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Ming Ding

Structure of the thesis

This review concentrates on human aging and osteoarthro-
sis-related three-dimensional (3D) microarchitectural and
mechanical adaptations, bone collagen and mineral qualities of
subchondral bone tissues. The review consists of an appraisal
of recent investigations, methodological considerations and
results of own studies: study I to study IX. Furthermore, recent
studies on the property changes of normal aging and the most
common age-related musculoskeletal degenerative diseases
— osteoarthrosis, osteoporosis and rheumatoid arthritis are
highlighted and summarized in the discussion section. The
conclusion and summary based on own studies are presented,
and suggestions for future studies are also proposed.
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Abstract

The human skeleton optimizes its microarchitecture by elabo-
rate adaptations to mechanical loading during development
and growth. The mechanisms for adaptation involve a multi-
step process of cellular mechanotransduction stimulating bone
modelling, and remodeling resulting in either bone formation
or resorption. This process causes appropriate microarchitec-
tural changes tending to adjust and improve the bone structure
to its prevailing mechanical environment.

Normal individual reaches peak bone mass at age between
25 and 30 years, and thereafter bone mass declines with age
in both genders. The bone loss is accompanied by microarchi-
tectural deterioration resulting in reduced mechanical strength
likely leading to fragility fractures. With aging, inevitable bone
loss occurs, which is frequently the cause of osteoporosis; and
inevitable bone and joint degeneration happens, which often
results in osteoarthrosis. These diseases are among the major
health care problems in terms of socio-economic costs.

The overall goals of the current series of studies were to
investigate the age-related and osteoarthrosis (OA) related
changes in the 3-D microarchitectural properties, mechanical
properties, collagen and mineral quality of subchondral can-
cellous and cortical bone tissues. The studies included mainly
two parts. For human subjects: aging- (I-IV) and early OA-
related (V-VI) changes in cancellous bone properties were
assessed. For OA guinea pig models (VII-IX), three topics
were studied: firstly, the spontaneous, age-related develop-
ment of guinea pig OA; secondly, the potential effects of
hyaluronan on OA subchondral bone tissues; and thirdly, the
effects on OA progression of an increase in subchondral bone
density by inhibition of bone remodeling with a bisphospho-
nate. These investigations aimed to obtain more insight into
the age-related and OA-related subchondral bone adapta-
tions.

Microarchitectural adaptation in human aging can-
cellous bone

The precision of micro-CT measurement is excellent. Accu-
rate 3-D micro-CT image datasets can be generated by apply-
ing an appropriate segmentation threshold. A fixed threshold
may be used to obtain reliable volume fraction data, and this
fixed threshold may be determined from the Archimedes-
based volume fraction of a subgroup of specimens (I).

Based on accurately generated micro-CT datasets, age-
related microarchitectural changes of human tibial cancel-
lous bone have been demonstrated (II, III). Apart from con-
nectivity, all measured microarchitectural properties correlate
significantly with age. However, age-related changes in the
properties of human tibial cancellous bone do not follow the
same pattern, nor do they occur at the same age. The observed

increase of anisotropy and the constant nature of connectivity
suggest an important bone remodeling mechanism that normal
aging tibia may adapt trabecular volume orientation. Namely,
that the aging trabeculae align preferentially to the primary
loading direction to compensate bone loss (IIT). Age-related
changes in trabecular thickness and structure type become
significant first after 80 years of age. The plate-like struc-
ture reflects high mechanical stress whereas rod-like struc-
ture reflects low mechanical stress (II). Trabecular structure
type and bone volume fraction correlates strongly. Trabecular
structure type together with anisotropy correlates well with
the Young’s modulus. The most effective microarchitectural
properties for predicting the mechanical properties of cancel-
lous bone seem to differ with age (IV).

Microarchitectural adaptation in human osteo-
arthrotic subchondral bone

In early human OA subchondral cancellous bone, none of the
mechanical properties of cancellous bone can be predicted
by the measured physical/compositional properties (V). The
increased trabecular thickness and density, but relatively
decreased connectivity suggests a mechanism of bone remod-
eling in early OA as a process of filling trabecular cavities.
This process leads to a progressive change of trabeculae from
rod-like to plate-like, the opposite to that of normal ageing.
The increase in bone tissue accompanied with deteriorated
microarchitecture in early-stage OA cancellous bone does not
account for the loss of mechanical properties, which suggests
deterioration in the quality of OA cancellous bone (VI).

Microarchitectural adaptation in guinea pig osteoar-
throtic subchondral bone

Age-related pronounced changes of the microarchitecture and
bone matrix composition of the subchondral bone tissues in
guinea pig have been demonstrated. These changes do not
appear to follow the same pattern as in normal aging and may
have different influences on the resulting mechanical proper-
ties (VII).

Intra-articular injection of hyaluronan effectively protects
against cartilage degeneration in guinea pig primary OA.
The decrease of subchondral bone density and thickness
and change of trabecular structure toward rod-like result
in more compliant subchondral bone and thereby reduces
cartilage stress during impact loading. Moreover, hyaluronan
maintains the mechanical properties of cancellous bone likely
through increasing its mineralization. Early administration of
hyaluronan is effective for intervention of OA initiation and
progression, and short-term early HA treatment is sufficient to
maintain treatment effects in OA guinea pig model (VIII).
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The inhibition of bone remodeling by ALN leads to signifi-
cant increase of subchondral bone mass and bone mineral con-
tent, and marked changes of microarchitecture. Furthermore,
the resulting increased bone mass accelerates articular carti-
lage degeneration at the medial condyle and, to some extent,
at the lateral condyle. These results suggest that increased
subchondral bone density promotes OA progression and call
for circumspection in using bone density—enhancing drugs for
intervention of primary OA (IX).

Conclusion

Age-related musculoskeletal diseases increase as a result of
increase in the elderly population and a change in lifestyle.
Over the last a few decades, much significant research on the
properties has been carried out on diseases such as age-related
bone fracture, prosthetic loosening, bone remodeling, and
degenerative bone diseases on both axial central vertebra and
peripheral trabecular bone. We have now achieved a great deal
of knowledge on normal aging- and diseases-related changes

in bone properties and quality. This knowledge is of major
importance for the understanding of degenerative bone dis-
eases, and for the design, fixation, survival of joint prosthe-
sis, functional adaptation of host bone; and for application of
biomaterials regarding interface reaction, fracture repair and
defect healing. Understanding the microarchitectural proper-
ties, mechanical adaptations, and collagen and mineral quali-
ties of subchondral bone tissues highlighted in these stud-
ies may help to gain more insights into the pathogenesis of
degenerative bone diseases and to target and develop novel
approaches for the intervention and treatment.

Key words:

Three-dimensional reconstruction; microarchitectural prop-
erties; microarchitectural adaptation; micro-CT; mechanical
properties; collagen; mineral; aging; osteoarthrosis; oste-
oporosis; rheumatoid arthritis; subchondral bone tissues; bone
quality; human; guinea pig
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Definitions

Three-dimensional microarchitectural properties
Cancellous bone

From accurately segmented 3-D reconstruction of micro-
CT imaging datasets, detailed microarchitectural (or micro-
structural) parameters of cancellous bone (trabecular bone,
or spongy bone) can be quantified based on novel, unbiased,
assumption-free 3-D methods. These microarchitectural char-
acteristics are summarized as the followings (see more detail
in the text).

 Architectural anisotropy (DA): Reflects preferential ori-
entation of trabeculae, namely, its main direction and the
degree of dispersion around it. Anisotropy can be quantified
based on a 3-D volume method: star volume distribution
(SVD), or mean intercept length method (MIL). Primary
degree of anisotropy (DA, ,) is calculated as the eigenvalue
of the primary direction divided by the eigenvalue of the
tertiary direction; secondary degree of anisotropy (DA ,) is
calculated as the eigenvalue of the primary direction divided
by the eigenvalue of the secondary direction; tertiary degree
of anisotropy (DA, ) is calculated as the eigenvalue of the
secondary direction divided by the eigenvalue of the tertiary
direction. Unit: dimensionless.

e Connectivity density (CD): Reflects the fundamental prop-
erty of 3-D trabecular networks, and is quantified in an unbi-
ased and model-free manner by the Euler number from 3-D
images using a topological approach. Connectivity density
is standardized by total specimen volume. Unit: mm™.

¢ Bone volume fraction (BVITV, or Vv): A dimensionless
unit, and is calculated as bone volume of a specimen divided
by its total volume. Unit: percent.

e Porosity (p): Calculated as “1 — cancellous bone volume

fraction”. Porosity is defined as void volume per unit volume
of whole bone (total specimen volume), i.e. the sum of its
total volume minus trabecular volume. “p” is used to desig-
nate porosity, a dimensionless ratio. Unit: percent.

Structure model index (SMI): Cancellous bone structure
type can be assessed by calculating the structural model
index. This technique is able to quantify the type of struc-
ture, such as plate, rod or spherical objects, and mixtures
of plates and rods. The SMI is calculated from 3-D image
analysis using a differential analysis of the triangulated bone
surface of the structure. The SMI characterizes a 3-D bone
structure composed of a certain amount of plates and rods.
The SMI is defined as a value between 0 and 3. In an ideal
plate structural model, the SMI value is 0, and in an ideal
cylindrical rod structure, the SMI value is 3, independent of
the physical dimensions of the structure. Thus, the SMI lies
between 0 and 3 when a structure consists of both plates and

rods of equal thickness, depending on the volume ratio of
rods and plates. Unit: dimensionless.

Trabecular thickness (TbTh*): The mean trabecular thick-
ness of cancellous bone is calculated directly from 3-D
micro-CT images independent of an assumed structure
type. The volume-based local thickness is determined as the
diameter of the maximal sphere that includes every point
and that can be fitted completely inside the structure. This
technique allows quantification of the mean thickness of any
structure, e.g., geometrical objects like plates, cylinders, or
balls. Sometimes, asterisk is used to designate the true value
from 3D method. Unit: um.

Trabecular separation (TbSp*): Calculated as mean dis-
tance between trabeculae. Unit: um.

Bone surface density (BS/TV): Calculated as bone surface
area of the specimen divided by its total volume. Unit: mm!
or mm?%/mm?.

Bone surface-to-volume ratio (BS/BV): Calculated as bone
surface area of the specimen divided by bone volume of the
specimen. Unit: mm-! or mm?%mm?3.

Mean trabecular volume (MTV): Calculated as the total
bone volume of the specimen divided by its “connectiv-
ity+1”. Unit: pm?3,

Mean marrow space volume (MMSYV): Calculated as the
total marrow space volume of the specimen divided by its
“connctivity+1”. Unit: pm?3,

Trabecular number (TbN): 3-D trabecular number is
calculated from micro-CT images. Volume-weighted mean
3-D trabecular number is calculated as the diameter of the
maximal sphere that fills into the background of the mid-

axis-transformed object. Unit: mm™!.

Cortical bone

Similarly, from accurately segmented 3-D reconstruction
micro-CT imaging datasets, meaningful microarchitectural
parameters of cortical bone (or compact bone) can be quanti-
fied as well. These microarchitectural characteristics are sum-
marized as the followings.

* Bone volume fraction (BV/TV): Calculated as bone volume
of a specimen divided by its total cortical bone volume.
Unit: percent.

 Cortical bone porosity (cavitylperforation): Calculated as
“l — cortical bone volume fraction”. Like cancellous bone
porosity, cortical porosity is defined as void volume per unit
volume of whole bone (total specimen volume), i.e. the sum
of its total volume minus cortical bone volume. “p” is used
to designate porosity, a dimensionless ratio. Unit: percent.

e Thickness of cortex (CtTh*): The mean cortical thickness
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is calculated directly from 3-D micro-CT image datasets
using the volume-based local thickness methods. Unit: um.

e Bone surface density (BS/TV): Calculated as cortical bone
surface area of the specimen divided by its total volume.
Unit: mm™! or mm%mm?3.

e Cortical cross-sectional area: The cross sectional area of
cortical bone is calculated from entire micro-CT 2-D image
slices as the mean value obtained from the midshaft cortical

bone or subchondral cortical bone. Unit: mm?2.

Physical/compositional properties

* Tissue density (p,;,,): Reflects the mineralized bone tissue
(material) density, determined from Archimedes’ principle,
and calculated as dry weight of the specimen divided by the
volume of bone matrix excluding marrow space. Unit: g/
cm’.

e Apparent density (p app): Reflects the mineralized bone
apparent (structural) density, and calculated as dry weight
of specimen divided by the total volume of specimen. Unit:
g/cm3

* Apparent ash density (p,,): Reflects the mineralized bone
non-organic density, and is calculated as ash weight divided
by the total volume of specimen. Unit: g/cm?

* Mineral concentration (C,; ): Calculated as the total min-
eral content (ash weight) of the specimen divided by the
total dry weight of the specimen. Unit: percent.

* Collagen density (p,,;): Reflects the bone organic density,
and calculated as total collagen weight divided by the total
volume of specimen. Unit: g/cm?

* Collagen concentration (C;): Calculated as the total col-
lagen weight of the specimen divided by the total dry weight
of the specimen. Unit: percent.

* Collagen/Mineral ratio (C/M): Calculated as the percent
collagen of the specimen divided by the percent mineral
of the specimen, reflecting degree of mineralization. Unit:
dimensionless.

Mechanical properties

Any material with a linear elastic component under uniax-
ial loading can be described by a proportional relationship
between change in load and change in length of the mate-
rial. During mechanical testing, a force-deformation curve is
obtained. This curve can be converted to stress and strain curve
using the cross-sectional area of the specimen for normaliza-
tion of load to stress and the original length of the specimen
for normalization of deformation to strain.

e Ultimate stress (bone strength, c): Determined from
destructive testing, and calculated from the first point with
maximal stress. Unit: MPa.

* Young’s modulus (elastic modulus, or normalized stiffness,
E): Reflects the stiffness of a material, determined from both
non-destructive and destructive tests, and calculated as the
tangent to the loading curve of the stress-strain diagram at a
given axial strain. Unit: MPa.

 Ultimate strain (¢): Determined from destructive testing,
and calculated from the first point with maximal stress.
Unit: percent.

e Failure energy (fracture toughness, F): Determined from
destructive testing, and calculated as the area underneath the
compression curve between zero strain and ultimate strain.
Unit: kJ/cm3.
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Introduction

Skeleton optimizes its microarchitecture by elaborate adapta-
tions to mechanical loading during development and growth.
The mechanisms for adaptation involve a multistep process of
cellular mechanotransduction stimulating bone modeling and
remodeling resulting in either bone formation or resorption.
This process causes appropriate microarchitectural changes
tending to adjust and improve the bone structure to its pre-
vailing mechanical environment [178]. This general concept
of “bone functional adaptation” to mechanical loading is well
known as Wolff’s law [193] that has been supported by much
experimental and observational data [60]. One important pro-
posal of the Wolft’s law is that the architecture of cancellous
bone determines its mechanical properties. Therefore, it is a
prerequisite that the architectural variables relate directly to
the mechanical properties and as determinants of mechanical
properties.

Normal individual reaches peak bone mass at age between
25 and 30 years, and thereafter bone mass declines with age
in both genders [124, 127]. Bone loss patterns differ for men
and women. In men, decreased formation may be the princi-
pal factor, and bone loss attributes to generalized attenuation
of trabecular bone. In women, increased resorption seems to
be the principal factor, and bone loss attributes to the total
removal of individual trabeculae. These different patterns of
bone loss suggest differences in bone remodeling between
both genders as a consequence of aging [1].

The bone loss acceleration is accompanied by microar-
chitectural changes, and reduced mechanical strength is the
typical result from the bone mass loss and microarchitectural
deterioration in both genders. The reductions in mechanical
strength and bone mass are disproportionate, i.e. in normal
aging, the reduction in mechanical strength has a greater
extent than bone tissue loss itself would suggest [99, 143, 147].
Furthermore, trabecular bone becomes increasingly brittle
and tends to easily fracture with less energy. This tendency
is suggested to be driven by the need for remodeling to repair
fatigue damage. Unfortunately, most remodeling events fail to
replace all the bone that they remove [119].

Basic Multicellular Unit-based (BMU) bone remodeling by
resorption and formation drifts can add bone and reshape the
trabeculae and cortex to strengthen them. Bone remodeling
affects bone collagen fiber orientation, trabecular preferential
orientation (architectural anisotropy), connectivity (multiple
connections within trabecular network), degree of minerali-
zation, and the amount of unrepaired fatigue damage. These
factors, like bone density, are also important determinants of
bone strength and stiffness [59].

Age-related musculoskeletal diseases increase as a result
of increase in the elderly population and a change in lifestyle

[126, 142]. These diseases, such as osteoarthrosis (OA) [12],
osteoporosis (OP) [155, 172], and fragility fracture [119, 125],
are among the major health care problems in terms of socio-
economic costs. A thorough understanding of age-related
microarchitectural adaptation of bone tissues is crucial for
diagnosis, prophylaxis, and treatment of these age-related
musculoskeletal diseases; for design, fixation, and survival of
joint prosthesis, and functional adaptation of host bone; and
for application of biomaterials regarding interface reaction,
fracture repair and defect healing.

In vivo and in vitro imaging techniques for
assessing bone microarchitecture

Bone mineral density (BMD) is one of the determinants of
bone strength and fracture risk. Quantitative assessment of
macrostructural characteristics, such as geometry and shape
of bones, and microarchitectural features, such as trabecular
volume fraction, architectural anisotropy, and connectivity,
may improve our ability to estimate bone strength. Methods
for quantitatively assessing macrostructure include conven-
tional radiographs, dual-energy x-ray absorptiometry (DXA)
and computed tomography (CT), particularly volumetric
quantitative computed tomography (vQCT). Methods for
non-invasive assessing microarchitecture of trabecular bone
include high-resolution computed tomography (hrCT), micro-
computed tomography (micro-CT), high-resolution magnetic
resonance (hrMR), micromagnetic resonance (micro-MR),
synchrotron radiation computed tomography (SR-CT). vQCT,
hrCT and hrMR are generally applicable in vivo as clinical
tools for assessment of bone diseases; micro-CT and micro-
MR are applicable both in vivo in patients and in animals, and
in vitro for animal sample and human bone biopsy as well; and
SR-CT is applicable in vitro. During the last decades, great
progresses in imaging techniques have been achieved allow-
ing us to monitor bone microarchitectural changes in vivo in a
non-invasive manner and in vitro with high accuracy. Imaging
can reach a high resolution as micrometer or even nanometer
scale. However, more efforts are demanded to improve imag-
ing techniques [63] (Figure 1).

Bone microarchitectural characteristics

Bone has a complex structure. Cancellous bone 3-D micro-
architectural characteristics can be described by its bone
volume fraction, connectivity density, architectural anisot-
ropy, structure type, trabecular thickness, and surface den-
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2-D micro-CT image

3-D reconstruction

Figure 1. Micro-CT scanning and 3-D reconstruction of cancellous bone
Human cancellous bone specimen is micro-CT scanned with uyCT 20, uCT 40 or vivaCT (Scanco Medical AG., Briittisellen, Switzerland). After
segmentation of micro-CT images by applying accurate optimal threshold, 3-D reconstruction is made. From 3-D micro-CT imaging datasets,
microarchitectural parameters are computed based on true, unbiased, assumption-free 3-D methods (I, II, 111).

sity. Bone volume fraction (BV/TV, or Vv), or bone mineral
density (BMD) is the single most important parameter in
describing trabecular microarchitecture. Connectivity density
(CD) describes a multiple connection in a given trabecular
network, based on a topological approach, it allows unbi-
ased quantification of connectivity. Architectural anisotropy
describes the preferential orientation of trabeculae. The
degree of anisotropy (DA) was defined as the eigenvalue of
the primary direction divided by the eigenvalue of the tertiary
direction [72]. Structure model index (SMI) expresses cancel-
lous bone structure type [83]. This technique quantifies the
type of structure, such as plates, rods and spherical objects or
mixtures of plates and rods. Furthermore, the decomposition
of rod and plate is available recently. Trabecular thickness
(TbTh) is calculated directly from 3-D micro-CT image data-
sets independent of an assumed structure type. The volume-
based local thickness is determined as the diameter of the
maximal sphere that includes every point and that could be
fitted completely inside the structure [82]. Surface density
(BS/TV) is derived from the ratio of bone surface to its total

sample volume, and this parameter is important during active
bone remodeling.

Other microarchitectural parameters, such as bone surface
area, bone surface-to-volume ratio (bone surface area per
bone volume), porosity (1-volume fraction), mean trabecular
volume, mean marrow space volume, and trabecular number
can also be computed from 3-D datasets. Moreover, any other
microarchitectural feature may be quantified from 3-D recon-
structions of cancellous bone specimens as long as an explicit
definition of the property can be given [131]. These well-vali-
dated 3-D methods provide detailed and versatile description
of cancellous bone microarchitecture (Figure 2).

Like cancellous bone, meaningful cortical microarchitec-
tural characteristics can be described by its thickness of cortex,
cortical cross-sectional area, cortical porosity, etc (Figure 3).
These properties together with cortical area moment of inertia,
crystallinity and the presence of microdamage (microcracks)
contribute to bone’s mechanical competence, integrity and
resistance to fracture.
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1) a: a relative isotropic structure

2) a: a typical rod-like structure reflecting
low mechanical strength

Figure 2. Microarchitectural characteristics of cancellous bone

b: an extreme anisotropic structure

b: a typical plate-like structure reflecting
high mechanical strength

(1) Architectural anisotropy is calculated using Mean intercept length (MIL) [41]; or Star volume distribution (SVD) [27]. Degree of anisotropy

(DA) indicates preferential orientation of trabeculae (b: arrows) (IV).

(2) Structure model index (SMI, a quantification of how plate-like, rod-like or a combination of plate and rod the structure is) is based on a dif-
ferential analysis of the triangulated bone surface of a structure ([12]) (1I).

Figure 3. 3-D reconstruction of human vertebral cortical bone (left)

and guinea pig proximal cortical bone (right) from micro-CT images
After applying accurate optimal threshold to segment micro-CT
images, 3-D reconstruction is made. From 3-D micro-CT imaging
datasets, meaningful microarchitectural parameters can be calcu-
lated based on true, assumption-free 3-D methods (VIII).

Bone collagen and mineral

Bone has been viewed as a two-phase porous composite mate-
rial with two primary constituents: mineral and collagen. In
structurally normal bone, the mineral provides stiffness and
strength, whereas the collagen affords ductility and toughness.
However, neither the specific interaction between mineral and
collagen is well-revealed, nor the precise characteristics of
the mineral and collagen that confer to each its characteristic
behavior are completely understood [196]. The contribution of
the mineral phase to bone’s mechanical properties and integ-
rity has been generally recognized, and bone collagen has long
been considered secondly to mineral with regard to skeletal
fragility. Nevertheless, mounting evidence suggests that the
age- and disease-related alterations in collagen content, or
changes to inter- and intra-fibrillar collagen cross-linking,
can diminish failure energy (fracture toughness), and increase
fracture risk [13]. In contrast to collagen, much less is known
about the contributions of other extracellular matrix compo-
nents to bone quality. It is assumed that the interactions of type
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858 Bionix MTS hydraulic
material testing machine

Figure 4. Compression mechanical properties of cancellous bone
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Cancellous bone specimen is tested between upper and lower testing columns in an 858 Bionix MTS hydraulic material testing machine (MTS
Systems Co., Minneapolis, Minnesota, USA) with 1 kN cell. Load and deformation data are recorded and converted to stress and strain data to
calculate mechanical properties. Right: A typical stress-strain curve from a destructive test. Ultimate stress and ultimate strain are derived from
the first maximum of the curve, Young’s modulus is determined as the tangent to the point on the loading curve intersecting the 0.6% strain line,
failure energy (fracture toughness) as the area underneath the compression curve between zero strain and ultimate strain (IV,V)[7]. The linear
portion of the stress strain curve is called the elastic region. After the yield point, the curve became nonlinear and corresponded to the plastic
region. In the elastic region there is a proportional deformation with increasing load applied, and when the load is removed, bone returns to its

original shape.

I collagen with the mineral and the contribution of the orien-
tations of the collagen fibers maybe crucial when the bone is
subjected to mechanical forces [184].

Bone’s mechanical properties

There are several types of mechanical tests, e.g. axial com-
pression test [109, 112], tensile test [157], three-, or four-point

bending test [177], combined test of cartilage and bone [40,
41], reduced platen test [84], and shear test of femur head
[169] etc. Any material with a linear elastic component under
uniaxial loading can be described by a proportional relation-
ship between change in load and change in length of the mate-
rial. During mechanical testing, a force-deformation curve is
obtained, and is converted to stress and strain curve using the
cross-sectional area of the specimen for normalization of load
to stress and the original length of the specimen for normali-
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Figure 5. Strength of cancellous bone

Osteoporotic cancellous bone (left) has lest mechanical strength, lowest density, and abnormal bone quality;
Normal cancellous bone (middle) has normal mechanical strength, normal density, and normal bone quality;
Osteoarthrotic cancellous bone (right) has relatively reduced mechanical strength relative to highest density, and

deteriorated bone quality (VI).

zation of deformation to strain. In general, Young’s modulus
reflects the stiffness of a material, and is calculated as the tan-
gent to the loading curve of the stress-strain diagram at a given
axial strain. Ultimate stress is calculated from the first point
with maximal stress. Ultimate strain (percent deformation)
is calculated from the first point with maximal stress. Failure
energy is calculated as the area underneath the compression
curve between zero strain and ultimate strain (Figure 4). The
energy required to cause bone failure is also known as fracture
toughness, i.e. toughness is a quantitative measure of bone
quality in terms of its susceptibility to fracture. Thus, under-
standing age-related changes in the strength and toughness of
bone is necessary to elucidate the underlying mechanisms of
age-related bone fractures [187].

Bone strength, the key mechanical property, is dependent
upon numerous, interrelated factors, and on both the bone
quantity and the bone quality [59, 189]. Bone strength is deter-
mined by both its material properties and its structural prop-
erties. Material properties include bone’s degree of miner-
alization, crystallinity, collagen characteristics, and osteocyte
viability that have substantial impacts on bone strength. Struc-
tural properties include the diameter and thickness of the cor-
tices, the cortical porosity, the connectivity and anisotropy of
the trabecular network, the trabecular thickness and spacing,
and the presence of trabecular stress risers and microdamages
that impact bone strength in diverse manners. Bone remod-
eling activity has either directly or indirectly impacts on all of
these processes [27].

Bone quality

Bone is a living material capable of self-repair. Bone is a com-
plex tissue and its principal function is to resist mechanical
forces and withstand fractures. The term “bone quality” has
been used in the literature for more than 15 years, but its pre-
cise definition remains unclear. There are generally two views
of the term “bone quality” in the literature. Some people con-
sider bone quality to represent the sum of all characteristics
of bone that affect the ability of bone to resist fracture (i.e.,
all aspects of bone size, shape, and material properties). The
others refer bone quality as the factors that resist fracture
but are not accounted for by bone mass or quantity [81, 189].
Regardless the controversy of precisely defining bone qual-
ity, the different determinants of bone quality are interrelated,
in particular the mineral and collagen, although analysis of
separate roles of collagen and mineral in bone strength is dif-
ficult. Bone density alone is not a surrogate for fracture preva-
lence and occurrence of osteoporosis, and does not completely
explain the therapeutic efficacy of emerging treatments. Non
invasive assessment using imaging techniques has recently
received increasing attention to improve our understanding of
the complexity of bone quality (Figure 5).

Bone microdamage (microcrack)

Bone microdamage is typically defined as bone matrix fail-
ure detectable histologically by light microscopy in the form
of microcracks. Microcracks have been defined as cracks that
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can be detected using optical microscopy and are usually of
the order of 30—100 um in length. Accumulation of microdam-
age in any material or structure causes a reduction in elastic
modulus [14]. Animal and postmortem human studies show
that microdamage accumulation in bone reduces the elastic
modulus of the tissue, decreases bone strength, and increases
energy dissipation when bone is loaded. Decreased strength
and stiffness are likely to increase fracture risk, but the extent
to which microdamage accumulation may increase the risk of
fracture is unclear.

Aims of the studies

The overall goals of the study were to investigate the age-
related and OA-related changes in the 3-D microarchitectural
properties, mechanical properties, collagen and mineral quali-
ties of both cancellous and cortical bone tissues.

The study included mainly two parts. For human subjects:
we investigated aging- and early OA-related changes of the
properties. Study I aimed to assess the accuracy of volume
fracture measurements from micro-CT and to establish micro-
CT segmentation techniques, thus to generate accurate 3-D
micro-CT datasets for further analysis of bone microarchitec-
ture . Study II & III focused on the normal age-related changes
in the microarchitecture of human peripheral cancellous bone
by means of the novel 3-D methods. Study IV evaluated the
mutual associations among various microarchitectural prop-
erties, mechanical properties, and compositional proper-
ties. Study V assessed the association between mechanical
properties and physical properties and quality changes in
early-stage osteoarthrotic subchondral cancellous bone. Study
VI investigated the microarchitectural changes and quality
changes in subchondral cancellous bone in early human OA.

Investigations using guinea pig models aimed to obtain
more insight into the age-related and OA-related subchondral
bone adaptations. Study VII assessed the spontaneous, age-
related development of guinea pig OA, and quantified age-
related microarchitectural adaptations of subchondral bone
tissues in guinea pig primary knee osteoarthrosis develop-
ment that covers the entire range of OA progress from initia-
tion to severe stage. Study VIII evaluated potential effects of
hyaluronic acid (HA) on 3-D microarchitecture, mechanical
properties, and collagen/mineral quality of subchondral bone
tissues in guinea pig primary osteoarthrosis. Study IX studied
the effects on OA progression by increasing subchondral bone
density through inhibition of bone remodeling with a bisphos-
phonate alendronate (ALN). We evaluated the effects of bone
remodeling inhibition on 3-D microarchitecture, mechanical
properties and collagen/mineral of bone tissues in guinea pig
primary osteoarthrosis.

Research questions/hypotheses

In these investigations, specific research questions or hypoth-
eses were posted.

Study I: We hypothesized that a fixed threshold might be
determined from the Archimedes-based volume fraction of a
subgroup of specimens, and thus provide guidelines for micro-
CT image segmentation.

Study II & II1: We hypothesized that significant age-related
microarchitectural changes occurred in human peripheral can-
cellous bone, and different parameter had different age-related
changing pattern and most of microarchitectural changes hap-
pened after 60 years of age. The aging trabeculae align more
strongly to the primary direction — parallel to the tibial longi-
tudinal loading axis.

Study IV: We tested the hypothesised that the type of
trabecular structure, plate or rod, significantly related to the
mechanical properties of cancellous bone and also was a good
predictor for mechanical properties of cancellous bone. There
were mutual associations among various properties of human
normal peripheral cancellous bone.

Study V: We postulated that significant changes in mechani-
cal and physical properties and quality even occurred in early-
stage osteoarthrotic subchondral cancellous bone, thus that the
normal relationship between mechanical and physical/compo-
sitional properties could not be applied to early stage osteoar-
throtic cancellous bone.

Study VI: We hypothesised that significant microarchitec-
tural changes, in addition to changes in density, occurred in
subchondral cancellous bone in early OA. Thus, the normal
relationship between mechanical and microstructural proper-
ties could not be applied to cancellous bone in early OA.

Study VII: We proposed there were age-related progres-
sive changes in three-dimensional (3-D) microarchitectural
and mechanical properties, bone collagen, and mineral of
subchondral bone tissues in a primary guinea pig model that
covered the entire range of OA progression from initiation to
the severe stage.

Study VIII: We tested the hypothesis that HA protected
against cartilage degeneration, decreased subchondral bone
density and changes its 3-D microarchitecture so that subchon-
dral bone became more compliant and thereby reduced carti-
lage stress during impact loading.

Study IX: In contrast, by increase subchondral bone density
by inhibition of bone remodeling using alendronate (ALN), we
tested the hypothesis that increased bone density in subchon-
dral bone tissues led to significant articular cartilage damage.
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Methodological considerations

Assessments of bone samples
Human aging and OA

Human cancellous bone samples and design
Normal bone samples (I- V)

The following procedures were used to assess human bone  Forty human autopsy proximal tibiae were removed and stored

samples (Figure 6).

at -20°C. These tibiae, one from each donor, aged 16 to 85

The following procedures were used to assess guinea pig  years (mean 57, S.D. 19), were without macroscopic patholog-

bone samples (Figure 7).

a) Proximal tibial samples

ical changes, and the individuals did not have a history of mus-
culoskeletal diseases. All of these donors (10 females and 30
males) were Caucasian. The tibiae were collected consecutively

b) Micro-CT scanning c) Mechanical test d) Collagen/mineral

Figure 6. Typical procedure for assessing human bone samples

a) cylindrical cancellous bone samples were removed from standardized locations of proximal tibia, b) micro-CT scanned, c) tested mechani-
cally in compression, and d) finally subjected to duplicate determination of bone collagen and mineral [38].

Figure 7. Typical procedure for assessing
guinea pig bone samples

The proximal tibiae of the guinea pigs were
harvested. After removing soft tissue care-
fully, the proximal 4 mm of tibiae were micro-
CT scanned for quantification of 3-D micro-
architecture of subchondral bone plate. Then
a first cut was made 0.5 mm beneath sub-
chondral bone plate and a further cut distally
was made to produce a 3 mm thick cancel-
lous-cortical bone complex specimen. This
complex was micro-CT scanned to quantify
the microarchitecture of subchondral can-
cellous and cortical bones. The cartilage-
bone complex including subchondral plate
was embedded for histological analysis for
assessment of cartilage damages. Reduced
platen test was first performed on cancel-
lous bone only using an individual testing
anvil (diameter ranging from 1.2 to 4.5 mm)
that fitted to individual cross sectional area
of cancellous bone, and then compression
test was done on remaining cortical bone to
determine the mechanical properties. Finally,
bone collagen and mineral were determined
for each bone sample (VII).

1. Microarchitectural analysis

> a. Subchondral bone plate

\ b. Cancellous bone

o
c. Cortical shell

2. Mechanical testing

a. Reduced platen test on b. Compression test on
cancellous bone only cortical bone mainly

3. Determination of collagen and mineral
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when they satisfied the selection criteria, i.e. the patients were
not immobilized for more than 2 weeks before they died rather
suddenly either due to trauma or due to acute disease, i.e. they
had been active at a normal level until two weeks before death.
These selection criteria minimized any potential effects of
other factors on bone property and quality.

Two specimens were removed from standardised locations
on both medial condyle and lateral condyle of each tibia,
yielding a total of 160 specimens used in studies I-IV. All
specimens were drilled out of frozen bone using a trephine
with an inner diameter of 7.5 mm. The axis of the cylindrical
specimens corresponded to the longitudinal axis of the tibia,
i.e. the main loading direction. A standardized plastic template
was used to assume identical locations for all specimens. The
specimens were cut 1 mm beneath the subchondral bone plate
and at the distal end to produce specimens with a diameter
and length of 7.5 mm by the technique described previously
[39]. All specimens were stored frozen in sealed plastic tubes
at -20°C.

Osteoarthrotic bone samples (V-VI):

Subchondral cancellous bone specimens were produced from
10 human early-stage OA proximal tibiae [7 males, 3 females,
mean age 73 (range: 63-81 years)], and 10 normal human
age- and gender-matched proximal tibiae served as the control
group [7 males, 3 females, mean age 72 (range: 5885 years)].
All donors were Caucasian and one post-mortem tibia was
removed from each donor.

The degree of OA was defined according to Mankin’s cri-
teria [116] and degeneration of cartilage was assessed histo-
logically. Early-stage OA had the presence of macroscopically
fibrillated cartilage. The cartilage surface (superficial zone) of
the medial condyle in OA tibiae had visible degeneration with
slight fissures, whereas there was an intact cartilage surface
on the lateral condyle. The normal tibiae did not show mac-
roscopical pathology and had intact cartilage surfaces; they
had no history of musculoskeletal diseases. The donors with
normal tibiae had all died rather suddenly from either trauma
or acute disease that met the criteria mentioned above.

Three cylindrical specimens were drilled out from each
medial and lateral condyle of a tibia using a 7.5 mm inner-
diameter trephine thus that the axis of the specimen cor-
responded to the longitudinal axis of the tibia, and used in
studies V-VI. These specimens were cut 1 mm beneath the
subchondral bone plate and then further cut at the distal end to
create 7.5 mm long cylindrical specimens. A total of 120 spec-
imens were produced, and they were stored in plastic tubes
at -20°C. The early OA specimens were allocated to medial
OA and lateral control groups, and the normal specimens were
allocated to normal medial and normal lateral groups, and 30
specimens were examined in each group (Figure 6).

These studies were approved by the Department of Ortho-
paedics and Institute of Forensic Medicine, Aarhus University
Hospital, Denmark.

Experimental animal and designs — guinea pig
primary osteoarthrosis

Male Charles River strain outbred Dunkin-Hartley guinea pigs
with specified ages were purchased at 2 months before the study
(HB Lidkopings Kaninfarm, Lidkoping, Sweden). These guinea
pigs were acclimated for a period of 2 months, housed 2-3
together in an environmentally controlled cage with size 100
x 100 x 90 cm? with water and standard guinea pig chow con-
taining 18% protein, 0.9% calcium, 0.7% phosphorus and 600
[U/kg vitamin D3 (Altromin Standard Guinea Pig Chow #3020,
Lage, Germany) ad libitum. Physical well-being and activity
were checked daily, and body weight was measured weekly.
At sacrifice, the left tibiae of the guinea pigs were dissected
and kept in sealed plastic bags at -20°C, and the right tibiae
were used in another study. All procedures were in accordance
with approved Danish Animal Research guidelines, under the
project protocol approved by the Danish Animal Experiments
and Inspectorates (Study no. J.nr. 2000/ 561-329).

Effects of age on OA development (V)

Fifty guinea pigs were 3, 6, 9, 12, and 24 months of age at sac-
rifice, ten in each age group. These animals were used to inves-
tigate spontaneous age-related progression of OA subchondral
bone tissues.

Effects of hyaluronan treatment (Vi)

Fifty-six male guinea pigs were randomly divided into 5
groups based on their ages and body weight. The treatments
started in all groups when the guinea pigs were 6.5 months of
age. Three groups received intra-articular injections in both
knee joints of HA 0.4 mg/kg/week and two groups received
vehicle (0.1 ml physiological saline/week) for 5 weeks.
Thereafter, the guinea pigs were left untreated until they were
9 months old. At this age, two groups (2.5-month groups, n =
2 x 10), an HA group and a saline group, were sacrificed. For
the remaining three groups, 2 groups received once more the
same treatment regimen (HA or saline injections for 5 weeks
as before) starting when the guinea pigs were 9.5 months old,
and one HA group was left untreated. The latter 3 groups (5.5-
month groups, n = 3 x 12) were sacrificed when the guinea
pigs were 12 months old.

Effects of alendronate treatment (IX):

Sixty-six male guinea pigs were randomly divided into 6
groups with similar ages and body weights. The treatments
started in all groups when the guinea pigs were 6.5 months of
age. Two groups received ALN 10 pg/kg, two groups received
ALN 50 pg/kg, and two groups received vehicle (1 ml physi-
ological saline) subcutaneously twice a week for 9 weeks. At
9 months of age, one 10 pg/kg group, one 50 pg/kg group
and one control group (9-week groups, n = 3 x 10) were sac-
rificed. The remaining three groups received once more the
same treatment regimen starting when the guinea pigs were
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9.5 months old (ALN 10 pg/kg, ALN 50 pg/kg, or saline injec-
tions for an additional 8 weeks). The latter 3 groups (17-week
groups, n = 3 x 12) were sacrificed when the guinea pigs were
12 months old. Physical well-being and activity of guinea pigs
were checked daily, and their body weights were measured
weekly. At the completion of the experiment, the guinea pigs
were killed and the left tibiae of the guinea pigs were dissected
and kept in sealed plastic bags at -20°C. The right tibiae were
used in another study (Figure 7).

Power calculation: Error of first kind (20.), which is the level
of significance or the risk of identical results if in fact they
differ, was selected to 5%, SD is 50%. The minimal relevant
difference (D=MIREDIF) not to be overlooked between test
groups was selected to 60%. Error of the second kind (f3),
which is the risk of concluding that two effects are identical
if in fact the difference is below the MIREDIF (false negative
result), was chosen to be 20%. Based on these assumptions,
at least 10 experimental subjects should be included in each
experiment [138].

Experimental methods
1) Micro computed tomography (UCT) scanning

Human normal and early OA cancellous bone samples
(I-1V & VI)

The cylindrical specimens obtained from proximal tibiae were
scanned using a high resolution microtomographic system
(uCT 20, Scanco Medical AG., Briittisellen, Switzerland).
These samples were scanned in a standard resolution mode,
resulting in 3-D reconstruction of cubic voxel size of 22 x 22 x
22 um?. Scanning time for each specimen was approximately
3 hours. Each 3-D image data set consisted of approximately
350 micro-CT slide images (512 x 512 pixels) with 16-bit grey
levels. The total data size (raw data and image data) was 450
Mb, unsegmented image size of 76 Mb, and 38 Mb in seg-
mented form. Micro-CT images were segmented using indi-
vidual optimal thresholds [49]. The segmented images were
then purified after thresholding to remove the noise particles
unconnected to the main structure [132]. To obtain accurate 3-
D data sets, micro-CT images were segmented using optimal
thresholds thus that the bone volume fraction of the datasets
corresponded to Archimedes’ based volume fraction [49].

Guinea pig subchondral bone samples (VII-I1X)

A high resolution micro-CT system (UCT 40, Scanco Medi-
cal AG., Briittisellen, Switzerland) was used to scan proximal
tibial specimens (Figure 1), resulting in 3-D reconstruction of
cubic voxel sizes 16 x 16 x 16 um?3. Each 3-D image dataset
consisted of approximately 400 micro-CT slide images for
the proximal tibia and 300 slice images for subchondral bone
tissue (1024 x 1024 pixels) with 16-bit-gray-levels. Two scans
were done. The first scan was on the 4 mm of proximal tibia
to quantify 3-D microstructure of subchondral plate. Then the

proximal tibia was sawed 0.5 mm beneath the subchondral
bone plate and a further cut was made distally to produce 3
mm thick cancellous-cortical bone specimen using a LEITZ
Microtome 1600 (Ernst Leitz Wetzlar GmbH, Wetzlar, Ger-
many). The second scan was done on this specimen to quan-
tify 3-D microarchitecture of cancellous and cortical bones
(Figure 7). The cartilage-bone complex including the subchon-
dral plate was used for histological analysis for assessing the
degree of cartilage degeneration (Mankin’s score).

2) Accuracy and precision of micro-CT measurement (1)

The above mentioned 160 normal human cancellous bone
specimens (Study 1) were scanned with a high resolution
microtomographic system (u-CT 20, Scanco Medical AG.,
Briittisellen, Swizerland) to assess the accuracy and precision
of micro-CT method. Each 3-D image data set consisted of
approximately 350 micro-CT slide images (512 x 512 pixels)
with 16-bit-gray-levels and the voxel size was 22 x 22 x 22
um?. A detailed description of this system can be found else-
where [159].

After scanning, the 3-D data sets were segmented by using
individual global thresholds, above this threshold all pixels are
considered bone, and below this threshold all pixels are con-
sidered non-bone. Two methods were applied to segment the
micro-CT data.

Method I: The threshold of each data set was determined
using an adaptive method determined by micro-CT software,
where the gray level data set is segmented at different levels,
e. g. 50 different thresholds. The threshold, where the volume
fraction changes the least, i. e. the steepest gradient of gray
levels, is chosen as the threshold for the data set.

Method 1I: A second segmentation was performed using
individual thresholds forcing BV/TV (bone voxels per total
specimen voxels) to the Archimedes-based volume fractions.

The mean thresholds from methods I and II were applied
separately to segment 20 randomly selected micro-CT image
data (10 from low density, volume fraction 9.8% to 20%;
and 10 from high density, volume fraction 30% to 39.8%),
and volume fractions were calculated from the segmented 3-
D data. Furthermore, the connectivity densities of these 20
specimens were determined [132]. After scanning, an accurate
protocol was conducted for measuring Archimedes-based can-
cellous bone volume fraction as suggested [165], with a slight
modification.

3) Microarchitectural analysis

Human cancellous bone samples (I-1V & VI)

From the segmented accurate 3-D micro-CT data sets, micro-
architectural properties were calculated based on true, unbi-
ased and assumption-free 3-D methods.

The quantification of architectural anisotropy was based
on a 3-D volume method: star volume distribution (SVD)
[21, 134, 135]. The SVD describes the typical distribution of
cancellous bone around a typical point in a trabecula, and the
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result of an SVD analysis may be expressed by the SVD fabric
tensor [135].

To exclude the effects of artificial edges on the SVD meas-
ure, the SVD examination points were placed randomly at
least 2 mm away from any specimen surface. The specific
choice of 2 mm was made after considering the architecture
of the cylindrical specimens. The SVD was determined in 3-
D space for 500 random orientations for 300 random points
within the trabeculae of each specimen, and the SVD fabric
tensor was determined [135].

Eigenvalues of the fabric tensors were designated by T, T,,
and t;, where T, > T, > T,. The fabric tensors were normalized
by dividing by T, + T, + 5, so that T, + T, + T, = 1. Here the
eigenvalue T, reflects the relative anisotropy strength of the
primary direction, T, the secondary direction, and T, the terti-
ary direction. The degree of anisotropy (DA) was defined as
the eigenvalue of the primary direction divided by the eigen-
value of the tertiary direction [72]. The anisotropy types of the
specimens can be visualized in the Woodcock diagram [58].

The unbiased Euler number contribution of a region of
interest (ROI) to the universal Euler number was developed
by Odgaard and Gundersen [132]:

Ax(V) = (V) — 1/2 Sx(F) + 1/4 Sx(E) - 1/8 Sx(P)

where (V) is the Euler number of the 3-D specimen, y(F)
is the Euler number of one of the six specimen faces, %(E) is
the Euler number of one of the 12 specimen edges, and (P) is
the Euler number of one of the 8 specimen corners; for details
the reader is referred to (132). The minimal parallelepiped
specimen is a single voxel. The Euler number contribution
of any irregular ROI to the universal Euler number can
simply be determined by summing Ay(V) over all voxels
in the ROI. Knowing the Euler number contribution of the
ROI, the connectivity or the number of redundant trabeculae
in the ROI can be approximated by B, = - Ax(V). A single
trabecula is ignored using this approximation [132]. Knowing
the connectivity and the ROI volume, the connectivity density
(CD) is easily calculated as:

CD = Ay(V)/ AV

where AV is the volume of a region of interest. The mean
trabecular volume (MTV) and the mean marrow space volume
(MMSV) are given by

MTV = (AV x W) / [Ay(V) + 1]
MMSV = [AV x (1-Vv)] / [Ax(V) + 1]

where Vv is the bone volume fraction of a region of
interest.

Structure model index (SMI, a measure of predominant
shapes in the structure, i.e. plate-like, rod-like or a combina-
tion of plate and rod) [83] was based on a differential analysis

of the triangulated bone surface of a structure. The SMI quan-
tification is especially important for an a priori unknown or
changing structure, such as aging, bone remodeling and dis-
ease. The SMI value is zero for an ideal flat plate structure,
and the SMI value is 3 for an ideal cylindrical rod structure
[83].

From the 3-D micro-CT data sets, trabecular thickness
(TbTh*, mm) [82], bone volume fraction (BV/TV or Vv,
bone volume per total specimen volume, %) was determined
in a cylindrical volume-of-interest, which was only slightly
smaller than the specimen (0.1 mm margin excluded) [49].
Bone surface-to-volume ratio in mm™ (BS/BV, bone surface
area per bone volume), bone surface density in mm' (BS/
TV, bone surface area per total volume of specimen), mean
trabecular volume (MTYV, pm3), mean marrow space volume
(MMSV, um?), and trabecular separation (TbSp*, mm) were
also calculated [131].

Guinea pig bone samples (VII-IX)

a) 3-D microarchitectural properties of subchondral bone
plate: Subchondral plate was defined as starting from the
calcified cartilage-bone junction and ending at the marrow
space [16]. To obtain accurate 3-D datasets of subchondral
bone plate, micro-CT images were segmented using optimal
thresholds [49]. Specifically, we calculated the total specimen
volume of the 3 mm specimen from micro-CT images due to
its irregular shape and measured dry weight of the specimen
using a Mettler AT250 balance (Mettler Instrumentations AG,
Greifensee, Switzerland) after defatting in an alcohol and ace-
tone 1:1 mixture, and determining submerged weight in water
based on the Archimedes’s principle [39]. Then the calculated
bone volume fraction was matched to micro-CT determined
“threshold—volume fraction pattern” to get the correct optimal
threshold for each specimen. Finally, a mean optimal thresh-
old derived from the 3 mm thick specimens was applied for
segmenting subchondral plate, cancellous and cortical bone
image datasets, since these bone tissues have similar bone
quality and hence the same bone threshold level. The mean-
ingful microarchitectural parameters for the subchondral bone
plate, i.e. plate volume fraction (BV/TV, bone volume per total
plate volume, %), plate thickness (TbTh*, um), plate surface
density (BS/TV, plate surface to total plate volume, mm™),
and plate perforation (mean pore size, um) were calculated.
These calculations were done first on total subchondral plate,
then on the medial and lateral condyles [43] (Figure 8).

b) 3-D microarchitectural properties of subchondral can-
cellous bone: Subchondral cancellous bone was defined as
cancellous bone region beneath the thin layer of the subchon-
dral plate. The subchondral cancellous bone was segmented
using the optimal threshold described above to get accurate
3-D datasets. The cancellous bone was defined and separated
from the cortical shell. The microstructural properties were
calculated based on true, unbiased and assumption-free 3-D
methods. Bone volume fraction (BV/TV, %)[49], and trabecu-
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a. 3-D microarchitectural quantification of subchondral bone plate: total, medial and lateral

b. 3-D microarchitectural quantification of subchondral cancellous bone: total, medial and lateral

c. 3-D microarchitectural quantification of subchondral cortical shell

Figure 8. Quantification of subchondral bone tissues

a) The 4-mm thick proximal tibiae were micro-CT scanned for quantification of 3-D microarchitecture of subchondral bone plate.
Then the 3-mm thick cancellous-cortical bone complex specimen produced 0.5 mm beneath subchondral bone plate was micro-CT
scanned for quantification of 3-D microarchitecture of both cancellous bone (b) and cortical bone (c) (VII, VII, IX)

lar thickness (TbTh*, um) [82] were determined. Structure
model index (SMI) [83] was based on a differential analysis of
the triangulated bone surface of a structure. The quantification
of architectural anisotropy (DA), preferential orientation of
trabeculae, was based on the mean intercept length method.
The degree of anisotropy was defined as the ratio between
two eigenvalues, e.g. the ratio of the eigenvalue of the primary
direction divided by the eigenvalue of the tertiary direction
(MIL_, /MIL_ ) [72]. Quantification of connectivity den-
sity (CD), the number of multiple connected trabeculae per
volume (mm™), was based on a topological approach [132].
Bone surface-to-volume ratio in mm™' (BS/BV, bone surface
area per bone volume), Bone surface density (BS/TV, bone
surface area per total volume of specimen, mm™), and 3-D
trabecular separation (TbSp*, um) were also calculated[131].
These calculations were done first on total subchondral can-
cellous bone, then on medial and lateral condyles (Figure 8).
¢) 3-D microarchitectural properties of subchondral corti-
cal bone: The cortical thickness determined in 3-D datasets in
um, cortex volume fraction (bone volume per total specimen
volume, %) [49], cortex surface density (bone surface area
per total volume of specimen, mm™') [82], and cortex porosity
(cavity/perforation, %) were calculated [131]. The cross sec-

tional area (mm?) of cortex was the mean value obtained from
subchondral cortical bone (Figure 8). A detailed description
for quantification 3-D microarchitecture of cortical bone has
been presented [43].

4) Osteoarthrotic grading (V-IX)

Articular cartilage of tibial condyle including subchondral
plate was embedded in methylmethacrylate (MMA) and
sectioned with a universal heavy-duty microtome (Reichert-
Jung, Cambridge Instruments GmbH, Germany). The carti-
lage sections were stained with Safranin O. Three sections
from each medial condyle and lateral condyle were exam-
ined. Degree of osteoarthrosis was defined as macroscopi-
cally fibrillated cartilage, and this finding was confirmed
histologically, the grading was using Mankin’s criteria.
Mankin’s histological-histochemical grading ranges between
0 and 14 (for structure 0-6, cells 0-3, Safranin-O staining
0—4, and tidemark integrity 0—1), where 0 is normal and 14 is
severe arthrosis [116].

5) Mechanical tests

Human bone samples (I11-VI)
After micro-CT scanning, cylindrical cancellous bone speci-
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mens were tested in compression to failure to determine its
mechanical properties by the method described in detail previ-
ously [39]. The tests were performed on an 858 Bionix MTS
hydraulic material testing machine (MTS Systems Co., Min-
neapolis, Minnesota, USA), using a 1 kN load cell. Ultimate
stress (bone strength) was calculated from the first maximal
point with maximal stress; ultimate strain was defined as the
strain corresponding to the maximal stress; failure energy
(fracture toughness) was calculated as the area underneath the
stress-strain curve between zero strain and ultimate strain; and
Young’s modulus was calculated as the tangent to the linear
portion of the stress-strain curve between 0.4 and 0.6 bone
strain.

Guinea pig bone samples (VII-IX)

Mechanical testing of guinea pig proximal tibial bone sample
was performed on an 858 Bionix MTS hydraulic material test-
ing machine (MTS Systems Co., Minneapolis, Minnesota),
using a 1 kN load cell. After 10 preconditioning cycles, com-
pression test was first performed using a so-called “reduced
platen testing” in which the central cancellous bone was only
compressed in the axial direction to 10% bone strain, thus
keeping the remaining peripheral cancellous bone and corti-
cal bone intact[84]. Compression test to failure was performed
again on the cortical shell mainly (including a brim of cancel-
lous bone) (Figure 7).

For cancellous bone, Young’s modulus, ultimate stress
(strength), ultimate strain and failure energy were calculated
[39]. The cross sectional area of cancellous bone was the same
as that of the testing column (Figure 7).

For cortical bone, the same calculation was done as for
cancellous bone. The actual cortical cross sectional area was
calculated as the mean cross sectional area of proximal and distal
ends of the specimen (measured from micro-CT images) minus
the contact areas of testing columns for reduced platen test.

6) Determination of bone density, collagen and mineral

Human bone samples (1, IV, VI)

After mechanical testing, the marrow was removed from the
specimens by air jet and tap water. The specimens were then
defatted in a 1:1 mixture of alcohol and acetone for 48 hours,
cleaned once more by air jet and evaporated at room tempera-
ture for 24 hours before being freeze-dried. The dry weight
(DW) of the freeze-dried specimens was recorded. To deter-
mine the tissue density (p, ), each sample was rehydrated
under vacuum in Ringer’s solution adding a wetting agent
(Pervitro 75%) and the submerged weight (u,) of the sample
was recorded in a Mettler AT250 balance (Mettler Instru-
ments AG, Greifensee, Switzerland) equipped with a density
determination kit. Determination of submerged weight and
dry weight was repeated once. From the mean weights, the
apparent density (papp) was calculated from the dry weight of
the defatted specimen divided by its original volume, and the
tissue density was calculated as:

Piiss = DW X p /(DW —p)

where p; = 1.00 g/cm? is the density of the submersion
liquid. Porosity was derived as (l—papp/pﬁss), and volume frac-
tion as (1-porosity).

To account forinhomogeneity of the specimens, we performed
duplicate determinations of ash and hydroxyproline on both a
distal and a proximal piece (Figure 6), and the specimens were
cut into four pieces. The collagen content of the specimens was
estimated by measuring hydroxyproline, assuming a content
of hydroxyproline in collagen of 13.4% (w/w) [128]. After
hydrolysis of the specimens in 6 M HC1 at 100°C for 16 hours,
hydroxyproline was estimated according to the procedure
of Woessner [192] with a slight modification of the reagent
concentration [73] as described by Danielsen and Andreassen
[24]. The collagen (tissue) concentration was calculated to
be the amount of collagen divided by the dry weight, and the
collagen (apparent) density was the collagen weight divided by
whole specimen volume. The bone specimens were then ashed
in a muffled oven at 100°C for 2 hours and 580° for 18 hours,
and the dry weight of the ash determined. The mineral concen-
tration was the amount of mineral divided by the dry weight,
and the apparent ash density was the mineral weight divided by
whole specimen volume.

Guinea pig bone samples (VII-IX)

After mechanical testing, the 3-mm-thick proximal tibial
specimen was defatted using the same procedure as described
above. Dry weight was measured and submerged weight of
specimens was determined (Mettler AT250 balance, Mettler
Instruments AG, Greifensee, Switzerland) using Archimedes’
principle [39]. The determination of dry weight and sub-
merged weight was repeated once. Due to irregular shape of
specimens, total specimen volume was calculated from micro-
CT images. Bone tissue density (g/cm?), and apparent density
(g/cm?) were determined [39].

Proximal tibial bone specimens were sectioned into the
medial and lateral condyle sub-specimens. The dry weights of
the two pieces from each condyle were determined, and then
they were used for collagen and mineral determinations by
the same procedures applied for human samples as described
above.

7) Statistical analyses

Human cancellous bone

All the statistical analyses were based on data from all speci-
mens using statistical software SPSS version 10.0.7 (SPSS
Inc. Chicago, Illinois, USA). A p value <0.05 was considered
to be significant.

a) For study of the accuracy and precision of micro-CT
scanning, liner regression analysis was used to assess different
methods and paired t-tests were used to compare discrepancy
between groups (I).
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b) For assessing age-related changes, all the statistical anal-
yses were based on data from all specimens, and only the mean
value for each tibia was used in analyses of age-related vari-
ations and in regression analyses. Each individual was repre-
sented by one set of values; thus data obtained from individu-
als are independent from one to another. The paired t-test was
first performed to compare the properties between the medial
and lateral condyles. Linear regression analyses were further
used to assess the association between the overall properties,
and the properties of the medial and the lateral condyle versus
age. Then the slopes and intercepts of the linear regressions
were tested to assess whether there were significant differ-
ences in age-related trends in the microstructural properties
between the condyles. Linear and multiple regression analyses
based on mean value for each tibia were used to assess the
associations between Young’s modulus and microstructural
properties (II-I1T).

c) For evaluating the multiple associations among vari-
ous microstructural, physical/compositional, and mechanical
properties, the mean value for each tibia was used in analysis.
Each individual was represented by one set of values, thus all
observations were independent. Bivariate correlation analy-
sis was done to obtain Pearson’s correlation coefficient (R)
among various properties. Linear regression analyses were
used to assess the associations between one of the primary
microstructural properties (bone volume fraction, structure
model index, anisotropy, connectivity and trabecular thick-
ness) or Young’s modulus and all other properties. Assuming
that the structure model index or bone volume fraction was a
good predictor for Young’s modulus, the degree of anisotropy
was added in a multiple regression model to test the hypoth-
esis that it could significantly improve the explanation for the
variance of Young’s modulus. Because of the skewness of data
in linear regression analysis, connectivity density and marrow
space volume were logarithmically transformed to obtain
normal distribution. These data were further divided into three
age groups: young (16 to 39 years), middle (40 to 59 years)
and old age (60 to 85 years) to assess the multiple associa-
tions among properties in different age groups. The correla-
tion coefficient (R) or determination coefficient (R?) was used

to express the proportional variation due to linear or multiple
regressions (IV).

d) Normality and equal variance were checked first, then
paired or 2-sample t-tests, as appropriate, were done to assess
the differences in mechanical and physical/compositional
properties between the osteoarthrosis and 3 control groups.
Linear regression analyses were used to assess the associations
between mechanical properties and physical/compositional
properties. Stepwise multiple linear regression analyses
were used to evaluate the associations between each of the
mechanical properties as dependent variables and all physical/
compositional properties measured as independent variables.
The determination coefficient (R?) was used to express
proportional variation due to linear or multiple regression
(V).

e) Two-way analyses of variance were carried out for
repeated measurements of the microstructural properties.
Comparing OA and normal groups determined the between-
subjects factor and the medial and lateral groups, the within-
subjects factor. All the tests were first checked for normality
and equal variance. When significant main effects or an
interaction between the main effects were found, particular
posthoc multiple comparisons between groups were made
using the Bonferroni test. Linear regression analyses assessed
associations between mechanical and microstructural
properties. The slopes and intercepts of the linear regressions
were tested to assess whether there were significant differences
in the relationship between the best predictors from the
mechanical and microstructural properties in the four groups
(VD).

Guinea pig subchondral bone

The results (mean with SD) were analyzed statistically. Firstly,
normality and equal variance of the data were examined. One-
way analyses of variance (ANOVA) were performed among
the groups in each experimental period. The post hoc multiple
comparisons were adjusted using Bonferroni test or Dunnett’s
test as appropriate. Paired t-tests were used to compare differ-
ences in properties between the medial and lateral condyles
(VII-IX).
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Results of own studies

Accuracy and precision of micro-CT scanning (l)

Underestimation of volume fraction (small, yet signifi-
cant) was found by using method I (2%, p = 0.03), using
the Archimedes-based volume fraction as reference. Linear
regression of volume fractions obtained by applying individ-
ual thresholds from method I and method II showed that the
slopes of the two regression lines were significantly different
(p <0.001).

For method I, the constant coefficient (y-intercept) of the
linear model was significantly different from zero, and the
slope was significantly different from unity (both p<0.001).
Due to its definition, method II resulted in a y-intercept equal
to 0, and a slope equal to 1 (p=0.37 and p=0.75 respectively).
Thus, method II generated accurate values of bone volume
fraction (Figure 9).

A 4% underestimation of the volume fractions was seen
for the 20 specimens segmented by using the mean threshold
(272) from method I (p = 0.001), whereas there was no dif-
ference from the Archimedes-based measures of the volume
fractions by using the mean threshold (262) from method
II (p=0.80). The y-intercept of the linear model of method I
was not significantly different from zero, and the slope was
not significantly different from unity (p = 0.85 and p = 0.09
respectively). The y-intercept of the linear model of method
II was not significantly different from zero, and the slope was
not significantly different from unity (p = 0.73 and p = 0.63
respectively) (Figure 9). The mean connectivity densities of
the 20 specimens using thresholds 272 and 262 were 7.25 +
2.29 mm~ and 7.02 + 2.17 mm -3, respectively (p<0.002).
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Human aging

Human age-related changes in 3-D microarchitecture
(11-111)

Significant decline in bone volume fraction and trabecular
thinning after 60 years of age and a change in microarchi-
tecture of cancellous bone from plate-like toward more or
less rod-like are observed (Figures 2 and 10). The degree of
anisotropy (Figures 10 and 11), structure model index, mean
marrow space volume and bone surface-to-volume ratio of
human tibial cancellous bone increased significantly with age.
Connectivity density did not change significantly with age.
Bone volume fraction and bone surface density decreased sig-
nificantly with age (Figures 10 and 11). In general, analysis
in decade groups showed that these changes are not apparent
between 20 and 59 years. Typical changes occurred after 60
years of age (Figures 10 and 11). All the microarchitectural
properties from the medial and lateral condyles had the same
age-related trends.

Mutual association among the properties of cancel-
lous bone (1V)

Based on the entire human tibial cancellous bone datasets,
linear regression analysis revealed that the structure model
index was the best predictor for Young’s modulus (R? = 0.45).
Degree of anisotropy increased this explanation to 53% in
a multiple regression model. Bone apparent ash density or
volume fraction together with the degree of anisotropy could
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Figure 9. Correlations of bone volume fractions determined by different methods
Left: Correlations of volume fractions (micro-CT vs. Archimedes) of all specimens obtained by apply-
ing individual thresholds from method | (dashed line & open circles) and method Il (solid line & filled
circles). Right: Correlations between volume fractions: Archimedes vs. the mean thresholds from method
| (dashed line & open circles) and method Il (solid line & filled circles) (1).
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Third decade
(20-29 years)

Second decade
(10-19 years)

Sixth decade
(50-59 years)

Seventh decade
(60—69 years)

Figure 10. 3-D reconstruction of cancellous bone

Fifth decade
(40-49 years)

Fourth decade
(30-39 years)

Ninth decade
(80-89 years)

Eighth decade
(70-79 years)

Three-dimensional micro-CT image reconstructions and renderings of human tibial cancellous bone speci-
mens randomly selected from medial or lateral condyle in each decade. The renderings are produced from 10
image slices (215 micron in thickness). A significant decline in bone volume fraction, thinning of trabeculae
after 60 years, and a change in microstructure of cancellous bone from plate-like to more or less rod-like are

seen (l1, 11).

explain the variance of Young’s modulus by 46% or 45%,
respectively.

Apparent density, collagen density (Figure 12), and appar-
ent ash density were highly correlated with bone volume frac-
tion (RZ > 0.96). The variance of the structure model index
was strongly explained by the apparent ash density or bone
volume fraction (R = 78% and R? = 77%, respectively). The

variance of the degree of anisotropy was well explained by the
marrow space volume by 42%. Bone volume fraction alone
could explain 37% of the variance of the degree of anisotropy.
The variance of connectivity was highly explained by the
marrow space volume (R2 = 0.92). The variance of trabecular
thickness was highly explained by the bone surface-to-volume
ratio (R? = 0.81) (Figure 12).
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Figure 11. Age-related microarchitectural changes in human cancellous bone (I, Ill)
Microarchitectural properties in relation to age are illustrated using the overall value of each knee (filled
circles=female (n,;=10), open circles=male (n,=30)). The determination coefficients R2 and p-values were
derived from linear regression.
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Figure 12. Mutual association among the microarchitectural properties of cancellous bone (IV)
The significant predictors for the primary microarchitectural properties of normal human cancellous
bone are illustrated. The data are presented as slope (b) (95% confidence interval), determination
coefficient (R2) and p value derived from linear regression analysis (® = young age, O = middle age,

A =old age).

Human early OA

Early OA grading was done according to Mankin’s criteria
[116]. Early human OA was seen as degeneration, with slight
fissures in the cartilage surface (superficial zone) of the medial
condyle in osteoarthrotic tibiae, but the cartilage surface of the
lateral condyle was intact. The medial osteoarthrosis was graded
as 4.9 (3-7), lateral control as 1.7 (1.5-3), normal medial as 0.8
(0-2), and normal lateral as 0.5 (0-1), respectively (V).

The 3-D reconstructions of cancellous bone from micro-CT
images for the four groups are presented in Figure 13. Signifi-
cant microarchitectural changes of OA cancellous bone can

be observed. OA cancellous bone has a very heterogeneous
architecture. Compared with normal medial control, osteoar-
throtic trabecular bone are significantly thicker and denser,
and unusually plate-like, but have lower mechanical strength
(Figure 13).

Two-way analyses of variances did not show significant OA/
normal and medial/lateral interactions (p = 0.537 to 0.974).
Bone volume fraction was greater in the OA groups (both OA
and lateral control) than in the normal groups (normal medial
and lateral, p = 0.001 for the group effect in the analysis of
variance), and was greater medially than laterally (p=0.002 for
the effect of condyle in the analysis of variance). OA speci-
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Medial osteoarthritis

Normal medial

Lateral control

Normal lateral

Figure 13. 3-D reconstructions of subchondral cylindrical cancellous bone specimens
Comparing the four specimens obtained from cancellous bone of tibiae with early OA, medial specimens
(upper left) had the highest bone volume fraction and trabecular thickness, typical plate-like structure
and the lowest bone strength and lateral specimens (upper right) had higher bone volume fraction and
trabecular thickness, more plate-like structure and lower bone strength. Of the specimens obtained
from normal tibiae, medial specimens (lower left) had lower bone volume fraction and trabecular thick-
ness, more rod-like structure and the highest bone strength, and lateral specimens (lower right) had
the lowest bone volume fraction and trabecular thickness, typical rod-like structure and relatively higher

bone strength (VI).

mens had a 20% greater bone volume fraction than that of the
normal medial (p = 0.049). The structure model index was
lower in the OA groups than in the normal groups (p = 0.006),
and was smaller medially than laterally (p = 0.001). Medial
OA had a 25% lower the structure model index relative to that
of the normal medial (Figure 14).

Trabecular thickness was greater in the OA specimens than in
the normal specimens (p = 0.002), and was greater medially than
laterally (p = 0.002). OA specimens had a 12.5% greater trabec-
ular thickness than that of the normal medial, and the lateral
intact samples had a 23% greater trabecular thickness relative to
the normal lateral. Bone-surface-to-volume ratio was lower in
the OA specimens than in the normal specimens ( p=0.002), and
was greater laterally than medially (p = 0.03) (Figure 14).

Bone volume fraction, apparent density, apparent ash
density, and collagen density of early OA cancellous bone
were significantly greater than those of the 3 controls (p =
0.04-0.001, Figure 14). Neither the mean tissue density,
mineral concentration nor collagen concentration of early OA
cancellous bone did differ significantly from those of normal
controls (not shown).

The ultimate stress of OA cancellous bone was best
explained by its linear relationship with the structure model

index. The determination coefficient (R?) of ultimate stress
in OA cancellous bone was largely reduced compared with
that of the normal medial (Figure 15); only 48% of the varia-
tion of ultimate stress could be explained. However, in normal
medial controls, 71% of the variation of ultimate stress could
be explained by the structure model index, and 54% by the
bone volume fraction. More importantly, the slopes of two
linear regression lines were significantly different (p = 0.001).
For the OA group, the y-intercept of the linear model was sig-
nificantly different from that of the normal medial (p = 0.001,
Figure 15).

Likewise, failure energy of OA cancellous bone was best
explained by its linear relationship with the structure model
index. The determination coefficient of failure energy in OA
was significantly reduced compared with that in the normal
medial control (Figure 15), and 54% variation of failure
energy of cancellous bone in OA could be explained. In the
normal medial control, 69% of the variation of failure energy
could be explained by the structure model index alone. The
slopes of two linear regression lines were also significantly
different (p = 0.001). For the OA group, the y-intercept of
the linear model was significantly different from that of the
normal medial group (p=0.001, Figure 15).
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Figure 14. 3-D microarchitectural properties, bone collagen and mineral and mechanical properties of sub-

chondral cancellous bone in 4 groups (V, VI).
OA = medial osteoarthrosis, LC = lateral control, NM = normal medial, and NL = normal lateral. Mean and SD
(vertical bar). Two-way ANOVA was performed among the 4 groups, and the resulting p-values for group and
condyle effects as well as p-values resulting from post-hoc multiple comparisons are indicated.
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Figure 15. Associations between microarchitectural properties (SMI) and mechanical properties (strength

and failure energy) (VI)

Guinea pig osteoarthrosis

Age-related changes (VI)

Examples of the 3-D reconstruction of cancellous bone from
micro-CT images for the 5 age groups are shown in Figure 16.
Significant microarchitectural changes with age in cancellous
bone of guinea pig can be observed. These subchondral bone
tissues have very heterogeneous microarchitecture.

OA grading: Progressive cartilage degenerations with age in
guinea pig were seen in both condyles, and this was particu-
larly pronounced in the medial condyle. Chondrocyte death
and proteoglycan loss with cartilage fibrillation were seen on
the medial tibial plateau as early as at 6 months of age. Inci-
dence and severity of the cartilage lesions increased with age:
by 12 months of age, all animals had moderate degeneration
of the medial tibial plateau, and by 24 months, all animals had
severe degeneration of the medial tibial plateau and moderate
degeneration of the lateral tibial plateau (Figure 17).

For subchondral plate, bone volume fraction and thickness
were increased markedly from 3 to 6 months of age (P<0.001),
and they remained fairly constant thereafter. This trend was
also true for both the medial and lateral condyles. For proxi-
mal tibial cortex, cortical thickness showed minimal values
at 3 months of age and cortical cross-sectional area increased

gradually with age to a maximal value at 24 months (Figures
16 and 17).

For subchondral cancellous bone, apart from an initial
high value at 3 months of age, bone volume fraction was the
lowest at 6 months and increased thereafter gradually with
age. The increase was only statistically significant in the
medial condyle. Trabecular thickness was lowest at 3 months
and increased with age. Similar trends for property changes
were also observed for both condyles. The structure model
index decreased significantly with age, reflecting a change of
trabeculae from rod-like toward plate-like structure. The same
trend was observed for both condyles. Connectivity density
was the highest at 3 months and remained fairly constant from
6 months (Figures 16 and 18).

Bone collagen concentration of proximal tibia increased
with age in the lateral condyle but not in the medial condyle.
Collagen concentration was greater in the medial tibial con-
dyle than in the lateral condyle. Mineral concentration was
maximal at 3 months and relatively constant after 6 months of
age (Figure 18).

For cancellous bone, ultimate stress increased with age, with
maximal values at 24 months. For proximal cortical bone, ulti-
mate stress was maximal at 6 months and nearly constant after
9 months of age (Figure 18).
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Figure 16. Age-related microarchitectural changes in guinea pig subchondral cancellous bone (left) and cortical bone (right) (VII)
Three-dimensional reconstructions of micro-CT images for guinea pig left proximal tibial cancellous bone and cortical bone 0.5 mm beneath

3 month

6 month

9 month
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24 month

Cortical bone

Cortical bone

Cortical bone

Cortical bone

Cortical bone

subchondral bone plate in the five age groups are presented. The sample selection was based on the median value of bone volume fraction.
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Figure 17. Mankin score for medial and lateral condylar cartilage, subchondral bone plate thickness of
medial and lateral condyles, and thickness and cross-sectional area of subchondral cortex.
Mean and SD (vertical bar). One-way ANOVA was performed among the 5 age groups, and the resulting
p values from post-hoc multiple comparisons are indicated (g1:3m, g2:6m, etc) (VII)
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Discontinuous HA

Continuous HA

Control

Figure 19. Effect of hyaluronan on 3-D microarchitecture of subchondral bone tissues (VIII)
Examples of 3-D reconstruction of micro-CT imaging for the HA discontinuation, the HA repetition and the control
5.5-month experimental groups. Marked differences in the microarchitecture of subchondral bone are seen. Samples
represent the median values of the bone volume fraction.

Effects of hyaluronan (VilI)

Examples of the 3-D reconstruction of cancellous bone from
micro-CT images for the 5 experimental groups are illus-
trated (Figure 19). Significant microarchitectural changes
after hyaluronan treatment in subchondral cancellous bone of
guinea pig can be observed.

The Mankin score for the medial and lateral condyles are
illustrated (Figure 20). Progressive cartilage degenerations are
observed in both condyles of 9 and 12 months control groups
and the degeneration was particularly significant in the medial
condyle. Chondrocyte death and proteoglycan loss with carti-
lage fibrillation were observed on the medial tibial plateau in
both age groups. Incidence and severity of the cartilage lesions
increased with age, and by 12 months of age, all animals in
the control group had moderate degeneration of the medial
tibial plateau. In contrast, all the HA-treated groups after both
experimental periods had only slight articular cartilage fibril-
lation in the medial condyles, and the lateral condyles were
almost normal (Figure 20).

There were no significant differences in the properties
between the HA repetition and HA discontinuation groups,

although there were significant differences in the properties
between 2.5-month and 5.5-month HA groups. The subchon-
dral plate thickness was significantly lower in the medial
condyle of 2.5-month HA group compared with the control
group. No significant differences in the properties of subchon-
dral plate in the 5.5-month HA groups compared to the control
group were revealed. Both 5.5-month HA groups had greater
plate thickness compared with the 2.5-month HA group, and
changes was particularly pronounced in the medial condyle
(Figure 20).

Treatment with HA had pronounced effects on the 3-D
microarchitecture of subchondral cortical bone. Both 5.5-
month HA groups had significantly greater cortical thickness
compared with the control and compared with the 2.5-month
HA group (Figure 20).

Treatment with HA had striking effects on the 3-D micro-
architecture of subchondral cancellous bone. In the 2.5-month
HA group, cancellous bone had significantly lower bone
volume fraction, and greater structure model index compared
with the control group. Both 5.5-month HA groups had sig-
nificantly lower bone volume fraction, connectivity density
and greater structure model index compared with the control
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Figure 20. Mankin score for medial and lateral condylar cartilage, subchondral bone plate thickness of
medial and lateral condyles, and thickness and cross-sectional area of subchondral cortex (V)
Mean and SD (vertical bar). Two sample t-test was performed between the two groups in the phase one;
and one-way ANOVA was performed among the three groups in the phase 2. The resulting p values are

indicated (post-hoc multiple comparisons; *p<0.05).

and lower structure model index compared with the 2.5-month
HA group (Figure 21).

After HA treatment, no significant effect on bone colla-
gen and mineral in the 2.5-month HA group was apparently
found, whereas both 5.5-month HA groups had significantly
increased bone mineral concentration, mineral density, col-
lagen to mineral ratio and tissue density overall, and in the
medial and lateral condyles. Furthermore, HA groups also had
significantly greater apparent density in the medial condyle in
both HA repetition and discontinuation groups. No significant
differences in the properties for the 2.5-month HA group com-

pared with the 5.5-month HA groups were apparently found
(Figure 21).

Treatment with HA had neither influence on the mechanical
properties of the cancellous bone nor the cortical bone in the
2.5-month HA group. Neither were the mechanical properties
of cancellous bone in the two 5.5-month HA groups found
to be different from control. In contrast to cancellous bone,
cortical bone showed significantly changed mechanical prop-
erties with decreased Young’s modulus in both 5.5-month HA
groups. However, HA treatment had no effect on the ultimate
stress of the cortical bone (Figure 21).
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Figure 21. Microarchitectural properties of subchondral cancellous bone, bone collagen and mineral,
and mechanical strength of subchondral cancellous bone and cortical bone (VIII)
Mean and SD (vertical bar). Two sample t-test was performed between the two groups in the phase one;
and one-way ANOVA was performed among the three groups in the phase 2. The resulting p values are
indicated (post-hoc multiple comparison); *p<0.05.
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Figure 22. The effects of bone remodeling inhibition by alendronate on 3-D microarchitecture (IX)
Three-dimensional reconstruction of proximal tibial subchondral bone tissues from micro-CT imaging is illustrated. Significant
microarchitectural changes by inhibition of bone remodeling with ALN in guinea pig primary osteoarthrosis can be observed.
These changes are significant in all the ALN groups, where bone density was increased, with more densely packed and
extremely plate-like trabeculae and thicker cortex. MS, Mankin score.

Effects of alendronate (IX)

Three-dimensional reconstruction of proximal tibial subchon-
dral bone tissues in 6 groups is demonstrated in Figure 22.
Significant microarchitectural changes by inhibition of bone

remodeling with ALN can be seen.

Progressive cartilage degenerations were observed in both
tibial condyles of the guinea pigs. Both the 9 months and
the 12 months guinea pigs developed typical osteopathy
that was similar to human OA. Thus, chondrocyte death and
proteoglycan loss with cartilage fibrillation were observed on
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Figure 23. Mankin score for medial and lateral condylar cartilage, subchondral bone plate thickness of
medial and lateral condyles, and thickness and cross-sectional area of subchondral cortex (IX)
Mean and SD (vertical bar). One-way ANOVA was performed among the three 9-week groups and the
three 17-week groups, and the resulting p values are indicated. *p<0.05 when 10 mg and 50 mg ALN
groups were compared with controls (C) of the same age (post-hoc multiple comparisons).

the medial tibial plateau in all 6 groups. The incidence and
severity of the cartilage lesions increased with age, and at 12
months of age, the control animals had moderate degeneration
in both the medial and the lateral tibial condylar cartilage. The
ALN-treated groups had more severe cartilage degeneration
in the medial condyle and also in the lateral condyle in the
9-week groups when compared with the controls (Figure 22).
In the 9-week groups, the 50 pg/kg ALN treatment resulted in
significantly increased lateral subchondral bone plate thick-
ness compared with the controls (Figures 22 and 23).

The most outstanding changes in the 3-D microarchitecture
of subchondral cortical bone following ALN treatment were a
larger cortical thickness and cross-sectional area with an effect
of ALN that appeared to increase with both ALN dose and
treatment period (Figure 23).

The most striking features after ALN treatments were
microarchitectural changes in the subchondral cancellous
bone (Figures 22 and 24). Thus, ALN treatments resulted in
significantly increased cancellous bone volume fraction and
connectivity density. In addition, the trabeculae became more
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Figure 24. Microarchitectural properties of subchondral cancellous bone, bone collagen and min-
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eral, and mechanical strength of subchondral cancellous and cortical bone (IX)

Subchondral cancellous bone volume fraction, structure model index, trabecular thickness, and con-
nectivity density; bone collagen and mineral; and the mechanical strength of cancellous bone and
cortical bone are illustrated. *p<0.05 when 10 mg and 50 mg ALN groups were compared with

controls (C) of the same age (post-hoc multiple comparisons).



36

Acta Orthopaedica (Suppl 340) 2010; 81

plate-like in structure. The changes in trabecular bone appeared
after 9 weeks of treatment with only minor dose response of
the doses given, and prolonged ALN treatment did not accen-
tuate the difference between the ALN-treated and the controls
(Figure 24).

ALN treatment resulted in compositional changes. Bone
collagen concentration was reduced and mineral concentra-
tion was increased. These changes were mirrored in a reduced
collagen/mineral ratio and an increased tissue density (not

shown). Furthermore, the apparent density was increased
(not shown). These observed changes appeared to be more
pronounced after 17 weeks of treatment but were minimally
influenced by the does of ALN (Figure 24).

Treatment with ALN did not significantly influence the nor-
malized mechanical properties of the cancellous bone. In cor-
tical bone, the high-dose ALN treatment increased ultimate
stress in both the 9-week and 17-week groups (Figure 24).
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Discussion

Advantages and limitations of current methods
for quantification of cancellous bone properties

Despite the considerable progress made over the past two
decades in advanced bone imaging techniques, which made
3-D quantification of trabecular microstructure possible in
a true, unbiased and assumption-free manner [82, 83, 131,
132] (I-1V), there remain certain challenges. These changes
include the important balances between spatial resolution
and sampling size, or between signal-to-noise and radiation
exposure or acquisition time, or between the complexity and
expense of the imaging technologies vs. their availability and
accessibility [62]. Based on the standardized methods, vari-
ous physical/compositional properties can be measured with
accuracy and precision [25, 39, 73, 128, 165]. Furthermore, the
well-established compressive mechanical testing methods
have provided a powerful tool for the evaluation of bone’s
mechanical properties [82, 83, 131, 132, 134]. However, one
should bear in mind that the mechanical testing of biological
samples is not without problem [96].

Precision and accuracy of micro-CT measurements

The precision (reproducibility) of micro-CT has been demon-
strated to be excellent. Accurate 3-D datasets can be gener-
ated by applying correct segmentation technique with optimal
threshold corresponding to the Archimedes-based volume
fraction (I). However, traditional 2-D histomorphometry based
on plate model provides volume fraction dependent biased
results, especially when populations with different volume
fractions are compared [29], and the trabecular thickness and
connectivity are underestimated (I). Our data suggest that it
must be careful when applying thresholds in generating 3-D
data. An optimal fixed global threshold may be determined
from the Archimedes-based volume fraction of a subgroup of
specimens. This optimal fixed global threshold can be applied
to obtain reliable volume fraction data. We emphasize that the
optimal threshold always depends on the material studied,
therefore it should be determined whenever a study series is
performed (I).

Comparison of microstructure data from Micro-CT and con-
ventional histomorphometry was reported. Micro-CT is appar-
ently an interesting method providing reliable morphometric
results in less time than conventional histomorphometry.
However, the correlation coefficient is not sufficient to study
the agreement between techniques in histomorphometry. The
architectural analysis is influenced by calculation algorithms
and thresholds used in segmentation [18].

Quantification of trabecular and cortical bone micro-
architecture

Microarchitectural properties of cancellous bone, such as
architectural anisotropy, connectivity, structure type, and
trabecular thickness; and of cortical bone, such as porosity,
cortical thickness can be calculated directly from 3-D micro-
CT images. These imaging techniques, which are unbiased
and free of assumptions, enable a detailed and versatile quan-
tification of 3-D microarchitecture of bone tissues [49, 83, 131,
171], and a better understanding of bone microarchitecture, its
relationships with mechanical properties, and its role as deter-
minant of bone quality (I-1V).

Quantification of microarchitecture of cancellous bone can
be divided in three main aspects: trabecular scale, trabecular
topology, and trabecular orientation [190]. Trabecular scale
quantifies parameters such as bone volume fraction, trabecu-
lar thickness, number and separation. Trabecular topology
analyses trabecular integrity, shape, connectively and marrow
space using parameters such as Euler number, structure model
index, and marrow star volume. Trabecular orientation assesses
trabecular anisotropy and trabecular orientation along stress
lines and differential loss of horizontal or vertical trabeculae.

Quantification of microarchitecture of cortical bone is
also of great interesting for its role as major determinant of
mechanical competence include thickness of the cortex, corti-
cal cross-sectional area and area moment of inertia. Cortical
porosity, crystallinity or the presence of microdamages also
contribute to bone’s mechanical competence [6].

Quantification of physical/compositional properties

Bone matrix is a two-phase system: collagen and mineral.
The collagen fibers provide the ductility and ability to absorb
energy (i.e., the toughness). Changes of collagen properties
affect the mechanical properties of bone and increase fracture
susceptibility. Differences in the quality of the collagenous
matrix, including the nature and extent of its posttranslational
modifications, may be related to bone strength. Different
determinants of bone quality are interrelated, especially the
mineral and collagen, and analysis of their specific roles in
bone strength is difficult. Different processes of maturation of
collagen occur in bone, which can result either from enzymatic
or nonenzymatic processes. The enzymatic process involves
activation of lysyl oxidase, which leads to the formation of
immature and mature crosslinks that stabilize the collagen
fibrils. The modifications of collagen are age-related and may
impair the mechanical properties of bone [184].

The mineral phase of bone matrix provides its stiffness.
However, besides the mere amount of the mineral phase,
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size and shape of carbonated apatite crystals are postulated
to affect bone’s mechanical properties. Crystallinity is able to
explain to certain extent the variation in monotonic mechani-
cal strength and fatigue properties. Recent results showed that
the tissue-level strength and stiffness increased with increas-
ing crystallinity while the ductility reduced. Thus, the crystal
properties are considered an important bone quality factor and
aberrations in these properties may contribute to senile oste-
oporotic fractures [194].

Physical properties, such as collagen density, apparent den-
sity and volume fraction are considered to be major determi-
nants of mechanical properties [39, 71, 135]. Compositional
properties, such as collagen and mineral concentrations,
provide additional information to the changes in mechanical
properties [25, 26, 39] (IV-V). Bone collagen cross-links have
been widely used to assess bone resorption levels in many
metabolic bone diseases, and used as a convenient measure
of matrix degradation. Collagen cross-links are of significant
importance for the biomechanical integrity of bone [100, 140,
141].

Quantification of mechanical properties

The conventional mechanical testing allows us easily to
acquire the mechanical properties of bone. By using the com-
bined testing technique [158], it has been possible to investi-
gate the mechanical properties of the cartilage-bone complex
simultaneously [40, 41]. Despite a simple approach, numer-
ous inherent problems exist by using these testing techniques.
The major problem is end-plate error, which accounts for a
systematic underestimation of the Young’s moduli by 20 to
40% [108, 136] and a random error of about 12.5% [97]. Other
problems include unknown friction between the end platens
[110], specimen geometry [95, 111], structural end phenomena
[133, 195], continuum assumption [79], storage [113], effect of
drying [17, 108], and effect of temperature [108]. Bone has
been demonstrated to be a structure rather than a material,
which makes it impossible to remove small samples for test-
ing without disrupting its structural integrity. One must realize
that it is impossible to perform mechanical testing in vivo, and
none of the mechanical testing in vitro is perfect, even though
it has been argued that artifacts of testing can be reduced by
improving testing technique [94]. Despite these limitations,
the precision of various mechanical tests is generally excel-
lent, although accuracy is somewhat uncertain. Therefore,
studies based on the same methods are at least comparable.
In general, these well-established mechanical testing methods
are still considered as “golden standard” and have provided a
strong tool for the evaluation of bone’s mechanical properties
[87-89, 111-113] (IV-V).

Cancellous bone is a complex material with substantial
heterogeneity. Bone’s elastic and strength properties vary
widely with animal species, across anatomic sites, and with
aging and disease. Although these mechanical properties
depend very much on density, architecture and tissue material

properties play important roles. It is of interest to note that
the strains at which the bone fails are almost independent of
density [96]. With continued progress in this field of bone
mechanics, substantial insight will be gained into important
problems as ageing diseases: osteoporosis and related bone
fracture, osteoarthrosis, bone remodeling, and design and
survival of orthopaedic implants.

Aging and the most common aging-related bone
diseases - osteoarthrosis, osteoporosis and
rheumatoid arthritis

Aging is a major risk factor for osteoarthrosis (osteoarthritis)
[3] and osteoporosis [163]. Although, they are not necessary
outcomes of aging, and the relationship between age-related
changes in bone and development of disease is not clear. The
etiology of osteoarthritis and osteoporosis is multifactorial,
and these factors include both constitutional and environ-
mental, e.g. genetic susceptibility, endocrine and metabolic
status, mechanical and traumatic injury [33]. Osteoarthritis
and osteoporosis are common musculoskeletal disorders that
frequently coexist in the same patient population. OA and OP
have been observed and studied for more than 30 years, the
potential relationship between these two processes in a given
individual is controversial and less well understood. Although
most previous case-control studies suggest an inverse relation-
ship between the presence of OA and OP [33], other data from
cotwin control studies indicate that these two processes are
not mutually exclusive and that the prevalence of osteoporosis
in the OA population is virtually identical to that seen in the
“normal” population [4].

Rheumatoid arthritis (RA) among elderly people has also
been an increasingly important health concern. Elderly-onset
rheumatoid arthritis (EORA) is defined as rheumatoid arthritis
starting after 60 years of age, that is different from the RA
in younger patients and it more frequently has an acute onset
accompanied by constitutional symptoms [137].

The relation between structure and mechanical strength has
attracted increasing interest, and the knowledge of 3-D microar-
chitectural properties of cancellous bone is essential for a better
understanding of the age-related changes of bone properties.
The following discussion focuses on the current understanding
of the microarchitectural adaptation of bone tissues in aging
and these most common age-related musculoskeletal diseases.

Age-related microarchitectural changes in
cancellous bone

The microarchitectural characteristics of human aging cancel-
lous bone are thinning of trabeculae, decrease of bone volume
fraction (density), loss of connectivity, transformation of
trabeculae from plate-like into rod-like, increase of trabecular



Acta Orthopaedica (Suppl 340) 2010; 81

39

separation and bone marrow spacing, and increase of anisot-
ropy [51] (II-III).

During aging, the net amount of bone lost is determined
by the difference between the amount of bone removal and
formation. The bone removal occurs from the endocorti-
cal, trabecular and intracortical components of its endosteal
(inner) envelope, and bone formation is beneath its periosteal
(outer) envelope. Bone loss already happens slowly in young
adult of both genders. At menopause, bone loss accelerates in
women because remodeling intensity increases, and the bone
remodeling balance becomes more negative (i.e. bone resorp-
tion greater than formation) and the high remodeling rate also
reduces bone mineral content [163].

The bone loss with aging accompanies systemic micro-
architectural changes of cancellous bone, i.e. both the axial
and peripheral cancellous bone deterioration. In the human
spine, from age 20 to 80 years, the decline in ash density was
48-50% compared to a 75-80% decrease in vertical stiffness
and strength [127], and in human tibia, from 20 to 83 years,
the decline in ash density is 46% compared to the 33%—57%
decrease in loading axial stiffness and strength [39]. Cancel-
lous bone structure type changes towards more rod-like in the
elderly with decreased trabecular thickness. These changes
become significant after 80 years of age for human tibial
cancellous bone, whereas structure type and trabecular thick-
ness seem to remain relatively unchanged between 20 and 80
years (II). However, trabeculae rearrange volume orientation
through remodeling process to best support mechanical load-
ing as evidenced by the facts of increased anisotropy in the
aging cancellous bone. In the aging cancellous bone, trabecu-
lae align more preferentially to the primary direction — paral-
lel to the tibial longitudinal loading axis (III).

Although bone collagen may have less effect on bone’s
strength and stiffness than does bone mineral, bone collagen
characteristics contribute to bone biomechanical properties
and may have a profound effect on bone fragility [13]. The
changes of collagen that occur with aging and reduce bone’s
toughness may be an important risk factor of fracture in older
women with low bone mass. Type I collagen may have an
impact on skeletal fragility [184]. Reduced concentration of
collagen reducible cross links in human trabecular bone are
associated with aging and osteoporosis [141].

Aging-induced osteopenia results in two to fourfold of ver-
tebral fragility fracture for both women and men during the
last 30 years [125]. This dramatic increase in fracture risk is
strongly related to a deterioration of bone’s mechanical com-
petence and bone quality. The reduction of bone strength is
determined by whole bone microarchitectural properties and
intrinsic material properties. The anti-resorption agents are
therefore focusing on reestablishment of mechanical compe-
tence, microarchitecture and bone quality.

Recently, a novel method has been developed allowing
quantification of trabecular bone on an elemental (rod/plate)
level [114,171,182]. The trabecular structures were decomposed

into rods and plates for the analysis with local morphometry.
This method is able to decompose the trabecular structures into
rods and plates and measure local morphometric parameters
such as thickness or orientation directly on the extracted rods
and plates. Age-related changes of trabecular microarchitecture
can thus be investigated on an elemental level, which may
help to improve our understanding of age-related bone failure
mechanism as well as the effect of pharmaceutical intervention
in the prevention of such fractures, thus the combination of
local and global morphometry is one of the useful methods for
a detailed and quantitative description of age-related changes
in bone microstructure [170].

Age-related microarchitectural changes in
cortical bone

Like cancellous bone, cortical bone is also a heterogeneous
material with a complex hierarchical microstructure. The
microarchitectural characteristics of human aging cortical bone
can be described as thinning of cortex, increase of intracortical
porosity, and decrease of cortical cross-sectional area. These
aging-related alternations of microarchitecture accompanying
with changes in crystallinity, collagen fibre orientation, degree
of mineralization, and/or the presence of microdamages con-
tribute to bone’s mechanical competence and integrity.

Aging is associated with a decline of cortical bone mass
and with a deterioration of cortical microarchitecture that con-
tributes to fracture risk, independently of bone mass. These
changes are more pronounced in women than in men and are
exaggerated in patients with fracture [32]. Ideally for bone
strength, there should be minimal porosity within cortical
bone, with only those cavities required for the living tissues.
Porosity in the endocortex has less impact on bone strength
than porosity on the outer diameter or periosteal surface.
Cortical porosity generally originates on the endosteal sur-
face and progressively expands toward the periosteal surface
[5]. Cortical bone porosity and the amount of haversian bone
increase with age. Changes in porosity account for 76% of the
reduction in strength [123]. Small increases in porosity lead
to disproportionately large losses in bone strength [176], and
increase of cortical porosity and decrease of cortical thickness
are associated with hip fracture. Cortical microarchitectural
changes are highly correlated with porosity [123]. Age-related
changes in porosity contribute to the decline in mechanical
properties. From 20 to 100 years, ultimate stress, ultimate
strain, and energy absorption decrease by 5%, 9%, and 12%
per decade, respectively [123].

In cortical bone, all new remodeling basic multicellular
units (BMUs) are initially targeted to bone needing replace-
ment [120], and it is likely (but unproven) that the same can
be applied to cancellous bone [145]. Because a new BMU can
only arise from an existing blood vessel [144], this requires
it to travel some minimum distance in the right direction to
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accomplish its purpose. In cortical bone, collagen network
reduces up to 50% in its capability to absorb energy during
aging that is likely due to an increase in the percentage of
denatured collagen [186]. Degree of mineralization increases
with aging reflecting an increase in mineral content of corti-
cal bone tissue [22]. With aging, microcracks in cortical bone
accumulate and there is a concomitant progressive increase
in microcrack density [160] that weaken the cortical bone
tissue.

With aging, cortical bone becomes increasingly brittle and
fractures with less energy. Alterations in bone’s mechanical
competence are explained by functional adaptation of bone
structure and age-related deterioration of intrinsic mechani-
cal properties. This deterioration is directly related to the
bone remodeling process that affects collagen fiber orienta-
tion, degree of mineralization, and the amount of unrepaired
fatigue damage [119]. Like cancellous bone, cortical bone’s
mechanical competence and its fragility in particular depend
largely on the structure and microstructure of the cortical bone
compartment.

Increased bone turnover disturbs bone structure that may
result in fracture. Osteocyte apoptosis and decrease are
suggested to be major factors in the bone loss and fracture
associated with aging. Both the osteocyte and periosteal cell
layer are assumed to be of greater importance in the process
of maintaining skeletal integrity, and they might be a target
for pharmacological agents to reduce fracture especially in
cortical bone [53].

Microcrack accumulation in cortical bone has been impli-
cated in skeletal fragility and stress fractures. Microdamages
in particular not only weaken the cortical bone tissue but also
provide an effective mechanism for energy dissipation, and
the microcracks affect the mechanical and material properties
of cortical bone. The growth of microcrack has been related to
osteocyte apoptosis and the initiation of the remodeling proc-
ess [130]

Osteoarthrosis-related adaptation in
subchondral bone

The microarchitectural characteristics of human osteoarthrotic
subchondral cancellous bone are thickening of subchondral
plate and cancellous bone, increased bone volume fraction
(density), transformation of trabeculae from rod-like into
plate-like, decrease of trabecular separation and bone marrow
spacing (VL VII).

Traditionally, osteoarthrosis has been considered a disease
whose central pathological feature is hyaline articular cartilage
loss where damages are clearly visible. However, more
evidence accumulates that OA is not a disease of cartilage
[11, 56, 151, 153]. OA has also been conceptualized as a whole
organ disease, because OA involves not only eburnation
and osteophytes, but also enthesophytes, ossification at the

insertion sites of ligaments, tendons, and joint capsules to
bone [156]. However, the role of bone, in particular underlying
subchondral bone, in the pathophysiology, initiation and pro-
gression of OA is not fully elucidated and is still controversial.
Although articular cartilage is avascular, there is evidence that
vascular pathology may also play a role in the initiation and
progression of OA [57].

OA is a chronic joint disease and develops and changes
very slowly, which makes it difficult to follow over any length
of time in human. The recent investigations have suggested
that subchondral cancellous bone may be involved, and
plays a significant role in the cartilage degeneration of OA
(V, VI). Subchondral bone sclerosis may not be required for
initiation of cartilage fibrillation, but may be necessary for
OA progression, and only the changes in bone and calcified
cartilage close to the joint are important for the disease process
[15]. Epidemiological studies also report that subchondral
bone sclerosis increases accompanying OA progression [78].
More investigations have shown that specific changes in the
microarchitecture of subchondral cancellous bone in OA are
consistent with an acceleration of bone turnover [104], and
an increasing severity of OA is correlated with joint space
narrowing [35] and with changes of trabecular surface and
shape [55]. Subchondral bone and overlying cartilage are
closely related, and function as a unit to withstand mechanical
loading [41]. The microarchitectural changes already occur in
the early human tibial OA subchondral cancellous bone (VI)
resulting in the disruption of the unit function of the cartilage
and bone to mechanical loading [40], and the disruption of
normal equilibrium between cartilage properties, bone tissue
properties and bone volume fraction early in the development
of osteoarthritis [30].

In human early OA, the increase in bone density in early
OA cancellous bone did not make up for the loss of mechani-
cal properties, which suggests deterioration in the quality of
OA cancellous bone (V). In early OA, subchondral cancellous
bone reveals a low collagen density and apparent ash (min-
eral) density, but relatively unchanged collagen and mineral
concentrations (V), and a reduced mechanical matrix tissue
properties and an increase in denatured collagen content were
observed in human early OA subchondral bone [31].

In human severe OA, the stiffness of subchondral bone
increases more slowly as apparent density increases than
does the stiffness for normal subchondral bone. This suggests
higher bone turnover rates and lower mineralization of bone
tissue in OA [104]. Severe OA has an abnormal low minerali-
zation pattern [74], and an abnormal trabecular bone collagen
metabolism [117]. Subchondral bone collagen metabolism is
increased in OA. The greatest changes in cancellous bone col-
lagen metabolism and the hypomineralization of deposited
collagen are found within the subchondral zone of osteoar-
throtic femoral heads [117, 118]. These data suggest that bone
collagen metabolism may be an important factor in the patho-
genesis of OA, which deserves further investigation.
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Bone loss with aging in OA is lower, and this is explained
by lower bone turnover. Although subchondral bone is slightly
hypomineralized because of local increased turnover, the
increase in number of trabeculae and bone volume compen-
sates for this, resulting in a stiffer structure. Bone turnover in
the subchondral region of established OA is increased, but the
general bone turnover is reduced. Further reduction of bone
turnover, however, may lead to overmineralized (aged) oste-
ons and loss of bone quality, resulting in increased fragility
[33]. OA bone has greater apparent and tissue density, and also
wider geometrical measures of the skeleton, diameters of long
bones and trabeculae, which contribute positively to better
strength and fewer fragility fractures. However, OA bone
strength does not increase proportionally to the bone density
increase as expected.

Despite human studies have not confirmed the hypothesis
that the increasing bone metabolism primarily initiates
cartilage destruction or vice versa. Recent studies on animal
models, such as macaque, have demonstrated that thickening
of subchondral bone precedes fibrillation of the cartilage,
which might be the results of increased bone resistance to
compression [16].

These findings show that severe osteoarthritis or a related
factor may change the age dependences of both the structural
parameters and the mechanical properties usually reported for
normal cancellous bone. These results suggest for this pathol-
ogy to have a protective role against the age-related decrease
in density, the age-related deterioration of the microarchitec-
ture and the age-related decrease of the failure strength for
the cancellous bone in the principal compressive region of the
human femoral head.

Due to ethical reasons, it is difficult to obtain tissue samples
from human early-stage OA. Investigations on the earliest
pathological changes and in particular on the pharmaceutical
interventions have been focused on animal models. The male
Dunkin-Hartley strain guinea pig has been documented as a
convenient experimental model that develops spontaneous
primary age-related knee joint OA [8, 188] (VII). Our current
study reveals pronounced alterations of the microarchitecture
and bone matrix composition of the subchondral bone, which
may help to gain new insights into the nature development of
OA and to promote novel approaches for the intervention and
treatment of OA (VII).

Recently, Hyaluronan (HA) has attracted increasing interest
as a potential agent in therapeutic intervention in osteoarthrosis
(OA). HA has been shown possible to reduce arthritic lesions
in experimental animal models of articular cartilage injury.
High molecular weight HA intra-articular injection of guinea
pig knee joint clearly shows effectively protects against
cartilage degeneration. This change is accompanied with
decreased subchondral bone density and thickness, changed
trabecular structure toward rod-like, so that subchondral
bone becomes more compliant and thereby reduces cartilage
stress during impact loading. HA preserves cancellous bone

mechanical properties by increasing bone mineralization.
Early HA administration is effective for intervention of OA
initiation and progression, and short-term early HA treatment
is sufficient to maintain treatment effects (VIII).

Using this guinea pig OA model, we have tested the Radin’s
hypothesis [152,153] that whether increase of subchondral bone
density enhancing cartilage stress during impact loading could
lead to progressive cartilage degeneration and accelerated
OA progression (IX). By inhibition of bone remodeling with
alendronate (ALN), significantly increased subchondral bone
mass, changed microarchitecture, and increased bone mineral
content and density are fond in the subchondral bone. More
interestingly, accelerated articular cartilage degeneration is
observed at the medial condyle and, to some extent, at the
lateral condyle (IX). These results suggest that increased
subchondral bone density promotes OA progression and call
for circumspection in using bone density—enhancing drugs for
intervention of primary OA (IX).

Evidence is increasing for bone changes during progression
of OA, such as increase of turnover in the subchondral bone,
changing of the trabecular structure, osteophytes, bone marrow
lesions and sclerosis of the subchondral plate. Furthermore,
investigations has reported secondary positive effects on
cartilage health when bone resorption was suppressed, or
deterioration of the cartilage when resorption is increased. It is
thus suggested that an optimal treatment for OA might include
targeting both the bone and cartilage compartments [91].

Our data are in favour of the concept that subchondral bone
plays a centre role in the pathogenesis of OA initiation and
progression [152, 153] (VI-IX). However, evidence for an
essential role in the etiology has never been proven. Recent
investigations showing reduced chemical and mechanical
properties of subchondral bone in various stages of the disease
have inspired interest in the role of subchondral bone in the
development and progression of the disease. Until now, little
is known about the interaction between the cartilage and bone
in the etiology of osteoarthritis. Recent research indicates that
bone is intimately involved and plays a vital role in disease
progression. While there is currently little evidence of a direct
cause and effect relation between subchondral bone sclerosis
and degeneration of the overlying cartilage.

There are certain limitations using guinea pigs as OA model.
Firstly, the initiation and development of guinea pig primary
OA may not reflect exactly human primary OA. Secondly,
the animal models can not replace clinical trials. Thirdly,
guinea pig is a small animal, thus its small bone size limits
the application of orthopaedic implant or biomaterial research.
Furthermore, other factors like genetic, environmental, meth-
odological factors might affect the results of animal data.
Therefore, interpretation of animal results should be careful.
Nevertheless, male Dunkin—Hartley guinea pigs Charles River
strain displays a spontaneous onset of progressive degenera-
tive changes in the knee joint similar to human OA [8].
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Osteoporosis-related microarchitectural
changes in bone

Osteoporosis is a systemic skeletal disorder affecting both
axial and peripheral bone tissues. The distinct characteristics
of OP cancellous bone can be described by compromised bone
strength that predisposes individuals to increased fracture
risk. The deterioration of properties in OP cancellous bone is
similar to human aging, but to a much greater extent. Typical
microarchitectural characteristics of OP cancellous bone can
be described as decrease of bone volume fraction (density),
loss of connectivity with fewer and thinner trabeculae, trans-
formation of cancellous bone structure into extremely rod-
like, increase of trabecular separation and bone marrow spac-
ing, and increase of anisotropy. A typical OP cortical bone can
be described as thinning of cortex, decrease of cortical cross
sectional area and increase of porosity.

Osteoporosis, which leads to loss of bone strength, results
in fragility fractures, where bone strength is determined by
its material and structural properties. The fundamental patho-
genetic mechanisms underlying this disorder include: failure
to achieve a skeleton of optimal strength during growth and
development; excessive bone resorption resulting in loss of
bone mass and disruption of architecture; and failure to replace
lost bone due to defects in bone formation [154]. Estrogen defi-
ciency plays a critical role in the development of osteoporo-
sis; other factors like calcium and vitamin D deficiencies and
secondary hyperparathyroidism also contribute. The mecha-
nisms underlying the regulation of bone remodeling involve
not only the osteoblastic and osteoclastic cell lineages but also
other marrow cells, in addition to the interaction of systemic
hormones, local cytokines, growth factors, and transcription
factors [154].

Osteoporosis has long been considered a disease of the
aging female skeleton. However, it is now clear that men are
also at risk for this disorder [161]. Due to the heterogeneity of
the disease, the pathophysiology of primary OP is not clearly
defined. Others suggest that primary OP is due to a greater
biological aging rather than a specific disease process [20].
With aging and osteoporosis, a process of progressive reduc-
tion of bone formation rather than increase of bone resorption
occurs. This process results in reduction of bone mass, dete-
rioration of microarchitecture, and hence decrease of mechan-
ical strength, which are disproportionate to the reduction in
bone mass alone.

Significant microarchitectural changes occur in OP cancel-
lous bone compared with normal control, despite only a slight
reduction in bone volume fraction [172]. These microarchitec-
tural changes are suggested to be a consequence of trabecular
plate perforations. The prevailing opinion is that bone loss in
the vertebral centrum is accompanied by a reduction in total
number of trabeculae, by preferential resorption of horizon-
tal trabeculae, and by hypertrophy of the remaining vertical
trabeculae [126, 142, 143].

Bones adapt to the loads falling on them, and are adapted
to resist fracture. Bones become fragile with aging. There are
many factors that contribute to bone fragility. These factors
including fatigue damage accumulation and microarchitectural
deterioration had been definitely established as qualitative
(nonmass) contributing factors. Higher than necessary bone
remodeling cycles, and osteocyte deficiency are also contrib-
uting factors [146]. The changes in the material and structural
properties may result in bone fragility. These changes include
abnormal collagen, mineral content, composition and distribu-
tion, diseases of high remodeling and low remodelling [19].
Evidence indicates that bone mass alone is insufficient to sat-
isfactorily explain the skeletal fragility of osteoporosis. Bone
quality needs to be considered in the diagnosis and treatment
of the disease. Bone quality includes trabecular and cortical
microarchitecture, morphology, bone turnover, degree of min-
eralization of the bone matrix, and the amount of microdam-
age accumulated in the bone tissue.

Fracture is the final clinical outcome of the osteoporotic
process [179]. Osteoporosis would have little significance
were it not for the associated fracture that may occur as a
result of minimal trauma or even spontaneously. The ability of
a bone to resist fracture depends on bone mass and its spatial
distribution, the cortical and trabecular microarchitecture, and
the intrinsic properties of the materials that comprise the bone
[10]. The remaining tissue seems to be normal in composi-
tion of osteoporotic bone, beside the reduction in bone mass
[129]. Loss of bone mass, deterioration in bone macro- and
microstructure, and changes of quality in bone matrix play a
significant role in the pathogenesis of osteoporotic fractures
[143, 147, 179].

Current clinical treatments of osteoporosis concentrate on
the inhibition of osteoclast activity to maintain bone mass.
However, osteoclast cells have a major role in removing exist-
ing microcracks from the bone matrix, and hence the use of
bone resorption-inhibiting drugs may lead to insufficient bone
repair and therefore an increase of microdamage accumula-
tion and loss of bone quality [122, 130].

Rheumatoid arthritis related microarchitectural
changes in bone

Rheumatoid arthritis (RA) is a major cause of secondary
osteoporosis and is frequently associated with both paraar-
ticular osteoporosis and generalized osteoporosis. Thus, RA
bears similar characteristics of microarchitectural changes in
cancellous bone that compromise bone strength predispos-
ing RA patients to increased fracture risk. More importantly,
focal bone erosions, the radiographic hallmark of rheumatoid
arthritis, are typically localized at the joint margins and also in
subchondral bone, where focal bone resorption can be detected
in the subchondral bone adjacent to the bone marrow space
into which the synovial inflammatory tissues have extended.
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The erosions progress throughout the course of disease and
are generally related to disease severity [68].

In early-stage RA patients, disease activity and impairment
of daily physical activity are considered a significant determi-
nant of deterioration of bone structure [90]. Women with RA
have decreased bone mineral density in both the appendicu-
lar and axial skeleton, and they have lower appendicular and
axial bone mass that is not attributable to the use of steroids.
Patients currently taking steroids have even lower appendicu-
lar and axial bone mass, which may reflect their poorer func-
tional outcome and is likely to increase the risk of fractures
[103]. RA patients have a reduced bone volume and decreased
bone turnover, which is further aggravated by microarchitec-
tural deterioration stressing the severe osteoporosis associated
with the disease [148]. Others reported that, unlike postmeno-
pausal osteoporosis, osteoporosis in rheumatoid arthritis is
characterized by relatively preserved bone mass in the axial
bone (lumbar spine) and marked loss in the peripheral bone.
Furthermore, bone loss in RA occurs early in the disease proc-
ess, emphasizing that osteoporosis management should be
considered early in the disease [166]. The complex risk factors
of osteoporosis in rheumatoid arthritis include primary oste-
oporosis risk factors in addition to inflammation, immobiliza-
tion, and use of corticosteroids [80].

Osteopenia in RA patients is an important factor in the sur-
gical management of joint disease. Bone loss stimulated by
inflammatory arthritis results in increased bone remodeling
and altered bone microarchitecture. The subchondral bone
plate near the joint surface is narrow and perforated by vas-
cular inflammatory invasion, and in the shaft the thin corti-

ces are weakened by giant resorption defects [9]. The cortical
defects are suggested to be responsible for the experimentally
observed loss of strength, and these defects may explain the
increased femoral fracture risk in rheumatoid arthritis. Osteo-
clast is demonstrated in increased number and activity in rheu-
matoid arthritis and in animal models [9].

The progressive destruction of the periarticular bone con-
tributes significantly to joint dysfunction and disability in RA
patients. There becomes increasing interest in developing a
better understanding of the pathologic mechanisms involved
in the disease process and in developing therapies that can
arrest these events. From sites of bone erosion joint, tissue
sections reveal multinucleated cells with phenotypic charac-
teristics of osteoclasts that are responsible for bone resorption
during physiologic remodeling associated with the rheuma-
toid synovial lesion. Analysis of the rheumatoid synovium
may find factors known to directly or indirectly induce osteo-
clast differentiation and activation. Quantitative assessment of
periarticular and generalized bone loss in rheumatoid arthritis
may provide reliable indicators of future disease course and
potential response variables in disease intervention. Osteo-
clast plays a crucial role in the development of erosions and
periarticular and generalized osteoporosis [80]. Recent find-
ings suggest that targeting of osteoclasts and osteoclast medi-
ated bone resorption represent a rational approach to develope
targeted therapies that can specifically inhibit or slow the pro-
gressive focal bone destruction associated with the rheuma-
toid synovial lesion [69, 70]. With the improvement of under-
standing pathogenesis of rheumatoid arthritis, better treatment
strategy could be obtained.
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Conclusions of own studies

Human aging and OA

The precision of micro-CT measurement is excellent. To gen-
erate accurate 3-D micro-CT image datasets, care must be
taken when applying thresholds. A fixed threshold may be used
to obtain reliable volume fraction data, and this fixed thresh-
old may be determined from the Archimedes-based volume
fraction of a subgroup of specimens. The threshold may vary
between different materials, and so it should be determined
whenever a study series is performed (I).

Based on accurately generated micro-CT datasets, age-
related microarchitectural changes of human tibia cancellous
bone have been demonstrated (IL, IIT). Apart from connectivity,
all measured microarchitectural properties correlate signifi-
cantly with age, and the same age-related trends in these prop-
erties are observed for both condyles. However, age-related
changes in the properties of human tibial cancellous bone do
not follow the same pattern, nor do they occur at the same age.
The observed increase of anisotropy and the constant nature
of connectivity suggest an important bone remodeling mecha-
nism that normal aging tibia may orient trabecular volume ori-
entation. The aging trabeculae align more strongly and prefer-
entially to the primary loading direction to compensate bone
loss (III). Age-related changes in trabecular thickness and
structure type become significant first after 80 years of age
(II). With regards to type of trabeculae, the plate-like struc-
ture reflects high mechanical stress and the rod-like structure
reflects low mechanical stress. Trabecular structure type and
bone volume fraction correlates strongly. Trabecular structure
type together with anisotropy correlates well with the Young’s
modulus. The most effective microarchitectural properties for
predicting the mechanical properties of cancellous bone seem
to differ with age (IV).

In early human OA subchondral cancellous bone, none of
the mechanical properties of cancellous bone can be predicted
by the measured physical/compositional properties (V). The
increased trabecular thickness and density, but relatively
decreased connectivity suggests a mechanism of bone remod-

eling in early OA as a process of filling trabecular cavities.
This process leads to a progressive change of trabeculae from
rod-like to plate-like, the opposite to that of normal ageing.
The increase in bone tissue accompanied with deteriorated
microarchitecture in early-stage OA cancellous bone does not
account for the loss of mechanical properties, which suggests
deterioration in the quality of OA cancellous bone (VI).

Guinea pig OA

Age-related pronounced alterations of the microarchitecture
and bone matrix composition of the subchondral bone tissues
in guinea pig have been demonstrated. These alterations do
not appear to follow the same pattern as in normal aging and
may have different influences on the resulting mechanical
properties. The microarchitectural and compositional changes
in OA subchondral bone tissues show patterns different from
those of normal aging bone (VII).

Intra-articular injection of hyaluronan effectively protects
against cartilage degeneration in guinea pig primary OA.
The decrease of subchondral bone density and thickness and
change of trabecular structure toward rod-like result in more
compliant subchondral bone and thereby reduces cartilage
stress during impact loading. Moreover, hyaluronan maintains
the mechanical properties of cancellous bone likely through
increasing its mineralization. Early administration of hyaluro-
nan is effective for intervention of OA initiation and progres-
sion, and short-term early HA treatment is sufficient to main-
tain treatment effects in OA guinea pig model (VIII).

The inhibition of bone remodeling by ALN results in sig-
nificant increase of subchondral bone mass and bone min-
eral content, and markedly changes of microarchitecture.
Furthermore, the resulting increased bone mass accelerates
articular cartilage degeneration at the medial condyle and, to
some extent, at the lateral condyle. These results suggest that
increased subchondral bone density promotes OA progression
and call for circumspection in using bone density—enhancing
drugs for intervention of primary OA (IX).
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Summary

Bone, a living material capable of self-repair, has evolved
over several hundred million years to become a remarkable
tissue. Bone is a two phase porous structure composed of
organic matrix and mineral components. The organic matrix
is composed primarily of the protein collagen (10% of adult
bone mass) that provides flexibility. The mineral component
is composed of hydroxyapatite (65% of adult bone mass),
which is an insoluble salt of calcium and phosphorus, and
small amounts of magnesium, sodium and bicarbonate. About
25% of adult bone mass is comprised of water. There are two
major kinds of bone, cancellous (trabecular or spongy) and
cortical (compact or solid) bone, and their principal function is
to resist mechanical forces and withstand fractures.

With aging, inevitable bone loss occurs in both genders,
which is frequently the cause of osteoporosis; and inevitable
bone and joint degeneration happens, which often results in
osteoarthrosis and elderly-onset rheumatoid arthritis. Aging-

related musculoskeletal diseases have become major social
and economic burdens as people live longer. Over the last a
few decades, much significant research on the properties has
been carried out on diseases such as age-related bone fracture,
prosthetic loosening, bone remodeling, and degenerative bone
diseases on both axial central vertebra and peripheral bone
tissues. We have now achieved great deal of knowledge on
normal aging- and diseases-related changes in bone proper-
ties (Table 1). These alterations are of major importance for
the understanding of degenerative bone diseases, and for the
design, fixation and durability of total joint prosthesis. Under-
standing the microarchitectural properties, mechanical adapta-
tions, and collagen and mineral qualities of subchondral bone
tissues highlighted in these studies may help to gain more
insights into the pathogenesis of degenerative bone diseases
and to target and develop novel approaches for the interven-
tion and treatment.

Table 1. Summary of property changes in aging and the most common aging-related bone diseases

Aging

Osteoarthrosis

Osteoporosis

Rheumatoid arthritis

Bone turnover

Bone mass/density

Bone collage

Mineral content

Microarchitecture

Mechanical
properties

Bone quality
Microdamage
Bone fragility
Risk of fracture

Suggestion for
therapeutic target

Increased at
menopause [162]

Decreased [39, 127]

Unchanged in content
[39], reduced collagen
reduciable cross link
[141]

Relative unchanged
[39] or reduced at
menopause [163]

Systemic deterioration
at both axial and
peripheral sites [124,
125] (11l

Reduced [39, 127]

Reduced [160]
Accumulated [14, 160]
Increased [162, 184]
Increased [125]

Regulate bone
modeling &
remodeling; prevent &
treat bone fragility &
loss [121]

Increased at local [33, 104]
& reduced in general [33]

Increased [103](V)

Unchanged (V), but
denatured [31] in early OA,
abnormal in severe OA [117,
118]

Unchanged in early OA(V),
slightly decreased in severe
OA [74, 104]

Deterioration in early OA(VI),
and severe OA [55]

Decreased in early OA(V),
increased to less extent than
bone mass increase [104]

Reduced (VI) [54]
Accumulated markedly [54]
Increased [33]

Decreased [33, 105]

Cartilage, subchondral bone
& all tissues involved [34, 86]

Heterogeneous: low, normal
orincreased [172]

Reduced [129, 154]

Abnormal bone collagen
[184]

Relative unchanged [129]

Systemic deterioration at
both axial & peripheral sites
[143, 172, 179]

Reduced to greater extent
[167]

Reduced markedly [172]
Accumulated [14, 173]
Increased greatly [14, 146]
Increased greatly [14, 179]

Reduce bone formation &
increase bone resorption
[163]; preserve & build
strength through bone
quality [98]

Decreased [148]

Reduced [103]

Cross-linking density &
degradation depend on the
disease activity [93]

Decreased at both
appendicular and axial
skeleton [103]

Deterioration at affected
joints [9, 90]

Reduced to greater extent
[9]

Reduced markedly [9, 103]

Increased greatly [9, 103]
Increased greatly [103]

Osteoclast & osteoblast
mediated bone resorption
to prevent and reduce
focal bone loss [68]
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Suggestions for future studies

Advanced micro-CT imaging techniques, mechanical testing,
collagen and mineral measurements, and histomorphometry
have been standard procedures for the assessment of bone tis-
sues. Using these techniques, we have obtained much knowl-
edge regarding cancellous bone and cortical bone properties
relating to aging and diseases. It is now possible to quantify
bone’s properties at different scales: e.g. macrostructure,
microstructure, and nanostructure in vivo and in vitro; and
to quantify bone at different levels: such as organ level (e.g.
viewing whole bone as an organ), apparent level (e.g. micro-
architecture), tissue level (e.g. bone tissue elastic modulus by
finite element analysis), element level (e.g. rod or plate trabec-
ula) and cell level (e.g. osteoblast, osteoclast and stem cells).
With these advanced techniques, future research directions are
proposed.

1) Pathogenesis of aging-related musculoskeletal bone dis-
eases such as osteoarthrosis, osteoporosis, and rheumatoid
arthritis

Enormous amount of imaging data generated from theses
studies need to be further analyzed using newly developed
imaging techniques. e.g. i) volumetric spatial decomposition
of trabecular bone into rods and plates that allows an element
based description of bone microarchitecture [114, 171, 182]; ii)
a large-scale finite element model that simulates mechanical
testing to assess bone’s mechanical modulus in a non-destruc-
tive manner [23, 181].

2) Tissue engineering and biomatrials

Tissue engineering in orthopaedic implant fixation [139, 168,
174] and spine fusion [106, 107] with bone marrow cells; and
biomaterial research [183] in normal, osteoporotic [37] and
osteoarthritic animal model [36, 44]; potential application of
bioreactors in culturing cells; and eventually clinical trial of
biomaterials in human.

3) Stimulation of bone defect healing and fracture repair
with mesenchymal stem cells

Many adult tissues contain a population of stem cells that have
the ability to regenerate after trauma, disease or aging. There

has been great interest in mesenchymal stem cells (MSCs )
and their roles in regenerating tissues and defect repair. MSCs
are present in the bone marrow and have enormous clinical
potential and are able to differentiate into cell types such as
osteoblasts, chondrocytes, and endothelial cells. MSCs popu-
lation can be expanded ex vivo to regenerate tissues not only of
the mesenchymal lineage, such as bone and cartilage tissues,
but also other types of tissues [92]. The use of autologous bone
marrow stromal cells in repair of large bone defects in human
has been reported [150]. Therefore, future research efforts
might be focused on the potential use of this cell population in
tissue engineering, such as implant fixation, spine fusion and
fracture repair in combination with bone substitute.

4) In vivo micro-CT for animal researches and for human
Micro-CT in vitro scanning has been widely used for bone
samples obtained from all sizes of animal, such as mouse [2,
75-77], rat [175], guinea pig [44], rabbit [52, 149], dog [28, 46,
85, 101, 102], pig [106, 107] sheep [7, 37], and human [29, 51,
64-67]. In vivo micro-CT imaging can now also be applied to
all sizes of animals depending on the location to be scanned.
In vivo monitoring microarchitectural changes e.g. during dis-
ease process (e.g. guinea pig OA, rat OP) or fracture repair
is of particular importance [61, 185]. A 3-D high resolution
peripheral quantitative CT scanner is now also applicable at
lower extremities [115] that allow detecting microarchitectural
changes during treatment in human.

5) Radiostereometry in monitoring orthopaedic implant
migration

Radiostereometry (RSA) is a method for the study of the kin-
ematics of the skeletal system. Since its introduction in 1974
[164], RSA has been widely used in the assessment of joint
replacements. RSA is a highly accurate, true 3-D method of
quantifying the motion between an implant and the host bone,
for assessment of motion between bony structures that have
been fixed and for measuring wear [180]. This method is of
particular importance for clinical long-term follow-up after
joint replacement in severe aging-related diseases, and evalu-
ation of implant migration.



Acta Orthopaedica (Suppl 340) 2010; 81

47

Dansk resumé

Det humane skelet optimerer dets mikroarkitektur ved at til-
passe sig til mekanisk belastning gennem vakst og udvik-
ling. Mekanismerne for tilpasningen involverer en kaskade
af processer: celluler mekanotransduktion, som stimulerer
knoglemodellering og -remodellering samt resulterer i enten
knogleformation eller -resorption. Denne proces medfgrer
hensigtsmessige mikroarkitektoniske @ndringer, som forsg-
ger at justere og optimere knoglestrukturen til dets aktuelle
mekaniske miljg.

Normale individer opnar deres maksimale knoglemasse i 25
til 30 ars alderen, og herefter falder knoglemassen med alde-
ren for begge kgn. Knogletabet ledsages af mikroarkitektoni-
ske forringelser, som resulterer i reduceret mekanisk styrke,
der gger sandsynligheden for lavenergi-frakturer. Der vil med
alderen ske et uundgaeligt knogletab, som hyppigt resulterer
i osteoporose. Med alderen indtraeder ofte knogle- og ledde-
generation, som hyppigt resulterer i osteoarthrose (OA). Disse
sygdomme er blandt de stgrste sundhedsproblemer betragtet
ud fra sociogkonomiske omkostninger.

De overordnede mal for denne doktordisputats var at under-
spge alders- og OA-relaterede forandringer i 3-D mikroarki-
tekturen, de mekaniske egenskaber samt kollagen og mine-
ral kvaliteten af det subchondrale trabekulere og kortikale
knoglevev. Studierne bestar af 2 dele. En human del, hvor
alders- (I-IV) og tidlig OA-relateret (V-VI) forandringer i det
trabekulere knoglevavs egenskaber blev bestemt. En dyre-
studie del, hvor tre aspekter i en OA marsvin-model (VII-IX)
blev studeret: Fgrst blev den spontane aldersrelaterede OA-
udvikling i marsvinene undersggt. Dernast undersggtes de
potentielle effekter af hyaluronan pa subchondralt knoglevaev
ved OA. Sidst men ikke mindst, undersggtes effekten af for-
gget subchondral knogledensitet pa OA-udvikling, hvor den
forggede knogledensitet blev induceret ved at hemme knog-
leremodelleringen med bisfosfonat. Studierne har til formal
at opna stgrre indsigt i alders- og OA-relaterede subchondrale
knogletilpasninger.

Mikroarkitektonisk tilpasning af human trabekulaer
knogle med alderen
Praecisionen af mikro-CT malinger er god. Ngjagtige 3-D
mikro-CT dataset kan opnas ved at anvende passende sort/
hvid terskelverdier. Faste terskelverdier kan bruges til at
opna palidelige knogle volumen fraktioner. De faste terskel-
vardier er baseret pa knogle volumen fraktioner opnéet ved
Archimedes princip anvendt pa en undergruppe af prgver (I).
Ved brug af ngjagtige mikro-CT datasaet har vi pavist
aldersrelaterede mikroarkitektoniske forandringer i trabeku-
leer knogle i humane tibia (II, III). Bortset fra konnektiviteten,
korrelerede alle malte mikroarkitektoniske egenskaber signifi-

kant til alder. Imidlertid fglger de aldersrelaterede forandringer
i egenskaberne for trabekuler knogle i humane tibia ikke det
samme udviklingsmgnster og indtreeder heller ikke ved samme
alder som i det overtale skelet. Den observerede stigning i ani-
sotropi og den uforandrede konnektivitet, tyder pa en vigtig
knogleremodelleringsmekanisme, sa normal aldrende tibia til-
passer sig trabeklernes orientering i rummet til belastninger.
Iser retter de aldrende trabekler ind efter belastningsretnin-
gen for at kompensere for knogletabet (IIT). Aldersrelaterede
forandringer i trabekeltykkelse og strukturtype bliver farst
signifikant efter 80 ars alderen. Den pladeformede struktur-
type afspejler hgj mekanisk belastning, mens den stavformede
strukturtype afspejler lav mekanisk belastning (IT). Den trabe-
kulere strukturtype og knogle volumen fraktion er hgjsignifi-
kant korrelerede. Den trabekulare strukturtype viser sammen
med anisotropien en god korrelation med Young’s modulus.
De mikroarkitektoniske egenskaber, der bedst forudsiger de
mekaniske egenskaber i trabekular knogle, ser ud til at variere
med alderen (IV).

Mikroarkitektonisk tilpasning af human osteoarthro-
tisk subchondral knogle

I subchondral trabekuler knogle ved tidlig stadie af human
OA kan ingen af de mekaniske egenskaber af trabekuler
knogle forudsiges ved at male densitet/sammensatning af
knoglematrix (V). Den forggede trabekel tykkelse og densitet
af knoglevevet med en samtidigt observeret relativ reduktion
i konnektivitet tyder pa, at knogle-remodellering i tidlig stadie
af OA resulterer i udfyldning af de trabekulare hulrum. Denne
proces leder til en progressiv @ndring af trabekler fra en stav-
formet til en pladeformet strukturtype, hvilket er det modsatte
af @ndringerne ved normal aldring. Stigningen i mangden af
trabekulert knoglevev samtidig med en forringet mikroar-
kitektur af dette i tidligt stadie af OA kan dog ikke forklare
reduktionen af de mekaniske egenskaber, hvilket tyder pa en
forringelse af kvaliteten af trabekuler knogle ved OA (IV).

Mikroarkitektonisk tilpasning af osteoartrotisk sub-
chondral knogle i marsvin

Der er pavist tydelige aldersrelaterede forandringer af mikro-
arkitektoniske egenskaber og sammensatning af knoglematrix
i det subchondrale knoglevav i marsvin. Disse @ndringer ser
ikke ud til at fglge samme mgnster som ved normal aldring og
kan saledes influere anderledes pa de mekaniske egenskaber
(VID).

Intraartikulere injektioner af hyaluronan beskytter effektivt
mod brusk-degeneration ved primar OA. Reduktionen af sub-
chondral knogledensitet og -tykkelse, samt @ndringen af den
trabekulare strukturtype til stavformede, resulterer i en mere
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eftergivelig subchondral knogle med deraf fglgende reduktion
af brusk belastning under stgdbelastning. Derudover medfg-
rer hyaluronan-behandling en opretholdelse af de mekaniske
egenskaber i trabekular knogle ved at gge mineraliseringen.
Tidlig behandling med hyaluronan er en effektiv intervention
ved begyndende OA samt ved progression af OA. Tidlig, kort-
varig hyaluronan-behandling er nok til at opna en varig effekt
af behandlingen i OA marsvin-modellen (VIII).

Haemningen af knogleremodellering ved hjlp af bisfosfo-
natet, Alendronat, fgrer til en signifikant stigning i den sub-
chondrale knoglemasse og knoglemineralindhold, og udtalte
@ndringer i mikro-arkitekturen. Derudover resulterer den
ggede knoglemasse i en acceleration af artikuleer brusk-dege-
neration pa den mediale kondyl, og til en vis grad ogsa pa den
laterale kondyl. Disse resultater tyder pa, at gget subchondral
knogle-densitet fremmer OA progression og maner til forsig-
tighed i brugen af medicin, som virker ved at gge knogleden-
siteten, 1 intervention af tidlig OA (IX).

Konklusion

Incidensen af alders-relaterede muskuloskeletale sygdomme
gges som et resultat af den stigende @ldrepopulation samt af
livsstilseendringer. Gennem de sidste par dekader er der lavet
meget vigtig sygdomsforskning pa trabekuler knogle inden
for aldersrelateret knoglefraktur, proteselgsning, knoglere-
modellering og degenerative knoglesygdomme i bade axiale
(vertebrae) og perifere knogler. Vi har nu opnaet stor viden om
normale alders- og sygdomsrelaterede forandringer i knogle-
egenskaber og -kvalitet. Denne viden er af stor vigtighed for
forstaelsen af degenerative knoglesygdomme og for design,
fiksering og funktionstid af proteser, vartsknogles funktio-
nelle tilpasning samt for anvendelse af biomaterialer med hen-
blik pa implantat/veev interaktion og opheling af fraktur og
knogledefekter. Forstaelsen af mikroarkitektoniske egenska-
ber, mekaniske tilpasninger samt kollagen og mineral kvali-
tet i subchondrale knoglevav, belyst i denne doktordisputats
kan bidrage til en stgrre indsigt i patogenesen af degenerative
knoglesygdomme, og malrette og bidrage til udviklingen af
nye tiltag for forebyggelse og behandling.
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