quinine sulfate standard [98], and the amount of fluorescence is normalized to collagen
content. Wavelengths used in this fluorometric assay capture the excitation and emission
wavelengths of several major AGE crosslinks including pentosidine, carboxymethyllysine,
vesperlysines, crossline, and carboxyethyllysine [83], and thus, the relative contributions of
each of these crosslinks to the total fluorescence cannot be determined from this assay.

Increased non-enzymatic glycation has been shown to reduce mechanical strength and/or
toughness of bone [99,100]. Glycation levels have also been shown to be greater in cadaver
specimens from hip fracture patients compared to controls, and the glycation content was
correlated with several biomechanical properties in cancellous bone, but rotin cortical bone
[92,93]. Although it is generally understood that AGEs accumulate in bone, stiffen the
collagen matrix, and in turn, deteriorate bone’s mechanical properties, the contradictions in
current literature arise for a number of reasons: (1) few /n vitro glycation studies have been
conducted, and most /n vitro studies have been primarily conducted in cancellous boneg, (2)
studies conducted on 7 vivo glycation levels report pentosidine content only while a few
studies report total AGEs, making the studies difficult to compare, (3) range of values for
glycation levels reported vary greatly depending on the bone, location, and age range of
specimens used, and (4) various mechanical testing techniques, animal models, or disease
states have been used in these studies. Thus, the exact contribution of AGEs to age-related
skeletal fragility remains undefined.

There is increasing evidence that AGEs directly affect cellular function through the receptor
for AGE (RAGE), a surface receptor on many cell types [101]. RAGE activation is
associated with inflammation, cellular dysfunction, and localized tissue destruction. In bone,
activation of the RAGE receptor inhibits osteoblast proliferation and differentiation [102],
reduces matrix production [103], reduces bone formation [104] and increases osteoblast
apoptosis [105]. This indicates that crosslinking properties of the matrix not only alter the
tissue properties, but directly control cellular function and may play an important role in the
decreased bone formation found in osteoporosis [106].

In addition to enzymatic and non-enzymatic modifications of collagen, non-collagenous
proteins (e.g. osteopontin, osteocalcin), which compose 10% of bone’s organic matrix, also
may affect bone mechanical properties. Osteocalcin stimulates mineral maturation, inhibits
bone formation, recruits osteoclast precursors to bone resorption sites, and helps with their
differentiation into mature osteoclasts [107]. Osteopontin plays a role in mineralization and
assists the bone resorption process by anchoring osteoclasts to the mineral matrix of the
bone surface [88]. More importantly, these proteins have been recently considered to act as
the glue that holds mineralized collagen fibers together. When a force is applied, these
components stretch, help dissipate energy by breaking sacrificial bonds between adjacent
collagen fibrils, and prevent harmful crack formation and propagation [108]. Thus,
alterations to the matrix composition of both collagenous and non-collagenous proteins may
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alter bone biomechanical properties. Increased serum osteocalcin and osteopontin has been
reported in postmenopausal women with osteoporosis compared to healthy controls
[109,110].

In summary, there is increasing evidence of the role of bone’s organic matrix on age- and
disease-related changes in bone’s mechanical properties. Enzymatic crosslinking of collagen
is generally considered to have a positive effect on bone’s mechanical properties, while non-
enzymatic crosslinking can lead to deteriorated bone mechanical properties with aging and
disease. Non-collagenous proteins play a role in the prevention of harmful microdamage
formation. Though osteoporosis is generally defined as a loss of bone mass, there are
considerable matrix changes, particularly in collagen crosslinks, which cause a loss of bone
quality.

Conclusions

The bone’s inorganic and organic composition, its trabecular and cortical nano-, micro-, and
macroscopic architecture, and the heterogeneity of these structural features all have impact
on age- and disease-related changes in bone’s mechanical properties. Though osteoporosis is
generally defined as a loss of bone mass, there are considerable changes of the structure and
matrix itself, which can cause a loss of bone quality.

It is known, that cortical bone plays a major role in determining the mechanical competence
of bone and the risk of fracture; the age-related alterations of its geometrical features and its
local porosity, though, have long been poorly understood and underestimated. The number
of trabeculae in trabecular bone, trabecular thickness and the degree of connectivity all
influence the mechanical strength of a bone. In osteoporosis a decrease of all these
characteristics is seen. Especially in bones with increased risk for osteoporaotic fractures,
however, the remaining trabecular tissue is largely heterogeneous, with regions of different
mineralization, stiffness and strength.

Both, the trabecular and the cortical component undergo different changes at different times.
Bone remodelling occurs on osseous surfaces and, thus, osteoporotic bone loss is a function
of surface available for bone remodelling. The bone loss in early osteoporosis is mainly
trabecular and with increasing age the bone loss becomes primarily endo- and intracortical.

The knowledge about this evolution in matrix and structure in osteoporotic bone and about
the differences between trabecular and cortical bone could help with predicting, avoiding
and treating osteoporotic fractures. Future clinical imaging techniques will have to consider
structural measures of cortical and trabecular bone rather than focusing on bone mineral
density alone. In prophylactic treatment regimens, the aimed for therapeutic region (i.e.
trabecular versus cortical) and mechanisms of action within the cascade of bone remodelling
might have to be chosen according to the patient’s age and the individual advancement of
bone changes. Eventually, when a fracture has occurred, the non-operative or surgical
treatment has to be guided by both: the personality of a patient and the personality of their
bone.
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Fig. 1. Cortical bonetrabecularization
Trabecularization of cortical bone at the endocortical aspect of the cortex. Light microscopy

of a quadrant of a female (age 91 years) femoral cortex at midshaft level.
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Fig. 2. Association between bone loss and fractureincidence
(@) Cortical and trabecular bone loss in different age groups as shown by Zebaze et al. [20].

Early bone loss occurs in the trabecular bone, but with increasing age the bone loss becomes
mainly cortical. (b) Incidence of osteoporotic hip and vertebral compression fractures in
different age groups in Switzerland as shown by Svedbom et al. [21]. Vertebral compression
fractures are more common in individuals aged less than 65 years. With increasing cortical
bone loss after the age of 65 years, hip fractures become the most frequent entity.
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Fig. 3. Radiographic frontal view of the proximal femur. Courtesy of Dennis Carter
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Fig. 4. Bone heterogeneity and vertebral endplate collapse
Regions of endplate collapse (outlined in blue and red) and distribution of structure model

index (SMI) in the trabecular bone directly underlying the endplate (grayscale): The lightest
blue outline corresponds to the loading increment at which endplate collapse clearly
initiated. The boundaries at subsequent loading increments are represented with
progressively darker shades of blue. The red outline corresponds to the region of endplate
collapse that remained after loading was complete and all load was removed. Modified from
Jackman et al. [52].

Injury. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Osterhoff et al.

Page 23
W Z g | Superficial (S)
~‘ B & OIntermediate (I)
k \ I BODeep (D)
LTF- i | e * -
27 1 |
26
25 l
= 24 :
s s s :
L 23 : :
= : :
22 v : : :
21 4 i i | :
GT H LT GT H LT
CON ovXx

Fig. 5. Trabecular mineralization in estrogen deficiency
Spatial distribution of calcium (wt% Ca) between superficial, intermediate, and deep

lamellae in the greater trochanter (GT), head (H) and lesser trochanter (LT) regions of the
proximal femur from 12 month ovariectomized sheep (OVX) and aged matched controls
(CON). * indicates statistical significance between trabecular regions indicated by brackets
(,p<0.02). Figure adapted and data from [64].
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Fig. 6. Trabecular mineralization in prolonged estrogen deficiency
Spatial distribution of calcium (wt% Ca) between superficial, intermediate, and deep

lamellae in the greater trochanter (GT), head (H) and lesser trochanter (LT) regions of the
proximal femur from 31 month ovariectomized sheep (OVX) and aged matched controls
(CON). * indicates significantly different to deep lamellae within the same femoral region of
the indicated group. + indicates significant difference to the same ROI of the CON group.
Data from [65].
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Relationships among bone mineral density, and pore size in cortical bone and mechanical

strength assessed by yield stress. Data from [4,6]
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Fig. 8. Collagen cross-links
A schematic illustration of enzymatic crosslinks (e.g. pyridinoline [PYD], deoxypyridinoline

[DPD]) and non-enzymatic crosslinks (e.g. pentosidine [PEN]) at the molecular level.
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