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Foreword (I)

As the Emeritus Professor and Executive Director of the Osteoporosis and Arthritis
Research Group of the University of California San Francisco, and as Chairman of
theWHOTask Force onOsteoporosis, I am pleased to write this preface toAdvanced
Bio-imaging Technologies in Assessment of Quality of Bone and Scaffold Biomaterials
edited by Ling Qin, Harry K. Genant, James F. Griffith, and Kwok-Sui Leung. This
book results largely from the contributions provided by the scientists and physicians
whoparticipated in the  International SymposiumonAdvancedBiotechnologies
for Assessing Quality of Bone and Scaffold Biomaterials, which was organized by
Ling Qin, Ph.D, in Hong Kong, – October, .This unique congress convened
the world’s leading researchers and clinicians in the fields of osteoporosis, imaging
sciences, and biomechanics.

With the collective knowledge of the participating faculty, it seemed timely and
appropriate to assemble this volume, which addresses the advances in imaging and
bio-engineering technologies and their applications, and enables researchers and
clinicians to examine and understand the pathophysiology of osteoporosis, its natural
evolution, and its response to both conventional and novel treatments. These nonin-
vasive and/or nondestructive imaging techniques, and the various destructive biome-
chanical methods, can provide important structural information about bone beyond
standard bonemineral densitometry (BMD). Although BMDprovides important in-
formation about osteoporosis diagnosis and fracture risk assessment, considerable
evidence indicates that BMDonly partially explains bone strength and fracture resis-
tance. The information obtained from quantitative assessment of macro- and micro-
structural characteristics undoubtedly improves our understanding of bone diseases,
and enhances our ability to estimate bone strength and predict fractures. The ra-
tionale for imaging and biomechanically testing bone macro- and micro-structure,
therefore, is to obtain information beyond BMD, improve fracture risk prediction,
clarify the pathophysiology of skeletal disease, define the skeletal response to ther-
apy, and assess important biomechanical relationships.

Specifically, this book introduces cutting-edge bio-imaging technologies for
studying the musculoskeletal system at the molecular level to the organ level, and
for examining related biomaterials, including nano- and micro-computed tomogra-
phy (CT), peripheral and axial quantitative CT (pQCT and aQCT), magnetic res-
onance imaging (MRI), quantitative ultrasound (QUS), transmission and scanning
electron microscopy (TEM and SEM), confocal microscopy, polarized and flores-
cence microscopy, near-field scanning optical microscopy, scanning acoustic mi-
croscopy, cell traction force microscopy, nano-micro-indentation, high-fidelity D
microscopy,microradiography, fiber-optic nano-biosensors, and other advanced and
unique contact and non-contact bio-imaging modalities.

Finally, this book examines the use of the above advanced bio-engineering and
imaging techniques in studying: the quality of intact, osteoporotic, osteonecrotic,
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osteo-arthritic, and healing bone and cartilage, and examines the role of these tech-
nologies in assessing the vascularity of relevant hard and soft tissues along with var-
ious scaffolding materials developed for musculoskeletal applications.

Harry K. Genant, M.D, FACR, FRCR (Honorary)
Emeritus Professor and Director, Osteoporosis and Arthritis Research Group, UCSF
Chairman, WHO Task Force on Osteoporosis
Emeritus Chairman and Member, Board of Directors, Synarc, Inc.
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Foreword (II)

Bone is a hard tissue and yet bone is constantly undergoing the most active dynamic
processes of metabolism, which are the basic forces behind the rapidly changing in-
ternal structure. Bone has a complex internal structure.On the gross anatomical level,
it is comprised of a closely writhing, intermingled collection of hard columns, tra-
beculations, tubes, fat and vascular components. On the histomorphometry level, it
contains fine blood vessels, canals, minute pathways, different cells with widely di-
vergent responsibilities. On the molecular level, it is even more complex: the differ-
ent stages of growth and metabolism produce chemicals, metabolites, biochemical
markers and binders, all of which take part in the colourful changes of bone.

The knowledge of bone as a complex structure was gathered over at least half
a century: from gross anatomical histomorphometric studies to biochemical inves-
tigations. In this long march to the understanding of the mysterious bone there
occurred many breakthroughs, on which today’s knowledge is based. Radiologi-
cal imaging was probably the first technique that allowed the external appearance
and a summation of the internal structure to be revealed. With radiological im-
ages surgeons could handle fractures logically and scientifically. Many decades of
radio-imaging refinement and the application of computer interpretation advanced
the simple technology to a detailed gross revelation. What followed were the spe-
cial screening techniques with various radioisotopes and finally magnetic resonance
technology, which illustrated on the images both soft tissues and bone activities. It is
no surprise that the scientists whowere responsible for the different stages of imaging
earned the utmost honour of the Nobel Prize.

Bone imaging is still advancing. With the need to manage bone degradation as
one ages, many generations of equipment to detect bone density have matured and
are still undergoing refinement, since it is important to understand the gross values
as well as the fine structures. The fine structures are gaining more and more signif-
icance since bone metabolism is continuously being affected by mechanical forces.
The biomechanical influences directly and indirectly guide the degeneration and re-
generation processes. Today the fine structures are revealedwith imaging technology.

With this brief background, readers can appreciate this new volume,which covers
current bioimaging techniques, focusing on the quality and fine structures of bone.
We all look forward to more contributions from this group of image experts, engi-
neers, bioengineers and surgeons.

Prof. Ping-Chung Leung
President
International Society of Orthopedic
Research and Traumatology
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Foreword (III)

It was an honor for the International Chinese Hard Tissue Society to be a co-sponsor
at the  International Symposium on Advanced Bio-imaging Technologies in As-
sessment of Quality of Bone and Scaffold Biomaterials, held at the Chinese Univer-
sity of Hong Kong, Hong Kong, – October . The conference brought to-
gether scientists worldwide to discuss cutting-edge technologies and the organizers
were resourceful enough to convince speakers to contribute chapters to make this
unique material available to the scientific community. The realization that one tech-
nology cannot unravel the complexities that contribute to bone, cartilage, and frac-
ture healing has led numerous investigators to employ various technologies; thus, the
chapters in this book contain uses of micro-CT, nano-CT, digital radiography, ra-
dioactive contrast medium, pQCT, backscattering electron microscopy, histochem-
istry, immunochemistry, mineralization, collagen fiber orientation, polarized light
microscopy, histology, finite element analysis, etc., mostly in combination, to eval-
uate anti-osteoporotic drugs, bone and cartilage quality, fracture healing, and scaf-
folding biomaterials. Many of these technologies are non-invasive, with high preci-
sion or reproducibility, repeatability, and rapidity. They also reduce labor and do not
require necropsy. Micro-CT was coupled with X-ray contrast agent to allow for the
analyses of vasculature and articular cartilage. Nano-CTmade it possible to quantify
osteocytes, microcracks, and resorption lacunae. The development of the cutting-
edge technologies and paragons was not for the sake of development or basic sci-
ence alone, but were employed in translational research in the treatment of fracture
healing, osteoporosis, osteoporotic fracture repair, regional bone adaptation, ovariec-
tomy rat models, osteonecrosis, osteoarthritis, scoliosis, and evaluation of efficacy of
various scaffold biomaterials. A few exciting examples include the in vivo micro-CT
studies used to monitor change in trabecular structure in rats sequentially treated
with bisphosphonate and parathyroid hormone, imaging the subtle erosive lesion
in subchondral bone caused by inflammation processes in TNF-alpha transgenic
mice and monitoring the progressive osteolytic response following administration
and treatment of tumor cells in the tibial metaphyses of nude mice. In addition, se-
ries with in vivo micro-CT studies of human early osteo-arthritis (OA) and guinea
pig OA showed subchondral cancellous bone to be thicker and markedly plate-like,
but weaker in mechanical properties, supporting the concept that the bone changes
come before cartilage deterioration.

Each chapter contains new developments and findings; therefore, I strongly sug-
gest this revolutionary book to all personnel and investigators working in the fields
of musculoskeletal research and development.

Webster S.S. Jee, Ph.D
Professor of Neurobiology and Anatomy
Chairman of the Board
International Chinese Hard Tissue Society



Foreword (IV) IX

Foreword (IV)

It is without exception that osteoporosis and other disorders and injury of bone and
cartilage, as well as its repairing and regeneration, are omnipresent to relate with
the relevant changes in its metabolism, microstructure, vasculature, quantity, and
mechanical properties.

The evaluation of the quality and quantity of bone, cartilage, vasculature, and
scaffold materials provide the basic elements for the diagnosis, prevention, and treat-
ment of such diseases, which serves as the main evidence to evaluate the curative ef-
fect and prognosis. By understanding the biological and biomechanical status of the
musculoskeletal tissues, the diagnosis and scientific evaluations can be made after
analysis of imaging characteristics and the status of turnover. This is the foundation
for the prevention, management, and control of musculoskeletal diseases.

In recent years, both methods and equipment for evaluating structure, function,
and mechanical properties of bone, cartilage, vasculature, and scaffold materials de-
veloped formusculoskeletal applications have evolved rapidly.There is no doubt that,
to a great extent, how to use such equipment in a logical and scientificway, by exerting
the strength of different facilities, avoiding its shortcomings and the possible errors,
as well as integrating analyses from the exam results, will determine the correctness
and validity of the evaluation results. In this context, the knowledge and experience of
the researchers involved are essential as well. It is likely that the same facilities in dif-
ferent users’ hands might result in different applications, results, and interpretations.

It is true that in animal experiments, some invasive examinations still have great
value for research and applications, where we could get the direct results of bone
and cartilage microstructure, bone histomorphometry, cell and molecular biological
analysis, and tissue and biomaterial interactions or integrations. But in clinical prac-
tice, the patients obviously are more willing to receive the non-invasive exams. The
non-invasive nature of recent developments inmusculoskeletal imaging presented in
this book contributes definitively to our clinical applications.

This book provides detailed introductions from different aspects on the work-
ing principles and operating techniques of micro-CT, pQCT/QCT, MRI, and other
imaging-related modalities. It also presents the related knowledge and experiences
concerning in vitro and in vivo assessments for bone and cartilage on its microarchi-
tecture, vasculature, fracture healing, and scaffolds for tissue engineering.

The contributors of this book are renowned experts and avant-garde researchers
in their respective professions. It will serve as a unique reference book with both high
academic and applied values for medical doctors, scientists, technologists, postgrad-
uate students, and related persons. It may be expected that this book will bring inspi-
ration and technological insights for our readers to enhance quality of research and
develop new applications.

Kerong Dai
Academician, Chinese Academy of Engineering
Life Tenured Professor and Dean Ninth Hospital Medical School
Shanghai Jiaotong University
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Preface

The purpose of this book is to provide a perspective on the current status of bio-
imaging technologies developed for assessment of quality of musculoskeletal tissues,
with emphasis on bone and cartilage, and evaluations of scaffold biomaterials de-
veloped for enhancement of repair of musculoskeletal tissues; these include QCT,
pQCT, micro-CT for animals and humans, nano-CT, MRI, ultrasound and other ad-
vanced imaging modalities.The contents of this book are from the contributions pro-
vided by the leading scientists and physicians in the related professions, who partici-
pated in the  International Symposium on Advanced Biotechnologies for Assessing
Quality of Bone and Scaffold Biomaterials at the Chinese University of Hong Kong,
Hong Kong SAR, China. Some other leading groups who were not able to attend
this symposium have also contributed to this book. Their participation makes this
book more comprehensive, with an even wider spectrum in musculoskeletal imag-
ing technologies and their applications, frommolecular imaging to visualization and
simulation of human body with applications extended from musculoskeletal to car-
diovascular research.

This book provides a unique platform for multidisciplinary research and may
help to facilitate collaborations in development of science and technology, basic
and applied biomedical education, as well as research and service among various
professions, including biomedical engineering, biomaterials, and basic and clinical
medicine. How to make full use of the advanced technologies is essential for further
improvement of these biotechnologies. As such, this book is categorized into Part I,
with emphasis on technologies, and Part II, the specific applications of those tech-
nologies. The subject index is also summarized in this way; therefore, the readership
covers medical doctors, clinical and material scientists, bioengineers, technologists,
postgraduate students and related personnel.

As we are now in the middle of the Bone-Joint Decade (BJD), the editors hope
that this book will contribute to BJD in a specific way, especially in diagnosis, pre-
vention and treatment of aging-related disorders of musculoskeletal, cardiovascular
and other relevant living tissues, organs, and systems.

Ling Qin, Ph.D
Professor and Director, Musculoskeletal Research Laboratory
Department of Orthopaedics and Traumatology
The Chinese University of Hong Kong, Hong Kong SAR, China
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Perspectives of Advances in Musculoskeletal and Scaffold
Biomaterial Imaging Technologies and Applications
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Advances in Assessment of Quality of Bone and Orthopaedic
Applications



Perspectives on Advances in Bone Imaging for Osteoporosis

Harry K. Genant (✉) 1,2 and Ye-Bin Jiang3

1 Professor Emeritus, University of California, San Francisco, California, USA
e-mail: harry.genant@ucsf

2 Chairman Emeritus, Board of Directors, Synarc, Inc., San Francisco, California, USA
3 Director, Osteoporosis and Arthritis Lab, Division of Musculoskeletal Radiology,
Department of Radiology, University of Michigan, Michigan, USA

Abstract

Noninvasive and/or nondestructive techniques can provide structural information
about bone, beyond simple bone densitometry. While the latter provides important
information about osteoporotic fracture risk, many studies indicate that BMD only
partly explains bone strength. Quantitative assessment of macro-structural charac-
teristics, such as geometry, and microstructural features, such as relative trabecular
volume, trabecular spacing, and connectivity, may improve our ability to estimate
bone strength. Methods for quantitatively assessing macrostructure include (besides
conventional radiographs) dual X-ray absorptiometry (DXA) and computed tomog-
raphy (CT), particularly volumetric quantitative computed tomography (vQCT).
Methods for assessing microstructure of trabecular bone noninvasively and/or non-
destructively include high-resolution computed tomography (hrCT), micro-com-
puted tomography (μCT), high-resolution magnetic resonance (hrMR), and micro-
magnetic resonance μmR.VolumetricQCT, hrCT, and hrMRare generally applicable
in vivo; μCT and μmR are principally applicable in vitro. Despite progress, prob-
lems remain. The important balances between spatial resolution and sampling size,
or between signal-to-noise ratio and radiation dose or acquisition time, need further
consideration, as do the complexity and expense of the methods vs their availability
and accessibility. Clinically, the challenges for bone imaging include balancing the
advantages of simple bone densitometry vs the more complex architectural features
of bone, or the deeper research requirements vs the broader clinical needs. The bio-
logical differences between the peripheral appendicular skeleton and the central axial
skeleton must be addressed further. Finally, the relative merits of these sophisticated
imaging techniques must be weighed with respect to their applications as diagnostic
procedures, requiring high accuracy or reliability, vs their monitoring applications,
requiring high precision or reproducibility.

Introduction

More than standard bone densitometry (Genant et al. ), noninvasive and/or non-
destructive techniques are capable of providing macro- or micro-structural infor-
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mation about bone (Faulkner et al. ). While the bone densitometry provides
important information about osteoporotic fracture risk, numerous studies indicate
that bone strength is only partially explained by BMD. Quantitative assessment of
macrostructural characteristics, such as geometry, andmicrostructural features, such
as relative trabecular volume, trabecular spacing, and connectivity, may improve our
ability to estimate bone strength.

The methods available for quantitatively assessing macrostructure include com-
puted tomography and particularly volumetric quantitative computed tomography
(vQCT). Noninvasive and/or nondestructive methods for assessing microstructure
of trabecular bone include high-resolution computed tomography (hrCT), micro-
computed tomography (μCT), high-resolution magnetic resonance (hrMR), and
micro-magnetic resonance μmR. Volumetric QCT, hrCT, and hrMR are generally
applicable in vivo, whereas μCT and μmR are principally applicable in vitro.

Volumetric Computed Tomography

The use of standard QCT has centered on two-dimensional characterization of ver-
tebral trabecular bone, but there is also interest in developing three-dimensional, or
vQCT, techniques to improve spinal measurements and extend QCT assessments to
the proximal femur.These three-dimensional techniques encompass the entire object
of interest with stacked slices or spiral CT scans, and can use anatomic landmarks to
automatically define coordinate systems for reformatting CT data into anatomically
relevant projections.

Volumetric CT can determine BMC or BMD of the entire bone or subregion,
such as a vertebral body or femoral neck, as well as provide separate analysis of the
trabecular or cortical components (Figs. , ). Since a true and highly accurate vol-
umetric rendering is provided, important geometrical and biomechanically relevant
assessments, such as cross-sectional moment of inertia and finite element analyses,
can be derived (Faulkner et al. ; Keyak et al. ; Lang et al. , , ;

Figure 1. Volumetric QCT of the spine may
be used to analyze bone mineral density in
bone compartments and accuratelymeasure
vertebral geometry. (Courtesy of T. Lang)
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Figure 2. Volumetric QCT of the hip may
be used to analyze bone mineral density
in bone compartments and accuratelymea-
sure proximal femoral geometry. (Courtesy
of K. Engelke)

Lotz et al. ; McBroom et al. ). Highly accurate assessment of bone size and
density, independent of the artifacts of projectional radiographic and densitometric
techniques (such as absorptiometry), can also be derived for epidemiological studies
and for studies of nutritional, racial, and genetic influences on bone size and density
(Jergas et al. ).

Because of the complex anatomy of the proximal femur and its dramatic three-
dimensional variations in bone density, vQCT has particularly important ramifi-
cations for both research and clinical applications at this biologically relevant site.
vQCT and finite element analysis modeling have been used by Lotz et al. ()
and by Keyak and colleagues (), Lang et al. (), and Sode et al. () to
improve estimations of proximal femoral strength over global projectional densit-
ometry (Fig. ). In-vitro studies by Lang et al. (, ) have shown enhanced
prediction of in vitro fracture load using subregional vQCT of the hip. The QCT
D finite element model of the proximal femur shows moderate reproducibility in
postmenopausal women (Sode et al. ). The QCT-based finite element models
of the hip in  women aged  (�5) years showed different risk factors for hip frac-
ture during single-limb stance and falls, which agree with epidemiological findings
of different risk factors for cervical and trochanteric fractures (Lang et al. ).

The geometry of the proximal femur is much more complicated than that of
the vertebral body. Trabecular structural parameters obtained from multidetector-
row CT in four femoral head specimens were highly correlated with their ultimate
load, whereas the volumetric BMD and trabecular structural parameters obtained
from multidetector-row CT in the vertebral body of postmenopausal women re-
vealed a strong association with prevalent vertebral fracture (Jiang et al. ). The
CT examination shows that an increase in volumetric trabecular BMD at total hip
and femoral neck in PTH-treated postmenopausal osteoporotic women (n = 62) for
1.5 years was due primarily to an increase in volumetric trabecular BMC. Cortical
bone volume increased significantly at both hip regions. The increase in volumetric
cortical BMC was smaller than the increase in bone volume, and therefore there was
a decrease in volumetric cortical BMD that was significant at the total hip, but not at
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Figure 3.Volumetric QCT of the hip provides a basis for finite element analyses (FEM). (Cour-
tesy of J. Keyak and T. Lang)

the femoral neck (Bogado et al. ). Helical volumetric quantitative CT examina-
tion of  crew members of the International Space Station demonstrated that total
femur integral BMC, but not integral volumetric BMDor trabecular BMD, recovered
to its pre-flight value,  months after flights lasting 4–7 months. Recovery of bone
mass involved increasing both bone density and bone size. Incomplete recovery of
BMD in the hip in the year after long-duration spaceflight was observed. As shown
by an increase in the minimum femoral neck cross-sectional area and integral tissue
volume, the proximal femur appears to adapt to resumed load bearing by periosteal
apposition (Lang et al. ). In 3158men aged 65+ years in the US who are enrolled
in the Osteoporotic Fractures in Men Study (MrOS), the femoral neck, and lumbar
spine volumetric BMDwas greatest in African Americans, whereas the femoral neck
and lumbar spine cross-sectional area was lowest in African Americans and greatest
in Caucasians, which might contribute to some of the ethnic difference in hip and
vertebral fracture epidemiology (Zmuda et al. ).

Finite element models derived from QCT scans may improve the prediction of
vertebral strength because they mechanically integrate all the geometrical and ma-
terial property data within the scans. The QCT BMD values of each bone voxel can
be converted into elastic modulus values using pre-determined correlation between
the elastic modulus and QCT-derived BMD. Finite element models integrate me-
chanically all of the anisotropic, inhomogeneous, and complex geometry of the bone
structure examined. It has been demonstrated that voxel-based finite element model-
derived estimates of strength are better predictors of in vitro vertebral compressive
strength than clinical measures of bone density derived from QCT with or with-
out geometry (Crawford et al. a). A pilot study in  randomly selected post-
menopausal women treated with PTH (1–84) for  year indicate that about half the
overall increase in vertebral strength can be attributed to an average increase in bone
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density, and the remaining half of the effect is due to alterations in the distribution of
bone density within the vertebra (Black et al. ). Although imaging resolution is
not critical in cross-sectional studies using clinical CT scanners, longitudinal studies
that seek to track more subtle changes in stiffness over time should account for the
small but highly significant effects of voxel size (Crawford et al. b).

High-Resolution Computed Tomography

There is much research underway in the areas of high-resolution computed tomog-
raphy (hrCT). The spatial resolution of clinical CT scanners (typically � 0.3mm)
is inadequate for highly accurate cortical measurements and for analysis of discrete
trabecular morphological parameters, and new CT developments address this issue.
There are two main approaches: the development of new image acquisition and anal-
ysis protocols using state-of-the-art clinical CT scanners; and the development of
new hrCT scanners for in vivo investigations of the peripheral skeleton, or of new
μCT scanners for in vitro D or D structural analysis of very small bone samples
(typically < 4cm3).

State-of-the-art spiral CT scanners utilize a relatively high-resolution (� 0.3 �
0.3mm) thin slice (� 1.0mm) to provide images of the spine and hip that clearly dis-
play structural information; however, it requires a higher radiation exposure than is
employed for standard QCT. Also, the extraction of the quantitative structural infor-
mation is difficult and the results vary substantially according to the threshold and
image-processing techniques used. This is due to substantial partial-volume effects
at this resolution relative to the typical dimensions of trabeculae (100–400μm) and
trabecular spaces (200–2000μm; Fig. )

High-resolution CT has been employed to measure a feature called the trabecu-
lar fragmentation index (length of the trabecular network divided by the number of

Figure 4.High-resolution thin-slice CT provides a basis for image processing and extraction
of parameters approximating trabecular and cortical structure, but with considerable partial-
volume affects. (Courtesy K. Engelke)
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discontinuities) in an effort to separate osteoporotic subjects from normal subjects
(Chevalier et al. ), and a similar trabecular textural analysis approach has been
reported by Ito et al. (). Gordon et al. () reported on a hrCT technique that
extracted a texture parameter reflecting trabecular hole area, analogous to star vol-
ume, that appears to enhance vertebral-fracture discrimination relative to BMD.One
in vitro study showed that a combination of BMD and trabecular structural param-
eters of bone cubes examined by pQCT improved prediction of bone biomechanical
properties (Jiang et al. ). Link (a) has provided a comprehensive analysis of
multislice hrCT with hrMR applied to the peripheral skeleton.

In a recent in vivo study, the voxel size of 156–187μm in-plane, and 300–500μm
through-plane, from vertebrae of osteoporotic women demonstrated that differences
in spatial resolution of the different CT scanners used had a significant influence on
measured structural variables but did not affect longitudinal analyses (Timm et al.
). Long-term precision errors were 13% for bone volume fraction and 11% for
trabecular thickness, corresponding to monitoring time intervals of  and 1.2 years.
In another study, all measured structural variables in  patients treated with teri-
paratide at 20μg�day for  year showed significant improvements. Increases were
consistently larger during the first  months of treatment (Graeff et al. ).

More recent studies of high-resolution and volumetric CT have further docu-
mented the unique capabilities of these techniques, including D rendering (Fig. ;
Ito et al. ). Some have shown that trabecular structural analysis from multi-
detector-row CT images can better discriminate postmenopausal women with ver-
tebral fracture than DXA (Takada et al. ). High-resolution spiral CT assessment
of the trabecular structure of the vertebral body in combination of BMD improves
prediction of biomechanical properties (Bauer et al. ). In elderly men, there is
an independent association of sex steroid levels with cortical and trabecular area and
their QCT volumetric BMD, but lack such association in young men (Khosla et al.
).

Figure 5.Multi-slice high-resolution in vivo images of the spine rendered in three dimensions
have been reported by Ito, Link, and others. (Courtesy of M. Ito)
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Higher-resolution pCT scanners for peripheral skeletal measurements in vivo
have been developed and evaluated by Durand and Rüegsegger () and Müller
et al. (a,b). The images show trabecular structure in the radius, with a spatial
resolution of 170μm isotropic. The images can be used for quantitative trabecular
structure analysis and also for a separate assessment of cortical and trabecular BMD.
(Note, however, that these state-of-the-art scanners may approach the limits of spa-
tial resolution achievable in vivo with acceptable radiation exposure; Engelke et al.
.)

Micro-Computed Tomography

To achieve very high spatial resolution images, Feldkamp et al. () and Kuhn et al.
() constructed a unique μCT system for D in vitro analyses of small bone sam-
ples.The system employed cone-beam geometry and a D reconstruction algorithm.
The spatial resolution of � 60μm clearly visualized individual trabeculae, allowing
a D analysis of trabecular network. Goulet () utilized images of bone cubes
generated by this system to examine standard histomorphometric parameters as well
as additional parameters such as Euler number, an index of connectivity, and mean
intercept length, a means of determining anisotrophy. He also related these image-
based parameters to Young’s modulus, a measure of elasticity of bone. Based on data
sets from Feldkamp’s μCT, Engelke (, ) developed a D digital model of tra-
becular bone for comparing D and D structural analysis methods, and to investi-
gate the effects of spatial resolution and image-processing techniques on the extrac-
tion of structural parameters (Fig. ). Three-dimensional data sets from these μCT
systems can be used for calculating classical histomorphometric parameters, such as
trabecular thickness and separation (Parfitt et al. a,b;Odgaard ), aswell as for
determining topological measurements such as the Euler number and connectivity.

Another in vitro μCT scanner with a spatial resolution of 15–20μm3 was devel-
oped by Rüegsegger et al. (; Müller ) and has been used extensively in lab-

Figure 6. A D digital model of trabecular
bone based on μCT image at approximately
60μm3 resolution. (Courtesy of K. Engelke)
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oratory investigations. Its high accuracy in relation to standard D histomorphome-
try as well as to serial grindings and their derived D parameters has been reported
(Gordon ).The relationship of these parameters to in vitro measures of strength
and their application tomicro-finite element modeling has been shown (Muller et al.
a,b; van Rietbergen ).More recently, additional special-purpose, ultra-high-
resolution μCT systems have been developed for imaging bone microstructure at
resolutions approaching 10μm or better (Engelke et al. ). These various μCT
systems have found wide application in both preclinical animal studies and clinical
research settings (Jiang et al. a). Similarly, in animal studies, micro-CT has re-
cently found applications in the assessment of skeletal phenotype in gene knock-out
mice (Sohaskey et al. ; Sorocéanu et al. ; Takeshita et al. ; Bergo et al.
), and in osteoporotic (Lane et al. ) or arthritic rodents (Jiang et al. ).

In a human study by Jiang et al. (a), the rapid deterioration in trabecular
micro-architecture in women experiencing menopause was documented by paired
iliac crest biopsies before and approximately  years after the menopause. Prominent
thinning of trabeculae and conversion of plate-like to rod-like trabecular structure
was observed (Fig. ).

Jiang et al. (a) also usedmicro-CTwith D analyses compared with standard
D histomorphometry to study the longitudinal impact of teriparatide (PTH 1–34)
treatment vs placebo on the skeleton of postmenopausal women. In this analysis the
changes of the more simple D indices pertaining to cancellous bone structure, such
as trabecular number, thickness, and spacing, did not reach significance after PTH
treatment; however, more stereologically correct indices, such as marrow star vol-
ume and μCT-based D indices, revealed significant changes, further corroborating

Figure 7.Micro-CT image at � 20μm3 resolution of trabecular structure of serial iliac crest
biopsies from a postmenopausal woman before and  years after estrogen replacement therapy.
(Courtesy of Y. Jiang)
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the superiority of these techniques for structural analysis of small samples such as
bone biopsies (Fig ). The root mean square CV as reproducibility of μCT exami-
nation after rescanned and re-analyzed  human biopsy specimens was 2–6% for
trabecular structural parameters (Jiang et al. a,b).

While the μCT scanners described above use an X-ray tube as radiation source,
other investigators have explored the potential of high-intensity, tight collimation
synchrotron radiation, which allows either faster scanning or higher spatial resolu-
tion in imaging bone specimens. These systems have been referred to as X-ray to-
mographic microscopy (XTM) and can achieve spatial resolution of 10μm or better.
Bonse et al. (), Engelke et al. (), and Graeff and Engelke () were among
the first to apply this approach to imaging of bone specimens. Kinney et al. () and
Lane et al. () have applied theXTMapproach to imaging the rat tibia at ultra-high
resolution, both in vitro and in vivo, and have documented the impact of oophorec-
tomy and PTH treatment on two- and three-dimensionally derived trabecular bone
indices. Peyrin et al. () have utilized synchrotron based XTM to image trabecular
bone ultrastructure at resolutions approaching 1–2μm, thereby providing the capa-
bility to assess additional features such as resorption cavities. In recently reported
studies using synchrotron radiation, micro-CT examination of sequential iliac biop-
sies showed that treatment with a bisphosphonate treatment did not cause significant
hypermineralization but did increase the mineralization at the tissue level (Fig. ;
Borah et al. ). Also, standard micro-CT and histomorphometric assessments of
serial iliac crest bone biopsies from postmenopausal women treated with another
bisphosphonate for  years showed normal micro-architecture (Recker et al. ).

At recent international congresses there have been many additional studies us-
ingmicro-CT, including technical developments and various applications. An in vivo
human micro CT scanner developed in Europe has been used to examine distal ra-
dius or distal tibia with isotropic resolution of about 90μm (Fig. ; Neff et al. ;
Dambacher et al. ).

Figure8.Paired biopsy samplewas obtained froma -year-oldwoman treatedwith PTH.Com-
pared with the baseline biopsy (L), PTH treatment (R) increased trabecular bone volume, tra-
becular connectivity, and cortical thickness, and shift trabecular morphology from a rod-like
structure to a more plate-like pattern. (Courtesy of Y. Jiang)
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Figure 9. Syncrotron-based micro-CT images of iliac crest biopsies used to assess the degree of
mineralization pre- and post-bisphosphonate treatment. (Courtesy of B. Borah)

Applying this technique, no significant differences in bone architecture were
found between radius and tibia in young healthy women (Backstroem et al. ).
Three-dimensional pQCT of the radius, but not hip and spine DXA, could differ-
entiate osteopenic women with and without a fracture history (Boutroy et al. ).
A population-based study showed that relative to women, men begin adult life with
a more plate-like, and thus stronger, trabecular microstructure, and that no change
over life in trabecular number or separation occurs inmen, as compared with signifi-
cant decreases in trabecular number and increases in trabecular separation inwomen
(Khosla et al. ).The D analysis of weight-bearing (distal tibia) and non-weight-
bearing (distal radius) sites suggests that Colle’s fracture is related mainly to local
cortical low mineral density instead of trabecular bone structure, whereas hip frac-
tures are associated with a combination of both trabecular and cortical quantitative

Figure 10. In-vivo micro-CT of the distal radius (arrows) using the XtremCT system. (Courtesy
B. Koehler)
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Figure 11.Micro-CT of vertebral body at -μm resolution, and generation of micro-finite ele-
ment model at the trabecular level. (Courtesy of T. Keaveny)

and qualitative damages occurring in both weight-bearing and non-weight-bearing
bones (Zouch et al. ).

Advanced micro-finite analyses with models based on D peripheral micro-CT
systems (at isotropic voxel resolution of 165μm) have predicted the failure load of
the human radius Colles’ fractures better than by DXA or bone morphology and
geometry measurements (Pistoia et al. ).Micro-CT (andmicro-MRI, see below)
replicate the complex trabecular architecture on a macroscopic scale for visual or
biomechanical analysis. A complete set of D micro-CT image data provides a basis
for micro-finite element modeling for virtual biomechanics to predict mechanical
properties (Fig. ; Sode et al. ; Crawford et al. a,b; van Rietbergen et al.
; Borah et al. ).

MRMicroscopy

High-resolution MR and micro-MR, referred to collectively as MRmicroscopy, have
received considerable attention as research tools and as potential clinical tools for as-
sessment of trabecular bone architecture. Magnetic resonance is a complex technol-
ogy based on the application of highmagnetic fields, transmission of radio-frequency
(RF) waves, and detection of RF signals from excited hydrogen protons. A noninva-
sive, nonionizing radiation technique, MR can provide D images in arbitrary ori-
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entations and can depict trabecular bone as a negative image by virtue of the strong
signal generated by the abundant fat and water protons in the surrounding marrow
tissue. The appearance of the MR image is affected by many factors beyond spatial
resolution, including the field strength and specific pulse sequence used, the echo
time, and the signal-to-noise ratio achieved (Majumdar et al. , , ). Anal-
ysis and interpretation of MR images are more complicated than for the X-ray-based
images of CT.Nevertheless,MRmicroscopy holdsmuchpromise for improved quan-
titative assessment of trabecular structure both in vivo and in vitro.

Because of the relation of signal-to-the-field strength in MR, special-purpose,
small-bore, high-field magnets have been employed to obtain very high resolution
or μmR images of bone specimens in vitro (Chung et al. ; a,b; Hwang et al.
). Wehrli and colleagues (, , ) obtained 78-μm isotopic resolution
of human and bovine bone cubes using D imaging at 9.4T, and derived anisotropy
ellipsoids from the analysis of mean intercept length. They also found good correla-
tions between MR-derived parameters and standard histomorphometric measures.
Antich et al. () conducted similar experiments and found changes in accordance
with histomorphometry measures. Kapadia et al. () extended the in vitro tech-
niques to obtain images in an ovariectomized rat model and were able to measure
changes in trabecular structure following ovariectomy. Simmons and Hipp ()
examined bovine cubes in a small bore microimaging spectrometer at 60-μm3 res-
olution and found D results heavily dependent upon the threshold and image pro-
cessing algorithm. Majumdar et al. () examined human cadaver specimens using
a standard clinical MR scanner at 1.5T and a spatial resolution of 117�117�300μm,
and compared these images with XTM images and with serial grindings to determine
the impact of in-plane resolution and slice thickness on both D and D structural
and textural parameters (Fig. ). Considerable resolution dependence was observed

Figure 12.Comparison micro-MR and micro-CT images of trabecular bone specimens. (Cour-
tesy of S. Majumdar and B. Van Reitbergen)



Perspectives on Advances in Bone Imaging for Osteoporosis 17

for traditional stereological parameters, some of which could be modulated by ap-
propriate thresholds and image-processing techniques.

Limitations of the signal-to-noise ratio, spatial resolution, and total imaging time
prevent resolution of smaller individual trabeculae in vivo at clinical field strengths,
but the images show the larger trabeculae and the texture of the trabecular network.
The trabecular structure can still be quantified using standard techniques of stereol-
ogy aswell as textural parameters such as fractal analysis. In an early study byMajum-
dar et al. () establishing the feasibility of using such images to quantify trabecular
structure, MR images of the distal radius were obtained using a modified gradient-
echo sequence, a 1.5-T imager, a spatial resolution of 156μm2, and a slice thickness of
0.7mm. Representative axial sections from normal and osteoporotic subjects clearly
depicted the loss of the integrity of the trabecular network with the development of
osteoporosis (Fig. ). Similar images of the calcaneus of normal subjects showed
that the orientation of the trabeculae is significantly different in various anatomic
regions. Ellipses, representing the mean intercept length, showed a preferred ori-
entation and hence mapped the anisotropy of trabecular structure. In preliminary
in vivo studies of the calcaneus, gray-scale reference values from fat, muscle, and
tendon were used to calculate reproducible threshold values (Ouyang et al. ).
This approach gave a midterm in vivo precision of � 3.5% CV for trabecular width
and spacing.

Figure 13. High-resolution
(� 150 � 150 � 500μm) axial
gradient-echo MR images of the
distal radius of a young woman
(left) and an elderly osteoporotic
woman (right). (Courtesy of
S. Majumdar)
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Jara and colleagues (),Kühn et al. (), and Stamper et al. (, ) have
utilized clinical imagers at 1.5T with special RF coil designs and have measured tra-
becular and cortical bone in the phalanges, a convenient anatomic site particularly
suitable for obtaining high signal-to-noise ratio and high spatial resolution images
in vivo. Resolution of 78–150μm and slice thickness of 300μm have been achieved
in the phalanges. Stampa et al. () used these phalangeal images to derive quanti-
tative D parameters based on an algorithm and model for defining trabecular rods
and plates. Other authors, including Link et al. (), Majumdar (), andWehrli
et al. (, , ), have shown the ability to discriminate spine and/or hip frac-
tures using trabecular structure or textural parameters from in vivo MR images of
the radius or calcaneus (Fig. ). Recently, an in vivo study in early postmenopausal
women,MR images of the distal radius and tibia acquired at 137�137�410μm3 voxel
size at baseline and 11–13months showed significant structural changes (8–10%) in
control subjects but little or no significant change in the HRT group (Ladinsky et al.
).

Engelke has provided a comprehensive analysis of threshold effects in hrMR
of the calcaneus when compared with ultra-high-resolution anatomic sectioning
in vitro (Engelke et al. ). Newitt () has reported promising results on the
application of micro-finite-element analyses based on hrMR images of the distal ra-
dius in vivo. Structure parameters determined in high-resolution MR images of the
proximal femur specimen correlated significantly with bone strength, with the high-
est correlations obtained combining DXA BMD and structure measures (Link et al.
b).

The resolution achievable in vivo byMRI is not sufficient to depict precisely indi-
vidual trabeculae and, thus, does not permit the quantification of the “true” trabec-
ular bone morphology and topology. Trabecular samples of the distal radius imaged
usingMRI at 156�156�300μmcorrelate well with micro-CT at 34�34�34μm, with
r2 ranging from 0.57 to 0.64 for morphological measurements (Fig. ; Pothuaud
et al. ). Trabecular bone structure parameters assessed in the distal radius on
high-resolution MR and multislice CT images are significantly correlated with those

Figure14.Virtual core biopsy is illustrated for in vivoMR imaging of the distal radius. (Courtesy
of F. Wehrli)
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Figure15.Magnetic resonancemicroscopic images of the proximal femur show that the ovariec-
tomy (OVX)-induced loss in trabecularmicrostructure in the femoral neck is prevented by the
treatment of salmon calcitonin (sCT) at  or 100IU

determined on contact radiographs of the corresponding specimen sections. For the
MR imaging, the threshold algorithm used for binarizing the images substantially
affected these correlations (Link et al. c).

In an animal study by Jiang et al. (), MRI microscopy showed that ovariec-
tomy induces deterioration of trabecularmicrostructure and the biomechanical prop-
erties in the femoral neck of ewes. Calcitonin treatment prevented OVX-induced
changes in a dose-dependent manner (Fig. ). The femoral neck trabecular mi-
crostructure significantly correlates with biomechanical properties, and its combi-
nation with BMD further improved the prediction of bone quality.

Challenges for Bone Imaging

Despite the considerable progress that has been made over the past decade in ad-
vanced bone imaging for osteoporosis assessment, a number of challenges remain.
Technically, the challenges reflect the balances and trade-offs between spatial resolu-
tion, sample size, signal-to-noise ratio, radiation exposure, and acquisition time, or
between the complexity and expense of the imaging technologies vs their availabil-
ity and accessibility. Clinically, the challenges for bone imaging include balancing the
advantages of standard BMD information vs the more complex architectural features
of bone, or the deeper research requirements of the laboratory vs the broader needs
of clinical practice. The biological differences between the peripheral appendicular
skeleton and the central axial skeleton and their impact on the relevant bone imaging
methods must be clarified further.
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Finally, the relative merits of these sophisticated imaging techniques must be
weighed with respect to their applications as diagnostic procedures, which require
high accuracy and reliability, vs their applications as monitoring procedures, which
requires high precision and reproducibility.
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Abstract

Bio-imaging technology has been used to study bone structure and biomechanics
ever since the discovery of roentgenograms (X-ray) by Wilhelm Konrad Roentgen
in the late nineteenth century. Recent advancements of CT- andMRI-based imaging
techniques plus various digital image processing and D and D reconstruction al-
gorithms have made these studies easier with expanded scope and greater depth and
enabling biomechanical analysis with unprecedented clarity using computer graph-
ics in static and dynamic animations. These capabilities formed the foundation of
computer-aided simulation and analysis of the musculoskeletal system in an inter-
active environment. To perform biomechanical analysis of bone and other connec-
tive tissues at both the material and structure levels, one needs accurate and effective
models and reliable material properties. In addition, bone and joint loading depend
on muscle contraction and the interaction among all connective tissues engaged in
body and limb functions. This chapter presents a variety of bio-imaging techniques
and a number of selected application examples of using these techniques to conduct
structure and biomechanical investigations involving the normal and abnormal com-
positions and functions of the musculoskeletal system. A unique simulation software
and database, the Virtual Interactive Musculoskeletal System (VIMS), which incor-
porates model-making techniques, biomechanical analysis algorithms, and a graphic
image-based virtual laboratory environment to present the model, data and analysis
results, is introduced. It is hoped that this exciting technology will provide the tools
andmotivation to bringmusculoskeletal biomechanics back to the centre of attention
in the fields of bioengineering, orthopaedic surgery and rehabilitation.

Introduction

The main goals of bone structural analysis at the tissue level are to determine its
strength, fracture healing progression, callus distractionmaturation and skeletal den-
sity change after bone or joint reconstruction. To accomplish these goals, the bone
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geometry, architecture, mineral density, repairing tissue material property and their
time-related changes must be quantified. If possible, this information should be de-
termined using non-destructivemethods and that iswhere various bio-imaging tech-
niques would be utilized; however, for validation purposes or in animal model exper-
iments, destructive methods would be necessary in order to obtain the specimens,
relying on the similar image capturing, processing and analysis techniques to extract
useful data and information. The traditional method of determining bone structure,
composition and strength is to conduct specimen analysis and biomechanical testing
combined with standard histomorphological methods. Although some of this infor-
mation can be deduced using non-destructive methods, their reliability and consis-
tency are still questionable and require further refinement.

The key information to be established in biomechanical analysis involving skele-
tal structures are their motions, the internal loading condition and the stress and
strain born by bone and other connective tissues interacting with bone. To conduct
such analysis, a physicalmodel of themusculoskeletal system ismandatory before the
application of mechanical laws and mathematical theories. In the past, such models
were constructed using cadaver-dissecting data, skeleton measurements and infor-
mation gathered fromanatomy textbooks to construct crude line diagrams.The accu-
racy and visual fidelity of these diagrams were generally poor, which significantly af-
fected the confidence and the acceptability of the data generated in the medical com-
munity. Furthermore, such an approach would be extremely difficult when applied
to a living person. With the aid of X-ray and CT-based non-invasive imaging tech-
niques, the skeletal geometry data from a normal subject or a patient can be used for
model extraction using more advanced image-processing algorithms. For the non-
osseous connective tissues interacting with the bone,MRI technique is strongly indi-
cated; however, during activities, the musculoskeletal system is constantly changing
its configuration and sometimes these tissues may involve subtle deformation under
large loads. To reconstruct thesemodels incorporating body and limbmovement and
tissue deformation including the micro-motion of the internal devices or prostheses
in the body relative to the bone where they are anchored presents new challenges to
current state-of-the-art bio-imaging.

Following the major breakthrough in engineering design, analysis and manu-
facturing in the s, biomechanical analysis of the musculoskeletal system has re-
cently adapted the computer-aided design (CAD), computer-aided analysis (CAA)
and computer-aided manufacturing (CAM) concepts, as well as technology using
graphically attractive, anatomically accurate andmechanically realistic models while
permitting system and physical parameter changes interactively. Involved tissue ma-
terial properties from existing databases or specifically defined are being adapted. In
addition, biomechanical analysis programs for bone structure and musculoskeletal
system function are being incorporatedwith themodels for the specific investigation.
Finally, the analysis results can be presented together with the model in a real-time
fashion under a graphic simulation environment to enhance the visual impact of the
analysis and the credibility of the theoretical approach in understanding and pre-
dicting the effect of normal and pathological conditions on tissue response and limb
function.
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One such simulation software is the VIMS for biomechanical analysis (Chao
). This system contains three major parts: (a) the model-making programs; (b)
the analysis tools; and (c) a virtual laboratory to execute experiments or theoretical
studies while being able to inspect and document analysis results incorporated on
a computer-based working platform (Fig. ). Although individualized working plat-
forms are located in each laboratory or the investigator’s office, all users can be con-
nected and interactive through the Internet. Different commercial or custom-made
programs can easily be adapted to the general platform to suit each user’s own spe-
cific needs. In addition, the VIMS system also includes a robust database containing
skeletal and implant/device models and analysis results. This software and database
will be available in the public domain and can be acquired by joining a network on
a co-op basis. This image-based biomechanical modelling and analysis technology is
expected to help the specialty of biomechanics to regain its essential utility once rig-
orously shared by orthopaedic surgeons and bioengineers alike. It will also elevate the
quality and relevance of this discipline, with strong emphasis on clinical application,
so that it can compete for research funding from all sources.

This chapter provides an arguable justification for utilizing bio-imaging and sim-
ulation technology to refine the quality and expand the scope of bone structural and
biomechanical studies with clear end point of generating clinically relevant data and
knowledge to promote health maintenance in normal population of all ages and to
improve treatment outcome in patients with skeletal trauma, joint diseases, degen-
eration, deformity and various neoplastic conditions. The scope and objectives of
bone structure and biomechanics analysis are reviewed with specific emphasis on the
application of bio-imaging and simulation technology. The currently used imaging
techniques are briefly introduced and their procedural details are presented together
with selected application examples to demonstrate their utilization. The contents of
this chapter end with a discussion of future developmental needs of imaging science
and technology with the aim of advancing our understanding of normal and abnor-
mal musculoskeletal system function and the current and future treatment modal-
ities and prevention strategies. Computer-generated graphic models and their bio-
mechanical analysis results are included to fully demonstrate the visualization capa-

Figure 1.The Virtual In-
teractive Musculoskeletal
System (VIMS) simula-
tion software platform
consists of three major
components: the VIMS-
Model; the VIMS-Tools;
and the VIMS-Lab, for
biomechanical analysis
and results visualization
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bility of this technology to appreciate the complex musculoskeletal system function,
injury mechanism and treatment options in a dynamic D space.

Scope and Objectives of Bone Structural and Biomechanical Analyses

From a structural point of view, bone has two basic types, the compact or cortical
bone and the cancellous or trabecular bone in their matured stages. Although the
basic compositions in these two types of bone are similar, their structural characteris-
tics, biomechanical function and biological responses are quite different. In addition,
the cortical and cancellous bones follow separate pathways in response to develop-
ment, formation/resorption, injury, reparation and the stress-induced remodelling.
Furthermore, soft tissue attachment to bone varies according to bone type, anatomi-
cal location and loading condition; hence, bone structural analysis has a broad scope
ranging from cell and molecular compositions to tissue or structural response from
metabolic, pathological and functional changes. From a narrower viewpoint, how-
ever, by treating bone as a structural material, the following objectives are commonly
sought in most basic and clinical studies:

. Quantification of bonemineral density (BMD) and estimate of its material prop-
erties in different degrees of normality and stages of pathological involvements

. Description of various osseous tissues’ architectural characteristics in order to
correlate their structure with mechanical strength

. Assessment of bone disease process, degeneration, resorption, fracture healing,
defect repair and callus distraction osteogenesis, and the remodelling capability
according to pathological, anatomical and biomechanical pre-dispositions.

The scope of bone biomechanical analysis overlaps with that for bone structural
studies since they are closely related and mutually dependent. It is also prudent to in-
volve the entire musculoskeletal system in the investigation since bone cannot func-
tion alone. Hence, imaging techniques allow us to do the following:

. Determine the geometry and connectivity of bone, related soft tissue and possi-
ble implants or devices in order to develop a realistic working model from the
anatomical, functional and biomechanical points of view

. Conduct static and kinetic analyses to quantify muscle, ligament, as well as bone
and joint loading under activities

. Based on the loading conditions and the estimated material property of the
model, determine the internal state of stress and strain in the bone, implant and
their interface to speculate the risk of fracture or loosening failure due to trauma,
repetitive stress or disuse atrophy

. Study bone responses in the presence of orthopaedic implant/device or their
wear particles concerning bone resorption, overgrowth or remodelling

. Conduct preoperative planning in different bone fixation or reconstructive pro-
cedures based on optimal loading and functional requirements

. Validate proposed bone remodelling theories using simulationmodels combined
with animal experiments
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It is quite clear that these study objectives are extremely broad, but the informa-
tion to be generated should remain closely related to what clinical patient care would
need to improve treatment outcome. The majority of this knowledge is either un-
known or inadequately established. The urgency of filling this information void is
critical and it will impact on the quality of our life, work and medical service. The
currently available bio-imaging techniques are more that adequate to help in achiev-
ing these goals. It is also important to realize that the cost involved in generating this
pertinent and relevant information is only a small fraction of what we have spent in
biotechnology.

General Imaging Techniques Used for Bone Structural
and Biomechanical Analyses

There are numerous imaging techniques currently being used for bone and connec-
tive tissue structural and biomechanical analyses. Each of these techniques also has
different image processing and reductionmethods tomake the raw data reliable, use-
ful and consistent. As the contents of this book will no doubt provide an exhaustive
coverage on each of these methods, only the most common and pertinent techniques
germane to the applications contained in this chapter are briefly summarized herein.

Digital Black-and-White and Colour Photography

Digital black-and-white and colour photography is probably the oldest method to
record bone and other connective tissue images for composition and geometric anal-
ysis. The best example of such application is the huge database established in the
Visible Human project in the s (Spitzer et al. ). Digital photography is unde-
niably the simplest and most reliable method, but the process involved to obtain the
specimen surface for photo image preparation is very tedious and time-consuming.
Serial cross-sectional images of intact anatomy provide the best resolution and fi-
delity of the tissues involved and their relative orientation (Fig. ), based on which

Figure 2. The ultra-high-resolution digital
image (3.4GB) of human cross-sectional
anatomy through the pelvis at the level
of femoral head from the Visible Human
Dataset (from Spitzer et al. ) available
on the Internet
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many D musculoskeletal models were constructed and utilized, some of which are
presented in this chapter.The shortcomings of this method are obvious, and because
it is totally destructive, costly and extremely time-consuming, its wide utilization has
been prevented.

Roentgenographic Method

The commonly used radiographic method providing non-destructive bone image in
D projection with different grey levels according to the mineral density of the tissue
involved is still the gold standard to study bone integrity and normality. Using refined
X-ray energy source, film quality, cassette design, processing technique plus the use
of staged scaling phantoms and digital image processing algorithms, this method still
has its lasting values in bone material and structural analyses. When trabecular bone
is assumed to be a homogeneous and anisotropic material its elastic modulus and
strength can be estimated using a D Fourier analysis of the radiographic image to
estimate the principal directions of the trabecular orientation and intensities (Inoue
). This technique also allows analysis of image data with a grey-level gradient
without binalization of the grey level (Fig. ). It is noted, however, that this method
does not allow analysis of geometrical characteristics of individual trabeculae such
as connectivity and thickness of the trabeculae.

Reflecting and Transmission Light Microscopy and Scanning ElectronMicroscopy

These are the standard methods used to provide high-magnification and high-reso-
lution surface histomorphological data of connective tissue specimens. With differ-
ent specimen-preparation techniques, both calcified and uncalcified bone tissue can

Figure 3.The D Fourier Spectrum analysis of the grey level of thin slices of normal and osteo-
porotic vertebral body X-ray images. The power spectrum, density and distribution give the
trabecular orientation and intensity for the architectural of the cancellous bone structure
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be studied qualitatively as well as quantitatively. Using different light sources, elec-
tron emission, confocal technique, the use of immuno-fluorescence staining agents,
etc., the surface and internal structure and topography of tissue and their collagen
type, cellular structure, and chemical composition can be visualized and studied in
detail. In un-decalcified osseous tissue, micro-indentation test may be performed to
estimate the mechanical property of the tissue and correlate that with morphology.
These are obviously destructive techniques and there is no non-destructive method
available at the present time to provide such detailed information at the tissue level.

Single- or Dual-Photon Densitometry

The single- or dual-photon densitometry methods are particularly useful to deter-
mine mineral density of bone in a totally non-invasive manner; however, the image
obtained is a D projection of a D object which lacks resolution as well as specificity.
In addition, such data does not correlate well in predicting bone structural strength
since it provides no architectural information especially for the trabecular bone (Aro
et al. ;Markel et al. ).Using an optical image spectrum analysis method sim-
ilar to that described before, significant structural information could be produced to
estimate bone strength loss along with mineral density.

Computed Tomography andMicro-CT

Both regular CT andmicro-CT are able to produce a wide spectrum of image data on
a voxel-based material density non-invasively for bone structural and biomechanical
analyses. This technology is further strengthened by the powerful image process-
ing algorithms in terms of surface and volume rendering, image segmentation, etc.;
hence, D objects with complex geometrical shape and material composition can
be reconstructed, providing unprecedented information concerning skeleton shape,
surface topography and cross-sectional imaging in any orientation and depth, even
with material property estimation (Fig. ). With recent improvement in scanning
speed, image resolution, object volumetric reconstruction efficiency and cost reduc-
tion, this technology will be the workhorse for bone structural and biomechanical
analyses at different levels of resolution. Dynamic scanning techniques able to record
skeleton in motion are being developed with the ultimate goal of detecting small de-
formation of bone tissue under large functional loads.

Figure 4.A D solid structure reconstruction
of the pelvis and proximal femur in a pa-
tient after peri-acetabular osteotomy using
CT scan data
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Magnetic Resonance Imaging and Emission Tomography

For the non-osseous connective tissue, including cartilage, menisci, intervertebral
disc, ligament, tendon and muscles, magnetic resonance imaging (MRI) and emis-
sion tomography are the only non-invasive techniques that can provide geometrical
and material structural information for biomechanical analysis. The MRI technol-
ogy is advancing rapidly with specialized coils, open primary coil design, new se-
quences, radio-frequency tagging, etc. Minute changes in tissue composition and
physical property in the soft connective tissue due to water-content variation and
deformation under loading can be visualized with surprising clarity. This method is
especially useful for musculoskeletal tumour biopsy and diagnosis for local lesion re-
section and reconstruction surgery planning and execution (Fig. ). In patients with
osteonecrosis, MRI can detect early disease involvement in the subchondral bone
structure enabling consideration of prophylactic treatment to prevent bone collapse.
DynamicMRI is being developed to provide time-related activity of soft tissues, offer-
ing the most unique information to study musculoskeletal system function and de-
generation. With further improvement in accuracy and resolution, tendon-to-bone
insertion sites can be studied in a dynamic and totally non-invasive manner. The use
of special radio energy emission labelling agents, such as the radio-isotope applied to
specific tissue type, can produce D integrated multi-modality visualization, which
will revolutionize musculoskeletal system biomechanical analysis in normal persons
and patients with a wide variety of musculoskeletal conditions.

Figure 5.The concept of computer-aided diagnostics, biopsy, neo-adjuvant treatment, surgical
resection and reconstruction planning in limb salvage operation using image-based technol-
ogy involving musculoskeletal tumour management
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Ultrasound Tomography Imaging

Ultrasound imaging has a well-established advantage in imaging soft tissue shape
changes with time using a non-radiation energy source.This technique can also pro-
vide osseous tissue material properties, since the sonic wave propagation velocity
in bone is directly related to its material’s elastic modulus and Poisson’s ratio. Using
special wave spectrum and intensity analysis on sonic wave propagating through the
bone allows estimation of its mechanical strength and anisotropy. Ultrasound imag-
ing in the form of tomography can provide visual depiction of bone structure as well
as its structural properties for biomechanical analysis.

Any one type, or a combination of several types, of the above-mentioned imaging
techniques will be required to fulfil the bone structural and biomechanical analysis
objectives. It is important to realize that bio-imaging only provides the basic data,
and additional image processing and analysis procedures are required to generate
the additional information on bone and soft tissue composition, material properties
and musculoskeletal system models for the final biomechanical investigations. The
model and analysis results visualized using D and D graphic technology will fur-
ther accentuate the need and efficacy of these esoteric investigations. These techni-
cal advancements will offer a win-win situation in several clinical disciplines involv-
ing humanmusculoskeletal systemhealthmaintenance, injury prevention, treatment
and rehabilitation. This technology will also enrich the medical devices and implant
industry in improving their product design, lowering manufacturing cost and opti-
mizing the application skills among surgeons, thus enhancing clinical care outcome
measures.

Rationales for Biomechanical Analysis in a Simulation Environment

The “Virtual Human” provides an ideal environment for biomechanical analyses and
simulation, which is demonstrated later in this chapter (Spitzer ). With further
development, this technology will form a broad technical resource with full-featured
analysis capability, robust model library and database, and a well-facilitated envi-
ronment to conduct biomechanical analysis in a virtual laboratory for basic science
and clinical investigations. This simulation technology unites the expertise in biome-
chanical analysis and graphic modelling to investigate joint and connective tissue
mechanics and to visualize the results in both static and animated forms. Adaptable
anatomical models, including implants and fracture fixation devices and a computa-
tional infrastructure, are readily available for static, kinematic, inverse and forward
dynamic, joint contact pressure, as well as stress and strain analyses under varying
boundary and loading conditions (Fig. ). These models and computational algo-
rithms, incorporated on a common software platform, are a timely and significant
advance in the field of musculoskeletal biomechanics to revive its vital interest and
impetus among surgeons and basic science investigators.

This simulation technology will in no way completely replace the need to con-
duct experimental testing using human and animal bone and soft tissue specimens
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Figure 6a–c.Archived musculoskeletal joint and orthopaedic device models in VIMS database.
a The skeletal joint model of human upper torso and arm system with key shoulder muscle
attachments and orientation for biomechanical analysis. bThe composite pelvis-proximal fre-
mur and hip-joint replacement prosthesis model used to study theeffect of implant design and
placement on joint range of motion in activities of daily living. c The EBI’s Dimension (EBI,
L.P., Parsippany, N.J.) external fixator model for distal forearm fracture immobilization and
limited wrist movement. The model contains all key mechanical properties of the device in-
cluding joint motion and pin placement to simulate fracture reduction and wrist continuous
passive of motion

mounted on universal testing machines or custom-made joint simulators. Any time-
related simulation on material fatigue failure or tissue growth and remodelling will
require bench testing and animal experiments.The results generated from all of these
experimental studies, experimental or theoretical, will rely on controlled clinical
studies to validate their relevance and efficacy. What the simulation software, VIMS,
can offer is to provide a generic database for comparative study purpose among the
normal and patient population. In individual patients, specific models can be gen-
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erated using innovative scaling techniques to provide unprecedented information to
assist physicians and surgeons to optimize treatment and minimize risk.

Several computational algorithms, robust model library, and databases are inte-
grated into the VIMS software platform on a SGi super computer main frame un-
der the Unix operating system. All of the independent analysis components of the
software are accessible through a single graphical user interface (GUI).This software
package could bemodified to fit theX-Windows/OpenGL environment.Theusers get
the access to the VIMS database and search through the model library to select the
desirable musculoskeletal region and the orthopaedic implant or device for the in-
tended simulation and analysis. The kinematic data of the anatomic system involved
in activities of daily living or sports activities can be adapted from the literature or
measured to serve as the input data for biomechanical analysis on the generic mod-
els. The analysis results will be graphically presented and animated using the VisLab
software (EAI, Ames, Iowa) or other commercial software and utility programs in
the public domain. Although this utility software plus the VisModel package are no
longer being served by the commercial firm, other equivalent commercial or free
software can provide the same effect on a PC-based operating system for the VIMS
to gain acceptance in the community.

This integrated simulation system will make the learning of functional anatomy
easier and create a virtual laboratory environment for biomechanical analysis of
musculoskeletal system among investigators with similar interest. Such networking
will expand the scope and utility of this bioengineering specialty without relying
on the use of animals or cadaver specimens with no restrictions on loading condi-
tions. This broad-based technology will make the development and testing process
of orthopaedic implants and devices more efficient and cost-effective while improv-
ing their clinical performance and reliability. Such technology is expected to make
biomechanics competitive in landing government and foundation research funding
as well as attracting industrial developmental contracts. Finally, the development of
biomechanically justified preoperative planning strategy and the associated execu-
tion procedures guided by an intraoperative navigation system form the foundation
of computer-aided orthopaedic surgery (CAOS). Another potential area of benefit is
the computer-aided rehabilitation (CAR).

Examples of Bone Biomechanical Analysis Using Imaging
and Simulation Technology

Theapplications of bio-imaging and VIMS simulation technology on bone structural
and biomechanical analysis to date have been limited by the availability ofmodels and
the ability to incorporate soft tissue structures in the system; however, several exam-
ples are presented here to demonstrate the unlimited potential of this technology in
a virtual laboratory environment to conduct biomechanical analyses not possible in
the past.These analyses also help to demonstrate that the technology introduced here
is not and should not be regarded as merely a graphic-based tool for visualization
purpose alone.
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Hip Joint Contact Pressure in Activities of Daily Living

Intrinsic pathomechanical changes in articular cartilage and subchondral bone de-
pend upon local stress levels rather than global joint loading. To estimate the ac-
etabulam and femoral head contact area and pressure distribution under daily ac-
tivities is essential in predicting joint disease progression, patient management and
pre-treatment planning in patients at different stages of osteonecrosis. This loading
data provides the biomechanical rationale for femoral head subchondral bone col-
lapse prevention and the selection of an effective method of reconstruction for vary-
ing degrees of osteonecrotic involvement. In-vitro studies to quantify contact pres-
sure of the hip joint have been performed in limited loading conditions. Numerical
simulation technique and a radiograph-based joint model, combined with measured
joint loading data in living subjects with instrumented prosthesis, would be ideal for
population-based studies as well as for analyzing individual patients. The purpose
of this study was to use the Discrete Element Analysis (DEA; Schuind et al. ;
Yoshida et al. ) technique on a realistic joint model to predict hip joint contact
area and pressure distribution based on the in vivo joint motion and force data dur-
ing activities of daily living (ADL; Yoshida et al. ). Simulation software was used
to visualize the analysis results together with the model during ADL.

By assuming a spherical shape of the femoral head, a geometrical model was cre-
ated from an anteroposterior (AP) radiograph of a subject’s hip joint (Genda et al.
). To obtain the acetabular potential contact area, the radiographic contour line
of the femoral head was digitized and the radius and centre of the best-fit circle were
calculated using the acetabular sourcil line and a least-squares-fit method. Anterior
and posterior edges of the acetabulum were then digitized on the radiograph.The ap-
proximate joint surface of contact on the acetabulum was divided into approximately
 rectangular mesh elements.The joint surface was assumed to be congruent.The
shape of the corresponding femoral head and neck were adapted from an existing
proximal femur model with matching head diameter.

At the centre of each mesh element, one compressive spring was placed normal
to the opposing mesh of the femoral head surface.The stiffness property of the linear
springs was determined from the cartilage Young’s modules of 11.85MPa (Kemp-
son et al. ), Poisson ratio of 0.45 (Blankevoort ) and thickness of . mm
(Athanasiou et al. ). Since the majority of the joint deformation under load oc-
curs in the acetabulum and femoral head cartilage, the underlying subchondral bone
structures were assumed to be rigid. In the DEA technique, small deformation was
assumed and the system of equilibrium equations was derived using the minimum
strain energy principle (Schuind et al. ; Genda et al. ). The rigid body dis-
placement field provided the deformation of the springs, which approximated the
joint contact area and pressure. Hip jointmotion and joint contact forces duringADL
were taken from Bergmann et al. (), which were based on the in vivo measure-
ments in patients with instrumented hip replacement prosthesis. The graphic anima-
tion feature of the simulation software, Virtual Interactive Musculoskeletal System
(VIMS), was used to display the analysis results for visualization purposes. The con-
tact area and pressure on the femoral head were identical to that on the acetabulum
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based on the action-and-reaction principle; however, the location of the contact area
on the head would change due to the relative position of the femur with regard to the
pelvis during activity.

Figure 7. Hip-joint contact area loca-
tion defined on the surface of the ac-
etabulum. A Lateral roof. B Anterior
horn.CMedial roof.D Posterior horn

Figure 8.Hip-joint contact force, area and pressure distribution during normal gait. Themodel
and analysis illustrated here allow variation of load and acetabulum orientation to minimize
contact pressure and maximize contact area in peri-acetabular osteotomy planning
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Figure 9.Femoral-head FEMmodel with inverted contact pressure from the acetabulum at the
loading condition to predict bone collapse due to osteonecrosis condition and the reconstruc-
tion effect using the Eigenvalue buckling analysis algorithm in ABAQUS software

The acetabulum available contact area was divided into four regions to describe
the peak pressure location (Fig. ). In normal walking, the maximum contact pres-
sure was relatively low due to the large area of joint contact throughout the gait cycle
(Fig. ). The magnitude and occurrence of the peak contact pressure coincided with
that of the ground reaction force during gait cycle for different walking speeds. In
stair walking, the peak pressure going upstairs (5.71MPa) was higher than that go-
ing downstairs (3.77MPa), although the measured joint contact force magnitudes
were in opposite order. During the closed kinetic chain activity, the hip peak con-

Table 1.Hip joint peak contact pressure (location on the acetabulum surface) and contact area
during activities of daily living, and the activity cycle locations

Activities of daily living Peak pressure (Mpa) Contact area Activity cycle (%)
(% of total area)

Fast walking 3.28 (Lateral roof) 78.7 12.5
Normal walking 3.26 (Lateral roof) 76.3 16.5
Slow walking 2.87 (Lateral roof) 81.2 16.0
Standing up 8.97 (Posterior horn) 19.7 35.0
Sitting down 9.36 (Posterior horn) 17.6 50.5
Knee bending 3.65 (Posterior horn) 51.6 53.0
Going upstairs 5.71 (Lateral roof) 52.1 11.0
Going downstairs 3.77 (Lateral roof) 80.6 55.0
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tact pressure was moderate (3.65MPa). The highest joint contact pressure occurred
during sitting down on a chair (9.36MPa) or standing up from it (8.97MPa), due
mainly to the small contact area at the edge of the posterior horn of the acetabulum.
Thepeak pressure, the contact area, the activity cycle percentage and the joint contact
force data of all ADL are given in Table . The pressure distribution on the femoral
head was the reverse of that on the acetabulum (Fig. ). The area of contact on the
femoral head varies significantly in different activities.

Cortical Defect: A Model To Study Bone Repair and Remodelling

Severalmechanistic theories have beendeveloped to describe bonemodelling and re-
modelling to describe bone adaptation mechanisms; however, there is a lack of well-
formed experimentalmodelswithminimal co-morbidity effects to validate these the-
ories. The cortical defect healing in intact long bone is not yet well understood. In
addition, the repair process seemed to follow a unique pathway (Chao et al. ),
and such process often remains incomplete with no effect on long bone structural
strength (Claes ). It was propose that cortical-defect repair follow a two-phase
process. The initial phase is marked by an angiogenic response, characterized by mi-
crovascular invasion into the defect area followed by an intramembranous ossifica-
tion process. The second phase is related to remodelling by transforming the wo-
ven bone into cortical bone. We hypothesized that the deformation gradient around
the defect has a direct effect on vascular network and woven bone formation during
the repair phase. In the remodelling phase, we assumed that bone material prop-
erty andmorphology are regulated byminimizing the strain energy gradient in bone

Figure10.TheSEM images of cortical defect healing  week after surgery in a canine tibia. Dense
vascular network formation adjacent to the defect corner region corresponds with greatest
strain energy gradient. a Cross-section at the cortical defect corner. b Longitudinal section
across the defect
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Figure 11.The SEM images of cortical defect healing  weeks after surgery. Dense woven bone
formation following the vascular network orientation. The defect corner region corresponds
to greatest strain energy gradient. a Cross-section at the cortical defect corner. b Longitudinal
section across the defect

Figure 12.Themicroradiographs of normal cortical bone defect healing  weeks after surgery.
a Intact cortex 5mm away from defect (note the periosteal new bone formation). b Bone heal-
ing at the edge of the defect (note that the new bone in the defect area is less dense compared
with that in the cortex). cHealing at the defect mid-section (note that the new bone in the de-
fect is less dense than that at the defect edge and the periosteal new bone is most prominent).
d Intact bone at the defect edge (note that its periosteal new bone is more than that at 5mm
away from the defect).The formation of periosteal new bone provides an alternative means to
recover the cortex’s structural strength and stiffness
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around the defect while attempting to recover bone structural strength measured
by the sectional modulus of the tubular structure. This study was to investigate the
proposed defect repair and remodel regulating mechanisms using an animal model
(canine with mid-tibia cortical defect) and a corresponding numerical simulation
model (FEM; Elias et al. ; Chao ).

Fourteen skeletally matured adult male canines were used for this study. Unilat-
eral longitudinal rectangular cortical bone defects were created in the antero-medial
surface of the mid-diaphysis of the tibia. Defect length was equal to the tibial outer
diameter (1OD) and the defect width was 0.25OD. One dog each was killed  and
 weeks after surgery for microvascular analysis. The remaining  dogs were killed
 each at  and  weeks, respectively. A vascular corrosion casting method was used
for the microvascular analysis. The specimens were coated gold for SEM study. Rou-
tine microradiographic biomechanical and histological analyses were performed for
the -week group specimens.

Amid-diaphysis length of 5ODwas used for the analysis. Identical defectwas cre-
ated in the anterior-medial bone surface. Twenty-node reduced-integration brick ele-
ments were used in each FEMmodel.The transversely isotropic properties of the hu-
man cortical bone were used for the engineering constants. The defect had the same
transversely isotropic material properties and only the elastic modules were changed

Figure 13.The strain energy density (SED) plot of the cortical bone around the rectangular
defect of simulated healing stages of , , ,  and 100% when compared with the intact
cortex.This simulated healing was not observed in the animal experiment, whichmay suggest
a different bone repair and remodelling regulatorymechanismbased on both the tissue healing
and biomechanical criteria
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to simulate the healing stages. The distal end was rigidly fixed and the proximal edge
had coupled constraint under torsional load. ABAQUS CAE (Hibbitt, Karlsson and
Sorensen, Pawtucket, Rhode Island) was used to create the FEMmodels for analysis
and post-process the results.

There was dense microvascular formation at  week (Fig. ) which was trans-
formed into woven bone in  weeks (Fig. ). Capillaries formed from the medullary
canal to the bone defect where the deformation gradient was maximal. At  weeks,
the torsional strength was completely recovered as compared with the intact bone but
with entirely different morphological architecture (Fig. ). The stain energy density
was distributed equally in the intact model; however, that of the defect model was
increased dramatically in the surrounding of the defect part in comparison with that
of the intact model (Fig. ). The strain energy density surrounding the defect and
at its corners were decreased significantly by the repair process. According to the in-
creasing material properties of the repair tissues, the strain energy density decreased
gradually around the defects. The torsional load of 1000Nmm was applied and the
torsional stiffness was calculated by dividing the torsional load by the rotational dis-
placement, which also incorporated the “open section” effect. The torsional stiffness
of the intact model at the defect centre section was 0.248, whereas the defect model
with no repair was 0.198. Under varying degrees of repair and remodelling at , 
and 75% of defect recover (only on material modulus), the corresponding torsional
stiffness values were increased to 0.238, 0.239 and 0.239, respectively (Chao et al.
).

Femoral Head Collapse and Reconstruction in Avascular Necrosis

Estimation of the hip joint contact pressure during activities of daily living (ADL)
is useful for both preoperative planning and postoperative rehabilitation in differ-
ent conditions that lead to osteoarthritis. Avascular necrosis (AVN) or osteonecrosis
(ON) of the femoral head is one of those conditions, and it is a relentless process that
leads to articular surface collapse (Volokh et al. ). The ideal treatment should
aim at the arrest of the progression of the disease in the pre-collapse stage; therefore,
in the management of the pre-collapse stage, appropriate structural reinforcement
of the femoral head is essential and the development of a method for the prediction
of the head failure is desirable. Careful biomechanical analysis using computer sim-
ulation can help rationalize the development of this method and optimize the head
reinforcement reconstructive method based on individualized AVN conditions. The
purpose of the present study was to reveal the biomechanical rationale for predicting
failure of the femoral head at the early stages of AVN. It was hypothesized, particu-
larly, that the loss of the mass density and stiffness of the bone during necrosis devel-
opment led to an inability of the cortical shell structure due to failure of the cancellous
bone responsible for supporting the system exposed to high femoral head loading.
The well-known mechanical concept of shell structure buckling can cause femoral
head collapse. Such a scenario immediately rationalizes the need to reconstruct the
femoral head using biostructural augmentation techniques.
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Computer analysis of the hip joint included two stages. At the first stage, the
shapes of the femoral head and the acetabulum were created from the Visible Human
data set (Spitzer et al. ) and the potential contact area for an individual was estab-
lished fromhis/her anteroposterior radiograph data (Genda et al. ).The cartilage
between the acetabulum and the femoral head was mimicked by  “equivalent”
unilateral springs. In order to find the joint pressure distribution, the acetabulum and
the femoral head were assumed to be rigid bodies.The loads at the joint were chosen
as the hip contact forces during ADL. The pressure distribution was obtained by us-
ing the discrete element analysis (DEA; Genda et al. ; Yoshida et al. ). At the
second stage, the hip pressure obtained from the DEA was inverted to a distributed
load on the femoral head for the subsequent finite element (FE) analysis (Fig. ).

The spatial finite element model used continuum brick elements for the cancel-
lous bone and thin shell elements for the cortical bone. The nodal points of the con-
tacting brick and shell elements were properly adjusted.The femoral head was rigidly
fixed at the plane separating it from the femoral neck. The necrotic area was consid-
ered as a cone with the base angle of 2π�3 radian (Brown, et al. ). The ABAQUS
software was utilized for the Eigenvalue Buckling (instability) Analysis (EBA) of the
cortical shell under the normal and necrotic cancellous bone foundation (Fig. ).

The normal walking contact pressure calculated from DEA, and varying from 
to 3MPa over the contact area, was used as the “initial” load for the buckling analysis
of the normal and necrotic femoral heads. Isotropy was assumed for both cancellous

Figure 14.The D finite element analysis model of
the femoral head using a shell structure with cor-
tical bone covering the surface and the cancellous
bone filling the inner cavity space similar to a pos-
itive pressure for external loading requirements of
the femoral head

Figure 15. Using the linear Eigenvalue buckling
analysis algorithm to predict the femoral head
collapse under defective cortical and cancellous
bone property due to osteonecrosis effect. This
figure provides the estimated lowest mode of
structure buckling failure under the critical pres-
sure profile applied based on the activities of daily
living data
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Figure16.The femoral headmodel collapse critical pressure (using the peak pressure of the pro-
file) resulted from the Eigenvalue buckling analysis based on varying cancellous bone yielding
stress estimate due to osteonecrosis involvement and the assumed cortical bone yield stresses:
σy = 10GPa; σy = 5GPa; σy = 1GPa

and cortical bones and the Poisson ratio was chosen to be . for the cortical and
. for the cancellous bone in all simulations. The critical pressure obtained from the
EBA is a multiplication factor for the “initial” load to become critical. Bone material
property affected by AVN was estimated by adapting different Young’s moduli for
either the cancellous or the cortical bones.

Figure 17.The effect of bio-structural augmentation using allograft bone screw and osteoinduc-
tive material to reconstruct the osteonecrotic area. Bone collapse could be effectively avoided if
the bone screwand the interfacing cancellous bone are integrated, regeneratedand remodelled
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Figure 18.The concept of
the bio-structural aug-
mentation method to
reconstruct the femoral
head affected by os-
teonecrosis (adapted
fromVolokh, et al. ).
The size, number and lo-
cation of the bone screws
is determined using the
Eigenvalue buckling
analysis assuming that
the head is a composite
shell structure

Two EBAs were performed under the AVN conditions of degrading elastic prop-
erties of the femoral head. Firstly, the Young modulus of the cortical shell was cho-
sen to be equal 1.0GPa and the critical pressure was computed for the varying Young
modulus of the cancellous bone. Secondly, the Youngmodulus of the cancellous bone
was chosen to be 1.0MPa and the critical pressure was computed for the varying
Young modulus of the cortical shell. When the normal femoral head was considered
where the Young modulus was chosen to be equal 10.0 and 1.0GPa for the cortical
and cancellous bone accordingly, negative critical pressure was obtained (Fig. ).
A biostructural reconstruction method using allograft bone screws and demineral-
ized bonematrix (DBM) reinforcement was introduced (Fig. ).This reconstruction
not only reduces the collapse risk; the DBM will allow bone regeneration to recon-
stitute the subchondral bone structure as illustrated in Fig. .

Discussion and Future Perspectives

Bio-imaging technology has helped musculoskeletal biomechanical studies by pro-
viding reliable methods to estimate connective tissues composition, physical prop-
erties and healing or remodelling progression. Furthermore, it offers the unique op-
portunity to reconstruct anatomically realistic and biomechanically effective mod-
els, including both soft and hard tissues for research investigations, studying func-
tional anatomy, surgical planning, intraoperative monitoring and many other ap-
plications. These models allow computer-aided analysis of bone and joint system
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in a virtual-reality environment. On the other hand, image-based bone structural
and biomechanical analyses also expand the bio-imaging field beyond its traditional
diagnostic and interventional roles in medicine. With the aid of functional assess-
ment before and after surgical or non-operative management of patients with in-
jured or diseased bone and joint systems, bio-imaging technology can be viewed as
a tool to provide effective pre-treatment planning to improve clinical treatment out-
come.

To accomplish these goals, one needs an effective and accurate means to produce
patient-specific musculoskeletal joint models. Using the raw CT or MRI data of the
patient would be extremely time-consuming as well as costly; therefore, innovative
methods of using limited imaging data from the patient as a guide combined with
archived model data pool through a scaling approach would seem more attractive.
Parametric and non-parametric scaling techniques have been tried with disappoint-
ing results due to the complexity of the bone deformity and the disease related joint
changes involved. A feature-based method taking into account anatomic location,
skeletal shape characteristics, deformity type, reconstructive method being consid-
ered, patient demographic information, etc., would be the ideal way of constructing
patient-specific models. Although a robust model database and an accurate scaling
method would be highly desirable, biomechanical results to be produced from such
analysis will still be approximate in nature since many assumptions are necessary in
the solution process while the problem itself is often indeterminate; hence, no one
really knows what the real in vivo results should be. However, the objective for the
model-based analysis is to produce comparative results for the purpose of rationaliz-
ing the surgical procedure, as well as optimizing the implant selection and placement,
which do not require the exact biomechanical solution if it ever exists.

Under dynamic function, limb movements are being monitored using various
motion analysis systems with surface markers placed on the patient’s body; how-
ever, no information can be extracted from these data on the underlying skeletal
and soft tissue structure for biomechanical analysis. There is no bio-imaging tech-
nique available at the present time to provide such information on a reliable and
cost-effective way. Although cineradiography is being utilized, the image resolution
is inadequate to provide subtle information on the normal, diseased or reconstructed
joint function. Better imaging techniques and data processing software, including
data segmentation and object reconstruction, are needed. Low radiation exposure
and acceptable time and cost involved for data capturing and reduction are other
developmental considerations. These new technologies must be able to handle met-
als, synthetic materials, bone as well as soft tissue with acceptable data accuracy and
consistency.

Model reconstruction and biomechanical analysis results should be validated us-
ing mechanical simulators, parametric analysis and clinical trial follow-up studies.
Although exact results are nearly impossible to predict, limited data extracted from
patients with instrumented implants should be used to assess the model and the ana-
lysismethod in predicting the joint loading results theoretically. Using data generated
from the model according to a systematic trend of parameter variation could pro-
duce qualitative information to evaluate the efficacy and reliability of the VIMS soft-
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ware for biomechanical analysis. Limited cadaver experiments conducted on special
testing machines or custom-made mechanical simulators with precisely controlled
loading condition and joint movement of the musculoskeletal systemwould produce
valuable information to assess the acceptability of the model-based analytical data.
Patient functional data before and after treatment based on the preoperative planning
criteria should be evaluated in the light of the historical data reported in the literature.
Through these validation studies, the image-based model and the computer-aided
simulation and analysis technology can be substantiated and further improved, if
necessary, to establish the credibility of image-based biomechanical analysis in a sim-
ulation environment.

Although the technologies discussed herewith are far less expensive and easier
to use when compared with those in other biotechnology fields, the need to share
the models and the analysis tools through close collaboration must be emphasized.
Although biomechanical analysis will remain in the limelight of the medical arena,
those who are engaged in such esoteric effort will always be regarded as the minority.
TheVIMS technology shall provide the tool and work platform to foster such collab-
orative effort and thus benefit medicine, surgery, and biomedical engineering alike.
If the simulation technology introduced in this chapter is further improved by new
imaging techniques, biomechanicians working in the musculoskeletal field will take
on a new role to advancemusculoskeletal sciences and clinical care. In addition, these
technologies should also benefit orthopaedic devices and rehabilitation equipment
industries to optimize design, product quality control, application implementation
and cost reduction.

Conclusion

Both bio-imaging and biomechanical analysis have a long and rewarding history in
medical science and patient care. These two fields are mutually dependent and can
cross-fertilize in a productive manner. When the specialists in these two fields are
able to collaborate seamlessly, innovative diagnostic methods, interventional plan-
ning and post-treatment function monitoring can be developed and applied in an
effective, reliable and affordable manner. The new and highly innovative technology
of computer-aided and image-based biomechanical analysis (the VIMS technology)
will no doubt provide the tools needed to generate new knowledge of musculoskele-
tal joint system function unknown or not available previously. It will also enhance its
competitive edge in gaining funding support from both the medical and engineer-
ing fields. This technology and its analysis capability can also benefit other medical
specialty areas in research, education and clinical patient care. It is hoped that the
image-based biomechanical analysis can set the standard on how to utilize engineer-
ing principles and technical know-how to improve medical care quality and reduce
the overall social service cost – the underpinning pre-requisite of the bioengineering
profession.
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Abstract

Computerized techniques have long been applied in the field of biomedical imag-
ing. In the past, the heavy burden induced by medical-related imaging or visualiza-
tion process was always coupled with bulky and expensive workstation or server-
grade computer. The recent advancement in graphics processing unit has unleashed
the personal computer (PC) as the major platform for medical image processing,
analysis, visualization as well as surgical simulation. In light of this, our group has
worked out different high-performance computing techniques exploiting affordable
PC graphics boards. These techniques include advancement in segmentation, ren-
dering, deformation as well as surgical simulation. In this chapter, we discuss some
of our advancements in this area with applications to biomedical imaging.

We discuss our experience in performing efficient tissue identification in the area
of interest in different types of medical image. In particular, the latest advances in
the processing of Chinese Visible Human (CVH) data are described. Different tis-
sue can be identified within the images through semi-automatic methods. Based on
the tissue-tagged images, we can further reconstruct structural models which rep-
resent different organs or tissues. The structural modelling process involves mesh
generation and the development of appropriate mathematical models for simulating
various operations being applied on the structures. In this part, we have proposed hy-
brid finite element models (FEM) which are computational efficient for processing
of soft tissue deformation and other surgical procedure simulation. To demonstrate
the practical application of our techniques, we also discuss our recent research and
development process in various virtual reality (VR) surgical simulators, including
virtual orthopaedic training and virtual knee arthroscopy.

Imaging Modalities

Computed tomography (CT), magnetic resonance imaging (MRI) and ultrasound
(US) are commonmedical imagingmodalities. Different modalities provide different
form of anatomical or functional information. Although these imaging techniques
can acquire in vivo patient data, true colour dissection anatomical details cannot be
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Figure 1.An original slice from the
Chinese Visible Human (CVH)
data is shown

obtained. Visible Human Project founded in  (Ackerman ) by National Li-
brary of Medicine in United States has provided a revolutionary way of presenting
human data, the true dissection anatomical data.The emergence of the latest Chinese
Visible Human (Zhang et al. , ) data sets feature another milestone in the
true colour anatomical imaging.

The first CVH data set was collected in , by theThird Military Medical Uni-
versity, Chongqing, China. The latest CVH data set consists of  serial cross-
sectional colour digital images.The resolution of each sectional image is 4064�2704
with  bits per pixel (Fig. ).Thewhole data set is acquired at 0.1mm intervals. Com-
pared with different modalities, such as MRI or CT, such a high-resolution data can
provide fruitful anatomical detail which can benefit medial imaging analysis, human
anatomy education as well as surgical simulation. On the other hand, the new data
sets also impose new challenges to the imaging research community. Tissue identifi-
cation is one of these challenges. The data size of CVH is large compared with other
common medical imaging modalities. Efficient storage, processing and rendering of
the data set is another important problem to be tackled. We discuss these issues in
the following sections.

Tissue Identification

Based on the raw image obtained from any one of the image modalities, one would
have to distinguish different tissues or organs. In computer science terminology, the
act of dividing or partitioning out of an image is called segmentation. For a set of
subsequent image slices, after one of the slices is segmented, the contour front can be
used in propagating on subsequent slices. We call this technique tracking.

To identify different anatomical structures from the CVH volumetric data set,
we make use of both manual and semi-automatic methods. Manual segmentation is
a very labour-intensive task. Skin, fat, septum, bone, bonemarrow, muscle, ligament,
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Figure 2.Manually segmented results are shown from a segmented CVH volume

nerve and blood vessels are scribbled by hand slice by slice (Fig. ). Althoughmedical
professionals would find the result very acceptable, the progress can be slow. For the
semi-automatic method, we have proposed a modified level set method (Qu et al.
) to deal with both segmentation and tracking.

The level set method, developed by Osher and Sethian (), is a zero equivalent
surface method. The basic idea is to convert the track of a planar curve movement
into the track of a three-dimensional surface movement. Although this conversion
may complicate the solution, it exhibits many other advantages: parameter free rep-
resentation, higher topological flexibility and ability to handle local deformations are
its main strengths. These properties make the level set framework a suitable choice
for segmenting tissue structures out of different imaging modalities.

Although the CVH data set brings more difficulties to segmentation methods
when dealing with high-resolution information, on one hand, it brings convenience
to the tracking-based serial images segmentation, on the other hand.

Our main idea is to incorporate the colour feature, the texture feature as well as
the gradient feature within the image in augmenting the overall level-set-based tissue
identification process. In this sense, a two-step scheme based on level-set segmenta-
tion and tracking is proposed herein.

Segmentation

In this step, we segment the first slice of a volumetric data (in form of a sequence of
serial images). A speed function, which incorporates the gradient, texture and colour
information, is introduced for the segmentation purpose. The user needs to lay the
initial seed by simply clicking on the AOI.

F = KI(x , y)(εK + FA) + β
(∇c ċ ∇ϕ)
∇ϕ
 + γ(BPV) , ()
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where εK is to prevent the sharp corner developing; KI is defined as e−�∇Gσ ċI(x , y)�;∇c ċ∇ϕ proposed by Yezzi et al. () is a pull-back stress dependent on the gradient;
and BPV is to measure the texture feature.

Thebasic idea in constructing the speed term for segmentation is tomake speed F
tends to be zero when it is close to the boundary. According to our previously pro-
posed model (Qu et al. ), BPV texture feature (Loone ) and gradient feature
are incorporated into our speed function.

Tracking

The0.1mm inter-layer distance of CVHdata makes the tracking possible and reliable
for segmentation task. We also extended the speed model in (Qu et al. ) for the
tracking problem. Due to the visual consistency constraint between two continuous
layers, we can assume the transformation of edge between images In and In+1 is be-
tween a narrow band with width δ. The following calculation is done entirely within
the narrow band.

For the subsequent image slices, after the first segmentation step, the level-set
segmentation can be initialized by evolving the result from the previous image, and
propagates the front with a newly proposed speed function, which is designed for
tracking.

F = KIn+1(εK + FD) + βFC . ()

FD = Sig ċ (In − In+1)2 , FC = Sig ċ dist(Cn , Cn+1) . ()
Sig = Sign(dist(CID, Cn

+) − dist(CID, Cn
−)) . ()

We propose a new speed function to evolve the contour, from slice In to the next
slice In+1.The segmentation result (i.e. the resultant contour) obtained in slice In can
be exploited as the initial contour for slice In+1, and the front propagates under the
speed function given in Eq. () which can attract the front moving towards the new
AOI boundary. Here, the curvature term K is adopted to avoid the “swallowtail” dur-
ing propagation. FD is the cost function between the two slices In and In+1, which
can be measured by the sum of square differences between the image intensities in
a window, as shown in Fig. . Equation () tells how to decide the magnitude and the
signal of FD , where+n and −n indicate whether the pixels are outside or respectively,

Figure 3.The design of the speed function for tracking is shown: value and signal
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Figure 4. Level-set-based segmented bony tissue is
shown

in slice In ; Cn
+ and Cn

− are the content model of these pixels in slice In . ID represents
the pixels in the overlapped inhomogeneous areas (see Fig. ). We note that FD , con-
volved by KIn+1, forces the front to move in the homogeneous area and to stop at the
boundaries in In+1. The sign of FD influences the curve to expand or shrink.

With this semi-automatic way of identifying tissues, different structures can be
separated at a much faster pace. Figure  shows the segmentation of bony tissue in
the upper limb region. Although we have not yet successfully identified all major tis-
sues semi-automatically, there has been great progress. Manual and semi-automatic
segmentation need not be performed separately. An integration of both methods
can achieve better results in some cases. One of the possible approaches is to seg-
ment one particular organ in the first slice manually and then make use of the level-
setbased tracking to extract the same organ in subsequent slices. This method is par-
ticularly useful when the organ boundary is not very clear but the slicing intervals
are not very long. Having segmented the tissues, the next step is structural mod-
elling.

Geometric Modelling

Having identified various tissues within the colour images, we can further generate
the geometricmodels for representing individual organs and tissues.Modelling refers
to the process of representing structural topology through a number ofmethods such
as parametric representation, mathematical form or meshes. In surgical simulation
applications,meshes are one of themost commonmodellingmethods.Mesh, in com-
puter graphics, is a network of connected nodes or vertices for representing structural
models.

In general, we can roughly divide mesh models into surface representation and
volume representation. Surface mesh refers to connected nodes bounding certain
volume with no inner nodes. A list of connecting triangles or quadrilaterals is usually
used inmodelling surface meshes. Volumemeshes bound certain volume region, but
inner connecting nodes are included in the representation. Connected tetrahedrons
or cubes are common form of representing volume meshes.

For one particular tissue structure, the choice of surface or volume representation
depends on the tissue itself. In general, the operations being applied to the structure
is the major concern. For instance, bony tissue is seldom cut in almost every normal
situation. In such a case, we usually choose surface meshes to represent bone. On the
other hand, soft tissues, such asmuscle, fat and ligament, would be better represented
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by volume meshes, because cutting or more vigorous topological changes are likely
to happen in these tissues (Fig. ).

The reconstruction of surface mesh is relatively simpler making use of a series
of D contours within the medical image. We can use the Ganapathy and Den-
nehy () method tomodel the surfaces. A typical correspondence problem in this
method can be solved if each contour of every single slice can be identified by its two
neighbouring tissues. Comparatively speaking, the reconstruction of volume mesh,
likely in the form of tetrahedral mesh, is not as trivial as is the case in surface mesh
reconstruction. Here, we only consider the case of tetrahedral mesh construction.
Since the size and shape of the tetrahedral generated affect the performance later on
tissue deformation or cutting being used in surgical simulators, the reconstruction
process has to be designed carefully.

Traditionally, interval volume tetrahedralization (Nielson and Sung ) and D
Delaunay tetrahedralization (Sullivan et al. ) are two major methods in creating
tetrahedral mesh out of a volume. The number of tetrahedrons generated by the first
method is usually too large. This would complicate the overall simulation process.
Moreover, the shape of the tetrahedrons generated is not good (too sharp) in gen-
eral. The second method can create well-shaped tetrahedrons; however, gaps may be
introduced between the two generated meshes if multiple organs are extracted simul-
taneously.

In order to deal with these issues, we have developed a constrained tetrahedral
mesh generation method (Yang et al. ).This algorithm can be applied in extract-
ing human organs from the tissue-identified volume. Ourmethod creates tetrahedral
directly from the volume with no need to generate isosurfaces in advance. This can
be regarded as an incremental insertion algorithm in the D Delaunay triangulation
category. The algorithm involves two main steps: vertex placement and boundary-
preserved Delaunay tetrahedralization.

Figure 5.The generation of
surface meshes (for non-
deformable structures) and
tetrahedral meshes (for de-
formable structures) from
the slices of medical images
is shown
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Vertex Placement
Vertex placement is a process for placing vertices on a polyhedron common to three
or more sides in order to facilitate the subsequent tetrahedralization. Two types of
vertices, feature points (points that lie on the boundary) and Steiner points (inferior
points), are inserted.The step can affect the density of the mesh and its conformation
to the tissue boundaries.

Boundary-Preserved Delaunay Tetrahedralization
Boundary-preservedDelaunay tetrahedralization is a process for generating the tetra-
hedral mesh based on the feature points and Steiner points obtained in the previous
step. All these points are used as the input for the D Delaunay algorithm. At every
single time one new point is added and the tetrahedral mesh grows up gradually. Af-
ter a new tetrahedron is added, in order to preserve the boundary positions between
different structures, a flipping-based algorithm is integrated in order to restore tissue
boundaries by a step called re-meshing.

The main advantage of our method is that many geometric details can be pre-
served while the size and shape of the tetrahedral can be kept well.This is particularly
important for the finite element analysis (FEA) in surgical simulation (see below).

Surgical Simulation

To simulate surgical procedures in the virtual reality, many difficult issues have to
be tackled. Realism of the physical simulation and real-time interactivity is some-
how a trade-off (Delingette ).Themost crucial computation processes in surgery
simulation include soft tissue deformation, soft tissue cutting and collision detection.
A well-balanced surgical simulation, which exhibits realism as well as interactivity,
demands highly efficient algorithmic design and software implementation.

Soft Tissue Deformation

Carefully designed mathematical model is crucial for carrying out realistic soft tis-
sue modelling (Bielser et al. ; Bielser and Gross ; Cotin et al. ; Mor
and Kanade ). Finite element models (FEMs) are one of the most common used
mathematical models used in dealing with soft tissue interaction; however, real-time
deformation using FEM is quite a challenge problem since computation involved in
FEM is quite intensive. In light of this, we have introduced two methods to lessen
the computational burden in the FEM deformation process. The first one is to sim-
plify the formulation of FEM and the second one is to shift several key computation
modules from standard central processing unit (CPU) to the graphics processing unit
(GPU; Wu and Heng ).

The simplification we have made to the FEM formulation is called hybrid FEM.
The basic idea of this method is to divide the model into two regions, namely the
operational region and the non-operational region (Fig. ). Operational refers to the
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Figure 6.The hybrid model is
shown

application of surgical operations. In other words, the operational region is for mod-
elling pathological area on which operations will be done. The non-operational re-
gion simulates the area that is not likely to be modified by surgical tools. In this case,
we have made an assumption here that topological changes within the surgical sim-
ulation should occur only in the operational region. Different mathematical models
are designed to handle regions with different physical properties (Duck ). This
strategic approach can balance the computational burden with the level of visual re-
alism.

In particular, a complex FEM, which incorporates non-linear deformation and
topological change, is used to simulate the operational region. On the contrary, a lin-
ear and topology fixed FEM is used for the non-operational region in order to ac-
celerate the overall simulation efficiency. Based on such a configuration, additional
boundary conditions can be introduced to bothmodels through their shared vertices.
Inferior vertices of the non-operational region can be regarded as duplicated vertices,
and thus can be removed by a condensation process (Nielsen and Cotin ) during
the actual simulation. As a result, the dimension of matrices in the FEA computation
can be reduced, thus improving the ultimate simulation performance.

TheGPU-based acceleration relates to the application of the programmable graph-
ics hardware to compute certain numerical procedures. Vector-based computations
are the most favourable processes for being accelerated under the GPU architecture.
In the FEM computation, one of the main steps involves the use of the conjugate
gradient solver, which is an algorithm for the numerical solution of particular sys-
tems of linear equations. Since the core component of this solver is the multiplica-
tion of sparse matrix and vector, the computation can be greatly accelerated in the
programmable graphics architecture. By deploying the GPU in performing the core
computation, the real-time FEM-based deformation has become feasible.

Soft Tissue Cutting

Within the operational region, soft tissue cutting is one of the most common surgi-
cal procedures to be simulated. An efficient cutting algorithm on the tetrahedrons
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mesh is crucial for the interactivity of the surgery simulator. Our strategy in cutting
tetrahedrons is based on a concept called minimal new-element creation, which is
a method for generating as few new tetrahedrons as possible during every new cut
(Sun et al. ).

Tetrahedrons are subdivided by tracking the intersection between the cutting tool
and every tetrahedron. Such a subdivision process undergoes a number of steps.
Firstly, we determine the initial intersection between the surface boundaries and
the cutting tool. Once an intersection is detected, all intersected tetrahedrons are
recorded. The intersection test is then propagated to all neighbouring tetrahedrons
that share the intersected faces and edges. In this sense, any involved tetrahedrons
can be detected promptly. Once the subdivision is completed, cut surfaces between
these intersection points can be generated.

The visual update during the whole cutting process can affect the realism of sim-
ulation. In some cases, immediate visual feedback “on the fly” is mostly preferred.
A simple way to handle the process is that we update the tetrahedron subdivision at
certain time steps. We based this on the cutting result of the previous time instance
to update the subdivision; however, this may lead to a dramatic increase in the total
number of tetrahedrons during the simulation.

To ensure interactive visual feedback, progressive cutting (Hoppe ;Mor )
with temporary subdivision is one of the concepts being used in our subdivision
process. In view of this, we subdivide a tetrahedron temporarily until it is cut com-
pletely, whereas those temporary tetrahedrons can be discarded after display. If the
topology of the subdivided tetrahedron does not change along with the movement
of the cutting tool, we can just update the position of the intersection points. On the
other hand, if the topology does change, the temporarily subdivided tetrahedrons are
deleted and the tetrahedron will undergo another subdivision again. Such an imple-
mentation can lower the latency between the user input and visual feedback. More-
over, the total number of tetrahedrons will increase moderately.

Virtual Orthopaedics Training System

Traditionally, high-quality rendering of huge medical data have to be performed at
workstation or server-grade super computer. With the advance of novel graphics ar-
chitecture, PC-based system is another evolving platform for the medical society
to preview, interact and process the data. Exploiting the CVH data and innovative
volume-rendering algorithms, we have developed a virtual anatomy system for or-
thopaedics training of the upper limb region. This is a pilot application of CVH data
in interactive volume visualization as well.

In the system, we first perform tissue identification on the CVH volume data.
Then, a volume-rendered visualization algorithm is used. Using voxel as the basic
modelling unit, we can render the body directly. To improve the rendering perfor-
mance, we have optimized the data set so that our application can be performed in-
teractively on a single PC.

The user can make use of the mouse cursor to perform translational and ro-
tational transformation on the volume data set (Fig. ). Arbitrary cross-sectional
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Figure 7.Muscular tissue is shown with different orientation and transparency

Figure 8.Arbitrary clip-plane can be added to the original volume. a An original volume ren-
dered view of the upper limb model is shown. b A clipped view is shown

clip-plane can be added to the data visualization (Fig. ). Users can add one sin-
gle axis-aligned (i.e. aligned to x-, y- or z-axis) clip-plane to the volume, whereas the
movement of the plane can be adjusted interactively. Skeletal tissue, muscular tissue,
blood vessels and nerve, for example, can be visualized separately with adjustable
transparency (Fig. ). Moreover, the user can freely assign different pseudo-colour

Figure 9.Transparency adjustment can be applied to the rendered volume. a Original volume-
rendered shot. b A semi-opaque fatty tissue is visualized
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to different tissue.The user-friendly interface can helpmedical professionals to com-
prehend the anatomical structure in depth.

Virtual Knee Arthroscopy

Minimally invasive surgery (MIS) relies on small incisions in the patient and makes
use of endoscopic devices to carry out different types of operations which could only
be done by open surgery in the past. Endoscopic surgery introduces less trauma,
reduced pain and quicker patient convalescence, and its advantages are apparent;
however, the hand-to-eye coordination in MIS requires extensive training so that
the surgeons can be able to handle complex cases. Training on animals or plastic
models cannot optimally deliver the realism of operations compared with that of real
surgery. In light of this, virtual-reality (VR)-based training systems (Downes et al.
; Mabrey et al. ) provide another effective alternative to this issue, and VR
surgical simulators are beneficial to both experienced surgeons and medical novices.

The virtual knee arthroscopy training system is one of the MIS simulator sys-
tems we have developed in recent years. We collaborate with the Department of Or-
thopaedics and Traumatology in the Prince of Wales Hospital, Hong Kong. Our sys-
tem consists of a virtual environment that supports standard inspection and various
surgical operations through a homemade virtual knee user interface. Real-time soft
tissue deformation is supported for more realistic simulation of ligament and menis-
cus inside the compartments of knee. The interactive navigation is augmented with
force feedback (Fig. ). Users canmanipulate a virtual endoscope and a probe to per-
form a series of surgical procedures in the simulator. To improve the realism, a °
adjustable offset viewing at the tip of the virtual endoscope is available.

During the simulation process, different views can be rendered in the virtual en-
vironment (Fig. ). Internal view and external view can be displayed side by side in
order to give users better understanding in the correlation between the endoscopic

Figure 10.The tailor-made haptics device is shown. aThe outlook of the bare device is shown.
bThe two-handed interface is shown
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Figure 11.A comparison of real arthroscopic surgery with our virtual-reality-based surgery sys-
tem is shown. a A real interface for the knee arthroscopic surgery is shown. b,c Real screen
shots from the knee arthroscope are shown. d A virtual two-hand haptic input interface is
shown. e,f Simulated views are shown
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view and the actual location of the tools when viewed outside. Users can also record
an operation procedure within the simulator so that any deficiencies in the skill set
can be identified by other medical professionals. This is particularly important for
training medical students in acquiring certain difficult skill sets. In this sense, prac-
tices of dangerous procedures on real patients can be largely avoided.

Conclusion

In this chapter we discuss the techniques in medical imaging and image analysis as
real-time mathematical models being used in surgical simulations. Particularly, the
latest advancement in semi-automatic segmentation with application to CVH data
and the novel hybrid FEMs for simulating soft tissue are introduced.
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Brief History of Device Development and Related Studies

In the early s, Prof. Rüegsegger, Institute forMedical Technology andMedical In-
formatics, Eidg. Technische Hochschule (ETH) and University in Zurich, was asked
by the NASA to develop a device cable of quantifying bone loss in astronauts and
people working or training under conditions of weightlessness (micro-gravity).

The result was the Isotom, a small tomograph for peripheral quantitative com-
puted tomography (pQCT), which allowed us in these early days to perform mea-
surements of the trabecular compartment of the bone only, as the cortical part of
the bone was not yet accessible (Fig. ; Rüegsegger et al. , ). Our first step
was to perform “bed-rest studies” in male volunteers in . After  weeks of im-
mobilization, trabecular bone loss exceeded 15% in the radius, a tremendously high
bone loss as compared with the approximately 1% of yearly trabecular bone loss in
perimenopausal women.

Having completed these studies, the device was transferred back to Zurich and
we decided to adapt it in order to match the specific needs of our patients with osteo-
porosis.This laid the basis forGeneration , i. e. theDensiscan ,manufactured by

Figure 1.Generation ,
Isotom (pQCT)
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Figure 2.Generation , Densiscan  (pQCT)

Scanco Medical AG in Bassersdorf/Zurich, Switzerland (Fig. ).The key characteris-
tics include separate measurement of trabecular and cortical bone in vivo at a lateral
resolution of 0.2mm. The default measurement program includes  tomograms in
total at both distal radius and tibia (Fig. ).

Figure 3.Real imaging of multilayer pQCT (Densiscan ) with standard measurement pro-
gram with ten tomograms for the ultradistal radius and six tomograms for the distal radial
midshaft
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Strength of the Device Generation 2 in Research and Clinical Evaluations

By the end of , we delivered  in vitro and in vivo devices from our Densiscan
Series to worldwide leading research organizations. With the Densiscan System, now
we are working on the five typical research areas or questions given herein, among
others.

Separate Evaluation of Cortical andMetabolically More Active Trabecular Bone

Do the trabecular and the cortical compartments of bone belong to one and the same
system, responding to identical rules and factors, or do they differ, eventually even
showing differences in bone dynamics? The answer is “Yes”.

In perimenopausal women, cortical bone was found to remain relatively sta-
ble, but trabecular bone underwent a marked loss, reaching up to 5% over these
 months of observation (Fig. ; Rüegsegger et al. ). A similar phenomenon
was observed over  months in tetra- and paraplegics, in the radius as well as the
tibia, whereby trabecular bone loss was shown to be far more pronounced than cor-
tical bone loss (Frey-Rindova et al. ; de Bruin et al. , , ). Fast rate
of bone loss in trabecular bone as compared with that of cortical bone found in Cau-
casian women (Dambacher a,b, a) was also shown in studies from Asian
population (Ito et al. ; Qin et al. , a, a,b).

Because of the differences in rate of bone loss between cortical and trabecular
bone, pQCT was used to explore the exercises in prevention of bone loss in post-
menopausal women, such as the studies related to the Chinese martial art Tai Chi
Chuan, where significant preventive effects were demonstrable more in trabecular
bone (Qin et al. b, a,b, ; Chan et al. ). The pQCT also showed its

Figure 4.Perimenopausal trabecular and cortical bone loss over  months of observation
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advantages in detecting inactivity-induced bone loss, such as changes of bone min-
eral status in weight-bearing tibia bone properties after spinal cord injury (de Bruin
et al. , , ).

Regional Variations in BoneMineral Density and Structure

As our pQCT is a D technique, its advantage to D techniques is seen in its re-
cent applications in studying regional variations in volumetric BMD in perpendic-
ular skeletons in conjunction with biomechanical evaluations of weight-bearing or
loading effects (Lai et al. a,b).

pQCT Measurement at Perpendicular Skeletons and its Relationship with Central or Axial Devices

It was repeatedly alleged, thereby reflecting the knowledge gaps, that peripheral mea-
surementswould not be representative for the lumbar spine. Ito et al. (, ) per-
formed longitudinal and cross-sectional examinations with our device and showed
a highly significant correlation between axial and peripheral measurements, when
comparing what should be compared, i. e. trabcular bone with trabecular bone. Sim-
ilar conclusions applied to the dynamics of trabecular bone loss were drawn in Ito
et al.’s study with a follow-up of up to  years after menopause (Fig. ; Ito et al. ).

Figure 5. Similar rate of bone loss in trabecular bone compared between axial QCT and pQCT
in both pre- and postmenopausal women
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Figure 6.Distribution of fast and slow loser in perimenopausal and severely osteoporotic (se-
nile) patients. Rate of bone loss is based on the rate of trabecular bone loss at non-dominant
distal radius

Types of Osteoporosis and Rate of Bone Loss

The individualization of osteoporosis into two distinct types, type I and type II, is still
actual, whereby rapid bone loss is referred to as type-I osteoporosis, and type-II os-
teoporosis would apply to stable bone dynamics or to a slow rate of bone loss. To dif-
ferentiate between rapid and slow rates of loss of bone substance, we categorized our
patients into “fast” and “slow” losers, reflecting the bimodal distribution of the rates
of trabecular bone loss in women aged between  and  years, whereby patients
defined as “fast losers” lost more than 3.5% of trabecular BMC per year (Dambacher
et al. ; Rüegsegger et al. ; Qin et al. a,b).

During perimenopause, 34% of our patients only showed a “fast bone loss”, and
the remaining 66% had a normal rate of loss in volumetric bone density (Fig. ).This
is consistent with the observation that only one of three women will effectively de-
velop osteoporosis and therefore become eligible for treatment. During those days,
we were accused of “acting like rebels”, as we disagreed with the dogma which re-
quired that every post-menopausal woman underwent estrogen replacement ther-
apy. In contrast, the proportion of “fast losers” reached 75% in patients with severe
(senile) osteoporosis (type II). This contradicts common current scientific knowl-
edge, a contradiction which can be explained by the fact that trabecular bone is not
examined independently but only in combination with cortical bone, although these
two bone compartments act as totally different systems with distinct dynamics. An-
other problem arises from the presentation of rates of bone loss in relative and not
absolute values.

Reproducibility and Pitfalls of Devices

Long-Term Reproducibility

The long-term reproducibility is a relative measure of the precision of repeated mea-
surements over a more or less prolonged period of time. Reproducibility depends



70 Maximilian A. Dambacher et al.

Table1.Reproducibility and the required time frame between twomeasurements for evaluation
of “fast bone losers” (at 95% confidence level)

Multi-layer pQCT DXA (%) QUS (%)
Precision �0.3 �0.5 �1.0 �1.5 �2.0 �2.5 �3.0 �3.5 �4.0 �4.5 �5.0
error

Minimal time           
interval           
between two           
repeated           
measurements           
(months)           

          
          
          

Data highlighted in italics and boldface: measurement interval < 2 years and the rest refers
to measurement interval � 2 years

on the method used and the value of bone density at baseline. Table  shows the
level of reproducibility required to be able to identify a fast loser patient within
a given time frame. With the high-resolution pQCT measurement method and as-
suming a baseline bone density value of 50% and a reproducibility of 0.3%, months
would be required to identify a fast-loser patient (Dambacher et al. ; Qin et al.
a, a,b). When using a routine DXAmethod for bone density measurement,
with a reproducibility of –2%, this time frame increases to more than  months
(Rüegsegger ). In this regard, the following statement from Delmas () is of
interest: “In patients with osteoporosis and with high bone turnover (fast loser con-
dition) antiresorptive agents like Bisphosphonates, SERMS and calcitonin should be
used. In patients with low bone turnover (slow loser condition) fluorides should be
applied, regardless of the discussion about fluorid medication”.

Pitfalls

The pitfalls or limitations of the above-mentioned device are found in either “false-
positive” or “false-negative” conditions, includingmeasurement sites withmicrofrac-
tures (misinterpreted as an increase in BMD) or with healing of microfractures (mis-
interpreted as a “fast-loser” status (Figs. a-c).

The Latest Development: Generation 3, Xtreme-CT for In-Vivo Human Studies

Rationale of Device Development

On  September , in Minneapolis, Harry Genant organized a symposium en-
titled “Beyond”. In his mind, the measurement of bone density in humans alone was
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Figure7.Microfracture results in “false-positive” results in BMDvalues. aAt the time of fracture
at distal radius. b A few months after fracture, with increased trabecular BMD in the central
part of the distal radius on the pQCT image, i. e. formation of micro-fracture

to be considered as insufficient. In fact, all proposed definitions or consensus state-
ments of osteoporosis (Copenhagen , Hong Kong , Amsterdam  and
the Consensus Development Conference ) do highlight the importance of bone
structure. During the past years, it has become increasingly clear that an increase in
BMD is not accompanied by a parallel decrease of fracture risk. Table  shows very

Table 2.The increase in BMD does not correlate with the decrease in fracture risk

Fracture end-point studies Difference in BMD as Reduction of vertebral
compared with placebo (%) fractures (%)

Calcitonine (PROOF) 0.5 36
(Chestnut et al. )
Raloxifene (MORE) 2.6 40
(Ettinger et al. )
Alendronate (FIT ) 6.2 47
(Black et al. )
Risedronate 6.3 49
(Reginster et al. )
Fluoride 8.4 No difference
(Meunier et al. )
Teriparatide 14.2 65
(Neer et al. )
Strontium ranelate 12.7 41
(Meunier et al. )
Ibandronate 5.7 50
(Recker et al. )
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Figure 8.Generation , Xtreme-CT

clearly that BMD is accountable for only 20% of the observed fracture risk reduction
(Dambacher et al. a,b).

Additionally, a poster was presented by Watts (), with the following title:
“Risedronate demonstrates efficacy to reduce fragility fractures independent of treat-
ment related BMD changes”. Moreover, at  ASBMR Pierre Delmas stated: “Half
of incident fractures occur in osteopenic women who have BMD values above the
WHO defined diagnostic threshold for osteoporosis”. Similar thoughts triggered us,
much earlier, to go ahead with the development of the Generation  of our device,
i. e. Xtreme-CT, for the representation and the quantitativemeasurement of D struc-
tures in vivo in humans (Figs. , ; Dambacher et al. b, a,b; Neff et al. ).
This device features a reproducibility of total, trabecular and cortical BMD of 0.7–
1.5% and of 2.5–4.4% for trabecular architecture (P. Delmas, pers. commun.), with
a resolution of 100μm.

The Specific Features of In-Vivo Human Xtreme-CT

The recent application of this latest development suggests that Xtreme-CT may have
the following characteristics:

. Its ability to discriminate between osteopenic women with and without a prior
history of fracture. In contrast, spine and hip BMDmeasured by DXA were not
different between the two groups (P. Delmas, pers. commun.).

. Its quantitative assessment of trabecular microarchitecture (Figs. –) allows
an improved assessment of fracture risk.
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Figure 9. In-vivo Xtreme-CT for human application with D reconstructions. a A D image
of ultradistal radius. b A D reconstruction with defined region of interests. c A “cut out” of
region of interests defined in b. d A D reconstruction of radial cortical shell at distal radial
diaphysis

. Better monitoring of treatment effects (Fig. ).
. It allows prospective studies to assess osteopenic patients at increased risk for

fracture.

The technical details of the above-mentioned devices are summarized on the home-
page of the devices: http://www.scanco.ch.

Conclusion

The motivation for development of D bone densitometry was attributed to NASA
space flight in early s. Over the years, we have been able to advance our engi-
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Figure 10.TheXtreme-CT: D structure presentations at various views of normal distal extrem-
ities

Figure 11.The Xtreme-CT: D structure presentations at various views of osteoporotic distal
extremities

neering significantly, and our latest development in this area is the in vivo human
Xtreme-CT, which enables us to measure and monitor the changes of D bone struc-
tures in vivo in humans. This opens a new horizon to evaluate the efficacy of the
drugs developed for prevention and treatment of osteporosis, and potentially also
for monitoring osteoporotic fracture repair.
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Figure 12. Datasheets of in vivo Xtreme-CT D reconstructions (corresponding to Figs. 
and ). aDatasheet of distal radius. b Datasheet of distal tibia

Figure 13.The Xtreme-CT: monitoring of trabecular bone loss of at distal radius of a post-
menopausal women. a A D distal radius at baseline (arrows). b A D distal radius of the
same region made  months after baseline measurement (arrows: demonstrating trabecular
bone structural deterioration and loss). c Datasheet for comparison of density and structural
values



76 Maximilian A. Dambacher et al.

References

BlackDM,Thompson DE ()The effect of alendronate therapy on osteoporotic fracture in
the vertebral fracture arm of the Fracture Intervention Trial. Int Clin Practice :–

Chan KM, Qin L, Lau MC, Woo J, Au SK, Choy WY, Lee KM, Lee SH () A random-
ized, prospective study of the Tai Chi Chun exercise on bone mineral density in post-
menopausal women. Arch Phy Med Reha ():–

Chestnut CH III () Calcitonin in the prevention and treatment of osteoporosis. Osteo-
porosis Int  (Suppl ):–

DambacherMA, NeffM, Kissling R, Qin L () Highly precise peripheral quantitative com-
puted tomography for the evaluation of bone density, loss of bone density and structures.
Drugs Aging :–

Dambacher MA, Neff M, Radspieler H, Qin L (a) Ist die herrschende Meinung
“Perimenopausal schneller – Senile Osteoporose langsamer Knochenverlust” korrekt?
J Menopause :–

DambacherMA, Radspieler H, NeffM, Schacht E, Qin L., Kissling R (b) “Fast” und “slow-
loser” Patienten: Eine sinnvolle Unterscheidung? Konsequenzen für die Praxis. (“Fast-”
and “slow-loser” patients: A useful differentiation? Consequences for our daily practice).
Osteologie :–

DambacherMA,NeffM,Kissling R,Qin L (a)Das fast/slow bone loser Konzept. Osteopor
Rheum Aktuelle :–

DambacherMA, NeffM, Qin L, Rüegsegger P (b) - und -Dimensionale Knochenstruk-
turen in vivo und in vitro. J Miner Stoffwechsel :–

DambacherMA, Schmitt S, Schacht E, Ito M, NeffM,Müller R, Qin L, Zhao YL (a) Bone
structures in vitro and in vivo in animals and in men: a view into the future. J Miner
Stoffwechs :–

DambacherMA, Schmitt S, Schacht E, ItoM, NeffM,Müller R, Qin L, Zhao YL (b) Bone
structures in vitro and in vivo in animals and in men: a view into the future. J Miner
Stoffwechs :–

de Bruin ED, Frey-Rindova P, Herzog RE, Dietz V, Dambacher MA, Stussi E () Changes
of tibia bone properties after spinal cord injury: effects of early intervention. Arch Phys
Med Rehab :–

de Bruin ED, Dietz V, Dambacher MA, Stussi E () Longitudinal changes in bone in men
with spinal cord injury. Clin Rehab :–

de Bruin ED, Vanwanseele B, Dambacher MA, Dietz V, Stussi E () Long-term changes in
the tibia and radius bone mineral density following spinal cord injury. Spinal Cord :–


Delmas P () Presentation at the  European Congress on calcified Tissue, Maastricht
Ettinger B, Black DM, Mitlak BH, Knickerbocker RK, Nickelsen T, Genant HK, Chris-

tiansen C, Delmas PD, Zanchetta JR, Stakkestad J, Gluer CC, Krueger K, Cohen FJ, Eck-
ert S, Ensrud KE, Avioli LV, Lips P, Cummings SR () Reduction of vertebral fracture
risk in postmenopausal women with osteoporosis treated with raloxifene: results from
a -year randomized clinical trial. Multiple Outcomes of Raloxifene Evaluation (MORE)
Investigators. J AmMed Assoc :–

Frey-Rindova P, de Bruin ED, Stussi E, Dambacher MA, Dietz V () Bone mineral density
in upper and lower extremities during  months after spinal cord injury measured by
peripheral quantitative computed tomography. Spinal Cord :–

Ito M () Trabecular bone loss within  years and  years andmore after menopause. Bone
:S



In-Vivo Bone Mineral Density and Structures in Humans: From Isotom Over Densiscan to Xtreme-CT 77

Ito M, Nakamura T, Tsurusaki K, Uetani M, Hayashi K () Effects of menopause on age-
dependent bone loss in the axial and appendicular skeletons in healthy Japanese women.
Osteoporos Int :–

Lai YM, Qin L, Hung VWY, Chan KM (a) Regional differences in cortical bone mineral
density in weight-bearing long bone shaft: a pQCT study. Bone :–

Lai YM,Qin L, YeungHY, Lee KM, ChanKM (b) Regional differences in trabecular BMD
and microarchitecture of weight bearing bone under habitual gait loading: a pQCT and
microCT study in human subject. Bone :–

Meunier PJ, Sebert JL, Reginster JY, Briancon D, Appelboom T, Netter P, Loeb G, Rouillon A,
Barry S, Evreux JC, Avouac B, Marchandise X () Fluoride salts are no better at pre-
venting new vertebral fractures than calcium-vitamin D in postmenopausal osteoporosis:
the FAVO Study. Osteoporosis Int :–

Meunier PJ, Roux C, Seeman E, Ortolani S, Badurski JE, Spector TD, Cannata J, Balogh A,
Lemmel EM, Pors-Nielsen S, Rizzoli R, Genant HK, Reginster JY () The effects of
strontium ranelate on the risk of vertebral fracture in women with postmenopausal os-
teoporosis. N Engl J Med :–

Neer RM, Arnaud CD, Zanchetta JR, Prince R, Gaich GA, Reginster JY, Hodsman AB, Erik-
sen EF, Ish-Shalom S, Genant HK, Wang O, Mitlak BH () Effect of parathyroid hor-
mone (-) on fractures and bone mineral density in postmenopausal women with os-
teoporosis. N Engl J Med :–

Neff M, Dambacher MA, Kissling R, Qin L, Rüegsegger P () Quantified - and -
dimensional evaluation of bone structures in vitro and in vivo. Osteologie :–

Qin L, Au SK, Chan KM, LauMC,Woo J, DambacherMA, Leung PC () Peripheral volu-
metric bone mineral density in pre- and postmenopausal Chinese women in Hong Kong.
Calcif Tissue Int :–

Qin L, Au SK, Leung PC, Lau MC, Woo J, Choy WY, Hung WY, Dambacher MA, Leung KS
(a) Baseline BMD and bone loss at distal radius measured by pQCT in peri- and
postmenopausal Hong Kong Chinese women. Osteoporosis Int :–

Qin L, Au SZ, Choy YW, Leung PC, Neff M, Lee KM, Lau MC, Woo J, Chan KM (b)
Regular Tai Chi exercise may retard bone loss in postmenopausal women: a case control
study. Arch Phys Med Rehab :–

Qin L, Au SZ, Choy YW, Leung PC, Neff M, Lee KM, Lau MC, Woo J, Chan KM (a) Tai
Chi Chuan and bone loss in postmenopausal women. Arch Phys Med Rehab :–

Qin L, Dambacher MA, Leung PC, Neff M (b) Fast and slow bone loss: diagnostic and
therapeutic implications in osteoporosis. In: Schneider HPG (ed) Menopause the state of
art: in research and management. Parthenon, New York, pp –

Qin L, Choy WY, Leung KS, Leung PC, Au SK, HungWY, Dambacher MA, Chan KM ()
Beneficial effects of regular Tai Chi exercise on musculoskeletal system. J Bone Miner
Metabol :–

Recker RR,Weinstein RS, Chesnut CH III, Schimmer RC,MahoneyP, Hughes C, Bonvoisin B,
Meunier PJ () Histomorphometric evaluation of daily and intermittent oral iban-
dronate in women with postmenopausal osteoporosis: results from the BONE study. Os-
teoporosis Int :–

Reginster J, Minne HW, Sorensen OH, Hooper M, Roux C, Brandi ML, Lund B, Ethgen D,
Pack S, Roumagnac I, Eastell R () Randomized trial of the effects of risedronate on
vertebral fractures inwomen with established postmenopausal osteoporosis. VertebralEf-
ficacy with RisedronateTherapy (VERT) Study Group. Osteoporosis Int :–

Rüegsegger P () Bone density measurement. In: Bröll H, Dambacher MA (eds) Osteo-
porosis: a guide to diagnosis and treatment. Rheumatology :–



78 Maximilian A. Dambacher et al.

Rüegsegger P, Elsasser U, Anliker M, Gnehm H, Kind H, Prader A () Quantification of
bone mineralization using computed tomography. Radiology :–

Rüegsegger P, Anliker M, Dambacher MA () Quantification of trabecular bone with low
dose computed tomography. J Comput Assist Tomogr :–

Watts NB () Risedronate demonstrates efficacy to reduce fragility fractures independent
of treatment related BMD changes (poster). ASBMR, September, Nashville



Calibration of Micro-CT Data for Quantifying Bone Mineral
and Biomaterial Density andMicroarchitecture

Bruno Koller (✉) and Andres Laib

Scanco Medical AG, Bassersdorf, Switzerland
e-mail: bkoller@scanco.ch

Abstract

With the awareness of the importance of the bone architecture to the overall stability
of bone, micro-CT has become the gold standard for D static histomorphometry
in bone research over the past  years. Nevertheless, bone densitometry is still the
method of choice in the clinical environment. It is, however, anticipated that only
a combination of the two methods, densitometry and morphometry, will improve
the diagnosis and treatment of patients. This chapter introduces the calibration of
micro-CT for quantification of bone mineral and material density at both organ and
tissue levels and its impact in bone and mineral research based on bone biopsy. This
approach may also be widely applied to measure the density of other appreciated
materials.

A Need for Quantification of Bone Material Density

Our early micro-CT mainly provided measurements of structural or microarchitec-
tural futures of bone and related materials to supplement our pQCT (Densiscan),
which measured volumetric bone mineral density (BMD) at organ level (Lai et al.
a,b). As the demands on quantification of bone material density at tissue level
became increasingly high (Gong et al. ; Lai et al. b), consequently we added
densitometric features to our micro-CT device, and developed the XtremeCT, a new
pQCT densitometry system that assesses bone microarchitecture (Fig. ).

Micro-CT and XtremeCT Features

For both high-resolution micro-CT and Xtreme CT systems, the techniques and pro-
cedures are more or less identical and consist of the following features: Firstly, both
systems must have a very good stability over many years. This is achieved with self-
calibration and control of the signal before each measurement. Quality-control (QC)
phantoms are provided to control the stability of the systems.
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Figure 1.Human tibia (a) and radius (b) scanned at 300μm voxel size by pQCT (Densiscan)
compared with human tibia (c) and radius (d) scanned at  with XtremeCT

Secondly, due to the polychromatic beam of X-ray sources, the beam-hardening
artifact has to be addressed very carefully. The beam hardening effect leads to a de-
pendence of the density readout from the object size. Densities, therefore, may vary
between smaller and larger people or smaller and larger biopsies just because of their
size.This artifact is eliminated by filtering the primary beamand by applying a correc-
tion function to the measured signal. By applying special beam-hardening correction
curves that are adapted to scanning bone, the cupping artifact can be avoided, and the
gray-scale image values are homogeneous throughout the region of interest (Fig. ).

Thirdly, CT systems canmeasure the absorption of theX-rays, but not directly the
density of the material; however, assuming a proper beam-hardening correction, the
density is linearly correlated to the absorption (within our energy range); therefore,
we can measure reference materials of known density and then apply a conversion
function to the bone measurements.
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Figure 2.Dry excised distal rat femur. aWithout specialized beam-hardening correction.
bWith beam-hardening correction for bone

Evaluation of Bone Mineral Density at Organ and Tissue Level

For the purpose of BMDmeasurement, we designed reference phantomsmade of five
different hydroxyapatite (HA) densities for the whole line of our micro-CT scanners
(Fig. ), which only vary in size for the different instruments; therefore, we are able to
cross-calibrate all our systems. The whole procedure of density calibration can also
be applied to different materials and reference phantoms, so users can build their
own calibration sets, e. g., for Al, Mg, or scaffold scanning. Since all our systems are
calibrated, they provide true volumetric BMD for both patients and bone specimens.

The DXA densitometry is limited to areal BMD measurement. This means one
cannot distinguish between different parts or regions within the bone. Calibrated mi-

Figure 3.Quality control and density calibration phantom (a) and its CT scan (b)
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Figure 4. Local changes in BMD
within a bone sample

crotomography now offers true volumetric densitometry for apparent density (bone
andmarrow space) within different regions of the specimen. In addition to the appar-
ent density, we can alsomeasure thematerial density within the cortex and trabecular
bone at organ level and even local changes of bone matrix density at tissue level, i. e.,
within a single trabecula.

For material density measurements, it is very important to have a very high reso-
lution, as otherwise partial-volume effects may affect the results. For this reason, the
outermost layer is excluded from analysis for achieving precise results. This is shown
by measuring different bone specimens using micro-CT and then ash. An example
of local changes within a bone sample is illustrated in Fig. .

Evaluation of Structural Parameters

Once the object is scanned and segmented, the whole D structure can be visualized.
In contrast to traditional D histomorphometry, the trabecular bone structure can
now also be quantified in D, and therefore one does not have to rely on any model
assumptions about the shape of bone anymore (no plate model assumption).

By filling the trabeculae with overlapping maximal spheres (Hildebrand and
Rüegsegger a,b) the local thickness of the bone at each place can be calculated
as the diameter of the biggest sphere that fits inside the bone at this place. The mean
value of all local thickness values then gives trabecular thickness (Tb.Th). Since this
calculation is done for every point of bone, histograms of local thickness values can
also be plotted. Applying the same technique to the marrow space, trabecular sepa-
ration Tb.Sp is calculated, and the histogram of local separations can be given. From
the histogram, the homogeneity of the trabecular network can now be quantified as
the standard distribution of Tb.Sp: Tb.Sp.SD is large for networks that are less regular
and contain large “holes” (Laib et al. ).
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Figure 5.The determination of Tb.Th, Tb.Sp and Tb.N

Trabecular number is usually defined as the number of trabeculae an observer
meets per millimeter of flight-path through the bone, averaged over all directions
of the flight. By determining the mean distance of the skeletonized structure and
inverting this number, Tb.N can now be quantified without model assumptions, e. g.,
Tb.N = 3 trabeculae per millimeter of flight length, i. e., the distance between the
midpoints of the trabeculae is 0.333mm, thus  divided by 0.333mm is the desired
Tb.N of  [/mm]; (Fig. ).

With the method of Odgaard and Gundersen (), the topology of the trabec-
ulae can be assessed, and the number of connections and the connectivity density
(number of connections divided by total volume) can be calculated based on Euler
numbers. When trabecular bone is visualized, it is interesting to note that some bone
sites lookmore plated-like (e. g., human femoral head), whereas other bone sites have
distinctly rod-like bone (e. g., human spine). This feature of bone architecture can
now be quantified with the structure model index (SMI; Hildebrand and Rüegseg-
ger a,b) with perfectly plate-like bone having an SMI of , and perfectly rod-like
bone having an SMI of . Values of SMI in-between denote a mixture of plate- and
rod-like bone, or bone with “rods” with elliptical cross-section.

Triangulating the surfacemodel of bone then allows to also quantify bone surface
and assess the potentially active remodeling surface of trabecular bone (Hildebrand
and Laib ; Lorensen and Cline ).

Conclusion

The interests on quantification of bone material density at tissue level in vivo for hu-
man became increasingly high in bone and mineral research. The new generation of
pQCT, i. e., the XtremeCT is developed, which is able to assess both bone microar-
chitecture and BMD at both organ and tissue levels.
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Abstract

The assessment of changes in bone mineral density (BMD) requires follow-up mea-
surements. In order to compute accurate changes, it is important that the region of
interest (ROI) of the initial and follow-up measurements match in terms of location.
Our present focus is the evaluation of bone at the distal end of the radius by periph-
eral quantitative computed tomography (pQCT). In adults, in whom the bones have
ceased to grow, repositioning of the ROI has been attempted either by matching the
measurement location defined as a fixed percentage of the bone length away from
an anatomical landmark or by matching the cross-sectional areas of the bone in the
conic distal region of the radius; however, in the case of children, whose bones are
growing, these methods cannot be applied blindly. The aim of this study was to pro-
pose a model that aids in the relocation of the ROI during follow-up measurements
in children.

From a long-term research study of multiple generations of volunteers, we were
able to obtain sets of radiographs of forearms taken regularly from birth until the
age of  years. From the radiographs of each subject, the bone lengths and widths
were measured. The shapes of the bones were analyzed, and a model that predicts
change in width based on change in length was developed.This model was modified
to predict change in cross-sectional area based on change in length, assuming a cross-
sectional geometry derived from a set of pQCT images over the same age range. It
was observed that the shape of the radiographically projected radius between distal
and proximal growth plates for a given subject did not vary with age. Themodel was
tested bymatching pairs of pQCT scans based on the cross-sectional areas predicted
by the model. The pairs of images were compared qualitatively for a match in shape
of the cross-section of the bone. If the cross-sectional shape matched closely, the two
sections were considered to belong to the same region. From  evaluated pairs of
cross-sections,  pairs had matching shapes. From this study we concluded that the
proposed model produced satisfactory results in 81% of the tested cases. The failures
were observed mostly at an age when the increase in length ceased but the increase
in cross-section continued. The results of the qualitative evaluation is deemed en-
couraging and warrants further tests to see if ROIs defined with this model provide
clinically meaningful results.
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Introduction

Bone mineral density (BMD) measurements are commonly used to diagnose bone
diseases and to evaluate the effectiveness of treatment (Glüer et al. ; Harris et al.
). In the first case, measured bone values are compared with those of normal
controls, and the amount of deviation from the normal average provides an indica-
tor of the severity of the disease. In the second case, bone measurements taken of
a subject at different ages or time points are compared with each other. Increases or
decreases in the measured parameters are usually assessed against given thresholds
that represent the error of the method, to decide if an observed change is significant.

Our current interest is in the use of peripheral quantitative computed tomog-
raphy (pQCT) for the assessment of trabecular BMD (TBD) of the forearm. In the
case of long bones, the regions closest to the growth plates have a high proportion
of trabecular bone; thus, scans are usually taken near the distal growth plate. Once
a scan is obtained, the TBD is computed by segmenting the trabecular region from
the cortical and subcortical bone.

After an initial measurement, follow-up measurements to compare TBD need to
be taken in the same bone region every time. It is important to measure the same
region because if the measured slice is off, even by 1mm, the error in the TBD value
can be as large as 6% (Rauch et al. ). A 6% change in the TBD value is large
compared with the expected change of about 3% per year (WHO study group ).

Relocating the same region of bone is currently achieved using one of two meth-
ods. One method is the fixed-percentage method, and the other method involves the
fitting of cross-sectional areas. In the fixed-percentage method (Grampp et al. ),
the length of the forearm is measured from the elbow to the ulnar styloid process.
A slice that is at a given distance from a reference line is then scanned. For the ra-
dius, the reference line may be the articular cartilage of the radius or the place where
the radius and ulna overlap, and the distance for selecting the slice to be measured is
usually a fixed percentage of the length of the forearm; however, in this method, only
one slice is measured, and, hence, the reproducibility of relocating the same slicemay
be influenced by potential patient movement between scout scan and axial scan and
by error in locating the same reference line as the one selected during the initial mea-
surement. To overcome this problem of reproducibility, a second method has been
developed.

The second method involves fitting of cross-sectional areas (Hangartner and
Overton ); scans ofmultiple adjacent slices in the distal conic region of the radius
are taken during initial and follow-upmeasurements.The cross-sectional areas of the
bone obtained for follow-up measurements are compared with the cross-sectional
areas of the initial measurement. If the cross-sectional areas in the follow-up mea-
surements match the cross-sectional areas of the initial measurement closely, it is
assumed that they represent the same region of bone.

When applied to adult patients, both methods to relocate the same region of
bone during follow-up measurements are based on the assumption that the bones
are mature, the growth process has ceased, and there is no change in length or cross-
sectional area of the bone; however, in the case of children, in whom the bones are
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still growing and who show a continued change in cross-sectional area and length,
the above two methods may fail (Bilezikian et al. ). This failure may lead to er-
roneous results while examining the change in TBD values.

The thrust of this study is the investigation of problems in relocating the same
bone region in children for obtaining longitudinal measurements using pQCT. It
aims to propose a model that can be used in relocating the same region in the ra-
dius of children.

Change of Radius in Projection Radiographs

Radiographic Data Sets

For the purpose of this study, a longitudinal data set was obtained to investigate
changes in bone structure, size, and shape of individuals as they age. We used the
radiographs of the forearms of  subjects who were measured every  months from
birth until the age of  years and once a year from  to  years.

The radiographs were digitized using a Howtec film digitizer (iCAD, Nashua,
N.H.) at its maximum resolution of 292dpi. For each digitized radiograph, the re-
gions of interest consisted of the complete radius and ulna, saved as -bit TIFF im-
ages and tagged with the subject’s initials and age. In accordance with the privacy
protection policy of the Lifespan Health Research Center, the identities of subjects
were masked if they were visible in the digitized images.

Growth in Length

Growth in the length of the radius is known to be different for the distal section as
compared with the proximal section. To assess this difference in growth, we have to
rely on a landmark that does not change over time. There is a natural marker in the
mid-shaft of long bones, the nutrient foramen, which can be identified on a radio-
graph of the bone. This nutrient foramen can be used as a consistent visual marker,
irrespective of how the bone grows (Pritchett ), as the point of penetration of the
blood vessel into the bone does not vary with age; however, the nutrient foramen is
not a prominent feature in all images. Nevertheless, we were able to identify two sets
of successive images in which the nutrient foramen was clearly visible.

The first set consisted of seven images, the second set of five images between 
and  years of age. We identified and marked three key locations on each bone im-
age: the proximal end, the distal end, and the nutrient foramen.Thedistance between
the two end points represented the length of the bone. Since the location of the nu-
trient foramen is fixed, it was used as a reference point from which the percentage
contribution of each growth plate towards the increase in length was computed.

The average percentage contribution of the distal growth plate for subject  was
65.9% with a standard deviation of 6.8%, and for subject  it was 64.6% with a stan-
dard deviation of 3.5%. An unpaired Student’s t-test for the analysis of difference in
the means of the two subjects gave a p-value of 0.74, indicating that the difference be-
tween the two means is not statistically significant; thus, we felt comfortable pooling
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Table 1.Change in bone length and distal length by age and by subject

Subject Age range Difference in Difference in Contribution of
(years) bone length distal length distal growth plate

(pixels) (pixels) (%)

 2–  112 58.9
 3–  97 67.4
 4–  252 66.3
 7–  72 58.1
 8–  216 68.4
 11–  389 76.4

 2–  306 63.6
 4–  232 60.3
 7–  179 68.3
 9–  374 66.3

Figure 1. Line profiles of normalized bone shape a for subject  and b for subject . The plots
consist of bone profiles at ten different ages. The bone profiles match closely for each subject,
indicating that the general shape of the bone is age-invariant; however, there are discernable
differences between the profiles of the two subjects
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the data of the two subjects into one data set (Table ). For the combined set the av-
erage percentage contribution of the distal growth plate was .4% with a standard
deviation of 5.5%.This deviates from the published value of 75% contribution of the
distal growth plate (Lovell et al. ), but not enough to be statistically significant.
Further experimental measurements to increase the statistical power are needed to
confirm if the value of 65% obtained from our limited data set is a better approxima-
tion than the published 75%.

Change in Shape

Thegoal of this analysis was to understand the changes in the shape of the radius of an
individual during growth. To normalize the bone with respect to size, the images of
the radius of a given subject, taken at different ages, were scaled so that they showed
the same length and area of the bone. We investigated whether the shape of the bone
is age-invariant and unique for each subject. The following steps were performed:

. A mask was created covering the region of the bone.
. The length of the radius was measured in terms of pixels.

Figure 2.Changes in the profile of the bone with age in the growth-plate regions a for the proxi-
mal growth-plate region and b for the distal growth plate region for subject . There is a major
change in the shape of the profile as the bone grows because the epiphyses gradually fuse with
the metaphyses
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Figure 3.Changes in the shape and structure of the distal epiphysis as the bone grows. Images
a–d correspond to ages , , , and  years

. The bone width was measured at every point along the length of the bone in
terms of pixels. The D vector obtained in this step represents the width profile
of the radius.

. The length of the bone was normalized to  pixels. The actual lengths of the
bones were always greater than  elements, so normalization of the length to
 was achieved by resampling and linear interpolation.

. Thewidth profile of each bone was normalized to result in a D bone area of .

A plot of the combined bone profiles of two subjects (Fig. ) shows that the gen-
eral shape of the bone does not change much with age; however, the profiles at both
ends of the bone show considerable differences (Fig. ). This is because the epiphy-
ses at both ends undergo major changes and eventually fuse with the metaphyses
(Fig. ). If the profiles are restricted to the diaphyseal and distal metaphyseal region,
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Figure 4. Profiles of the radius of a subject from the diaphysis to the distal growth plate. It is
observed that, in the mid-shaft and distal metaphyseal region, the shape of the profile does
not change drastically

representing the sites of interest for pQCT measurements, the normalized shape of
the bone matches closely for all ages (Fig. ).

Since the shape of the radius in the diaphyseal and distal metaphyseal region is
age-invariant for an individual, it was of interest to check whether the shape of the
radius is similar between individuals. To test the shape invariance among different in-
dividuals, a uniqueness test was performed, in which the mean profile and the com-
bined sum-of-mean-square (SMS) errors of all profile points were computed from
bone profiles of a given subject at three different ages. To compute the mean profile,
the normalized width values were averaged at each point of the profile. To test the
uniqueness of radius shape, the mean profile of another subject was computed, and
the two profiles were compared (Fig. ).We observed that the mean profile of the two
subjects did not match, thereby indicating that radius shapes were different between
individuals.

Figure5.Overlayed plots ofmean profiles for two subjects.Themean profiles of the two subjects
are different, indicating that the profile for each individual is unique
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To evaluate the significance of the differences between the bone profiles and the
mean profiles, two types of combined SMS errors were computed: first the differences
for all points of each bone profile relative to all points of the mean profile of subject ;
secondly, the differences for all points of each bone profile of subject  relative to all
points of the mean profile of subject  (Fig. ; Table ). The combined SMS error
of a subject appeared to be greater if it is computed relative to the mean profile of
another subject. We performed the same evaluation for all  subjects and obtained
similar results. Figure  shows an example of the combined SMS errors of the bone
profiles of subject  relative to his own mean profile and relative to the mean profiles
of the remaining  subjects. We observed that the least error is obtained when the
SMS error is computed using the subject’s own mean profile; however, this is not
always true, as we observed a better match with another subject’s mean profile in 
of  comparisons.

Figure a shows the plot of combined SMS errors of the subjects relative to their
own mean profiles; Fig. b shows the plot of combined SMS errors of each subject
relative to themean profile of the other subjects. It can be seen that the error obtained
using the mean profiles of the subjects themselves is smaller than the error obtained

Figure6.Combined sum-of-mean-square (SMS) error for a subject  relative to themean profile
of subject  and the mean profile of subject  and for b subject  relative to the mean profile of
subject  and the mean profile of subject .The plots show that the SMS error is smallest when
it is computed relative to the mean profile of the subject itself
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Table 2.Combined sum-of-mean-square errors for both subjects

Observation Subject Age Error relative to Error relative
(years) mean profile of to mean profile

subject  of subject 

   0.296 0.289
   0.134 0.144
   0.117 0.149
   0.068 0.232
   0.031 0.275
   0.068 0.337
   0.115 0.389
   0.028 0.250
   0.155 0.459
   0.173 0.380
   0.599 0.244
   0.391 0.095
   0.212 0.017
   0.246 0.033
   0.208 0.045
   0.145 0.047
   0.146 0.081
   0.180 0.046
   0.199 0.045
   0.116 0.071

Figure 7.The SMS errors of a subject’s individual bone profile relative to the mean of other
subjects’ profiles and relative to the subject’s own mean profile. The least amount of error is
obtained relative to the subject’s own mean profile

using the mean profile of other subjects. The higher error observed at both ends of
the graphs is due to the epiphysis of the bone, which changes its shape drastically
with age; however, if the combined SMS errors are computed for the diaphyseal and
metaphyseal regions, the errors are reduced (Fig. ).
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Figure 8.Combined SMS errors of the subjects relative to their own mean profiles (a) and rela-
tive to the mean profiles of other subjects (b). Note that the error axis is scaled differently for
the two graphs

Figure 9.Comparison of error relative to a subject’s own mean profile for the mid-shaft region
and for the entire bone. The plot shows a reduction in error at lower and higher ages if the
epiphyseal regions are excluded

The error tests show qualitatively that the bone profiles between subjects are dif-
ferent; however, statistical analysis using the chi-squared test suggested no signifi-
cance in the differences of the error values between subjects; however, it can be con-
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cluded that, even though the contribution of both growth plates towards the longi-
tudinal growth is not equal, the cross-sectional growth is related to the longitudinal
growth, allowing the bone to maintain its shape throughout the growth process. If
this relationship between cross-sectional growth and longitudinal growth is mathe-
maticallymodeled, an expression can be obtained that predicts change inwidth based
on change in length. Such a model will aid in relocating the same region during lon-
gitudinal measurements in children.

Change inWidth

A mathematical expression that relates appositional growth to longitudinal growth
would provide the desired model. Since the shape of the bone in the diaphyseal and
metaphyseal regions is invariant with age, the projected bone area will be a function
of its length. The bone area changes with change in width and length. Due to the
shape of the bone being invariant, the change in width is proportionately the same
in all regions of the bone; thus, the average width will vary by the same function of
length. The average width is computed as the ratio of the radiographically projected
area to the length.

To develop a predictive model, the images of the  subjects were used. The bone
masks were generated, resulting in a set of binary images with the radius being white
and the background black. Then, the average widthw̄iof each bone was computed
as the D area of the bone divided by the length Li of the bone (Fig. ). A linear
regression model was fitted through all points:

w̄ = 0.0475 ċ L + 37.995 . ()

The regression Eq. () defines a slope and an intercept. The intercept provides the
average width when the length of the bone is zero. Of course, the length of the bone
is never zero, even at birth, so the intercept information is not useful; however, the
slope, which is the ratio of change between the average width and the length, can be
used to compute changes in width. This change in width can then be added to the

Figure 10.Average width vs length of  radius images from  subjects
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Figure 11.Forearm bone images of a subject corresponding to ages , , , , and  years. aThe
image at age  years where the initial slice is selected. b–e The relocated slices at age , , 
and  years, respectively. The images show qualitatively that, by using the predictive model,
the relocated slices are consistently positioned in the distal conic region

width of the slice obtained during an initial measurement to estimate the width of
the relocated slice during a follow-up measurement:

NewWidth = 0.0475 ċ ΔL + InitialWidth , ()

where ΔL is the change in radius length from a younger to an older age. After com-
puting the new width, the task of relocation is reduced to finding a slice in the conic
region in the more recent radius image that corresponds in width to the new width
computed.

Themodel was developed based on  radius images of the  subjects. Since the
subjects were not classified by gender, the model developed is not gender specific.
This model has been based on radius only and, thus, is not necessarily a generalized
solution for any other type of long bone.
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Themodel was tested on five different images of a given subject, taken at ages , ,
, , and  years. The following steps were performed to test the model:

. On the earliest forearm image, the length of the radius was measured and re-
corded.

. A slice was selected in the distal conic region, and its width was measured and
recorded (Fig. a).

. For the subsequent bone images, the length of the radius was measured and
recorded.

. Using the predictive model, the new slice widths were computed based on the
change in bone length of images taken after the first bone image.

. The slices were relocated by matching the computed width on their respective
bone images.The closest match of the computed width on the bone is marked as
the relocated slice (Fig. b–e).

It can be seen that the relocated slices are always in the conic region of the radius.
It also appears qualitatively that the relocated slices are in the same region as the slice
initially selected in the first forearm bone image, taken when the subject was  years
of age. This indicates that the predictive model developed is successful in predict-
ing the position of the relocated slice. If a multi-slice approach is used in collecting
pQCT data, there is no need for a reference landmark, hence reducing the error in
relocation due to potential patient movement between scanning the scout view and
the transaxial slices.

Conversion of Width to Cross-Sectional Area

The method of CT provides cross-sectional images, from which the cross-sectional
area (CSA) of objects, such as a bone, can be extracted. In the distal conic region
of the radius, this cross-sectional area is greatly dependent on the position of the
measurement slice. Conversely, the cross-sectional area is a sensitive parameter for
establishing the location of ameasurement slice. As has been shown in adult subjects,
relocation based on matching CSA results in greatly improved repeatability of bone-
density assessment compared with repositioning based on scout views (Hangartner
and Overton ). The goal of the next step is to calculate the new CSA based on
the growth in bone length and, thus, avoid the need to rely on repositioning based
on a scout view and a reference landmark.

Mathematical Expression

The extension of the predictive model to compute change in cross-sectional area was
derived as follows:

Area � Width2 . ()

Therefore,

Area1 = c ċWidth21 and Area2 = c ċWidth22 , ()
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where c is a proportionality constant that considers the actual geometry of the cross-
section instead of assuming the shape to be circular; thus,

Area2 − Area1 = c ċ �Width22 −Width21 . ()

A further proportionality constant g takes care of the ratio between the average width
and the width at the slice of interest:

Area2 − Area1 = c ċ g ċ (w̄2
2 − w̄2

1) . ()

Substituting w̄ with Eq. () we obtain:

Area2 − Area1 = c ċ g ċ �(0.0475 ċ L2 + 37.955)2 − (0.0475 ċ L1 + 37.955)2� . ()

Simplifying Eq. () results in

Area2 − Area1 = c ċ g ċ �0.04752 ċ �L22 − L21 + 2 ċ 0.0475 ċ 37.955 ċ (L2 − L1)� ; ()

thus, the new area is:

Area2 = c ċ g ċ �0.04752 ċ �L22 − L21 + 3.606 ċ (L2 − L1)� + Area1 . ()

Calculation of Constants

Converting the multiplicative constant g into an additive constant, which disappears
in the difference expression of Eq. (), we can calculate the value of c for each individ-
ual longitudinal data set from the cross-sectional images using the following steps:

. A line is drawn tangential to the posterior boundaries of both the radius and
ulna (Fig. ). This creates a reference line replicating the orientation of the film
used for the posterior-anterior view of the radiographs, from which the width
measurements were obtained.

. Two lines are drawn perpendicularly to the aforementioned reference line: one
tangential to the lateral boundary and the other tangential to the medial bound-
ary of the radius.

Figure 12.Measurement of the width of the radius
to compute the value of c. The width (arrowed
line) is parallel to the reference line that is tangen-
tial to both radius and ulna
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. The distance between the lateral and medial lines is measured using a ruler and
noted as the width of the radius.

. The variable c is computed by dividing the area of the bone with the square of its
measured width. The area of the bone is obtained as part of the regular segmen-
tation process from the pQCT image.

To use the model for pQCT of longitudinal measurements of children, the fol-
lowing procedure needs to be carried out:

. During the initial measurement, the length of the forearm is noted, and a site is
located in the distal conic region. For this site, the CSA is recorded.

. During a follow-up measurement, the length of the forearm is measured and the
change in length is computed.

. The value of c is computed from the baseline measurement.
. Using the model with known initial cross-sectional area and change in length,

the new CSA is computed.
. The position of the relocated slice in the newmeasurement set is identified where

the area of the slice is equal to the computed CSA.

To use this model, it is necessary to measure multiple slices in the conic region
during follow-up measurements. The predicted area can, then, be matched with the
cross-sectional area of the slices measured during follow-upmeasurements.The slice
that matches closely with the predicted area gives the position of the relocated slice;
however, if the predicted area does not match with any of the measured slices but in-
stead lies between twomeasured slices, then the bone parameter of interest for the re-
located slice may be computed by interpolating between the twomeasured slices.The
same procedure is valid for relocating and then averaging multiple adjacent slices.

Evaluation of Repositioning Algorithm

Data sets from our laboratory consisting of radial pQCTmeasurements of three sub-
jects were used to assess the relocation approach. Each data set included the length of
the forearm, the location of the ulnar and radial styloid processes from a scout view
as well as the cross-sectional areas and densities at known distances from the styloid
processes. Six to eight sections were available for each data set at -mm intervals in
the distal conic region of the radius.

Using the area of the initial slice and the corresponding c ċ g value, the new areas
were computed using Eq. (). Each new area was compared with the areas measured
during the follow-upmeasurements. If the difference in two areas was < pixels (out
of an area of about  pixels), the slice was considered to be a match with the cor-
responding slice in the initial measurement. Once a match was obtained, the cross-
sectional shapes of the two imageswere visually compared. If the shapesmatched rea-
sonably well, the match was considered successful (Fig. ). Conversely, if the shape
did not match even though the areas matched, the match was considered a failure.
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Figure 13. Sample images for successfully matching cross-sections from a initial measurement
to b follow-up measurement. The area of the second slice differs by < pixels from the area
predicted by the growth in length, and the shape of the two cross-sections are considered to
match closely

The foregoing evaluation was conducted to find matching pairs in the data sets
of the three subjects. A total of  area matches were obtained of which  were con-
sidered successful shape matches and the remaining  failures.

Discussion

The analysis of a limited set of radiographs allowed us to establish an estimate for
the relative contribution of the distal and proximal growth plates to the increase in
length of the radius. Using the nutrient foramen as a fixed landmark, the average
contribution of the distal growth plate was measured to be 65%, the contribution of
the proximal growth plate 35%. Considering the standard deviation observed in the
given data set, this estimate was similar to the published value of 75% contribution
of the distal growth plate (Lovell et al. ). There is potentially a variation in con-
tribution of the two growth plates at various ages, and this was not considered in this
initial study.

The longitudinal data set represented by the projection radiographs of the fore-
armprovided a rare opportunity to study the shape changes during growth. Although
our final interest is in relocating the measurement position for pQCT analysis, the
establishment of an appropriate pQCT database would require a -year-long study.
The necessary pQCT measurements would have to include a large number of adja-
cent slices to characterize the dependence of the various bone parameters on posi-
tion. The limited measurement speed of pQCT would likely not allow a sufficiently
dense coverage of the region of interest, making such an approach impractical. Mod-
ern volumetric CT does have the capability of measuring large numbers of slices in
a short period of time, but this technique was not available to us at the time when
we started this research project; however, some of the findings could be verified with
a follow-up study using volumetric CT, although not easily over the same time period
of  years covered by our radiographic data set.
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The two major findings from the radiographs are (a) that the projected poste-
rior/anterior shape, as defined in our approach, is invariant for a given subject as long
aswe exclude the growth plates, which is not a problem, as pQCTmeasurements usu-
ally attempt to exclude the growth plates anyway, and (b) that the shape is different
between subjects. The first finding implies that an anatomically similar measurement
position is reasonably defined based on a certain percentage of the bone length from
a given landmark. The second finding implies that some normalization needs to be
subject specific and cannot be assumed to be the same for all subjects.

If it was possible to reliably reposition the measurement slices in follow-up scans
based on the identification of given landmarks from the scout view, no further inves-
tigations would be necessary; however, the combination of limited axial resolution of
the scout view (�1mm at best), potentially large gradients of bone density with ax-
ial position (5–10%/mm), and a certain amount of possible armmovement between
scout view and axial scan makes the sole reliance on the scout view for repositioning
unsatisfactory.

The most sensitive parameter for repositioning is the CSA of the bone. Due to
growth, it is necessary to estimate the new CSA from the increase in bone length.
The CSA, however, can only be established after the slice has been scanned, which
means that several slice positions need to be available to evaluate the bone parameters
of interest at the right location; thus, a single-slice approach is not acceptable for
accurate repositioning of the slices in longitudinal studies.

Our approach of normalizing length and width separately accounts for growth
in length and width. Although we fitted a linear curve to obtain a simple expression
describing the change in width relative to the change in length, it is not necessarily
true that the calculated dependence is the same in all phases of growth. A refined
model might take the chronological age, the bone age, or the pubertal status into
account.

The final formula for calculating the new cross-sectional area relies on an average
dependence of width based on length and on a patient-specific relationship between
width and cross-sectional area. This assumes that the width-to-area relationship is
constant for the two time points in a given patient. We do not have independent
proof for the constancy of this relationship, but we inferred it from the constancy of
the posterior-anterior shape.

The evaluation of the success of our algorithm relied on a small set of measure-
ments. We declared success if a qualitative match in cross-sectional shape was ob-
served. Again, we assumed consistency in cross-sectional shape. Better quantitative
assessment of the similarity of the shape is possible by using some of the tools devel-
oped for active shape models (Cootes et al. ).

The qualitative match experiment resulted in  of matches, indicating an 81%
success rate. This result is encouraging but needs to be verified by a more rigorous
quantitative matching method. With some of the refinements suggested above, we
expect that our success rate can be improved, allowing this approach to be used in
clinical practice.
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Conclusion

Our proposed model produced satisfactory results in 81% of the tested cases. The
failures were observed mostly at an age when the increase in length ceased but the in-
crease in cross-section continued. The results of the qualitative evaluation is deemed
encouraging and warrants further tests to see if ROIs defined with this model provide
clinically meaningful results.
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Abstract

Musculoskeletal complications, i. e., osteoporosis, affect not only bone’s mineral den-
sity, but also quality. Early diagnosis of such poor bone quality leads to prompt treat-
ment and thus will dramatically reduce the risk of complications. Using a newly de-
veloped scanning confocal acoustic diagnostic (SCAD) system, trabecular bone qual-
itywas evaluated by quantitative ultrasound on sheep bone samples.The structural
and strength properties of bone were confirmed using μCT and mechanical testing
in three orthogonal directions. While there are good correlations between broad-
band ultrasonic attenuation and μCT determined parameters, such as bone volume
fraction (BV/TV; R = −0.68), strong correlations exist between ultrasound velocity
and bone strength and structural parameters such as bulk modulus (R = 0.82), and
BV/TV (R = 0.93). The correlations between SCAD prediction and bone quantity
and quality parameters were improved by using a parameter to combine BUA and
UV in a linear regression analysis, yielding R = 0.96 (BV/TV) and R = 0.82 (bulk
modulus). A stratified model was proposed to study the effect of transmission and
reflection of ultrasound wave within the trabecular architecture on the relationship
between ultrasound and BMD.The results demonstrated that ultrasound velocity in
trabecular bone was highly correlated with the bone apparent density (r = 0.97).
Moreover, a consistent pattern of the frequency dependence of ultrasound attenua-
tion has been observed between simulation using this model and experimental mea-
surement of trabecular bone, in which the peak magnitude of nBUA was observed
at approximately 60% of the bone porosity. These results suggest that image-based
quantitative ultrasound has demonstrated the potentials to predict not only the bone
mass, but also bone’s mechanical strength in the region of interests of bone.
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Introduction

Clinical Relevance of Osteoporosis

Musculoskeletal complications induced by age-related diseases, such as osteoporo-
sis, and in functional disuse induced disorders, e. g., osteopenia generated by mi-
crogravity during extended space missions and bed rest, represent key health prob-
lems. Such a skeletal disorder changes both the structural and strength properties of
bone, and the latter plays a critical role in ultimately leading to fracture. Early di-
agnosis of progressive bone loss or poor bone quality would allow prompt treatment
and thus would dramatically reduce the risk of bone fracture.Most osteoporotic frac-
tures occur initially in cancellous bone; hence, non-invasive assessment of trabecular
strength and stiffness is extremely important in evaluating bone quality.

Osteoporosis is a reduction in bonemass or density that leads to deteriorated and
fragile bones and is the leading cause of bone fractures in postmenopausal women
and in the elderly population for both men and women. About –18% of women
aged  years and older, and –6% of men aged  years and older, have osteoporosis
in the U.S. alone. These rates correspond to  �  million women, and  �  million
men who suffer from osteoporosis (Looker and Johnson ). One-third of women
over  years will have vertebral fractures and 90% of women aged  years and older
have radiographic evidence of osteoporosis (Melton , ; Wahner and Fogel-
man ). Another –50% of women aged  years and older, and –47% of men
of the same age group, have some degree of osteopenia; thus, approximately a total of
million people suffer fromosteoporosis in theU.S. alone, with an estimated annual
direct cost of over $ billion to national health programs. Hence, early diagnosis that
can predict fracture risk and result in prompt treatment is extremely important. Early
identification of fracture risk, most commonly caused by osteoporosis-induced bone
fragility, is also important in implementing appropriate treatment and preventive
strategies. Indeed, the ability to accurately assess bone fracture risk non-invasively
is essential for improving the diagnostis as well as therapeutic goals (i. e., assessing
temporal changes in bone during therapy) for bone loss from such varied etiologies
as osteoporosis, microgravity, bed rest, or stress-shielding around an implant.

Current Non-invasive EvaluationMethods for Osteoporosis

Assessment of bone mineral density (BMD) has become as essential element in the
diagnosis of osteopenia and osteoporosis (Genant ; Kanis a,b; Kanis et al.
a,b; Melton et al. , , , ; Melton ). Bone density was ini-
tially estimated from the conventional X-ray by comparing the image density of the
skeleton to the surrounding soft tissues. While de-mineralized bone has image den-
sity closer to soft tissues, dense mineralized skeletal tissues appear relatively white on
an X-ray image; hence, the mineral density of bone can be estimated by the degree
of gray color of the X-ray image in the bone region. However, because of its reso-
lution and variations generated in the X-ray image, it has been suggested that bone
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mineral losses of at least 30% are required before they may be visually measured us-
ing a conventional X-ray (Sartoris and Resnick a,b). Growing awareness of the
impact of osteoporosis on the elderly population and the consequent costs of health
care, together with development of new treatments to prevent fractures, have led to
a rapid increase in the demand for bone densitometry measurements. Many image
modalities and techniques have been developed to improve the quality and accuracy
of the measurement for bone mineral and density assessment.

The BMDmeasurement using dual-energy X-ray absorptiometry (DXA) is cur-
rently a gold standard technique used because of its relative precision (� 2%), and
whole body and/or multi-site imaging ability (spine, hip, wrist, and total skeleton);
however, because the source and the detector cross the whole bone (including layers
of cortex and trabeculae), current techniques apparently are too insensitive for quan-
tifying trabecular bone mass separately. In other words, a certain percent of bone
mass must be lost before significant radiation attenuation occurs (Chesnut ).
In addition, DXA, as well as CT, has limitations on X-ray ionizing radiation (70–
140kVp, 10mrem), imprecision due to surrounding soft tissue variations, and issues
of non-repeatability due to patients’ position (Chesnut ; Wahner and Fogelman
). Importantly, themeasurements obtained donot provide information about the
integrity of the trabecular architecture, or information about the mechanical proper-
ties of the composing trabeculae. Due to these issues, the quality of bone, whether in
normal or osteopenic people, remains largely unknown (i. e., it is extremely difficult
to monitor the strength and the conductivity in vivo). As a result, an improved di-
agnostic tool is needed to evaluate both the quantity and the quality of bone, which
will help in the early detection and therefore the possible prevention and treatment
of this disease.

Bone Quality As a Factor of Assessment of Fracture

Unfortunately, a skeleton at risk of fracture cannot simply be determined by the
amount of bone (e. g., BMD) that exists. To a large degree, the quality of the bone
is just as important. While a formal definition of bone quality is somewhat elusive,
at the very least it incorporates architectural, physical, and biological factors that
are critical to bone strength, such as bone morphology (i. e., trabecular connectiv-
ity, cross-sectional geometry, longitudinal curvature), the tissue’s material properties
(e. g., stiffness, strength), and its chemical composition and architecture (e. g., cal-
cium concentration, collagen orientation, porosity, permeability). The ability to di-
rectly assess both bone density and quality (i. e., strength) would have great impact
in predicting the risk of fracture.

If not only bonemineral density but also bone quality, e. g., stiffness and/or mod-
ulus, can be monitored or determined instantly in the early stage of such diseases,
then one can better understand the skeleton adaptation on a daily basis. In the case
of osteopenia and/or osteoporosis, fractures can occur without a singular traumatic
event. Such a databasewould provide detailed progressive information of the skeleton
modeling/remodeling response, which would potentially direct treatment regimens
to prevent or recover bone loss.
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Quantitative Ultrasonometry

Quantitative ultrasound (QUS) formeasuring the peripheral skeleton has raised con-
siderable interest in recent years. New methods have emerged with the potential to
estimate trabecular bone modulus more directly. The QUS provides an intriguing
method for characterizing the material properties of bone in a manner which is non-
invasive, non-ionizing, non-destructive, and relatively accurate.The primary advan-
tage of QUS is that it is capable of measuring not only bone quantity (e. g., BMD),
but also bone quality (i. e., estimation of the mechanical property) of bone. Over the
past  years, a number of research approaches have been developed to quantitate
bonemass and structural stiffness using QUS (Ashman et al. , ; Ashman and
Rho ; Nicholson et al. ; Nicholson and Bouxsein ). Preliminary results
for predicting osteoporosis using QUS are quite promising, and it has great potential
for widespread application (including screening for prevention). As such, many QUS
machines have been developed, and there are currently many different devices on the
market. Most of the available systems measure the calcaneus using plane waves that
utilize either water or gel coupling (Table ), e. g., Sahara (Hologic, Bedford, Mass.),
QUS- (Metra Biosystems, Santa Clara, Calif.), Paris (Norland, Fort Atkinson, Wis-
consin), and UBA  (Walker Sonix, Worcester, Mass.). Recently, an image-based
bone densitometry device for calcaneous ultrasound measurement was also made
available using an array of plane ultrasound wave (GE-Lunar, Madison, Wis.). Using
several available clinical devices, studies in vivo have shown the ability of QUS to
discriminate between patients with osteoporotic fractures and age-matched controls
(Cheng et al. ; Gregg et al. ; Njeh et al. , a, ). It has been demon-
strated that QUS predicts risk of future fracture generally as well as DXA (Bauer
et al. ; Hans et al. , , ; Njeh et al. , a); however, there are sev-
eral noted limitations, including the tissue boundary interaction, non-linear function
of density associated with bone ultrasonic attenuation, single index covering broad

Table 1. Summary of current QUS devices for calcaneus

Device Performance Resolution Predict Cost ($K)
parameter

Sahara (Hologic) Index Non-image Z score �
QUS- (Metra Index Non-image Z score �
Biosystem)
UBA  (Walker Index Non-image Z score �
Sonix)
Achilles (GE-Lunar) Index+image Image, 5mm Z score �
UBIS  (DMS) Index+image Image, 2mm Z score �
DTU-one Index+image Image, 2mm Z score �
(Osteometer)
New SCAD/SCAN Image+index Image, 1mm Stiffness, 

BMD, Z
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range of tissues (including cortical and trabecular regions), and the interpolation of
the results. Recently, a focused ultrasound sonometer device was developed to obtain
likelihood BUA image in the human calcaneus region (center frequency 0.5MHz, fo-
cus 50mm; Laugier et al. , , ; UBIS , Diagnostic Medical Systems;
and DTU-one, Osteometer MediTech). These devices provide ultrasound images in
the calcaneus region, inwhich the parameter compares toDXAdata. Perhaps thema-
jor drawbacks of these ultrasound osteometers are low resolution and lack of physical
interrelation with meaningful bone strength. While only showing the correlation be-
tween BUA data and BMD, these devices mostly provide qualitative information for
assessment of osteoporosis, not the true prediction for bone structural and strength
properties; therefore, QUS remains at a stage as a screening tool (Fig. ), because of
the non-uniformity of the porous structure in the bone tissue and its associated af-
fects in resolution (Njeh et al. b). Research attention is focused on developing
systems to provide true images reflecting bone’s structural and strength properties
at multiple skeletal sites, i. e., in the hip, which can provide a true diagnostic tool
(instead of just for screening) that surpasses the radiation-based DXA machines.

If QUS bone densitometry can be developed to provide a “true” bone qual-
ity parameter-based diagnostic tool, i. e., directly related to bone’s structural and
strength properties, and to target multiple and critical skeletal sites, e. g., hip and
distal femur, QUS would have greater impact on the diagnosis of bone diseases (e. g.,
osteoporosis) than current available bone densitometry. Research efforts are being
made in this regard (Laugier et al. , , ; Qin et al. , ). As an ex-
ample, a newQUSmodality, known as scanning confocal acoustic diagnostic system,
has been developed (Qin et al. , , ; Xia et al. ). This system is in-
tended to provide true images reflecting to bone’s structural and strength properties
at particular skeletal sites at peripheral limb and potentially at deep tissue such as
greater trochanter (Nicholson et al. ; Nicholson and Bouxsein ). The tech-
nology may further provide both density and strength assessment in the region of
interests for the risk of fracture (Qin et al. , , ; Xia et al. ).

Figure 1. A QUS bone densitometry test in a heel
region. (Reproduced courtesy of GE-Lunar, Inc.)
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Fundamental QUS Parameters in BoneMeasurement

In an effort to utilize QUS for predicting bone quality, a variety of approaches have
been exploredwith a large number of studies published in the past decadewhich have
examined the utility of QUS and its potential application as a diagnostic tool for os-
teoporosis. The physical mechanisms of ultrasound applied to bone may include a
number of fundamental approaches, i. e., speed of sound (SOS) or ultrasonic wave
propagating velocity (UV), sound-energy attenuation (ATT), broadband ultrasound
attenuation (BUA), and critical angle ultrasound parameters which closely relate to
acoustic transmission in a porous structure. Most commonly parameters for QUS
measurement are BUA and SOS, which can be used to identify those individuals at
risk of osteoporotic fracture as reliably as BMD (Bauer et al. ; Frost et al. ,
; Hans et al. , , ). It has been shown that both BUA and SOS are de-
creased in individuals with risk factors for osteoporosis, i. e., primary hyperparathy-
roidism (Gomez et al. ; Guo et al. ; Minisola et al. , , ), kidney
disease (Wittich et al. ), and glucocorticoid use (Blanckaert et al. ; Cortet
et al. ). The proportion of women classified into each diagnostic category was
similar for BMD and QUS. Using the World Health Organization (WHO) criteria
to classify osteoporosis for BMDmeasurement use DXA and QUS testing, approxi-
mately one-third of postmenopausal women aged + years with clinical risk factors
were diagnosed as osteoporotic, compared with only 12% of women without clinical
risk factors.This suggests that the measurement of QUS with calcaneal BUA and SOS
is to some extent the same as BMD Z-score measurement.

Background of BUA in Trabecular BoneMeasurement
The BUA and SOS are currently two commonly used methods for QUS measure-
ments, which make it potentially possible to predict bone density and strength. As
an ultrasound wave propagates through a medium, BUA measures the acoustic en-
ergy that is lost in bone (unit: dB/MHz). The slope, at which attenuation increases
with frequency, is generally between 0.2 and 0.6MHz, and characterizes BUA. The
slopes of the frequency spectrum may reflect the density and structure of bone. Al-
though relatively little is known about the fundamental interactions that determine
ultrasound attenuation in bone, the potential sources contributing to the attenua-
tion include absorption, scattering, diffraction and refraction (Madsen et al. ;
Wear and Garra ; Wear ;Wear et al. ). While absorption predominates
in cortical bone attenuation, the mechanism of BUA in cancellous bone is believed
to be scattering (Njeh et al. b; Strelitzki and Evans , ; Strelitzki et al.
).The importance of scattering has been alluded to in the literature. Scattering is
also suggested to contribute to the non-linear variation in BUA with density seen in
cancellous bone and porous medium (Aindow and Chivers ; Chivers , ;
Chivers and Parry ).

Background of SOS or UV for BoneMeasurement
The strength of trabecular bone is an important parameter for bone quality. In-vitro
studies have correlated the ultrasound velocity with stiffness in trabecular bone sam-
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ples (Ashman et al. ; McKelvie and Palmer ; Turner and Eich ). This
indicates that ultrasound has the potential to be advantageous over the X-ray based
absorptiometry in assessing the quality of bone in addition to the quantity of bone.
The mechanism of SOS in predicting bone strength is believed to be due to the fact
that the velocity of an ultrasound wave depends on the material properties of the
medium through which it is propagating, but also depends on the mode of propaga-
tion. By determining the wave velocity through a bone, the elastic modulus of bone
specimens can be evaluated, or at least be approximated (Ashman et al. ; McK-
elvie andPalmer ; Rho et al. ; Turner andEich ).Whenultrasound travels
through a porous material, e. g., trabecular bone, it carries information concerning
material properties, such as density, elasticity, and architecture. A relationship exists
between the ultrasound velocity (unit: meters per second) and the material elastic-
ity E and density ρ (Ashman et al. ; Njeh et al. b).

V = �
E�ρ ()

The velocity, with which ultrasound passes through normal bone, is quite fast and
varies depending on whether the bone is cortical or trabecular. Speeds of 2800–
3000m�s are typical in cortical bone, whereas speeds of 1550–2300m�s are typical
in trabecular bone.

It is demonstrated that trabecular bone strength is highly correlated with elastic
stiffness (Hou et al. ).With the introduction of QUS, a number of new diagnostic
parameters and experimental results, both in vitro and in vivo, have shown poten-
tial for evaluating not only bone quantity (i. e., BMD), but also bone quality (i. e.,
structure and strength). Two principal variables, BUA and UV, have been confirmed
to identify those individuals at risk of osteoporotic fracture as reliably as BMD from
DXA; however, SOS and BUA are related to bone density and strength as well as to
trabecular orientation, the proportion of trabecular bone and cortical shell, the com-
position of organic and inorganic components, and conductivity of cancellous struc-
ture; thus, QUS of trabecular bone depends on a variety of factors that contribute to
the measured ultrasound parameters.

QUS Assessment for Bone Quality

Beyond bone quantity, the quality (the integrity of its structure and strength) has
become an equally or even more important measure to understand the bone struc-
ture and mechanical integrity. Most osteoporotic fractures occur in cancellous bone;
therefore, non-invasive assessment of trabecular bone strength and stiffness is ex-
tremely important in predicting the quality of the bone. The strength of trabecu-
lar bone depends mostly on the mechanical properties of the bone at the local and
bulk tissue level, and on its spatial distribution (i. e., the microarchitecture). A better
understanding of the factors that influence bone strength is a key to developing im-
proved diagnostic techniques andmore effective treatments. To overcome the current
hurdles, to improve the “quality” of the non-invasive diagnostic instrumentations,
and to apply the technology for future clinical application, new clinical modalities



110 Yi-Xian Qin et al.

should concentrate on several main areas: (a) increasing the resolution, sensitivity,
and accuracy in diagnosing osteoporosis through unique methods for improvement
of signal/noise ratio; (b) directly measurement of bone’s strength as one of the pri-
mary parameters for the risk of fracture; (c) generating real-time compatible imaging
to identify local region of interest; (d) validation of structural and strength proper-
ties with new modalities; and (e) predicting local trabecular and bulk stiffness and
microstructure of bone, and generating physical relationship between measurement
and bone quality. In an attempt to achieve these goals, recent advances of emerging
technologies have been developed primarily for animal studies at this stage. These
developments include high-resolution pQCT, micro-MR-derived measures of struc-
ture, micro-CT-based BMD, and combined assessment of strength using geometry,
density, and computational simulation. Thesemethods will further lead to better un-
derstanding of the progressive deterioration of bone in aging populations, and ulti-
mately may provide early prediction of fracture risk and associated musculoskeletal
complications such as osteoporosis.

Trabecular Bone Quality Assessment using Scanning Confocal Acoustic
Diagnostic Technology

Background and QUS and Ultrasound Imaging for Bone

Recently, new methods have emerged with the potential to estimate cancellous bone
modulus more directly. Quantitative ultrasonic techniques provide an intriguing
method for characterizing the material properties of bone in amanner, which is non-
invasive, non-ionizing, non-destructive, and relatively accurate.The primary advan-
tage of QUS is that it is capable of measuring not only bone quantity, but also bone
quality, i. e., estimation of the mechanical property of bone. Over the past  years,
a number of research approaches have been developed to quantitate bone mass and
structural stiffness using QUS (Ashman et al. , ; Ashman and Rho ).The
QUS is an emerging physical modality in the evaluation of bone material properties
because it is simple, inexpensive, non-invasive and free of ionizing radiation. Prelim-
inary results for predicting osteoporosis using QUS are quite promising, and it has
much greater potential for widespread application (including screening for preven-
tion) than traditional X-ray bone densitometry methods. As such, many QUS tech-
nologies have been developed, and there are currently used (Njeh et al. b).Using
several available clinical devices, studies in vivo have shown the ability of QUS to
discriminate patients with osteoporotic fractures from age-matched controls (Cheng
et al. ; Gregg et al. ; Njeh et al. ). It has been demonstrated that QUS
predicts risk of future fracture generally as well as DXA (Bauer et al. ; Hans et al.
, ); however, there are several noted limitations, including the tissue bound-
ary interaction, non-linear function of density associated with bone ultrasonic atten-
uation, single index covering broad range of tissues (including cortical and trabecular
regions) and the interpolation of the results. Recently, using imaging based technol-
ogy, ultrasound is used for evaluating region of interests of bone, e. g., using array
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plane ultrasound wave (Calle et al. ; Gomez et al. ; Njeh et al. b).These
methods provide ultrasound images in the calcaneus region, in which the parame-
ter compares to DXA data. Perhaps the major drawbacks of current ultrasound os-
teometers are low resolution and lack of physical interrelation with meaningful bone
strength. While only showing the correlation between BUA data and BMD, these de-
vices mostly provide qualitative information for assessment of osteoporosis, not the
true prediction for bone structural and strength properties; therefore, QUS remains
at an initial stage, as a screening tool, because of the non-uniformity of the porous
structure in the bone tissue and its associated affects in resolution (Njeh et al. b).

To overcome these hurdles and improve the specificity of non-invasive ultrasonic
assessment, we have initiated a newmodality of QUS by developing a scanning con-
focal acoustic diagnostic (SCAD), or scanning confocal acoustic navigation (SCAN)
technology particularly for identifying the strength of trabecular bone. Our new de-
sign of SCAD system is intended to provide true images reflecting bone’s structural
and strength properties at particular skeletal sites, which can provide a true diag-
nostic tool (instead of just for screening) that surpasses the radiation-based DXA
machines.

The principal goal of this study was to evaluate both bone mineral density and
strength properties using ultrasound scanning, μCT-determined BMC and struc-
tural properties, and the mechanical testing.

Figure 2.Trabecular bone samples were carefully extracted from sheep distal femoral condyle.
LG longitudinal direction in weight-bearing (° with the long axis of bone), M–L: medial–
lateral direction, A–P anterior–posterior direction
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Methods

A total of  sheep trabecular bone cubes (1�1�1cm) were harvested from the distal
femoral condyle. Prior to cutting, the femoral shaft was placed at a 45� to the blade
(Fig. ) such that the axes of the resultant samples corresponded to the physiologic
and anatomic directions, i. e., longitudinal (LG; animal’s weight-bearing direction),
anteroposterior (AP), andmediolateral (ML).These boneswere stored in the solution
of half 70% ethanol and half normal saline at 4�C.

SCADMeasurement
Using a newly developed SCAD technology, the bone cubeswere measured ultrason-
ically in three orthogonal directions. The measurement procedure consisted of con-
focal scanning of ultrasonic beam through the central region (Dplane) of the sample
with a resolution of 0.5mmpixel size. A recording of ultrasound wave wasmade over
an 80 � 80 array (40 � 40mm field of view). These waveforms were processed to cal-
culate the attenuation coefficient (ATT; dB), the log-ratio of the energy of reference
wave to testing wave, the broadband ultrasound attenuation (BUA; dB/MHz), which
is the slope of the frequency-dependent attenuation at bandwidth 300–700kHz, and
the ultrasound velocity (UV; m/s) at each scanning point. These ultrasonic values
were further processed to generate images of ATT, BUA, and UV. A 14 � 14grid
(0.5mm pixel size, 7 � 7mm field of view) region of interest (ROI) was then deter-
mined from the images of ATT, BUA, and UV to derive ultrasound parameters.

μCT DeterminingMicroarchitecture and Density of Bone
A series of structural parameters of the trabecular samples, such as the total volume
(TV), bone volume (BV), bonemineral density (BMD), trabecular width (TbTh) and
space, connectivity, and structural model index (SMI), were determined from the
D images of the trabecular sample from the μCT D reconstruction with a 20μm
resolution (μCT, Scanco).

Tissue Mechanical Modulus
Contact force-displacement testing was used to determine the elastic modulus of tra-
becular bones. Using a mechanical testing machine (MTS Systems), the cubes were
uniaxially loaded in compression using displacement control (Fig. ). To overcome
slight deviations from surface parallelism, a smoothly curved nail head was placed
above the bone cube such that the force would be distributed evenly to the bone in
the loading direction. An upper limit of 300N, determined by prior loading of non-
experimental but otherwise identical bone cubes, was established to prevent the plas-
tic yielding of any specimens while the loading was achieved in bone’s elastic region.
The loading rate was approximately 1000με�s for the samples. Both displacement
and force were digitized and analyzed using MTS BasicTestware software.

The material properties studied included elastic moduli in three orthogonal di-
rections, and bulk modulus, which was the averaged value of the elastic moduli from
the three orthogonal directions. Finally, the samples were compressively loaded up



Non-invasive Bone Quality Assessment Using Quantitative Ultrasound Imaging and Acoustic Parameters 113

Figure 3.Mechanical testing of bone cubic samples. Themodulus of bone was calculated by the
linear slope of the strain–stress curve

to their failure in the longitudinal direction, and the yield strength and the ultimate
strength were recorded.

Interrelationships between QUS parameters and μCT determined structural val-
ues, and betweenQUSparameters andmechanical properties, were evaluated through
multiple correlations. Finally, a combined linear regression of BUA and UVwas used
to interpret the complex structure of trabecular bone and its interactive influence on
derived ultrasound signals. The data were analyzed using Pearson product moment
correlation coefficients and the significance level was set at p < 0.05.

Results

Among the quantity and quality parameters, these trabecular bone samples showed
a variety of values of structural (Fig. ) and stiffness parameters.The value of BV/TV
averaged 49 � 7% (mean � SD), whereas the mechanical strength averaged 415 �
100MPa for bulk modulus, 16.5 � 6.7MPa for yield strength, and 18.6 � 6.9MPa
for ultimate stress. Ultrasound scanning was capable of predicting the bone’s quality
parameters via multiple correlations.

Statistical correlation was preformed between the ultrasound parameter and the
trabecular structural parameters and mechanical parameters. When ultrasound pa-
rameters were correlated to the Young’s modulus of the trabecular bone in three or-
thogonal directions, the ultrasound velocity and BUA in the corresponding direc-
tions were used; otherwise, the averaged ultrasound velocity and BUA from the three
orthogonal directions were used. Figure  shows a good correlation between BUA
and BV/TV with r2 of 0.53. Since BV/TV is independent of the direction of mea-
surement, the averaged BUA was used. Figure  demonstrates a better correlation
between the bulk stiffness of the trabecular bone and the average ultrasound velocity
with r2 of 0.67.
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Figure 4.Micro-CT measured trabecular bone structure, 34μm resolution. Left: normal bone.
Right: the sample with osteopenia

Figure 5.The correlation of average BUA with the BV/TV from μCT analysis

Table  shows the overall correlation coefficients. While there were weak cor-
relations between BUA and μCT, determined structural parameters, such as bone
volume fraction (BV/TV; R = −0.68), trabecular width (TbTh; R = −0.34) and con-
nectivity (R = 0.07), as well as tissue bulk modulus (R = −0.31), demonstrated strong
correlations between UV and bone strength and structural parameters such as bulk
modulus (R = 0.82), BV/TV (R = 0.93), and TbTh (R = 0.69). It was also interesting
to find that the variation of the correlation coefficients between BUA and the me-
chanical modulus was also greater than those between the ultrasound velocity and
the mechanical modulus. The ultrasound attenuation coefficient (ATT) was shown
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Figure 6.The correlation of averaged UV with the bulk modulus

Table2.Relative correlation coefficients (r values) for QUS, μCT andmechanical testing consis-
tently above 0.75 with regard to the elastic modulus, bulk modulus, yield or ultimate strength.
All r values above 0.3 are significant

ATT UV BUA Combo BUA & UV

APModulus −0.71 0.79 −0.66 –
LG Modulus −0.75 0.79 −0.70 –
MLModulus −0.36 0.89 −0.34 –
Bulk Modulus −0.75 0.82 −0.31 0.84
Yield Strength −0.72 0.90 −0.85 0.93
Ultimate Strength −0.75 0.90 −0.85 0.94
BV/TV −0.37 0.93 −0.68 0.96
BMD 0.74 0.85 0.75 0.87
SMI 0.3 0.9 0.66 0.93
Connectivity −0.12 −0.33 0.07 0.28
Trab.Thickness −0.17 0.69 −0.34 0.67

to be equivalent to BUAwhen it was correlated to the mechanical modulus and BMD
of the trabecular bone.

The correlations were improved by using a new parameter that combined BUA
and UV in a linear regression analysis, yielding values of r = 0.96 for BV/TV, r = 0.67
for trabecular thickness, and r = 0.84 for bulk modulus. Figure  demonstrates that
the linear combination of ultrasound velocity and BUA could predict 70% of the bulk
modulus (r2 = 0.70), and Fig.  shows that the linear combination of ultrasound
velocity and BUA could predict 87% of the BV/TV.
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Figure 7.Prediction of bulk modulus by the linear combination of ultrasound velocity and BUA
also showed high correlation (R2 = 0.7, p < 0.01)

Figure 8. Prediction of BV/TV by the linear combination of ultrasound velocity and BUA
showed high correlation (R2 = 0.87, p < 0.01)

Discussion

Ultrasound is a promising tool for the efficient and non-invasive assessment of bone
status. Contrary to the conventional ultrasound technique, The SCAD system can
provide images instead of individual parameters from the ultrasonic measurement
of bone samples. These images can also help to determine the region of interest on
the bone samples so that the ultrasound data can best represent the bone properties.
In our study, the edge effect of ultrasound on bone can be excluded when only the
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data in the region of interest are used. Although the inhomogeneity in the trabecu-
lar cubes was not obvious because of the small size of the samples, different patterns
of ultrasound images were discovered. This indicated that when this new technol-
ogy was applied on large bone samples, such as the calcaneous, the inhomogeneity
revealed by SCAD could be of clinical interest.

The ultrasound parameters used in the correlation with the bone properties are
the averaged values from the region of interest. They included the ultrasound veloc-
ity (UV) and the broadband ultrasound attenuation (BUA). When single ultrasound
parameter was used, the ultrasound velocity was generally a better predictor of the
trabecular properties thanBUA.The r2 from the correlation results can be considered
as an indicator of the percentage of trabecular properties information embedded in
the individual ultrasound properties. The UV is best in characterizing the mechan-
ical stiffness and yield strength as well as BMD and BV/TV. Although BUA is not
as good as UV as an individual parameter for the assessment of bone properties, its
correlations with yield strength, ultimate strength, BV/TV, and BMD are fairly good.
This implies that BUAmight also contain the bone properties, some of which might
not be revealed in UV.

Considering the complex architecture of trabecular bone, it can be a better pre-
diction of bone’s quality for determining osteogenic conditions if the combination
of UV and BUA are used. The advantage of combining the ultrasound velocity and
BUA to predict the trabecular properties was that it could combine the information
in both velocity and attenuation BUA and increased the accuracy of prediction. The
combination of the ultrasound velocity and attenuation has improved the prediction
of bone quality indexes such as the yield strength and ultimate strength and bone
quantity index of BMD. This was attributed to the additional stiffness information
provided in BUA.

As such, various ultrasound methods are available to optimize the correlations
with the true mechanical properties of bone and ultimately fracture risk; thus, a well-
established database using this newly developed system may provide an insight into
non-invasive diagnosis of osteoporosis and bone quality using ultrasound. More gen-
erally, it is both interesting and promising that, when looking at either mechanical
properties or μCT parameters, it is the more global and clinically relevant properties
that are best described by ultrasound. Yield and ultimate strength, the best indicators
of true fracture risk, are better correlated than elastic modulus, a simple measure of
stiffness. Furthermore, with respect to μCT, the ultrasound values are best correlated
with overall parameters such as bone volume fraction and structural model index,
which are again the best indicators of global quality of the bone, rather than specific
parameters such as connectivity density and trabecular thickness.

Quantitative Ultrasound Propagation in Bone using a Simplified StratifiedModel

Background

Ultrasonic assessment of bone has shown the potential of its capability in detect-
ing not only the density but also the strength of bone tissue; however, the lack of
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understanding of ultrasound interaction with bone, particularly in the trabeculae,
has become one of the obstacles preventing ultrasound from being a fully developed
diagnosis technique. At present, a few theoretical models exist that can robustly ex-
plain the ultrasound propagation in bone, especially physical interactions with bone.
One such study applied Biot’s theory (Biot , ) to characterize the ultrasound
propagation in porous trabecular bone. Analytically, Biot’s theory was effective in
explaining ultrasound velocity in trabecular bone, yet its predicted attenuation of
the ultrasound in trabecular bone had great discrepancy with the experimental data
(Acotto et al. ; Cvijetic et al. ; Hosokawa and Otani ; McKelvie and
Palmer ). This may be because the attenuation mechanism in trabecular bone
is not limited to the friction loss between the relative motion of bone marrow and
the trabecular struts (Williams , ). Also, the limitation inherent in assessing
bone to be a homogenous porous material by Biot’s theory ignored the sensitivity
of ultrasound attenuation to trabecular architecture, which is complex, inhomoge-
neous, and anisotropic (Cowin ). Upon closer inspection, Biot’s theory involved
more than ten material parameters, most of which, e. g., permeability in the trabecu-
lar structure, were theoretical and hard to determine by experimentalmethods (Haire
and Langton ; Prins et al. ), and thus might cause difficulty in predicting
results.

Recently, models other than the Biot’s theory have come into light. Hughes et al.
() used a stratified model to simulate the ultrasound propagation in trabecu-
lar bone and demonstrated the existence of both slow and fast waves as predicted
by Biot’s theory. They also showed that the fast wave was strongly anisotropic and
suggested that the simplification of the trabecular structure by the stratified model
had potential for the study of ultrasound interaction with trabecular bone. Regarding
the ultrasound propagation in stratified medium, the frequency response of stratified
media to an ultrasonic wave can provide clues to a more complete understanding of
wave propagation in porousmedia (Schoenberg ).The objective of this work was
to extend the stratified model and to simulate the interaction of ultrasound velocity
and broadband ultrasound attenuationwith the trabecular architecture.The stratified
model was applied to investigate the relationship of ultrasound velocity and normal-
ized broadband ultrasound attenuation (nBUA) with the bone density and poros-
ity at a series of frequencies, in which the stratified model focuses on the reflection
and transmission of ultrasound at the marrow-trabeculae interfaces. This simplicity
makes the study of the interrelationship of the apparent density and porosity of bone
with ultrasound attenuation and wave velocity more straightforward. We hypothe-
size that transmission and reflection are the two defining factors affecting ultrasound
propagation in trabecular bone, and thus the stratifiedmodel canmore cohesively ex-
plain the relationship between ultrasound and trabecular properties such as porosity
and apparent density.

Method

StratifiedModel
Trabecular architecture is a complex solid matrix of trabecular struts, with marrow
filling the spaces. When ultrasound enters this complex architecture, a portion of
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Figure 9. Stratified model for tra-
becular bone. The shaded area
represents trabecular material.
The marrow is sitting between
trabecular layers

the acoustic energy is reflected at the marrow-trabeculi boundary, whereas a portion
of the energy is transmitted through the boundary. Since numerous such bound-
aries exist within the trabecular architecture, it is clear that accounting for the re-
flections and transmissions of the signal is a key aspect of the ultrasound interaction
with the bone. The stratified model (Fig. ) simplifies this trabecular architecture
but keeps the wave reflection and transmission features similar to that which is en-
countered within the bone. In this model, the solid phase is composed of bone ma-
terial and the liquid phase is composed of marrow. The model begins with the solid
phase at left and ends with the same material at right. The solid layers have equal
thickness, as do the liquid layers. The porosity of the model determines the thick-
ness of both solid and liquid layers. Plane ultrasonic wave enters the model at left
and exits the model at the right. Only the normal incident wave is considered in
the model, and therefore it is assumed that no shear wave is generated in the solid
layers.

Density of the StratifiedModel
The apparent density ρ of trabecular bone is directly related to the trabecular bone
porosity β. It is defined as the mass of trabecular material by the whole bone volume.
It can be calculated using the following equation:

ρ = (1 − β)ρs ()

where ρs is the density of the trabecular material. This density agrees with the later
calculation of BMD from micro-CT data, which is the bone mineral content di-
vided by the total volume. Apparent density and BMD are closely related. Han et al.
(a,b) reported that BMDwas 80% of the apparent density of the same bone spec-
imen.

Ultrasonic Wave Velocity in the StratifiedModel
When ultrasound travels through the model, it takes ts seconds in the solid phase
and tl seconds in liquid phase. If the porosity is β and thickness of the model is l ,
then the total thickness in solid phase is (1 − β)l and the thickness in liquid phase is
βl ; therefore, ts and tl are:
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ts = (1 − β)l
vs

()

tl = βl
vl

()

where vs and vl are the ultrasonic wave velocities in the solid and liquid phase re-
spectively; therefore, the ultrasound velocity in the stratified model is:

v = l
ts + tl

()

or

v = vs vl(1 − β)vl + βvs
. ()

Ultrasound Attenuation in the StratifiedModel
Ultrasound attenuation in trabecular bone is usually measured by the insertion
method (Langton et al. ; Langton and Hodgskinson ; Langton and Njeh
). While the ultrasound signal is initially recorded between the transmitter and
receiver without the interference of the bone sample to serve as a reference signal,
the trabecular bone sample is inserted into the ultrasound pathway and the attenu-
ated ultrasound signal is recorded. The difference of the logarithm of the amplitude
frequency spectrum between the reference and attenuated signals is defined as the
ultrasound attenuation coefficient in trabecular bone. The slope of the linear section
of the ultrasound attenuation coefficient vs frequency is defined as broadband ultra-
sound attenuation (BUA). The normalized BUA (nBUA) is the BUA normalized to
the specimen thickness to eliminate the effect of specimen thickness.

Pressure and velocity are two parameters that describe an ultrasound field and
are functions of position. The velocity described here is distinct from the ultrasonic
wave velocity, and represents the motion of a medium particle at a specified position.
The pressure becomes the normal stress in the solidmedia if only a longitudinal plane
wave is involved. In each layer of themodel, the pressure and velocity at the right side,
Pr , Vr , are related to pressure and velocity at the left side, Pl ,Vl , through the transfer
matrix:

� PrVr
� = �cos(kx) −Zc sin(kx)

sin(kx)
Zc

cos(kx) � ()

k = 2π
λ
Zc = ρc ()

In the above equations, k is wave number derived fromwavelength λ and is the func-
tion of the ultrasound frequency. Zc is the characteristic impedance of the medium,
which is the multiplication of medium density ρ and ultrasonic wave velocity c in
the medium. The thickness of the layer is defined by x. This equation stipulates that
the pressure and velocity at one point of the sound field is associated with the pres-
sure and velocity at another point through the transfer matrix [T]; therefore, only
the pair of pressure and velocity at the left side of each layer is needed to describe the
ultrasound field in that layer.
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It is assumed that the stratified model has n layers and that the media on both
sides of the stratified model are semi-infinite, which are the same as the media in
the liquid phase in the model. P0 andV0 are the pressure and velocity of the incident
ultrasonic wave at the left side of the model, and Pn+1 , Vn+1 are the pressure and
velocity of the transmitted ultrasonic wave at the right side of themodel.Thepressure
and velocity at the right side of each layer are then calculated from those at left side
using the transfer matrix. The boundary conditions between layers are such that the
pressure and velocity are considered continuous. This means that the pressure and
velocity at the left side of the layer are equal to the pressure and velocity at the right
side of previous layer.

Measurement of Ultrasound Velocity and Attenuation in Trabecular Bone
To verify the model, the measurement of ultrasound velocity and attenuation were
conducted to provide experimental data. Ultrasound velocity was measured using
ultrasound pulse and calculated using the time-of-flight method (Prins et al. ,
). A total of  cubic trabecular bone samples (1�1�1cm) were harvested from
the femoral condyle of sheep. Micro-CT (μCT, Scanco, Bassersdorf, Switzerland)
tests were conducted on each sample to obtain bonemineral content and bone poros-
ity. The BMD was calculated by the ratio of the bone mineral content and the total
volume of the specimen. Two identical broadband unfocused ultrasound transduc-
ers (25.4mm in diameter) with a center frequency at 500kHz (Panametrics) were
mounted on opposite sides of a 10� 10� 15cmwater tank (Fig. ). Bone specimens
were positioned in the ultrasound path using a specimen holder. The transmitting

Figure 10. Experimental setup for ultrasound measurement of trabecular bone. In ultrasound
velocitymeasurement, the signal generator is a pulse generator. In ultrasoundattenuationmea-
surement, the signal generator is a waveform generator
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transducer was driven by a 100V pulse with 0.5μs duration generated by a pulse gen-
erator (Hewlett Packard model HPB).The ultrasound response from the receiver
was collected by a digital oscilloscope with sampling frequency of 25MHz (Tektronix
model TDSA). The time difference between the transit delays of the reference
wave (without bone in sound path) and the testing wave (with bone in sound path)
were measured by choosing the second zero crossing point as the characteristic point
for the purpose of comparison. Ultrasound velocity was calculated by:

Vb = Vw Ds

Ds − VwΔt
()

whereVb is the velocity in bone, Ds is the thickness of bone sample, Vw is the velocity
in water, and Δt is the time difference.

Ultrasound attenuation was measured with the same setup, except that the sig-
nal was generated by the waveform generator (model DS, Stanford Research
Systems). Both waveform generator and oscilloscope were controlled by a laptop
computer (Dell Latitude) using LabView software (National Instruments). The ul-
trasound attenuation was measured using a frequency-scanning method. For each
measured frequency, a tone burst of three cycles of sinusoidal wave at the tone fre-
quency was used to drive the transmitting transducer. This ensured that the energy
of the signal was concentrated at the tone frequency.The reference signal was first es-
tablished and then the bone signal was recorded with the specimen placed between
transmitter and receiver. Both the reference and bone signals are integrated to calcu-
late the energy of the signals.The energy difference in decibels between reference and
bone signals was calculated as the attenuation coefficient at the tone burst frequency.
The range of frequency scanning was between  and 800kHz with an interval of
50kHz.

Ultrasound Velocity and Attenuation Calculated by the StratifiedModel
Both ultrasound velocity and attenuation were calculated with changing bone poros-
ity using the stratified model. Since marrow properties are close to water, a density
of 1000kgm−3 and wave velocity of 1500ms−1 were used. The infinite medium on
both sides of the model was water. Trabecular material also has similar properties
as cortical bone (Turner et al. ); thus, values used in the model were based on
the measurements of cortical bone from the sheep femur. A density of 2000kgm−3
and a wave velocity of 3680ms−1 for trabecular material were used. Since the ap-
parent density of bone was highly correlated to BMD (r = 0.98; Han et al. a,b,
), the apparent density was used in the numerical model in place of the BMD.
The thickness of the stratified model was chosen as 1cm.The values of thickness for
solid and liquid layer were calculated from porosity of the model based on the as-
sumption that solid layers and fluid layers had the same thickness shown in Eqs. ()
and ().

Ttr = (1 − β)w
n + 1

()

Tma = βw
n

()
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where Ttr and Tma are the thickness of the trabecular layer andmarrow layer, n is the
number of marrow layer, β is the porosity, and w is the model thickness. To deter-
mine the number of trabecular layers in the model, a series of simulation were done
at different number of trabecular layers.The results showed that ten trabecular layers
best represented the attenuation coefficient vs frequency curve, where the linear sec-
tion was between  and 700kHz.The current model includes ten trabecular layers
and nine marrow layers, which generated the thickness of 0.5mm of trabecular layer
and the thickness of 0.55mm of the marrow layer at the porosity of 50%.With these
values, the relationship between velocity and porosity of the model was simulated us-
ing Eqs. () and (). To simulate the nBUA of the model of a specific porosity, a series
of tone bursts, using three cycles of a frequency from  to 800kHz at 50kHz in-
tervals, were created. For each tone burst, the attenuation coefficient was calculated;
thereby, the frequency distribution of ultrasound attenuation coefficient in the strat-
ified model was obtained. The nBUA of the model was calculated from the slope of
the linear section of the attenuation coefficient curve where the r-value of the corre-
lation of attenuation coefficient to frequency is above 0.98.This section was normally
between  and 700kHz.The porosity ranged from  to 90% and simulations were
done at 10% intervals between the porosity of  and 40% and between  and 90%,
and at 5% intervals between  and 70%.

Results

Although the theoretical relationship between ultrasound velocity and bone porosity
was not strictly linear, the stratified model established a high correlation (r = −0.97)
when bone porosity changed from  to 100% (Fig. ). Because the apparent density
was inversely proportional to bone porosity, a positive correlation was observed be-

Figure 11. Simulated ultrasound wave velocity vs porosity in the stratified model. As porosity
increases, the wave velocity decreases (r = −0.97). (From Lin et al. )
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tween ultrasound velocity and the apparent density (r = 0.97). These results were
in an agreement with published results by other researchers (Han et al. b, ;
Langton et al. ; Langton and Njeh ). For the experimental measurement, the
results showed that the correlation between ultrasound velocity and bone porosity
of the trabecular sample from the sheep femoral condyle demonstrated a significant
r-value of −0.93, and correlation of ultrasound velocity and BMD had an r-value of
0.93 (Fig. ).

Figure 12. Ultrasound wave velocity was positively correlated with the bone mineral density
(BMD) in the trabecular bone from sheep femoral condyle (r = 0.93). (From Lin et al. )

Figure 13.The broadband ultrasound attenuation (nBUA) of the stratified model is non-linear
with respect to porosity. The peak of nBUA is reached when porosity is 60%. (From Lin et al.
)
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Ultrasound attenuation is dependent on ultrasound frequency, increasing as fre-
quency increases. In the stratified model for trabecular bone, attenuation coefficient
at different porosities was calculated. A linear relationship (r � 0.98) existed between
attenuation and frequency from  to 700kHz. The slope of the data in this linear
region normalized to the model thickness is referred to as the nBUA. The simulated
pattern at the porosity of 50% was the same as that of the experimental data from
a trabecular sample with an established porosity of 50%, as measured by micro-CT.
The difference between experimental attenuation data and model data was from  to
10dB.

The simulation demonstrated that the nBUA as defined in the stratified model
shows a non-linear relationship with the porosity (Fig. ). In the low-porosity re-
gion, nBUA increased as porosity increased; however, in the high-porosity region,
the relationship was inverted and began to decline. The maximum nBUA occurs at
the porosity of 60% or with an apparent density of 800kgm−3.

Discussion

The stratified model is capable of explaining the complex interaction of ultrasound
with trabecular bone structure. Whereas nBUA is a widely used index of ultrasound
in the assessment of bone density, e. g., BMD, the experimental studies have indicated
that nBUA is non-linearwith respect to BMDas porosity decreases fromosteoporotic
trabecular bone to normal cortical bone, thereby confounding interpretation of the
results (Fig. ). The stratified model has successfully represented this non-linear re-
lationship, and thus appeared to be a valuable tool to evaluate the interaction of ultra-
sound with trabecular bone. According to the simulation result, the nBUA reached
maximum at the porosity of 60%.The porosity of trabecular bone varies between 
and 90% depending on bone quality (Njeh et al. b, ). For normal trabecular
bone, the porosity is well below 60%, and thus the nBUA increases with the trabec-
ular porosity because it selects the rising part of the non-linear curve; however, if
the trabecular bone is osteoporotic, the porosity can easily exceed 60%, and the re-
lationship of nBUA and porosity is represented by the falling part of the non-linear
curve, indicating that the trabecular porosity is inversely proportional to BMD.This
non-linear dependence of nBUAonporosity, therefore,may explain some of thewide
variability in ultrasound results and provide insight to explain the experimental mea-
surement by ultrasound.These results also agreewith published data. Using phantom
material, Strelitzki et al. () demonstrated the similar parabolic shaped relation-
ship betweennBUAandphantommaterial porosity, with nBUApeaked at 50%. Serpe
() demonstrated in their in vitro study that nBUA is non-linear over a wide range
of BMD and the peak nBUAoccurred at the BMD value around 600kgm−3. Based on
the relationship of apparent density and BMDgiven byHan et al. (a), the BMD is
about 80% of the apparent density; therefore, the BMD of 600kgm−3 was equivalent
to the apparent density of 750kgm−3, which was also close to 800kgm−3 predicted
by the stratified model.

Ultrasound attenuation is considered as the combine result of absorption and
scattering. The difference of attenuation between the experimental data and simu-
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lation model implies that other energy absorption factors exist. This indicates that
absorption was also an important contribution to the total ultrasound attenuation.
The backscattered model proposed by Wear (a,b, ) demonstrated that the
scattering in all directions is approximately proportional to the frequency cubed;
therefore, absorption could be a considerable component of attenuation since the
ultrasound attenuation is approximately linear to the frequency.The simulated ultra-
sound attenuation was about 5–10dB below the experimental data, demonstrating
the significance of the role of absorption in ultrasound attenuation.

The stratified model has demonstrated that ultrasound velocity is proportional to
bone density in this study. Trabecular bone has two phases, the solid phase of trabec-
ulae and the liquid phase of bone marrow. Since the trabecular structure is porous,
high BMD represents low porosity, or more trabecular material within a given vol-
ume. As the ultrasonic wave velocity is faster in trabecular material than in marrow,
ultrasonic wave travels faster in trabecular bone of high BMD than that of low BMD.
This agreed well with the in vitro results reported by Tavakoli et al. (). In their
study, they used nitric acid to demineralize the bone specimen so that the effect of
BMD was isolated. They reported that the ultrasound velocity was highly correlated
with BMD (r = 0.99). This agreement is the strong support of the stratified model,
since only the BMDof the model was changed.The lower-than-predicted correlation
coefficient (r = 0.93) between ultrasound velocity and BMD fromour experiment in-
dicated that factors other than BMD had influence on ultrasound velocity. The char-
acteristic point, such as the second zero crossing point, in the ultrasound signal can
introduce error in the determination of the transit delay in the trabecular bone due to
pulse distortion as a result of attenuation (Wear b, , ). The pathway of
ultrasound is more complicated in real trabecular architecture than in the stratified
model. Due to the heterogeneity of trabecular bone, the trabecular thickness varies
from point to point. These results in the uneven distribution of local ultrasound ve-
locity within the trabecular specimen, indicating that the trabecular architecture will
affect the measured velocity.

The limitations of the stratified model include the simplification of the model.
Firstly, the wavelength of ultrasound in the trabecular bone is around 4mm, much
larger than the size of any given trabeculae and Rayleigh scattering occurs inside the
trabecular specimen. The use of reflection to simulate scattering will leave out fac-
tors unique to scattering. If the trabeculae are considered cylindrical scatterers (Wear
), the intensity of the scattering wave is proportional to the third power of the
frequency of the incident wave. This phenomenon is not reflected in the stratified
model. Secondly, the solid bone material in the stratified model was not connected
between layers and therefore could not simulate the connectivity of the trabecular
structure. Thirdly, no indication of trabecular stiffness and strength could be found
from the model. As the marrow layer cannot withstand stress load, the bulk stiff-
ness of the model cannot be established. Fourthly, the stratified model can represent
well the BMD and porosity at the bulk level; however, work is still needed to link the
number and thickness of the layers in themodel to themicrostructure of the trabecu-
lar bone. Finally, the absorption mechanism of ultrasound in the trabecular bone was
not included in themodel and could account for the difference between the simulated
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ultrasound attenuation and the experimental results. Despite the above limitations,
the close match of the simulated data and the experimental data demonstrated that
the stratified model, though simple, is an effective means of revealing the mechanism
of ultrasound interaction with bone.

Conclusion

Quantitative ultrasound image has demonstrated its ability in assessing quantity and
quality of bone non-invasively. While osteoporoses occur initially in the trabecular
region, scanning confocal acoustic diagnostic technology provides high signal-to-
noise ratio in the trabecular bone. The stratified model of trabecular architecture is
simple but powerful. It indicates that wave reflection and transmission play impor-
tant roles in the ultrasound interaction with trabecular bone. High correlation be-
tween bone modulus and ultrasound parameters suggest that QUS image is a unique
modality for bone quality evaluation. This study also indicates that, when ultrasound
is used in the diagnosis of osteoporosis, a better understanding of the signal diagnos-
tics will potentially improve the precision and accuracy of the measurement of bone’s
physical properties.
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Abstract

Synergy can be achieved using multiple imaging modalities to reveal cortical bone
adaptation at organ, tissue and ultrastructural levels. Peripheral quantitative com-
puted tomography (pQCT) measurement showed significant regional variations of
cortical bone mineral density (cBMD) in the distal tibia and distal radius, indepen-
dent of menopausal status. The higher cBMD was related to its prevalent compres-
sive stress. Circularly polarized light (CPL) microscopy supported this by showing
a preferred transverse to oblique collagen fibre orientation. Quantitative backscat-
tered electron (QBSE) imaging study of osteon morphometry and degree of miner-
alisation in the cadaveric tibia and radius showed that the variation of cBMD was
due to differences in percentage of intracortical porosity (IP), rather than to the vari-
ation of mineralisation. The distal tibia had significantly lower cBMD than the distal
radius. This lower cBMD was compensated by having greater cortical thickness, po-
lar moment of inertia, and collagen fibre orientation index. The tibia, being subject
to habitual dynamic compressive loading as compared with the non-weight-bearing
nature of the radius, may activate a higher remodelling rate, which does not allow
full secondary mineralisation. This was evidenced in the study showed lower cBMD
and greater percentage of IP; thus, the compensatory increase in bone geometry is
meant to withstand the sustained bend and torsion loading in this region. This chap-
ter demonstrates that compressive loading is more osteogenic bringing about greater
regional BMD.The design of exercise intervention programs to enhance bone quality
should consider the strain mode effect. Compensation between the material density
and structure is evidenced which allows bone strengthening. Regional bone adap-
tation, as revealed by multiple imaging modalities, allows better understanding of
changes at different levels of bone organization.



136 Yau-Ming Lai, Wing-Chi Chan

Introduction

A review of human exercise intervention studies in pre- and postmenopausal women
shows that exercise generally has a positive effect on bone mineral density (BMD),
with the size of the effect varying between different anatomical sites (Chilibeck et al.
; Schoutens et al. ; Wolff et al. ).The exercise regimes reported in these
studies are characterized by type, frequency, intensity, and duration. These param-
eters define the mechanical milieu to which the bone is subject. Nevertheless, they
may not be directly related to exercise induced-changes in bone, and specific strain
parameters have been shown to relate to bone response (Judex et al. ; Lanyon et
al. ; O’Connor et al. ; Rubin and Lanyon , ); however, these studies
have been biased towards the invariant stimuli of mechanical strain. A growing num-
ber of animal experimental studies has demonstrated that, in response to disparities
in the habitual strainmode, variant stimuli ofmechanical strain, such as compression
vs tension cortices, have exhibited significant differences in material organization in
terms of osteon micromorphology, bone mineral content (BMC), and preferred col-
lagen fibre orientation in deer calcaneus, turkey ulna, and equine third metacarpal
(Skedros et al. a,b, , b); however, designs of the animal studies are un-
able to address the issue of bone adaptation in human subjects under the influence of
habitual loading. The straight embryonic long bone becomes curved via modelling
drifts in response to an increase in muscle strength and a combined bend and com-
pressive loading during growth (Jee and Frost ). The bone curvature appears to
optimize the strength of the bone as well as to improve the predictability of the load-
ing direction (Bertram and Biewener ). The combined loading shifts the neutral
axis and results in an asymmetric stress distribution in which compressive stresses
are greater than tensile stresses. Compressive strain is sustained on the concave side,
whereas tensile strain is concentrated on the convex side of the long bone shaft (Pan-
jabi and White ). This difference in strain mode/magnitude may bring about
adaptation inmaterial and structural organization via intracortical bone remodelling
(Skedros et al. b).

Peripheral quantitative computed tomography (pQCT) offers a new dimension
in bone densitometry, whichmeasures volumetric BMDat the organ level.The cross-
sectional tomographic images allow the cortices at different regions to be evaluated
separately (Muller et al. ). A recent study by Lai et al. () using pQCT in post-
menopausal subjects also illustrated that the volumetric BMD at the posterior cortex
was significantly higher at 6.5% than the anterior cortex, whereas no significant dif-
ference in vBMD was shown between the medial and lateral cortices; however, the
anterior cortical wall showed the greatest thickness compared with the other three
regions, and was significantly 21.3% greater in thickness than the posterior cortex.
It is suggested that geometric adaptation in terms of cortical thickness may be the
mechanism to adapt such vBMD differences in response to different strain mode in
these regions. Further investigation of collagen fibre orientation, degree of minerali-
sation and osteon morphology, which are determinants of bone strength (Felsenberg
and Boonen ), at a microscopic level, may lead to a better understanding of re-
gional bone adaptation. The material density of cortical bone is a function of both
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the degree of mineralisation and the intracortical porosity (Schaffler and Burr ).
Nevertheless, in terms of resolution, it is beyond the capacity of current pQCT scan-
ners to depict the porosity and osteon morphology of cortical bone.

In consideration of the above review, studying material organization in terms of
osteon morphology, degree of bone mineralisation, and collagen fibre orientation
is necessary to obtain an understanding of regional bone adaptation to differential
strain magnitudes/modes; however, such a study would involve the use of invasive
techniques applicable in animals that may not be suitable for use in human subjects.
To circumvent this problem, a model comprising both human subjects and human
cadavers was employed to investigate the long bone regional adaptation under ha-
bitual loading using pQCT, quantitative backscattered electron (QBSE) imaging and
polarized light microscopic imaging. This in vivo and in vitro study model may pro-
vide us with complementary information in terms of material and structural organi-
zation at both the organ and tissue levels, to understand skeletal adaptations under
weight-bearing and non-weight-bearing loading differences. Regional differences in
adaptation between the anterior, posterior,medial, and lateral cortices in the same in-
dividual long bone subject to different strain magnitudes/modes (compression verse
tension) are examined. The strengths of this self-controlled model are that it allows
the non-mechanical factors to be adjusted because the same individual long bone is
examined, and allows an understanding of end-point bone adaptations under such
influences.

Role and Principles of Quantitative Backscattered Electron Imaging

The study by Currey () illustrates that there is a considerable range of minerali-
sation measured by ash density ranging from  to 58% in non-pathological cortical
bone.This range ofmineralisation results in an even variability ofmechanical proper-
ties, with the Youngmodulus of elasticity ranging from to GPa, bending strength
from  to  MPa and the toughness from  to  J/m2. These mechanical
properties are compromised in a bone so as to adapt to the requirement of stiffness,
strength and toughness.The same amount of bonemass but with high or lower degree
of mineralisation corresponds to a high or a low BMDmeasured either by X-ray ab-
sorptiometric and quantitative computed tomographic (QCT) techniques; however,
the characteristics of bone mineralisation in terms of its degree can be determined
by contact microradiography (CMR), QBSE imaging (Bloebaum et al. , ;
Roschger et al. ), ash weight (An et al. ), infrared imaging (Camacho et al.
; Faibish et al. ; Paschalis et al. ), Raman microspectroscopy (Akkus
et al. ), histomorphometry with Toluidine blue (TB) staining (Qin et al. ),
scanning acoustic microscopy (SAM; Qin et al. ), bench-top micro-computed
tomography (micro-CT) with hydroxyapatite phantom calibration (Dufresne et al.
) and synchrotron radiation computed tomography (SRCT; Borah et al. ;
Ito et al. ).

Microradiography is the conventionalmethod for evaluating the degree ofminer-
alisation of bone; however, its utility is limited by its volumetric resolution.The errors
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caused by the projection effect further reduce its accuracy in BMD and histometric
analyses. Added to this, calibration between laboratories has yet to be established
(Bloebaum et al. ). Use of ash weight as a measure of degree of mineralisation is
the gold standard, but themethod is destructive and does not allow further evaluation
of the specimen. Histomorphometry with TB staining is cost-effective. The TB stain-
ing intensities in the osteons moderately correlated with the degree of mineralisation
as measured by CMR using aluminium step wedge as the calibration (r = 0.567),
but reliable imaging quantification can be achieved provided that bone matrix is
not physiologically fully mineralised (Qin et al. ). Reflection coefficient as mea-
sured by SAM highly correlated with CMR (r = 0.786; Qin et al. , ). The
QBSE imaging has been developed as a tool with high consistency and image resolu-
tion (Roschger et al. ; Vajda et al. ). Experimental studies showed that BSE
images from canine cortical and trabecular bone had excellent morphological res-
olution, accurate bone histomorphometry and the ability to quantify accurately the
bone mineralisation compared with micro-radiographic images (Bachus and Bloe-
baum ). It is also advantageous in that it does not have partial-volume effect and
beam-hardening effect as encountered in micro-CT and QCT. These effects do not
render the depiction of subtle regional changes in the degree of mineralisation. The
use of SRCT with the high intensity, monochromatic X-ray beam provides excellent
contrast resolution, which has been applied clinically in the prospective study of the
efficacy of antiresorptive drugs on the accretion of bone mineralisation and preser-
vation of bone micro-architecture (Borah et al. , ; Roschger et al. );
however, the limited access of SRCT in worldwide precludes its common use.

The efficacy of the degree ofmineralisation,measured byBSE imaging, in the pre-
diction of bone strength has been validated in experimental studies using standard-
ized machined bovine bone samples (Martin and Boardman ;Martin and Ishida
), in baboon (Meunier and Boivin ) and human studies prescribedwith anti-
resorptive Alendronate (Boivin et al. ) and anabolic teriparatide (Paschalis et al.
) and in comparing the efficacy weight-bearing and non-weight-bearing exer-
cise interventions (Huang et al. ). The study by Follet et al. () using hu-
man cadaveric calcanei supported the findings that the increase in bone strength
was augmented by degree of mineralisation within the physiological range with-
out necessary changes of bone matrix volume and micro-architecture. Similar find-
ings were also observed in ovariectomized baboons treated with alendronate (Me-
unier and Boivin ), in postmenopausal osteoporotic patients treated with alen-
dronate (Boivin et al. ) and postmenopausal osteoporotic patients treated with
risedronate (Borah et al. , ).

Figure  summarizes the work flow of the surface preparation the bone speci-
men necessary for QBSE imaging, CPL microscopy and osteon morphometry. The
methylmethacrylate embedded bone slice ismounted on a plastic slide, which is then
attached to a resin mould made by the automatic mounting press (Figs. a,b; Sim-
plimet  Mounting Press, Buehler, Illinois). The distal surface of the bone slice
is then grinded and polished to a 1μm finish using the Beta Grinder/Polisher fitted
with Vector Power heads (Fig. c; Vector, Buehler, Illinois). The surface topology of
the bone specimen is monitored by a reflected light microscope (Fig. ).
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Figure 1.Workflow shows the preparation of a bone specimen for backscattered electron (BSE)
imaging and osteon morphometry

Figure 2.Nikon Epiphot  inverted light microscope on line with a computer to monitor the
bone surface topology
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Figure 3.Themajor components of a scanning electron microscope

The major components of a scanning electron microscope are shown in Fig. .
The column is used to generate and focus a narrow beam of electrons upon the spec-
imen mounted in the specimen chamber. The electron gun has a tungsten hairpin
filament in which the source of electrons is produced via thermionic emission. A se-
ries of electromagnetic lens beneath the gun serves to focus and shape the electron
beam before it strikes the specimen surface (in case of biological material, such as
bone, it should be coated with carbon to make it conductive) in a raster scan pattern.
The electron beam energy and the electron beam currently can be varied from 300V
to 30kV and from  pico-amp to  micro-amp, respectively, to tailor for the type of
examination in progress. The examined specimen is put in a stage inside the cham-
ber. The position of stage can be controlled manually via control knob at the front of
the stage door to allow for the different views of the specimen.

The operation of the electron optical column and specimen scanning requires
a highly vacuum status in the range of 10−4 –10−6 torr. The vacuum system is oper-
ated by a turbomolecular pump, backed up a rotary pump, is mounted underneath
the lower face of the specimen chamber. When the electron beam strikes on the
specimen surface, beam specimen interaction gives rise to the emission of Auger
electrons, secondary electrons, backscattered electrons, continue and characteris-
tic X-rays from the specimen surface. To study the degree of bone mineralisation,
a four quadrant backscattered detector. as shown in Fig. , is employed to collect
the backscattered electrons from the bone specimen. There are several confounding
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Figure 4. A four-quadrant backscattered detector in situ to collect the backscattered electron
signals for BSE imaging

factors in quantitative BSE analysis of bone, which need to be controlled. It is req-
uisite that the incident electron beam maintains the same incident angle and work-
ing distance with the specimen (Bloebaum et al. ). Also, the specimen surface
should be highly polished to eliminate the variation of surface topography (Vajda
et al. ). Beam current consistency should be monitored using a Faraday cup and
a picoampere meter (Roschger et al. ). During each scanning session, the speci-
men current should be monitored using a Faraday cup (Fig. a, labeled as F) in the
BSE calibration phantom. Next, a four-quadrant BSE detector set at the atomic con-
trast mode is used to image the carbon (C) (Grey value: 27.0 � 5.2) and Aluminium
(Al; Grey value: 223.4 � 3.3) reference standards in the phantom (Fig. a). This pro-
cedure aims to standardize the working conditions and calibrate the grey scale of
the BSE images. The amount of backscattered electrons varies directly with the av-
erage atomic number of a matter. Accordingly, it allows differentiation of the bone
specimen with different degrees of mineralisation of the bone matrix as well as the
depiction of osteon morphology and porosity (Fig. ).

Different degrees of mineralisation appear as various shades of grey in the BSE
image, which depict the mineralisation intensity distribution. The bone area of the
BSE image is segmented from the porosities, MMA areas and fracture lines (due to
tissue processing) using Ostu’s method and user-specific algorithms written by Mat-
lab (TheMathWorks, Natick,Mass.).This image processing left behind an imagewith
amineral phase.Themineralisation intensity of themineral phase image is quantified
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Figure 5. a BSE phantom calibration using aluminium (Al) and carbon (C) standards and Fara-
day cup (F).bTypical BSE image of Al standard. cTypical BSE image of C standard. d,eCluster
of histograms of Al and C images acquired over the imaging sessions

Figure 6.Typical BSE image of a cadaveric tibia cortical bone (lateral region), 200�
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Figure 7. a–c Segmentation of bone phase from porosities using Ostu’s method and the corre-
sponding histogram (d–f). d Histogram of the original BSE image. e Histogram of the bina-
rized image. f Histogram of the outcome image when the original image is multiplied by its
binarized image resulting in a grey-scale distribution of the bone mineral phase

by a weighted mean grey-scale level (WMGL*; Eq. ()), which measures the position
of the grey value histogram in the axis (Fig. ; Bloebaum et al. ; Bloebaum et al.
; Skedros et al. ).

WMGL� = � NiGi
C

()

Equation () shows determination of WMGL as a measure of the degree of mineral-
isation (Bloebaum et al. , ; Skedros et al. ).

With the use of same BSE image for studying mineralisation, the osteon mor-
phometry is performed at the anterior, posterior, medial and lateral mid-cortices
of the radius and tibia using the image processing software, MetaMorph (Universal
Imaging Corporation). Morphometric measurements included:

. Osteon Area (OA) �10−3mm2

. Osteon Cortical area (OCA) �10−3mm2

. Osteon Density (ODen); 1�mm2

. Osteon Diameter (ODia; μm); a circular model was assumed
. Percentage of Fractional Area of secondary bone (FASB)
. Percentage of Fractional Area of interstitial bone (FAIB)
. Haversian Canal Area (HCA), �10−3mm2

. Percentage of Intracortical Porosity (IP).

Details of the definition of the osteon morphometry are listed in Table .
In accordance with Barth et al. (), the following criteria are used to define

measurable osteon in the present study:
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Table 1.Definition of osteon morphometric parameters. (From Barth et al. ; Skedros et al.
b)

Osteon area = total osteon area (includes the laminar bone and Haversian canal)/ no. of mea-
surable osteons
Osteon cortical area = (total osteon area minus total Haversian canal area)/ no. of measurable
osteons
Osteon density = total no. of measurable and countable osteons/ image area
Osteon diameter: assuming that the osteon is circular in shape and this parameter can be de-
termined by the following formula:  � square root of (osteon area /pi)
Percentage of fractional area of secondary bone = total osteon bone area/ image area �100%
Percentage of fractional area of interstitial bone = (image area minus total osteon area)/ image
area �100%
Haversian canal area = total Haversian canal area/ no. of measurable osteons
Percentage of intracortical porosity = (image area minus total bone area)/ image area �100%
Image area: area occupied by the cortical bone in the BSE micrograph

. The Haversian canal is patent and distinct. Haversian canals that merge with
other canals or with Volkmann’s canals are not measured.

. The osteon is identified, with more than 80% of its area distinguishable from
contiguous osteons.

. The borders of the osteon are distinguishable.
. Osteons at the periphery of the field are measured if the above criteria are satis-

fied.

Also, the following criteria are used to determine whether an osteon was to be
counted:

. The Haversian canal is patent and distinct. Haversian canals that merge with
other canals are not measured.

. The osteon is identified, with more than 80% of its area distinguishable from
contiguous osteons.

. Osteons at the periphery of the field are measured if the above criteria are satis-
fied.

Role and Principles of Polarized Light Microscopy

The orientation of collagen fibres can be demonstrated using polarized light mi-
croscopy (Boyde and Riggs ; Carando et al. ;Martin and Ishida ;Martin
et al. ; Skedros ; Skedros et al. a). The use of circularly polarized light
(CPL), as opposed to linearly polarized light, to study collagen fibre orientation has
been validated in terms of its better correlation with mechanical properties. Also, the
quantification of fibre orientation using circularly polarized light microscopy is su-
perior in that it is independent of the orientation of a specimen in the field of view
and is without maltase cross artefacts (Fig. ; Martin et al. ).
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Figure 8. a Linearly polarized microscopy of cadaveric tibia cortex with maltase cross artefact
(arrow). b Circularly polarized microscopy of the same specimen, free of the artefact

Preferred longitudinal collagen fibre orientation (CFO) has been shown in the
tension cortex, whereas a more transverse-to-oblique direction is seen in the com-
pression cortex of the equine radius (Boyde and Riggs ; Riggs et al. ) and
in human upper and lower limb shafts (Carando et al. , ); thus, the use of
CPL in the demonstration of CFO may add evidence to the regional differences in
cortical cBMD of long bone shaft (Lai et al. ). The CFO quantified as the pre-
dominant longitudinal direction explained the greatest percentage of variance in the
total amount of energy absorbed in the ultimate tensile stress using equine third
metacarpals at mid-diaphysis (Skedros et al. ). It was also the best predictor of
tensile strength (Martin and Ishida ) and bending elastic modulus and ultimate
stress using bovine cortical bone (Martin and Boardman ).

The principle of circularly polarized light microscopy has been described in de-
tail (Bromage et al. ). The plane polarized light incident on the quarter wave
plate resolves into two orthogonal wave components (birefringent effect) with equal
magnitude but propagating with a phase difference of a quarter wavelength (λ�4).
This results in a CPL wave with its electric vector rotating 360�. The CPL refracts
in the bone specimen such that its birefringent effect allows transmission of peak
light intensities on condition that the collagen fibres are lying parallel (transverse
orientation) with plane of bone section. The emerging CPL from the bone specimen
incident on the quarter wave plate is then converted into linearly polarized light and
aligns with the transmission axis of the analyser.

Quantification of collagen fibre orientation (CFO) can be determined from the
researcher-defined CFO index obtained from these images. To determine the CFO
index, the original CPL image is first binarized by thresholding using Image J image
processing software (National Institutes of Health, Bethesda, Maryland). This is to
separate the collagen fibres lying relatively more transverse to oblique orientation
(bright pixels) from the background of the image (dark pixel). The CFO index is
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Figure 9. a Original CFO image. b Binarization of the original CFO image using thresholding
to separate the bright collagen from the image background. The CFO index is determined
according to the pixel counts in this binarized image

defined as a ratio of the number of pixels above a threshold value (single threshold
for bright pixels underCPL) to the total number of pixels in this binary image (Fig. ).
The question of brightness (degree of transverse orientation) or darkness (degree of
longitudinal orientation) is not considered; thus, the effect of cortical thickness on
the brightness of the image is then eliminated. The proportion of CPL bright area in
the image indicates the relative amount of collagen fibre in the transverse-to-oblique
orientation.

Application of pQCT, QBSE Imaging and CPL Microscopy in the Study
of Long Bone Adaptation Under Habitual Loading

Amodel comprising of both human subjects and human cadavers was used to study
the regional bone adaptation in distal tibia and radius under habitual loading using
pQCT (Densiscan , Scanco Medical, Bassersdorf, Switzerland) with standard
protocol to measure the cBMD, cortical thickness and polar moment of inertia (Qin
et al. , b), QBSE imaging (Stereoscan , Cambridge ) and CPL mi-
croscopy (Nikon Optiphot-Pol, Japan), as discussed previously. Ninety-nine healthy
Hong Kong Chinese women were recruited; of these,  were postmenopausal, aged
47–60 years (mean � SD: 53.7 � 3.1 years); and  were perimenopausal, aged 42–
53 years (mean�SD: 49.1 � 2.6 years). Subjects who were undergoing hormone re-
placement therapy, corticosteroid therapy, suffering from hypo- or hyperthyroidism,
hypo- or hyperparathyroidism, and renal or liver disease were excluded. Other con-
ditions known to affect bonemetabolism, such as patients with a history of fracture in
the non-dominant forearm and lower leg in the region of the pQCT measurements,
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were also excluded. All of the subjects reported that they did not engage in regular
exercise (not � 0.5 h/week), and gave their informed consent before participating in
the study.

Twenty cadavers of Chinese ethnicity, embalmed using an intra-arterial injec-
tion of fixatives, were recruited in the present study. They consisted of  females and
males aged 70.8�8.5 years without history of metabolic diseases andmacroscopic
bone deformities as confirmed by computed radiography. A forearm and a lower leg
were harvested from each of the cadavers, for a total of  left forearms,  left lower
legs and  right lower legs.

Overall Findings of the Study

This was the first study to report on the regional differences in material and struc-
tural organization in both weight-bearing (tibia) and non-weight-bearing (radius)
long bone under the influence of habitual loading in human subjects and cadavers at
both the macroscopic and microscopic levels. Our main findings indicated that the
intra-skeletal comparison in postmenopausal and perimenopausal women showed
a significant regional difference in cBMD in the distal tibia and radius (Figs. ,a,b).
The radius medial and tibia posterior cortices had the greatest cBMD compared with
the other regions. Perimenopausal women had a greater cBMD in both tibia and
radius than postmenopausal women; however, no interaction effect of strain mode
andmenopausal status on regional cBMDwas demonstrated. In an intra-skeletal site
comparison of human cadavers (Table ), the tibia by itself also showed significant re-
gional differences in the following osteonmorphometric parameters:ODen, percent-
age of FASB, percentage of FAIB, and percentage of IP, whereas a significant regional
difference only in the CFO index was shown in the radius. An inter-skeletal site com-
parison of human cadavers (Table ), the tibia and radius demonstrated significant
differences in cBMD, cortical thickness, PMI, WMGL, CFO index, OA, ODia, HCA,
and percentage of IP. In an intra-skeletal correlation study of human cadavers (Ta-
ble ), a significant positive correlation was demonstrated between cBMD and OA,
OCA and ODia in distal radial cortices, whereas a significant negative correlation
was found between these parameters in the distal tibial cortices. A significant corre-
lation was shown between cBMD and HCA and ODen, in the distal tibial cortices,
but these parameters were not significantly correlated in the distal radial cortices.
Also, a significant negative relationship between cBMD and CFO was demonstrated
in both the distal radial and tibial cortices.

Intra-skeletal Regional Adaptation of Cortical Bone: Evaluation of Distal Tibia and Radius
in Postmenopausal and Perimenopausal Women Under Habitual Loading

Measurement of tibial cBMD using pQCT showed that the posterior cortex had vol-
umetric cBMD a significant 6.4% higher than the anterior cortex; however, there
was no significant difference in cBMD between the medial and the lateral cortices.
Also, there was no interaction effect between menopausal status and strain mode
on cBMD. This indicates that the differential mechanical loading magnitude/mode
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Figure 10. a The main effects of menopausal status (mstatus) and the cortical region on tibia
cBMD were significant (two-way ANOVA; P < 0.001), whereas no interaction effect was
demonstrated (P = 0.467). bThe main effects of menopausal status (mstatus) and the cortical
region on radius cBMD were significant (two-way ANOVA; P < 0.001), whereas no interac-
tion effect was demonstrated (P = 0.059)

prevalent in a cortex brings about bone density adaptation, which is independent of
the effect ofmenopausal status. Alternatively, such regional difference may be a result
of ontogeny of bone adaptation (Pearson and Lieberman ; Skedros et al. b).
Strain gauge studies on the loading environment may shed light on these findings.



150 Yau-Ming Lai, Wing-Chi Chan

Table 3. Inter-skeletal comparison of pQCT-acquired cBMD, cortical thickness, PMI, BSE-
acquired WMGL, CPL acquired CFO index, and the osteon morphometric parameters be-
tween the distal tibia and distal radius (n = 20 human cadavers): combining the results from
all the regions, summarized in mean (SD)

Tibia Radius (%) p-value
Differencesa (paired

samples
t-test)

pQCT
cBMD (mg�cm3) 1604.3 (214.1) 1831.2 (148.0) −12.4 < 0.001b

Cortical thickness (mm) 3.09 (0.58) 2.45 (0.39) 26.1 < 0.001b

PMI(�102mm4) 239.4 (58.7) 26.6 (7.4) 800.0 < 0.001b

BSE
WMGL 183.9 (4.5) 189.1 (7.7) −2.7 0.005b

CPL
CFO index 0.326 (0.038) 0.278 (0.028) 17.3 < 0.001b

Osteon morphometry
OA (10−3 mm2) 33.8 (6.4) 30.4 (5.9) 11.2 0.043b

OCA (10−3 mm2) 28.3 (5.0) 26.8 (5.2) 5.6 0.229
ODen (1�mm2) 10.3 (3.3) 9.9 (2.3) 4.0 0.639
ODia (μm) 205.8 (19.7) 195.2 (19.4) 5.4 0.051c

%FASB 28.1 (8.3) 25.9 (6.0) 8.5 0.320
%FAIB 66.6 (9.5) 70.5 (6.6) −5.5 0.111
HCA (10−3 mm2) 5.6 (1.9) 3.6 (1.2) 55.6 0.001b

%IP 11.7 (2.5) 9.5 (2.5) 23.2 0.006b

cBMD cortical bone mineral density, PMI polar moment of inertia, WMGL weighted mean
grey-scale level, CFO index collagen fibre orientation index, OA osteon area, OCA osteon
cortical area,ODen osteon density,ODia osteon diameter, %FASB fractional area of secondary
bone, %FAIB fractional area of interstitial bone,HCA Haversian canal area, %IP intracortical
porosity
aDifference in parameter between the tibia and radius calculated with respect to the radius
bSignificant difference (significance level set at p = 0.05)
cMarginal significant difference (significance level set at p = 0.05)

In a recent study by Peterman et al. (), a robust cadaver model was used to sim-
ulate walking and measured the strain during the gait cycle with seven rosettes. The
rosettes were evenly distributed around the tibial cortex, with one rosette attached to
the anterior crest and two each bonded to the antero-medial, antero-lateral and pos-
terior facets. The results showed that the primary mode of tibial loading was bending
with peak compressive and tensile strains, which occurredwithin the posterior aspect
and anterior crest of the tibia, respectively. The magnitude of the compressive strain
was also higher than that of the tensile strain during the whole cycle of the stance
of the gait. Furthermore, the neutral axis of bending aligned with the medial and
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Table 4. Correlation coefficient between cBMD and BSE-measured WMGL, osteon morpho-
metric parameters, and collagen fibre orientation by pooling the data from the four regions in
both the radius and tibia of human cadavers (n = 20)

Parameter Radius (pQCT-cBMD) Tibia (pQCT-cBMD)

BSE
WMGL −0.105 −0.163
Osteon morphometry
OA 0.233a −0.258a

OCA 0.247a −0.212b

Oden −0.153 0.316a

Odia 0.241a −0.267a

%FASB 0.009 0.198
%FAIB 0.034 −0.176
HCA 0.096 −0.244a

%IP −0.232a −0.157
CPL
CFO −0.246a −0.277a

aCorrelation is significant at the 0.05 level (two-tailed) bMarginally significant (P = 0.059)

lateral region with a slight variation of 10� during the stance phase of the gait. The
findings of these experimental studies may indicate that the posterior cortex, sub-
jected to higher compressive loading, adapts with a significantly higher BMD than
the tensile anterior cortex. By contrast, no significant difference in cBMDwas shown
between the medial and lateral tibial cortices where both regions coincide near the
neutral plane, and the difference in normal strain was small compared with that of
the anterior and posterior cortices. The normal strain at these regions is zero, but
the shear strains are prevalent, which is in accordance with engineering principles
(Bertram and Biewener ; Hayes and Bouxsein ).

In the case of the distal radius, themedial and anterior cortices had greater cBMD
compared with the lateral and posterior cortices, respectively. On average, themedial
cortex had a significant 3.5, 4.3 and 5.7% greater cBMD than the anterior, posterior
and lateral cortices, respectively. Similar to the tibia, the main effects of the strain
mode and menopausal status on cBMD are independent. Biomechanical studies and
a macroscopic examination of radial shaft morphology may provide evidence of the
relationship between bone structure andmechanical loading. Firstly, functional/daily
activities involving gripping and lifting applied to the hand can generate a significant
wrist and elbow joint reaction force. A biomechanical study using a grip transducer
illustrated that humero-ulnar forces of up to 1600N, humero-radial forces of up to
800N and wrist joint forces of up to 2800N can be generated during a moderate level
of gripping activity (Chadwick andNicol ). A study byKarnezis using a free body
analysis of the sagittal-plane forces acting on the supinated distal radius during lifting
demonstrated that the radiocarpal joint reaction force amounted to 4.24 times the
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lifted weight and occurred at a forearm position of 13.4� above the horizontal plane
(Karnezis ). The study only considered the wrist flexor in action. If a heavier
weight is lifted, stronger forearm flexors (Biceps, Brachialis, Brachioradialis) with
large physiological cross-sectional areas would be recruited (An et al. ; Neumann
).The result could be an even higher joint reaction force to encounter the muscle
tension and external loading. Force transmission studies using a cadaveric forearm
demonstrated that about –80% of compressive loading was shared by the distal
radius and the balance by the distal ulna when axial loading was applied to the wrist
(Birkbeck et al. ; Pfaeffle et al. ). Furthermore, a cadaveric forearm study by
Pfaeffle et al. () illustrated that the interosseous ligament, with an average force
vector at an angle of 21–25� with the long axis of the ulna, exerts longitudinal forces
on the radius when compressive loading is applied to the hand.

Secondly, by examining the surface form of the radial shaft, both the upper three-
fourths of the anterior surface and medial border extending down from the radial
tuberosity were shown to be concave, whereas both the lateral surface, through its en-
tire extent, and the posterior surface, for its middle third and lower third, are convex
(Gray ). Added to that, the characteristicmacroscopic radial bow allows room for
attaching muscle and interosseous membranes; thus, it engenders a bending load in
the radius as a result of compressive loading at the radiocarpal joint and radial head. It
follows that the concave (anterior andmedial cortices) and convex (lateral and poste-
rior cortices) sides of the radius cortical shaft are sustained to compressive and tensile
loading, respectively, as evidenced by a recent strain gauge study using cadaveric up-
per extremities (Kaufmann et al. ). Our results from the CPL analyses further
substantiated such a loading distribution in that both the anterior and medial cor-
tices had a higher CFO index than the posterior and lateral cortices, respectively.The
abovementioned findings of the descriptive anatomy and those of experimental stud-
ies of elbow and forearm kinetics may provide support to the loading milieu of the
distal radius; thus, the anterior and medial concave cortices are subject to compres-
sive loading, which may be more osteogenic and results in higher cBMD compared
with posterior and lateral convex cortices. Since the interosseous ligament attaches
to the radius at the medial border, longitudinal forces generated by the interosseous
ligament increases the compressive force magnitude at this region. This may account
for the greatest cBMD at the radial medial cortices compared with other regions.

Intra-skeletal Regional Adaptation of Cortical Bone: Evaluation of Human Cadaveric Tibia
and Radius Under Habitual Loading

An increasing amount of experimental data suggest that mechanical signals deter-
mine regional variations in the material organization of cortical bone at the tissue
level (Mason et al. ; Skedros et al. a,b, , a). Our findings also provide
evidence of bone adaptation in response to differential loading modes as such. The
volumetric cortical bonemineral densitymeasured by pQCT is a function of both the
degree of mineralisation of the organic matrix and intracortical porosity.The present
study showed that there was no significant difference in the degree of mineralisation
as measured byWMGLbetween the anterior tibial and posterior tibial cortices; how-
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ever, the anterior tibial cortex showed a 14.2% greater intracortical porosity than the
posterior tibial cortex. This illustrates that the posterior tibial cortex may adapt to
the compressive loading, resulting in lower intracortical porosity but with a simi-
lar degree of mineralisation compared with the anterior tibial tensile cortex. This
finding supports the hypothesis put forward by Martin et al. () that change in
volumetric BMD is a reflection of change in intracortical porosity rather than the
mineralisation of the tissue, achieved via intracortical bone remodelling; thus, the
lower volumetric cBMD in the anterior tensile cortex may reflect increased porosity
rather than decreasedmineralisation of the organic bonematrix. Osteonmorphome-
try may further substantiate this argument. The results showed that the compression
cortex had the smallest osteon density and the lowest percentage of FASB/highest
percentage of FAIB compared with the anterior tension cortex, and medial and lat-
eral cortices situated near the neutral plane (see Table ), although significant differ-
ences in percentage of FASB and percentage of FAIB were not demonstrated between
the anterior and posterior cortices. The lower osteon density concurs with the lowest
percentage of FASB/highest percentage of FAIB in the posterior cortex under com-
pression. Osteon morphometric pattern as such explains that the higher cBMDmay
be attributed to slower remodelling activity in the region (Skedros et al. ).The in-
terstitial lamellar bone, which is the remnant of an older generation of the Haversian
system, had a higher degree of mineralisation following continuing intracortical re-
organization than the secondary bone; thus, either an increase in percentage of FAIB
or a decrease in percentage of FASB or percentage of IP contributes to an increase in
cBMD; however, the present correlation study (see Table ) demonstrated that there
was significant linear relationship between the cBMD and percentage of IP, but it was
not significantwith percentage of FASB, and percentage of FAIB in tibia. Our findings
illustrated that in the distal tibia, the posterior cortex had a significantly lower poros-
ity than the anterior cortex, but insignificant regional differences in both percentage
of FAIB and percentage of FASM.The latter finding concurred that there was no sig-
nificant difference in the degree of mineralisation as measured by WMGL between
the anterior and posterior regions. The present correlation study showed that there
was significant relationship between the porosities due to the Haversian canal/other
pores and cBMD, but no significant relationship between the cBMD and degree of
mineralisation as measured byWMGL. Altogether these findings supported that re-
gional adaptation of cBMD via intracortical remodelling may be attributed to dif-
ferences in intracortical porosity, rather than in the degree of mineralisation in re-
sponse to differential strain magnitudes/modes. Such variations in regional cBMD
and porosities shown in the distal tibia may be explained in accordance with Frost’s
strain-magnitude related bone adaptation theories (Frost , , ).There are
three minimum effective strains (MES) that govern bone remodelling activities. The
loading magnitude sustained in the posterior compression cortex may be such that
remodelling is regressed by conditions of normal mechanical usage; however, the
loading magnitude sustained in the anterior tensile cortex may be such that remod-
elling is activated below an MES and ultimately yields increased porosity.

The present osteon morphometric study of radial cortical regions showed that
there were no significant differences in the osteon morphometric parameters; how-
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ever, the medial cortex showed a relatively higher percentage of FAIB, lower percent-
age of FASB and lower percentage of IP compared with the other three radial cortical
regions. This may explain the increase in cBMD in this region; however, the loading
sustained in the distal forearm, apart from a combination of bending and compres-
sion, also involves rotation in most daily activities (ranging from ° of pronation to
50� of supination; Morrey et al. ). This may add substantial torsional/shear force
in the distal forearm and result in a more complex loading environment. Previous
studies (Skedros ; Skedros et al. ; Skedros et al. b; Skedros et al. )
used animal skeletal tissue characteristics of a cantilever beam, in which there was
a clear strain history in the concave compression and convex tension cortices.The re-
sults showed that there was strain magnitude/mode-specific material and structural
adaptation of bone; thus, as was explained, the influences of complex kinetics and
kinematics in the forearm could reduce the sensitivity and specificity of bone adap-
tation to loading. This may defy the use of strain-magnitude-based rules of Frost’s
Mechanostat Theory of mechanically induced bone adaptation under the milieu of
mechanical loading.

Evidence has also been shown for a functional association of the collagen fibre
orientation with the loading demand. At the ultrastructural level, regional strain-
mode specific CFO has been reported in human upper and lower extremities
(Carando et al. , ) and in animals using horse radius, and sheep, deer and
horse calcanei that had been subjected to relatively simple bend loading (Mason et al.
; Riggs et al. ; Skedros ). In these studies, cortex that receives predom-
inant compression exhibits relatively more transverse-to-oblique fibre orientation,
while cortexwith predominant tension hasmore longitudinal collagen. In the present
study the radius, with its concave anterior and medial cortices subjected to prevalent
compressive loading, exhibited more transverse-to-oblique fibre orientation as mea-
sured by the CFO index, an average of 12% higher than that of the posterior and
the lateral cortices with prevalent tensile loading; however, there was no significant
regional difference in fibre orientation as measured by the CFO index in the tibial
cortices. Previous in vivo strain gauge measurements of the human tibia shaft during
walking have illustrated that torsional loading associated with the external rotation
of the tibia during stance and push brings about a maximum shear stress of 2.5MPa
(Lanyon et al. ). This prevalent shear stress may produce shear-related adapta-
tions in such a way that the CFO appears relatively uniform as evidenced by turkey
ulna (Skedros et al. b). Also, a cadaveric study of the geometric properties of tibia
has shown that the principal major axis of the moment of inertia of the slender distal
tibia shaft has a 40� deviation with respect to the anterior-posterior axis of the tibia
(Piziali et al. ). It follows that this entails a change in the direction of the max-
imum bending rigidity. Also, the small cross-sectional area in the lower tibial shaft
weakens the tibia’s capacity to withstand torsion activity. This change in mechanical
properties paralleled the change in position of the concentration of the transverse-
to-oblique fibres normally found in the posterior compression cortex (Carando et al.
). This was shown in our data, in which both medial (0.338 � 0.066) and lat-
eral (0.320 � 0.045) cortices had a CFO index similar to that of the posterior cortex
(0.336 � 0.075). That explained why no significant regional differences in the CFO
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index were seen in response to changes in the bend loading direction and prevalent
torsional loading.

Inter-skeletal Regional Adaptation of Cortical Bone: Evaluation of Human Cadaveric Tibia
and Radius Under Habitual Loading

An inter-skeletal comparison of the regional differences between the tibia and radius
showed that, at the macroscopic level, the cBMD of the tibia is a significant 12.4%
lower than that of the radius. The difference in cBMD between the tibia and radius
has been reported in a study on Chinese peri- and postmenopausal women using
pQCT, but has yet to be explained (Qin et al. , a,b). The present study us-
ing cadavers demonstrated that, microscopically, the radial cortex has a significantly
2.8% higher WMGL, 35.7% smaller HCA and 18.8% lower percentage of IP than
that of tibia cortex (see Table ). It concurs with the intra-skeletal comparison that
porosity from Haversian canals and other pores contributed more to the decrease
in cBMD compared with the degree of mineralisation. It follows that the aforemen-
tioned differences in osteon morphometric parameters together explain the greater
cBMD shown in the radius than the tibia. The relative large porosities and reduced
degree of mineralisation seen in the tibia may be due to the differential bone remod-
elling rates between the tibia and radius (Pearson and Lieberman ). The tibia,
being subject to habitual dynamic compressive loading as compared with the non-
weight-bearing nature of the radius, may activate a higher remodelling rate, which
does not allow full secondary mineralisation. This was evidenced in the present study
by showing lower cBMD and greater percentage of IP in tibial cortices. Being subject
to habitual dynamic loading, these physiological strains may produce more micro-
damage in the tibia cortices. This damage will weaken bone; thus, the bone activates
a higher remodelling rate in order to remove the damage. The higher remodelling
rate concurs with the findings in the present study that the tibia has a 4% higher os-
teon density compared with radius. It was not yet investigated in the present study
whether there are differential differences in micro-damage morphology between the
tibia and radius. Regional differences in micro-damage morphology in terms of nu-
merical density and crack length between interstitial lamellae and osteon cortical
bone has been demonstrated recently (Qiu et al. ). Studies on micro-damage
had used dog limbs (Burr et al. ; Mori and Burr ), human ribs (Burr et al.
; Qiu et al. ) as the models, but intra-skeletal and inter-skeletal site differ-
ences in micro-damage are still to be determined. With the exception of the femur,
the tibia is the longest and largest bone in the skeleton. It has been suggested that fa-
tigue failure is more likely in larger structures containing a significant flaw.The high
remodelling rate is an advantage in that it allows the tibia to be of light weight for
efficient movement, to reduce the accumulation of micro-damage and to maintain
an extended fatigue life (Martin ). To compensate for the lower cBMD in the
tibia, the present study demonstrated a geometric adaptation in terms of an average
increase of 26% and eight times greater in cortical thickness and PMI, respectively.
Such observation in geometric adaptation, but at ultrastructural level, was also sup-
ported in the present correlation study, in that there was a significant negative re-
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lationship between the CFO index and cBMD. It follows that the lower cBMD may
be compensated for by the more transverse-to-oblique fibre orientation so as to offer
strength to compression. The concept that a bone’s geometry and material character-
istics can function in a compensatory manner has been suggested in previous studies
(Burr et al. ; Lai et al. ;Martin et al. ; Skedros et al. b). In the present
study, the synergy brought about by an increase in cortical thickness, PMI, and the
CFO index in tibia, apart from acting to compensate for the lower mineralisation,
would increase the tolerance of the dynamic loading of the lower leg during walk-
ing.

Rigour of the Study Design

The strength of the present study may lie in the following aspects: Firstly, the use of
the in vivo and in vitro model provides an enhanced understanding of bone adapta-
tion at both the macroscopic and microscopic levels using multiple imaging modal-
ities. This model also allows regional differences in bone mineral density, bone ge-
ometry, collagen fibre orientation and osteon morphology to be evaluated in a long
bone under the same mechanical influences. Secondly, other confounding variables
that may affect bone metabolism were excluded in the design of the present study,
and this made possible valid comparative studies of intra-skeletal and inter-skeletal
variations of the material and structural organizations. Thirdly, the use of multiple
imaging modalities with high-precision, calibrated measurements and well-defined
measurement parameters have led to synergies in substantiating the variation of bone
morphology at different levels and enabled valid comparisons to bemade. Finally, use
of male cadavers, because of the limited sources, in the in vitro study did not match
with the gender in the in vivo study. Gender difference on the regional cortical bone
adaptation cannot be excluded in the present study. Nevertheless, the long bones are
subject to the same mechanical loading influence, and similar intra/inter-skeletal site
differences are contemplated.

Conclusion

This chapter demonstrates that there were significant regional variations in cBMD
in both the distal tibia and radius. The higher cBMD in the cortex was related to
its prevalent compressive stress as evidenced at the ultrastructural level by showing
a preferred transverse-to-oblique collagen fibre orientation; thus, compressive load-
ing may be more osteogenic and beneficial to bone strength. The intra-skeletal and
inter-skeletal measurement of osteon morphometry and the degree of mineralisation
in the tibia and radius showed that the variation of cBMD was due to differences in
percentage of IP rather than to the variation of mineralisation, whereas both percent-
age of FAIB and percentage of FASB make no significant contribution to the cBMD
differences between compressive and tensile cortices. An inter-skeletal comparison
between the tibia and radius showed that the long bone may work in a compen-
satory manner, whereby the lower cBMD is compensated for by bone geometry with



Cortical Bone Mineral Status Evaluated by pQCT, Quantitative Backscattered Electron Imaging 157

increased cortical thickness, PMI, and the CFO index. The tibia, being subject to ha-
bitual dynamic compressive loading as compared with the non-weight-bearing na-
ture of the radius, may bring about more bone micro-damage and activate a higher
remodelling rate, resulting in lower cBMD and greater percentage of IP. Recent study
in human cortical bone shows that micro-damage in terms of numerical density and
crack length are significantly greater in interstitial bone parallel with a significantly
lower osteocyte lacunae density when compared with the osteonal bone. Investiga-
tion of the micro-damage morphology between the tibia and radius cortices subject
to differential strain/mode may provide further understanding of the regional vBMD
differences.

The compensatory increase in bone geometry shown in the distal tibia compared
with distal radius is meant to enhance the strength to the bend and torsion loading.
A high remodelling rate in tibia may be an advantage in that it allows a larger volume
of bone, but of a lighter weight, to be carried over and maintain an extended fatigue
lifetime.

In conclusion, this work demonstrates that compressive loading is more os-
teogenic bringing about greater regional BMD. Design of exercise intervention pro-
grams to enhance bone quality should consider the strain mode effect. A compen-
sation between material density and structure is shown which allows bone strength-
ening. Regional bone adaptation as revealed by multiple imaging modalities allows
better understanding of changes at different levels of bone organization.
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Abstract

Optical-resolution three-dimensional (D) imaging of adequate volumes of tissues
and other materials has been an elusive goal since microscopy was popularised over
a century ago. For much of that time, microanatomists and other life science re-
searchers contented themselves with artists’ recreations, based on manual examina-
tion of often hundreds of glass slide-mounted serial sections. The relatively recent
appearance of “real” D imaging technologies has brought the quest for true volu-
metric microscopy a new level of discipline. Confocal microscopy, micro-CT/MRI,
optical coherence tomography, and other approaches have been shown to generate
real data from actual tissue samples; however, none of these methods are capable si-
multaneously producing histochemically accurate volumetric data at themicron level
of resolution while addressing samples of tissue in the size range of hundreds of cu-
bic millimeters. This is a sample size range that encompasses a class of commercially
important materials including standard tissue biopsies, biopolymer scaffolds for tis-
sue engineering, and many other important materials. Digital volumetric imaging
(DVI) is a new approach to this old problem that addresses adequate volumes of
material, preserves full histochemical data, and produces image data with sufficient
detail to address important questions about the D arrangement of cells and other
microanatomical structures.

Introduction

Micron-resolution three-dimensional (D) visualization and analysis of relatively
large volumes of tissue (hundreds of cubic millimeters per sample) at optical-level
resolution is a problem that has challenged and frustrated researchers since histologic
microscopy first appeared in the mid-nineteenth century. Despite some Herculean
efforts involving the construction of massive physical models or drawings requiring
hundreds of man-hours per sample, attempts to create accurate D replicas of tis-
sue by serial reconstruction from glass slide-mounted sections have not produced
practical results. Attesting to this situation, most D images of microscopic biostruc-
ture seen in the twentieth century biomedical literature are artist’s renderings, indeed
valuable for teaching but not sufficiently authentic for routine scientific investigation.
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Thereasons for this failure aremultiple: the high labor content for each glass-slide
section, coupled with the large number of sections required for high-fidelity recon-
struction, drives costs out of reach for most researchers. Bringing all these sections
back into alignment to produce a usable image is a difficult task to perform by hand.
Furthermore, the distortion inevitably introduced during manual sectioning makes
micron-level realignment of tissue structures nearly impossible. Evenwith the advent
of computers the immense models or data sets produced by serial histologic recon-
struction had been beyond what could be practically manipulated and analyzed.

More recently, computers have become more powerful and systems able to over-
come some of these deficiencies have been developed. Confocal microscopy, micro-
radiological methods, optical coherence tomography, and some other technologies
can now produce real data in D space, and have come into routine use in research
laboratories. The key to high-resolution D digital replication of microscopic struc-
tures is the elimination of the need for producing glass slide-mounted tissue sec-
tions. All the currently available D microscope technologies take this approach by
performing optical sectioning, as in the case of confocal microscopy; or by avoiding
optical imaging altogether, as in the case of micro-CT/MRI; however, despite their
obvious success, these technologies have not yet attained the “holy grail” of D mi-
croscopy: full projection into D space of a full volume of tissue recapitulating all
the histochemical and cytologic detail present in traditional histologic microscopy
sections, e.g., a fully mineralized, fluorochrome-labeled metabolic bone sample.

Digital volumetric imaging (DVI; also called surface imaging microscopy, or
SIM) is a new approach specifically developed to solve this problem. DVI produces
D histologic images routinely and economically by eliminating the need to work
from a large set of serial glass slide-mounted sections. Instead, tissues are first en bloc
stainedwith lowmolecular weight fluorochrome compounds or labeled lectins or an-
tibodies, and are embedded in an optically conditioned polymer that suppresses the
transmission of light. The resulting block, which is black, is physically sectioned by
automated microtomy. Serial sectioning on a diamond blade exposes faces on the
block cut through the sample, and it is these faces, rather than the thin sections,
that are then imaged on a modified digital epi-illumination fluorescence microscope
(Fig. ).

The high opacity of the embedding polymer combined with the strong signal out-
put of the fluorochrome staining provides very high contrast images of the most su-
perficial 0.25–4.0μm of the tissue embedded in the block. These are the component
“virtual section” of the D reconstruction comprising the DVI image.The “thickness”
of a virtual section is user-selectable by varying the concentration of the opacification
agent added to the polymer, thereby controlling the depth into the block that exci-
tation light can travel, and also limiting the depth into which tissue can be viewed.
This approach means that unlike confocal microscopy, the high quality of the image
generated (Fig. ) does not decline as deeper images are added to the stack, because
the intervening tissue is continuously removed in the microtomy process.

The system automatically collects and aligns thousands of these images per recon-
struction, resulting in a high-resolution volume with near-perfect registration and
no distortion (Fig. ); thus, there is no theoretical limit to the thickness of a tissue
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Figure 1. Principal of digital volumetric imaging (DVI). Classical optical microscopy (top) re-
quires cutting a section from a block and mounting and staining it on a glass slide for view-
ing through a microscope. With DVI (bottom), the sample is first stained en bloc with fluo-
rochrome dyes. Prior to cutting a section, the face of the block is imaged electronically, and the
resulting data are transformed computationally into a high-quality image, or digital section,
which is displayed on a visualization workstation in D or D
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Figure 2. Basic DVI D
image. Digital view of
freshly cut DVI block
face shows high-fidelity
D image of interface be-
tween articular cartilage
and bone (decalcified,
bovine). (Stain: acridine
orange/eosin; green bone,
orange nuclei and peri-
lacunar cartilage, mixed
cartilage matrix)

Figure 3. A DVI D re-
constructed trabecular
bone with fluorochrome
label. Near-perfect reg-
istration of thousands
of D images produces
a high-fidelity D re-
construction of this
fluorochrome-labeled
undermineralized sam-
ple from rat tail vertebra.
(Stain: modified Vil-
lanova; blue bone, red
osteoid, green label)

sample that can be imaged, the practical limitations imposed only by the total z-axis
excursion of the microtome or other mechanical factors.

The resulting multi-gigabyte data sets constitute the raw material for precision
visualization and microanalysis. While the x- and y-axis resolutions of the DVI data
are determined by the optics of themicroscope, the z-axis resolution is independently
determined by manipulating the chemistry of the stain and embedding material. In
this way, x, y, and z resolutions can be brought into close concordance and isotropic
data is generated, making possible precision D morphometrics. Isotropic data also
means that high-resolution D images may be re-extracted from the data stack at any
angle. To complete the compatibility with conventional histologic microscopy, the
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DVI system includes a computational capacity to transform the raw dark-field image
data into familiar bright-field histologic images, even including a digital analog of
hematoxylin and eosin stain.

The system extends the capabilities of conventional volumetric techniques such as
confocal microscopy and microtomography, to allow for the first time the integrated
D and D analysis of important tissue structural relationships in the context of full
histochemical expression. Cellular microanatomy can be seen in a larger anatomical
context, and precision tissue metrics, accurate cell enumeration, and the D analysis
of extended structures, such as bone trabeculae or blood vessels are made possible.

DVI is a new technology, with a developing base of supporting studies. The
technology has been compared favorably to confocal microscopy in a study of em-
bryos conducted at the California Institute of Technology Biological Imaging Center
(Ewald et al. ), and is in use at the University of California SanDiego for cartilage
morphometrics (Jadin et al. ). The technology is also in use at the University of
Washington, North Carolina State University, the University of Texas and other aca-
demic and industrial laboratories.

This article reviews three DVI applications for orthopedics research: D quan-
tification of articular cartilage cell distribution, D analysis of fluorochrome labeling
for metabolic bone studies, and computational simulation for bone analysis.

Quantification of Articular Cartilage Cell Distribution

For research into arthritis, developmental orthopedics, prosthetic joint replacement,
and other applications, precise quantification of chondrocyte distribution in articular
cartilage is a useful option. The distribution of resident cells in this tissue is complex
and investigations to date have been carried out using methods that give only a lim-
ited view of the full D properties of cartilage and the adjacent bone.

It is known that both chondrocyte density and pattern of distribution vary with
depth into articular cartilage, particularly in mature cartilage. Hunziker () de-
fined the superficial zone as the first 10% of depth from the surface, the middle zone
as –40%, and the deep zone as –100%, and has further described how each of
these layers displays their own anatomical and physiologic characteristics. Chondro-
cytes near the surface tend to be present in higher densities, and arranged in chon-
dron clusters aligned with the surface, whereas cells deeper in the tissue are less dense
and formed into vertical columns (Schumacher et al. ). Probably these architec-
tures have something to dowithmaintenance of thematrix domain surrounding each
chondron, but detailed investigations of this phenomenon have been inhibited by the
lack of a high-fidelity D microscope that fully reveals the histochemical features of
the tissue.

The Department of Bioengineering at the University of California, San Diego, is
one of the first laboratories to apply DVI routinely to the problems of quantitative
tissue analysis in cartilage by producing high-resolution data on the entire thickness
of bovine articular cartilage samples (Jadin et al. ). Once this data is obtained,
arbitrary subvolumes from anywhere in the cartilage can be delimited via D analysis
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software, the matrix removed computationally, and precision cell counts performed
(Jadin et al. ).This ismore precise and informative than older bulk analysis tech-
niques, such as the quantification of DNA content by layer (Kim et al. ).

Additionally, the D arrangement of the chondrocytes is readily apparent in the
data, and can also be quantitated through nearest-neighbor analysis. Unique proxim-
ity maps can be generated using this data, showing the distance to the nearest nucleus
from any point in the cartilage (Fig. ). This can be an important tool for under-

Figure 4.Proximity maps illustrate distance from each location to the nearest cell nucleus. The
DVI image data were analyzed by distance transforms of superficial (a–c), middle (d–f), and
deep (g–i) regions of articular cartilage corresponding to fetal, calf, and adult stages of devel-
opment. Gray-scale intensity indicates D distance as shown (0–20μm). Cell nuclei centroids
within 0.5μm of the cross-section plane are indicated as white dots. (From Jadin et al. )
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standing the geometry of the pericellular matrix domain serviced by each chondro-
cyte (Hunziker ), and can facilitate D watershed analysis and other theoretical
physiology approaches to cartilage metabolism, substrate turnover, and ultimately to
the development of cartilage disease.

Three-Dimensional Analysis of Metabolic Bone Disease

Another area of study wherein DVI can carry conventional D techniques into D
space is metabolic bone analysis. The technical basis of this work resides in in vivo la-
beling of human or animal bone, with subsequent harvesting of trabecular bone sam-
ples and investigation under fluorescent microscopy. By carefully timing the dosing
of the fluorochrome labels, an accurate measure of bone growth can be related tomi-
croscopic features. Non-toxic fluorochromes used for bone labeling include calcein,
oxytetracycline, and xylenol orange (Lee et al. ).

Measuring bone turnover via in vivo fluorochrome labeling is an excellent exam-
ple of a technique requiring histochemical analysis, but historically there has been
no D counterpart to conventional D fluorescent microscopy; thus, the higher-level
distribution of newbone formation in animal andmanhas not beenwell investigated.
TheDVI provides such highly detailed maps of the distribution of any fluorescent la-
bel used in conventional D metabolic bone preparations.

Because of its high surface to volume ratio relative to cortical bone, trabecular
bone shows changes in turnover earlier and is more amenable to micromorphome-
tric analysis for measurement of metabolic bone disturbances. But trabecular bone
has a highly D tissue and requires volumetric imaging for adequate analysis. For
example, it is known that in primary hyperparathyroidism the average trabecular
thickness is reduced, which can ultimately lead to perforation of trabecular plates by
deep resorption lacunae (Christiansen et al. ). This process can be estimated on
conventional D bone sections, but the complex geometry coupled with the limited
view imposes serious constraints on the accuracy of the results. Full D data provides
a more authentic index of this change, and may require a smaller sample to do so.

Activation frequency is an index of the initiation of new remodeling sites on the
trabecular bone surface. A D analysis does not allow the researcher to directly dif-
ferentiate an early, small patch of new bone formation from a tangential cut through
a larger, older focus. D analysis with preservation of histochemical label is the only
method that makes possible distinct visualization and fully accurate quantification of
this parameter (Fig. ). By maintaining histochemical data into an actual D volume,
the location of new remodeling sites canmore accurately be related to the precise spa-
tial anatomy of dissolution and reformation of trabecular structure in diseases such
as osteoporosis. This may obviate the need for applying approximating mathematical
extrapolations from D methods, such as node-strut analysis (Garrahan et al. ;
Abe et al. ).
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Figure 5.Detail of sample from Fig.  shows fluorochrome-labeled initiation sites on surfaces of
trabecular bone (green). These areas can be computationally extracted and measured to give
a quantitative analysis of bone remodeling, fully integratedwith the histologic context. (Stain:
modified Villanova; blue/purple bone, red osteoid, green label)

More Accurate Computational Simulation of Bone Dynamics

High-Level ComputerizedModeling of Bone Growth Adaptation, response to disease states,
reaction to prosthetic implants, and other processes, such as fracture healing, have
become an important tool for some bone researchers. With this approach, methods
such as finite element analysis can be applied to study healing of trabecular fractures
(Shefelbine et al. ), remodeling due to metabolic states (Muller ), and other
interesting processes can be studied in silico without resorting to human or animal
models; however, the accuracy of these digital models depends to some extent on the
raw spatial information upon which they are built. To date, the best D data that can
be supplied to such software comes frommicroradiology systems; but this approach
does not provide histochemical data such as in vivo fluorochrome labeling of growth
centers. Also, the lack of cellular-level resolution in micro-CT systems, combined
with the lack of histochemical labeling of individual cells is a significant liability when
trying to understand, for example, the role of osteoclasts and other cell types in the
genesis of menopause-related bone loss (McNamara et al. ).

In another example, a uniform stress hypothesis of bone remodeling states that
bone resorption and production will tend to produce structures that equilibrate com-
pressive loads throughout the trabecular structure (Tsubota et al. ). This theo-
retical work is based on micro-CT data employing voxel finite element analysis, but
the final proof will require D data that incorporates remodeling information in the
form of metabolic labels, and only histologic D imaging has that capacity.

There is over a century of accumulated knowledge based on standard, chemically
stained D histomicroscopy waiting to be expanded and reinterpreted based on rou-
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tinely available D histologic images. The DVI provides the most accurate models
that combine D spatial data, and is significantly higher in resolution (approximat-
ing 0.25μm) than that available by microradiology. This, combined with color histo-
chemical labeling of cells, growth centers, blood vessels, and other tissue elements fa-
miliar to those using standard microscopy, provides a powerful tool for investigation.
This allows for a more integrated analysis of total bone anatomy and physiology than
was previously possible, leading to breakthroughs in understanding of bone anatomy
and physiology.
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Abstract

Laser scanning confocal microscopy (LSCM) produces three-dimensional (D) im-
ages of thick objects. The recent advances in LSCM and the power of computer for
image processing and analysis provides a very useful tool for orthopaedic research to
further look at the details of cell biology of different skeletal cells such as osteocytes
and chondrocytes. The application of LSCM is also extended to the study of osteo-
clasts and osteoblasts. The present chapter describes LSCM applications in cartilage
cell biology and study of fluid flow in cortical bone as well as other structures.

Introduction

The main advantage of laser scanning confocal microscopy (LSCM) is its ability to
produce three-dimensional (D) images of thick objects. This is possible because of
its so-called optical sectioning property, which allows sections to be imaged with
minimal blur from other parts of the sample. At present its major application areas
are in biology and medicine, where it is widely used in a fluorescence mode.

After the development of the principle of confocal microscopy in  byMarvin
Minsky (), the first commercial instrumentwas launched in .The technology
became widely known to biological researchers after wide publicity in the late s.

In a laser scanning confocal microscope, a laser beam passes a light source aper-
ture and then is focused by an objective lens into a focal volume within a fluores-
cent specimen. A mixture of emitted fluorescent light as well as reflected laser light
from the illuminated spot is then recollected by the objective lens. Then the recol-
lected lights passes a beam splitter separating both kinds of light into the laser light,
which is reflected away from the detector, and the fluorescent light which is passed
through the splitter to the detection apparatus. After passing a pinhole, the fluores-
cent light is detected by a photo-detector transferring the signal to a computer imag-
ing system.
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Figure 1.The principle of the laser scanning confocal microscopy

As seen in Fig. , the detector aperture obstructs the “out-of-focus” fluorescent
light. Light rays frombelow the focal plane come into focus before reaching the detec-
tor pinhole, and then they expand out so that most of the rays are physically blocked
from reaching the detector by the pinhole. In the same way, light from above the fo-
cal plane is focused behind the detector pinhole, so that most of this light also hits
the edges of the pinhole and is not detected; however, all the light from the focal
plane (solid red lines) is focused at the pinhole and passed to the detector. In turn,
a sharper image is obtained when compared with conventional light microscopy be-
cause all the information that is not in the focal plane is blocked. The detected light
originating from an illuminated volume element within the specimen represents one
pixel in the final image. As the laser scans over the plane of interest a whole im-
age is obtained pixel by pixel and line by line, while the brightness of a final image
pixel corresponds to the relative intensity of detected fluorescent light. The beam is
scanned across the sample in the horizontal plane using one or more oscillating mir-
rors. This scanning method usually has a low reaction latency and the scan speed
can be varied as slower scans provide a better signal-to-noise ratio resulting in bet-
ter contrast and higher resolution. Information can be collected from different focal
planes by raising or lowering the microscope stage. The computer can generate a D
picture of a specimen by assembling a stack of these D images from successive focal
planes.
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SinceBoyde et al. () first applied laser confocal scanningmicroscopy (LCSM)
to explore the microstructure of bone, LCSM has become one of the major tools used
to study different cell biology related to the skeletal system and the microstructure of
bone and cartilage. The examples given herein are various applications of LSCM in
the musculoskeletal system.

Application of LSCM in Cartilage Cell Biology

CalciumMetabolism in Growth Plate Chondrocytes

Endochondral ossification involves a series of progressive stages of cartilage devel-
opment ultimately leading to mineralization of the extracellular matrix. Although
it is generally acknowledged that growth plate chondrocytes are vital to the miner-
alization process, some investigators suggest that these cells are involved primarily
in producing an extracellular matrix capable of inducing mineral deposition. Nev-
ertheless, there is a growing awareness that the cells may be directly involved in the
acquisition and processing of the calcium ion and inorganic phosphate before the
appearance of the initial crystalline mineral in the extracellular domain.

Previous studies established that matrix vesicles are primary initiators of extra-
cellular mineral deposition in endochondral calcification. Recently, there have been
studies showing that cellular metabolism of calcium (Ca2+) and inorganic phosphate
(Pi), and cellular interaction with the matrix, are involved in the formation of calcifi-
able matrix vesicles. Chondrocytes in growth plate cartilage are envisioned to induce
the formation of calcifiable matrix vesicles. Chondrocyte cell membrane processes
fromwhichmatrix vesicles arise have been found to be tightly linked to the cartilage-
specific extracellular matrix collagens and proteoglycans. The interaction between
the extracellular matrix and chondrocytes appears to facilitate calcium loading of
chondrocytes, formation of Ca2+ and Pi-primed matrix vesicles, and rapid induc-
tion of mineralization in growth plate cartilage (Fernandez et al. ; Genge et al.
).

One of the fundamental questions pertaining to the induction of mineral de-
position in tissues concerns whether cellular metabolism of Ca2+ and Pi is directly
involved in this process. There is now considerable morphological and biochemi-
cal evidence in endochondral calcification that growth plate chondrocytes acquire
substantial amounts of Ca2+ and Pi before the onset of extracellular mineralization
(Brighton and Hunt ; Gunter et al. ; Iannotti and Brighton ; Shapiro
and Lee ). Growth plate chondrocytes produce matrix vesicles that contain large
amounts of Ca2+ and Pi (Arsenault et al. ; Wuthier ) and mediate the in-
duction of extracellular mineralization (Ali ; Anderson ; Bonucci ). Al-
though themechanism ofmatrix vesicle mineralization is not fully understood, there
is strong evidence that matrix vesicles derive from the plasma membrane of growth
plate chondrocytes by blabbing of vesicles from cell processes (Bonucci ; Hale
and Wuthier ).



176 Kwong-Man Lee, Hiu-Yan Yeung

The combination of collagen-binding and Ca2+ ion channel properties make an-
nexin V and annexin VI, a less abundant matrix vesicle protein with even tighter
collagen-binding properties (Wu et al. ), promising candidates for stretch-acti-
vated Ca2+ ion channels (Wuthier et al. ). Such properties would enable influx
of Ca2+ into the cells to be coordinated with mechanical stress to the tissue (Watson
). The binding of the annexins to collagen and their Ca2+-dependent binding to
alkaline phosphatase also help to explain the formation of matrix vesicles (Hale and
Wuthier ), which are enriched in APL (Wuthier ) and, in Ca2+ and Pi (Arse-
nault et al. ; Wuthier ); thus, the metabolism of Ca2+ and Pi, by growth plate
chondrocytes, now can be seen to be intimately involved in matrix vesicle formation,
and are clearly integral features of endochondral ossification.

The present study was carried out to establish a model for in situ monitoring of
intracellular and extracellular Ca2+ from each zone of the mammalian growth plate
using LSCM.

Protocol of Using LSCM to Detect the Ca2+ Ion Changes

Longitudinal Costal Growth Plate Slices
Three pigs between  and  weeks of age were used. After the animal was eutha-
nized by over-dosage of 2.5% pentobarbital, the rib cage was aseptically dissected and
cleaned until free from soft tissue.The growth plate cartilage was taken out at the os-
teochondral junctions of all ribs.The growth plate block was then placed in aDMEM
(Sigma, St. Louis, Mo.). Approximately 300μm-thick longitudinal sections of growth
plate were then prepared with vibrating microtone (Campdem Instruments, UK).

Intracellular Ca2+ Level Determination by LSCM
Determination of intracellular Ca2+ level by LSCM was done by labelling the Ca2+
with Fluo-, a Ca2+ fluorescent indicator, used to monitor changes in the intracellu-
lar Ca2+ level. Growth plate sections were placed in a culture disk of  cm diameter
and loaded with fluo-/AM (6–8μg�ml) at room temperature for  h in Na+-N--
hydroxyethylpiperazine-N ′--ethanesulfonic acid (HEPES) buffer (pH 7.2).

After washing, one section was mounted on the glass bottom plate of a tailor-
made stainless-steel holder with 0.5ml Na+-HEPES buffer for further studies. Rest-
ing, proliferative or hypertrophic zones in the growth plate section were selected un-
der the transmitted light microscope for confocal microscopy. Change in fluores-
cence was measured with confocal imaging system at room temperature. At various
time intervals, x-y images were acquired with 0.2mm pixel size on aMultiprobe 
confocal laser scanning system (Molecular Dynamics) which is fitted with an Argon
laser (8mW) and a Nikon diaphot inverted microscope. For the fluorescence deter-
mination, an excitation filter with 488nm wavelength and a long pass emission filter
of 510nm were used. Cells were scanned using a � oil objective (1.4NA, Nikon).
The voltage for the photomultiplier tube (PMT) was set at 550–750mV and the di-
ameter of the pinhole before the PMT was 50mm. Images were processed and the
averaged fluorescent intensity in the subcellular compartment was calculated by an
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image analysis software (Imagespace 3.03, Molecular Dynamics). For the pseudo-
colour images, black-blue represents a low fluorescence while orange-red illustrates
a high degree of fluorescence.

Variations of Calcium Levels in Subcellular Regions

The intracellular Ca2+ distribution of growth plate chondrocytes among different
subcellular regions varies according to the different maturational stages. In resting
chondrocytes, the free calcium is concentrated in the nuclear regions with relatively
low level observed in the cytoplasm (Fig. a). For the proliferative chondrocytes ad-
jacent to the resting zone, the intracellular Ca2+ distribution pattern is similar to
the resting chondrocytes, although the shape of these cells has becomes more spin-
dle (Fig. b); however, the Ca2+ concentration in proliferative chondrocytes from
the maturation zone (adjacent to hypertrophic zone) was found to be more evenly
distributed within the whole cell (Fig. b). For the hypertrophic chondrocytes, the
Ca2+ seems to distribute in amanner similar to that of the adjacent proliferative zone
(Fig. c).

Evidence of Cellular Exfoliation of Calcium-Rich Matrix Vesicles

From the investigation of Ca2+ in extracellular matrix, we have also found that the
Ca2+ distribution patterns changed during chondrocyte differentiation. In the resting
zone, noCa2+ could be seen in the pericellularmatrix and other cartilagematrix from
the confocal image (Fig. d). In the proliferative zone, islands of Ca2+ were found in
the horizontal edges of proliferative chondrocytes beside the chondrocyte columns
(Fig. e). In the hypertrophic zone, arcs of Ca2+ surrounding the hypertrophic chon-
drocyte by a distance were illustrated (Fig. f). The Ca2+ arcs from one hypertrophic
chondrocyte was interrupted by the adjacent Ca2+ arcs.

Stability of Intracellular Free Calcium

From serial confocal scanning, the stability of intracellular free calcium of chondro-
cytes in various maturation zones was monitored. Although there were variations
among individual cells, the Ca2+ level in most of the resting chondrocytes increased
during multiple UV confocal scanning, whereas small amounts of cells show no
change (Fig. a). In the proliferative zone, column-specific responses were observed.
The proliferative chondrocytes in the same cell column exhibited similar intracellu-
lar Ca2+ stability.Themajority of cell columns showed declining response inmultiple
scanning, whereas increased Ca2+ was observed in some other cell columns (Fig. b).
In hypertrophic chondrocytes, the intracellular free calcium level was unstable and
unsystematic. Two adjacent cells always demonstrated different response during the
testing period of 400s (Fig. c).

According to the observation of the LSCM data on the growth plate chondro-
cytes, there is evidence of a general trend for intracellular Ca2+ to concentrate in
the nuclear region among the resting chondrocytes. In the proliferative and hyper-
trophic chondrocytes, the intracellular calcium concentration appears to distribute
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Figure 2.The calcium ion distribution in different region of chondrocytes in growth plate. a In-
tracellular Ca2+ distribution of resting chondrocytes. b Intracellular Ca2+ distribution of pro-
liferative chondrocytes. c Intracellular Ca2+ distribution of hypertrophic chondrocytes. d Ex-
tracellular matrix Ca2+ distribution of resting zone. e Extracellular matrix Ca2+ distribution
of proliferative zone. f Extracellular matrix Ca2+ distribution of hypertrophic zone. The Ca2+

were stained with Fluo- fluorescence dye. The unit of the bar is in microns
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Figure 3. a Stability of intracellular
free calcium in resting chondro-
cytes. b Stability of intracellular
free calcium in proliferative chon-
drocytes. c Stability of intracellu-
lar free calcium in hypertrophic
chondrocytes

in a different pattern. The cytoplasmic Ca2+ increased to a similar level to that of
the nuclear region. This indicates that in the proliferative chondrocytes and hyper-
trophic chondrocytes of maturation zone, the Ca2+ are mainly trapped inside the
Golgi apparatus and/or endoplasmic reticulum for secretion through matrix vesi-
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cles. This finding was also supported by evidence that Ca2+ arcs and islands were
detected in the matrix surrounding the chondrocytes of hypertrophic and prolifera-
tive zones, respectively. Similar results on the avian growth plate has been reported
recently (Wuthier ).

The intracellular Ca2+ is unstable in various stages of chondrocyte development
especially in the hypertrophic zone.The Ca2+ level in resting chondrocytes increased
in multiple UV confocal scanning. It may indicate that Ca2+ releasing mechanism
from the cellular calcium pool in resting chondrocytes is heat-sensitive since UV
scanning can generate heat. For the proliferative chondrocytes, we are the first group
to report cell column-specific stability of intracellular free calcium. This can be ex-
plained by the fact that one column of proliferative chondrocytes originates from
a single chondrocyte. That is why they show similar Ca2+ activity. The large Ca2+-
level fluctuation in hypertrophic chondrocytes may be due to the extremely active
calcium metabolism during matrix mineralization. This model can be used for fur-
ther in situ study for the effects of modulators on calciummetabolism inmammalian
growth plate.

In addition to the study of chondrocyte biology with LSCM, the authors also
developed another model to study the D fine structure of Haversian canal in bone
and the fluid flow.

Study of Fluid Flow in Cortical Bone by LSCM

Bone is a highly structuralized and dynamic organ that functions in load bearing
and adapting to the changing biomechanical demands of the body. Mature corti-
cal bone is the major load-bearing tissue which is organized into osteons. Osteon
in cortical bone is similar to a cylindrical shape with concentric lamellae around
the vasculature-containing Haversian canal. The tiny lacunae-canaliculi around the
bone cells builds a hierarchical network of flow channel with longitudinal Haver-
sian and transverse Volkmann’s canals (Atkinson and Hallsworth ; Cooper et al.
; Kaplan et al. ; Qin et al. ; Seliger ). This hierarchical network is
essential for osteogenesis, maintenance of bone vitality, bone growth, and fracture
repair (Rhinelander ; Eitel et al. ; Bronk et al. ; Kaplan et al. ; Judex
et al. ). The flows are very much related to bone electromechanics, namely the
streaming potential phenomena. In cortical bone, the streaming potential induced
by fluid flow is considered as one of the most important mechanisms to moderate
the function of osteoblasts and osteocytes in bone growth, remodelling, and fracture
repair.

Conventionally, thin decalcified bone sections (7μm) were used to study cortical
fluid pattern labeled with trace markers (Knothe Tate et al. ). The investigators
established a histological method for research based on thick undecalcified sections
(60μm); however, there were difficulties in focusing the regions of interest for ob-
jective evaluation (Mak et al. ; Qin et al. ).The present study indicates that
using LSCM will be advantageous to study fluid flow in cortical bone.
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Protocol of Using LSCM to Track the Fluid Flow

Animal and Calcein Injection
In this protocol the author used goat as the model of investigation. The animals were
anesthetized with intravenous pentobarbital ( mg/kg). Both tibiae were surgically
exposed and the nutrient arteries to the tibiaewere isolated and cannulated. Catheters
were connected to a hydraulic pump (LKB Bromma , Microperpex) which deliv-
ered a controlled volume of fluid to each tibia. At the start of the experiment, plasma
was infused at a calculated physiological rate of 2ml�100gmin−1. Calcein green solu-
tion (0.7%w/v; Sigma, St. Louis, Mo.) was injected into the catheter and then flushed
with a volume of plasma equal to its capacity. After calcein green was fully injected
into the nutrient artery, the blood circulation was immediately stopped by clamp-
ing the femoral vein of the experimental hindlimb. During this time plasma infusion
was maintained. The goat was immediately killed with an intravenous overdose of
thiopentone. One tibia without calcein green injection was used to validate the use
of calcein green as a tracer for cortical bone fluid flow (Mak et al. ; Nesbitt and
Horton ; Qin et al. ).

Sample Preparation for LSCM
After cleaning the tibia, two blocks of bone, each  mm in length, were transversely
sectioned from the entrance of the tibial nutrient artery at the distal tibia. The bony
blocks were washed with distilled water before dehydration through graded alcohol
and acetone. After dehydration, the blocks were then embedded inmethyl methacry-
late (MMA)without decalcification and cured at 30�C for  days until the blockswere
hardened.The blocks were cut transversely and longitudinally at 200μm in thickness
using a saw microtome (Leitz , Leica, Germany) and the surface was polished for
LSCM.

The cortical fluid flow was evaluated under LSCM (LSM  META, Carl Zeiss,
Oberkochen, Germany). An objective magnification of  times and florescence
mode at excitation of wavelength 488nm were used for demonstrating green dye.
Stock sequential scanning at 0.49μm resolution (layer thickness) for  planes was
performed and reconstructed for visualizing D cortical fluid flow patterns. Bright-
field image was also used to compare the spatial fluid pattern with respect to cortical
microscopic structure.

Three-Dimensional Images of the Fluid Flow in Cortical Bone

Both D and D confocal images from transverse or longitudinal sections showed
calcein distributed only in some of the Haversian or Volkmann’s capillaries or net-
work of canaliculi and lacunae. More intensely labeled osteocyte lacunae were asso-
ciated with those where osteocyte underwent cell death (empty lacunae; Figs. , ).
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Figure 4. Sequential two-dimensional images of the canaliculi at an increasing depth from top
() to bottom (). The panel on the right is the bright-field image taken at the same site

Establishment of Evaluation Protocol for the Cortical Fluid Flowwith LSCM

Calcein green has been conventionally used for studying bone remodelling (apposi-
tion rate) via in vivo injection days before specimen harvesting. This study demon-
strated the feasibility of LSCM to use calcein green as a reliable florescent trace
marker in studying cortical fluid flow on the undecalcified thick specimens.Thenon-
destructive confocal evaluation and D reconstruction of the fluid pattern demon-
strated technical advantages as compared with conventional microscopy. Goat cor-
tical bone was used for the present study as it has similarities to human skeletons
in bone structure and bone remodelling, fracture repair, and osteoporosis (Lai et al.
;Mak et al. ; Qin et al. ; Siu et al. ). Only part of Haversian or Volk-
mann’s capillaries or network of canaliculi and lacunaewas labeled with calcein green
or filled with fluid flow at one time, and, consistent with our previous findings, this
may be explained by flow regulation mechanism controlled by arteriolar sphincter of
Haversian capillaries. The possibility of LSCM in in vivo monitoring of cortical fluid
movement experimentally may need to be explored further.

This example demonstrates for the first time that LSCM is an advanced technique
in the study of cortical fluid flow labeled with florescence dye in vivo and evaluated
in vitro in D manner. This method may also provide the technical possibility of
studying the effect of mechanical and biophysical intervention on cortical fluid flow.
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Figure 5.Three-dimensional reconstruction images of network of canaliculi and lacuna. The
diagram shows the 360� turn of the reconstructed image

Other Applications of LSCM in Osteocytes and Microcracks

The development of the bone is mainly by membranous ossification and endochon-
dral ossification. Membranous ossification is mainly for the formation of the flat
bones in the body, whereas endochondral ossification is the process to form long
bones and vertebral body.The cells involved in these processes aremainly osteoblasts,
osteoctyes, osteoclasts, and growth plate chondrocytes. Often surrounded heavily by
extracellular matrix, these cells require extensive communication network, such as
cell processes and the Haversian system, to cooperate with each other to from bones
in addition to the cell-cell interaction. To study their cell biology and the commu-
nication network, previously the main tools were histology and histocytology from
tissue and cell culture; however, these tools can only provide D and static infor-
mation about cells. Bone is a dynamic and structuralized tissue designed to sup-
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port the body, protect major organs, and be a storehouse of calcium and phospho-
rus. It is important to understand the cell biology of the bone in a D and dynamic
way. The LSCM technique offers the advantage of providing information on living
cell biology and morphology as well as D organization of the communication net-
work.

In both cortical and trabecular bone, osteocytes are the most abundant cells.
Their functions were shown to be a calcium sensor (Kamioka et al. , ; Ypey
et al. ), a regulator for osteoid matrix maturation and mineralization (Mikuni-
Takagaki et al. ), andmechanosensor (Ajubi et al. ; Burger and Klein-Nulend
; Klein-Nulend et al. ; Tanaka-Kamioka et al. ; Terai et al. ). Previous
studies have attempted to use traditional histology by decalcified section or trans-
mission electron microscope (TEM) to obtain serial images. A D reconstruction
was then done by computer-aided imaging processing and analysis. This approach
had the advantage of unlimited depth of sampling but was very labor intensive and
technically challenging in obtaining complete tissue sections and perceive the rela-
tionship between structures. Allowing for the complexity of the fine structural detail
of osteocyte processes and D networking, it is not possible to fully obtain morpho-
logical data by traditional histology.

With the rapid development of the LSCM and supplementary fluorescent labels,
several studies have used LSCM to study the osteocyte density and the osteocyte-
process network with osteoblasts. (Hernandez et al. ; Kamioka et al. ; Mc-
Creadie et al. ; Sugawara et al. ). In a study using LSCM to evaluate osteo-
cyte density in different types of bone (Hernandez et al. ), it was found that the
lacunar density of lamellar cortical bone in the rat did not differ significantly from
that of perioseal woven bone formed via intramembranous osteogenesis; however,
the lacunar density of the woven bone of fracture callus formed via endochondral
ossification was 100% greater than that of cortical bone, whereas the lacunar density
of the newly formed bone from the growth plate was 40% greater than that in lamel-
lar cancellous bone. In additional to the cellularity of the bone, the size and shape of
the lacunae were also observed by LSCM. It was found that the size of the lacunae of
the healthy and fractured bone was similar and the shape was estimated as an ellip-
soid with the images from LSCM plus the extensive imaging-processing technique
(McCreadie et al. ).

Another study on osteocyte processes network using confocal microscopy (Sug-
awara et al. ) used Texas red-X-conjugated phalloidin to label the osteocyte
processes for LSCM. With a commercially available image-processing software
“IMARIS”, (Bitplane, Zurich), it was shown that the average of ten osteocytes was
about  processes and the total length of the processes was approximately 1mm.
From these studies employing the LSCM to observe the cell density, shape, and the
process network, the power of LSCM in studying the osteocyte and its biology is ap-
preciated.

It was observed that there is a difference between bone formed by membranous
ossification and endochondral ossification in terms of the osteocyte density. This can
be explained by another study on osteocytes using LSCM (Kamioka et al. ) in
which the osteocyte was observed to widely spread its processes to osteoblasts and
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that a very limited number of processes reach the vascular facing surface of the os-
teoblast layer. It was also shown that the number of processes that contacted with one
osteoblast was 4.8 on average. Osteoblasts directly beneath an osteoid-osteocyte con-
tained numerous processes, but osteoblasts somewhat further away contained only
very fewprocesses. Interestingly, it was rare to see an osteoblast that had a connection
with several osteocytes at one time, i.e. usually one osteoblast had connection with
only one osteoid-osteocyte. This suggests that an osteocyte might have its territory
of osteoblasts contacted by osteocyte processes. Furthermore, it is reported that only
a limited number of osteoblasts can become osteocytes, and that this unique selec-
tion is done by committed osteocytes (Palumbo et al. ). Since the intermediate
osseous tissue formed in membranous and endochondral ossification is different, it
is possible that the osteocytes control the maturation and differentiation of the os-
teoblasts into osteocytes in membranous ossification. This leads to the lower osteo-
cyte density in membranous ossification when compared with that in endochondral
ossification (Hernandez et al. ).

In addition to the osteocytes, which are not easily studied in situ without LSCM
as they are buried in the mineralized matrix, microcracks in bone is another feature
that is attracting much attention recently because fatigue damage in bone occurs in
the form of microcracks which contribute to the formation of stress fractures and
fragility fractures and contribute to the loss of bone quality in osteoporosis (Schaffler
et al. ). The scale of the microcracks is very small (of the order of 10μm), and
they are visible only as diffuse matrix microdamage by traditional light microscopy
(Boyce et al. ; Fazzalari et al. ; Reilly and Currey ; Schaffler and Jepsen
; Vashishth et al. ). Although the microdamage in bone has been described
as a small crack with linear-type morphology under light microscopy, it is impor-
tant to understand the nature of the microcrack in the D bone structure. Again
the LSCM becomes a useful tool to provide the microcrack morphological data in
D. In studies using human cadavers to study the size and shape of the microcracks
(Fazzalari et al. ; O’Brien et al. ), the microcracks were shown to have an
average length of 404 � 145μm and an average width of 97 � 38μm. The shape of
the microcracks was described as elliptical which is consistent with the theoreti-
cal shape (Taylor and Lee ). Later, another study also used LSCM to study the
propagation of the microcracks in bone (Zarrinkalam et al. ). The study not
only depicted the D microcracks but also used sequential fluorochrome labelling
technique to see the propagation of the microcracks under LSCM. Through a se-
ries of z-series images, a close association was found between microdamage and os-
teocytic lacunae and their canaliculi in D. It is still unknown, however, whether
the close association between the osteocyte lacunae and microdamage would re-
sult in osteocytic cell death and damage to the canaliculi. Both are considered im-
portant with regard to the ability of the osteocytes to sense matrix strain. Confo-
cal microscopic imaging of fluorochrome-labeled microdamage in vivo was shown
to be used in conjunction with a fluorescent viability cell marker to directly deter-
mine which osteocytes apoptosis in response to microdamage (Zarrinkalam et al.
).
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Conclusion

The recent advances in LSCM and the power of computer for image processing and
analysis provides a very useful tool for orthopedic research to further look at the
details of cell biology of different skeletal cells such as osteocytes and chondrocytes.
Actually, the usage of LSCM is also extended to the study of osteoclasts (Nesbitt and
Horton , ) and osteoblasts (Ramires et al. ).The application of LSCM is
very wide and will give us increasingly more understanding of the cells related to the
skeletal system as well as the complex D structure of the bone and cartilage future.
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Abstract

In recent decades, the rapid development of nanotechnology has led to the broad-
ening of application in many areas. Among these technologies, near-field optics is
the one which can provide sufficient resolution suitable for measurement in molecu-
lar level in the biological area. Although current light and electron microscopies can
yield images in many scales, they do not fit the measurement in the submicrometer
scale, which is important for the study of functional molecular complexes ranging
from chromosomes to membrane domains. For electron microscopy, even though
it is able to resolve structures of samples down to nanometer scales, the samples
must be dry and dead. Traditional light microscopy can be applied to the investi-
gation of molecular complexes in living cells, but as its resolution is limited by the
diffraction of light (�250nm), molecular complex structures cannot be resolved. On
the other hand, the near-field scanning optical microscopy (NSOM) allows fluores-
cence imaging at a resolution of a few tens of nanometers. Also, as a result of the
extremely small excitation volume, the background fluorescence is greatly reduced
and so single-molecule detection becomes possible. In addition, both topography
and fluorescent images can be collected simultaneously. As a result, NSOM provides
great advances in biological research. Fiber-optic nano-biosensor (FONBS), which
is derived from NSOM, is commonly used to investigate intracellular measurement.
Taking the advantages of NSOM as well as biological methods, FONBS opens new
horizons in environmental and biological monitoring of chemicals and biomolecules
within single cells. In this chapter, the basic concepts and developments of both tech-
niques are discussed.Themechanisms and their application to biological systems are
also provided in brief.

Near-Field Probes

A fiber probe is the most important component of the two near-field optical tech-
niques. Fabrication of such probes is, therefore, the first issue about which we should
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Figure 1. Structure of a micropipette puller. The laser spot focuses on an optical fiber at the
middle position between the two clamps. A shutter is used to control the duration of laser
heating while clamps A and B provide the outward pulling force to separate the optical fiber
into two parts with tiny tips

be concerned. The main purpose of such probes is to transmit the light from the
source end to the fiber tip, and with some mechanisms, the transmitted light can be
used to elicit the optical responses which are directly proportional to the concentra-
tion of the detecting species.

The fiber probes are commonly fabricated through a multistage heating-pulling
process (Fig. ; Cullum and Vo-Dinh ; Hecht et al. ; Valaskovic et al. ).
A tapered optical fiber is prepared by a micropipette puller. The fiber is heated by
a carbondioxide laser and pulled along itsmajor axis by a tensiondevice. By adjusting
the heating temperature and the tension applied to the fiber, tip diameters varying
from  to 500nm can be produced (Fig. ). This technique can provide a fast and
simple way to fabricate the fiber probes with reproducible tip diameters.

Another method for probe fabrication is chemical etching (Cullum and Vo-Dinh
; Hecht et al. ). Two different etching methods, Turner etching and tube

Figure 2.A pulled (A) and
an unpulled (B) optical
fiber with core diameter
of 400nm
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Figure 3A,B.A pulled optical fiber (A) with core diameter of 400nm. Light transmits along the
optical fiber and is emitted from the tip (B). There is some leakage of light from the tapered
side wall of the optical fiber due to the absence of metallic coating

etching, have been reported. In general, hydrofluoric acid together with another or-
ganic substance is used to prepare a fiber probe. Large taper angles and tip diameters
comparable to those obtained by the pulling method have been reported; however,
the chemical nature, temperature fluctuations, vibrations and other environmental
factors can cause variations in tip characteristics.

Another equally important fabrication step is tip coating (Fig. ; Valaskovic et
al. ). To prevent leakage of the excitation light on the tapered side of the fiber,
the outside of the tapered end is usually coated with a thin layer of metal, such as
silver, aluminum, or gold (100–300nm), leaving the distal end of the fiber free as an
aperture.The fiber probe is attached to a rotating device with an angle to the horizon
inside a thermal evaporation chamber. The metal is, therefore, allowed to evaporate
evenly onto the tapered side of the fiber tip to form a thin layer of metallic coating.

A fiber probe is regarded as a simple waveguide along its length, but with a com-
plex structure at the tapered tip. Two critical characteristics, including lateral reso-
lution and transmission efficiency, are highly governed by the tip geometry (Hecht
et al. ; Valaskovic et al. ). The tip diameter is typically fabricated <100nm.
Owing to this tiny aperture which is below the half-wavelength diffraction limit of
visible light (�250nm) governed by the optics, evanescent waves, rather than prop-
agating waves, are emitted from the aperture. The intensity of the evanescent light
decays exponentially to an insignificant level of <100nm from the aperture. As a re-
sult, the excitation light can be only effective within a very small volume from the
aperture.

Near-Field Scanning Optical Microscopy

Near-field scanning optical microscopy (NSOM), or scanning near-field optical mi-
croscopy (SNOM), is one of the scanning probe microscopy (SPM) techniques that
is capable of very high-resolution imaging and spectroscopy at visible wavelengths
without lenses. The NSOM breaks the diffraction limit (� 250nm) and is capable of
investigating an aggregate of cells, and even a single cell, with superior resolution.
Besides two-dimensional imaging, surface topography can also be obtained simulta-
neously.That iswhyNSOMhas a prominent position in biological imaging compared
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with ordinary light microscopies (de Lange et al. ; Hosaka et al. ; Lewis et al.
).

The principle of NSOM is to place the light source with effective volume in
nanometer level close to the sample surface and then collect the optical responses
by a photon-counting device (Fig. ). Through the pixel-by-pixel scanning, a two-
dimensional image of the selected area can be revealed on a computer. To accom-
plish this idea, NSOM consists of several techniques which are used to control the
tip-sample separation in nanometer scale and provide ways to specifically reflect the
localized concentration of the testing subject.

Generally, the tip-sample separation is controlled through the application of an-
other SPM called atomic force microscopy (AFM). The AFM basically exploits the
knowledge of intermolecular forces to implement this control (Fig. ). The tapered
optical fiber probe acts as a cantilever in an AFM system. When the tip of the probe
is brought into close proximity of a sample surface, the intermolecular force between
the tip and the sample leads to a deflection of the cantilever. A feedback mechanism
is employed to adjust the tip-sample distance to keep the force between the tip and
the sample in a suitable range (< 10nm) by the piezoelectric materials. Typically,
the optical method, where an additional laser spot is reflected from the top of the
bent-version fiber probe into an array of photodiodes, is applied to measure such
a deflection (Jenkins et al. ). Another method is a mechanical method, where
a quartz tuning fork is attached to an erect fiber probe and oscillates at its resonance
frequency. When the tip is very close to the sample, the oscillation slows down due
to intermolecular forces (Lu et al. ). On the other hand, topographic data can be
collected during the whole scanning process.

To make NSOM a powerful tool for biological imaging, the target molecules
should be prepared to specifically respond to the excitation light. Samples prepared

Figure 4.Experimental setup of a near-field scanning optical microscope
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Figure 5.The curve of intermolecular energy of both the fiber probe tip and the sample. At long
distances there is very little force between the fiber and the sample, and their intermolecular
energy is regarded as zero. As they approach each other there is an increasing attractive force.
Motion in the direction of force lowers energy. As a result, the energy becomes increasingly
negative. At some point the force becomes zero, and the energy is a minimum. At closer sep-
arations the force is repulsive and the energy increases, finally becoming positive

for imaging, in general, are treated to label the target molecules with fluorescent
chemicals or biochemicals, called fluorophores, such as Texas Red (TR), fluores-
cein isothiocyanate (FITC), and green fluorescent protein (GFP; Garcia-Parajo et al.
). Immunofluorescence technique is usually applied in the measurements. In
general, this technique employs two sets of antibodies: a primary antibody is used
against the antigen of interest; subsequently, a secondary, dye-coupled antibody that
recognizes the primary antibody is used. During near-field imaging, a monochro-
matic light emitted from the aperture of the fiber probe is significant within a vol-
ume smaller than 100nm from it. Effectively, only the fluorophores within a layer of< 100nm from the tip of fiber probe can be excited (Fig. ). Under Raman scattering,
the fluorescence of another wavelength is collected by a photomultiplier tube or an
avalanche photodiode. As a result, the response from each position is processed and
the whole image can be created on the computer. Due to localized excitation, autoflu-
orescence of the fluorophores is highly reduced. In addition, since only fluorophores

Figure 6.Conceptual diagram of near-field excitation of fluorophores
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Table 1.Determination of erbB cluster diameter on quiescent and activated cells. (FromNagy
et al. )

Manual Segmentation Autocorrelation
Cells and treatments (μm) (μm) (μm)

SKBR
Quiescent 0.48 � 0.08 0.59 � 0.16 0.36 � 0.08
Quiescent, labeled with Fab 0.45 � 0.08 0.62 � 0.07 0.42 � 0.12
D-activated 0.62 � 0.11� 0.75 � 0.26� 0.63 � 0.21�

EGF-activated 0.60 � 0.11� 0.80 � 0.31� 0.60 � 0.12�

EGF-treated, in the presence 0.39 � 0.09 0.49 � 0.12 0.29 � 0.06
of PD

Heregulin-activated 0.66 � 0.14� 0.86 � 0.31� 0.84 � 0.20�

MDA
Quiescent 0.51 � 0.09 0.61 � 0.18 0.40 � 0.08

CB
Quiescent 0.83 � 0.13� 0.95 � 0.31� 0.71 � 0.18�

Cell were stained with TAMRA-labeled anti-erbB2 monoclonal antibodies or with Fab if
indicated, and were activated with the indicated agents
Manual (method ): determination of cluster size by measuring the diameter of particles on
the screen
Segmentation (method ): entropy thresholding of background-filtered images
Autocorrelation (method ): determination of the angle-averaged autocorrelation function of
the images
Indicated values are mean � SD of at least three different experiments
�Significant difference (p < 0.05) from untreated SKBR cells using Student’s t-test

located in the outermost layer of the sample is excited, NSOM is a very specific tool
for studies of plasma membranes of living cells.

Currently, NSOM is applied to a variety of aspects in the biological area, such as
the study of biomolecules and their interactions, themechanisms and effects of drugs
and toxins in cellular levels, and the structure-function relationships of biomolecules
(Badhan and Penny ; Enderle et al. ; Hwang et al. ; Jauss et al. ; Lei
et al. ; Nagy et al. ). For example, we have tried to visualize the distribution
of P-glycoproteins in hepatocellular carcinoma cells (Fig. ; HepG). The cells were
fixed on a cover slip and the P-glycoproteins were labeled with FITC. Through near-
field scanning, P-glycoproteins were found to be located on the plasma membranes.
These types of experiments might be useful to validate the in-silico modeling studies
of P-glycoprotein (Badhan and Penny ). On the other hand, Enderle et al. ()
demonstrated the mapping and colocalization of malarial and host skeletal proteins
in plasmodium-falciparum-infected erythrocyte by dual-color NSOM (Fig. ; En-
derle et al. ). Two types of secondary antibodies were used and labeled with FITC
and TR, respectively. Since both fluoresceins shared the same wavelength of excita-
tion light, a perfect pixel-by-pixel registry can be done by using two sets of photodi-
odes and optical filters. This method provides a possible way to study colocalization
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Figure 7a,b.Result of NSOM imaging in topography (a) and fluorescence (b; 256 � 256pixels,
22.5nm�pixel). The hepatocellular carcinoma cells (HepG) were fixed and reacted with pri-
mary antibodies from mouse against the P-glycoproteins. Secondary antibodies labeled with
FITC (anti-mouse) were used

of biomolecules at the cellular level and helps in many areas of biological research.
In addition, Nagy et al. applied NSOM to the detection of large-scale clustering of
the erbB receptor tyrosine kinase (Table ; Nagy et al. ). Fluorescent anti-erbB
antibody-labeled breast tumor cells (SKBR and MDA) were investigated. Inter-
estingly, patches with mean diameter of 0.5μm formed by erbB were found in the
plasma membranes of both kinds of cells. Experiments in both quiescent and acti-
vated cells were also implemented. An increase in cluster size was found to increase
with the activation level of erbB in cells. This relationship and the related findings
offer a better knowledge of protein-protein interactions and structure-function rela-
tionship in the plasma membrane at the submicrometer level. In conclusion, studies
towards these directions can be benefited greatly by the application of NSOM.

Fiber-optic Nano-biosensors

A fiber-optic nano-biosensor (FONBS) is a modified version of the probing system
used in NSOM. It is used to suit investigations of fast intracellular measurements,
especially examination of processes within living cells. This ability provides great ad-
vances in understanding of cellular functions. The probes used in FONBS are the
same as those used in NSOM; thereby, FONBS also achieves superior resolution,
which enables scientists to probe for specific target molecules in highly localized ar-
eas of three-dimensional structures. As a result, it broadens our horizon of intracellu-
lar concentration gradients and spatial inhomogeneities in submicroscopic environ-
ments (Cullum and Vo-Dinh ; Vo-dinh and Kasili ). In addition, owing to
the low production cost of the fiber probes, FONBS provides an economical way for
mass investigation on an array of samples. It can thus assist in rapid data collection
for biological, biochemical, and medical research studies.

The main structural difference between FONBS and NSOM is that the tip of the
fiber probes used in FONBS are commonly immobilized, by covalent binding, with
receptors which are capable of producing optical responses specifically to their target
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Figure8a–c.Colocalization ofmalarial and host proteins in the erythrocytemembrane. A blood
smear of erythrocytes infected with the trophozoite-stage parasites was fixed and then reacted
with two different antibodies (from rabbit and mouse) against the proteins under study. Sec-
ondary antibodies labeled with FITC (anti-rabbit) and TR (anti-mouse) were used, respec-
tively.The left column shows the two simultaneously acquired fluorescence channels byNSOM
dual-color imaging. The center column presents the corresponding overlay of the fluorescence
images and the right column is pixel-by-pixel correlation between the red and green images.
a Control experiment: primary antibodies against PfHRP (128 � 128pixels, 86nm�pixel).
b Colocalization of MESA and protein 4.1 (128� 128pixels, 48nm�pixel). c Colocalization of
PfHRP and protein 4.1 (256 � 256pixels, 30nm�pixel). (Scale bars = 2μm)
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molecules under the exposure of the excitation light. A variety of receptors, including
chemicals, antibodies, enzymes, and molecular beacons, is exploited to probe differ-
ent types of targets inside a cell.

Using chemicals as the receptors, chemical changes of the immobilized chemicals
during redox reactions with the targets are applicable to amplify (or enhance) the
measurements. Specific optical responses usually accompany such chemical changes
when exposed to the excitation light, and so act as the indicators of target concen-
trations; therefore, this type of FONBS is commonly used to probe the pH and the
ion concentration in the intracellular space. For instance, Bui et al. ()monitored
the cellular responses to drug administration in NG- neuroblastoma cells and
vascular smooth muscle cells (VSMC) by detecting the calcium ions (Ca2+) increase
in a precise intracellular space. Fura-/AM or fluo-/AM calcium dye-loaded cells
were stimulated with drugs and the responses were recorded by a CCD camera and
an avalanche photon detector simultaneously. As a result, possible real-time visual-
ization of intracellular events can be obtained. This monitoring technique helps in
understanding of many physiological processes and functions.

The antibody-based FONBS is usually used to probe the fluorescent targets in
cells (Cullum et al. ; Vo-dinh et al. a,b). Based on antibody-antigen in-
teractions, this type of FONBS is a very powerful monitoring tool as a result of its
excellent specificity and sensitivity. The antibody-based FONBS is specifically used
to probe proteins, biomolecules, viruses, microorganism components, and toxins.
A great biomedical interest in the detection of benzopyrene tetrol (BPT) was demon-
strated byVo-dinh et al. (a).TheBPT is a fluorescent analyte, and also ametabo-
lite of the carcinogen benzo[a]pyrene (BaP). In the beginning, anti-BPT FONBS was
employed to target BPT in calibration solutionswith different knownBPT concentra-
tions. Consequently, the cells (rat liver epithelial clone- cell line) were treated with
BPT and detected by the anti-BPT FONBS. By comparing the data obtained in the
calibration solutions, the intracellular BPT concentration of the detected cells can be
estimated. This method provides a fast and simple way to monitor DNA damage due
to BaP exposure and for possible precancer diagnosis.

For the enzyme-based FONBS (CullumandVo-Dinh ), the optical responses
are commonly generated by the reaction products or the chemical changes of the en-
zymes during binding to the substrates under the exposure of the excitation light.
Due to the enzymatic natures of the receptors, this type of FONBS should be possi-
ble to continuously monitor the target chemicals located in the intracellular region.
A review paper stated that glutamate, one of the major neurotransmitters in the cen-
tral nervous system, could be indirectly monitored by the glutamate-dehydrogenase-
immobilized FONBS (Cullum and Vo-Dinh ). When glutamate was bound
to the glutamate dehydrogenase, a cofactor, oxidized nicotinamide adenine dinu-
cleotide (NAD+), was reduced to NADH, and the fluorescence of NADH could be
measured and related to the glutamate levels. Owing to its chemical regeneration abil-
ity, it could be used in continuous glutamate measurements of individual cells and
achieve a better understanding of the neurotransmission mechanisms of sensations.

Molecular beacons (MBs; Liu and Tan ; Liu et al. ) are hairpin-shaped
oligonucleotides, each of them is composed of two complementary arm sequences
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Figure 9a–c. Structure of a molecular bea-
con (a). A molecular beacon is immobi-
lized onto the tip of a fiber probe by co-
valent binding (b). The stem keeps the flu-
orophore and the quencher in close prox-
imity to each other; thereby the fluores-
cence of the fluorophore is quenched by the
quencher through energy transfer. Until the
probe is put in close proximity to a comple-
mentaryDNA target, the loop hybridizes to
it and separates the two arms, leading to the
restoration of fluorescence (c)

and a probe sequence composed of a base sequence complementary to the gene of
interest (Fig. ). A fluorophore is attached to the end of one arm, while a quencher is
attached to the end of another arm. Originally, since the stem keeps the fluorophore
and the quencher in close proximity to each other, the fluorescence of the fluorophore
is quenched by the quencher through energy transfer. When the probe sequence hy-
bridizes to its complementary target sequence, the stem opens and the fluorophore
separates from the quencher in the stem, leading to the restoration of the fluores-
cence emitted by the fluorophore (Fig. ). As a result, by immobilizing MBs onto the
tip of FONBS, the concentration of a specific sequence of nucleic acids in a localized
area can be measured. Liu et al. () have used MB-immobilized FONBS to quan-
tify a rat γ-actin mRNA sequence amplified by polymerase chain reaction (Fig. ).
TheMBs were immobilized onto the tip of optical fiber probes through avidin-biotin
binding. Since their probe sequence was complementary to the specific mRNA se-
quence, high specificity and fast response time was shown in the experiment. Sin-
gle base-pair mismatch of the mRNA sequence was tested and the MB-immobilized
FONBS showed a good identification capability; therefore, this type of FONBS can be
applied to DNAmutation studies and disease diagnosis with neither complex prepa-
rations nor long reaction time.
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Figure 10.aMolecular beacon DNA biosensor sensitivity test. Change in MB hybridization rate
vs concentration of the target oligonucleotide is linear.The initial hybridization ratewas calcu-
lated using the slope of the linear portion of the time course of hybridization. Both initial and
steady-state reaction rates can be used for sensor characterization; however, when cDNA con-
centration is low, it takes a long time to reach steady state. So it is more appropriate to use the
initial rate for sensor characterization in our experiments. b Time course of hybridization of
(a) -nM non-complementary oligonucleotide, (b) -nM -base mismatch oligonucleotide,
and (c) -nM complementary oligonucleotide to the immobilized molecular beacon optical
fiber biosensor

Conclusion

This chapter introduces near-field optics, which can provide sufficient resolution
suitable for measurements in molecular levels in biological research. On the other
hand, NSOMallows fluorescence imaging at a resolution of a few tens of nanometers.
As a result of the extremely small excitation volume, the background fluorescence
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is greatly reduced and so single-molecule detection becomes possible. Fiber-optic
nano-biosensor, which is derived fromNSOM, provides a unique means in environ-
mental and biological monitoring of chemicals and biomolecules within single cells.
The adaptation of these advanced bioimaging technologies into musculoskeletal and
related biomaterial research might open a now horizon and enhance their in-depth
studies at cellular and molecular levels in the near future.
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Abstract

Osteoporosis is a disorder of bone remodeling in adults, which results fromdecreased
bone formation and/or increased bone resorption. Osteoblast and osteoclast are two
major functional cells involved in bone remodeling. Based on the understanding of
normal biological functions of bone cells, many traditional western anti-osteoporotic
agents and some alternative Chinese herbs were tested with in vitro cultured os-
teoblasts and osteoclasts. The results showed that diphosphonate (Ibandronate), cal-
citonin (Elcatonin) and kidney-tonifying herb preparations could greatly inhibit the
resorption activity of osteoclasts including decreased TRAP-positive multinucleated
osteoclasts, inhibited resorption pits on dentine and osteoclast fusion index, and in-
creased osteoclasts apoptosis, whereas rhPTH(-), calcitonin (Miacalcic) and Chi-
nese herb extract Jinjier could significantly enhance bone-forming activity of os-
teoblasts including increased osteoblast proliferation, enhanced ALP activity and
mineralization capability.This indicates that the established in vitro bone cellmodels,
including osteoblasts and osteoclasts, provide a rapid and effective screening strategy
for anti-osteoporotic agents.

Introduction

Bone maintains its mass and structure by constant bone remodeling in adults. Bone
remodeling, as a process of bone turnover, includes the removal of old bone and sub-
sequent formation of new bone. This process is initiated in response to physiologi-
cal or pathological changes including injuries, fatigue stresses, aging, inflammations
and metabolic needs. Bone-forming osteoblasts and bone-resorbing osteoclasts are
coupled functionally to keep the homeostasis of bone metabolism.The biological ac-
tivity of osteoblasts and osteoclasts are modulated by systematic hormones including
parathyroid hormone (PTH), vitamin D, calcitonin and leptin, and by local factors
including insulin growth factor (IGF), transforming growth factor-β (TGF-β), bone
morphogenetic protein (BMP), fibroblast growth factor (FGF), prostaglandin E
(PGE), interleukin (IL), receptor for activation of nuclear factor kappa B ligand
(RANKL), osteoprotegerin (OPG), etc. (Deng and Liu ).
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Physiological and pathological changes of bone influence the bone remodeling
process, such as prolonged resorption phase, increased bone resorption, extended re-
versal phase and suppressed bone formation.This results in bone loss, microarchitec-
ture deterioration andmatrix mineralization disturbance, and eventually leads to os-
teoporosis and osteoporotic fracture. Osteoporosis, by nature, is a kind of metabolic
bone disorder due to abnormal bone remodeling (Raisz ; Seeman ). Al-
though there are many factors involved in bone remodeling disorder, the bone-
forming osteoblasts and bone-resorbing osteoclasts are the two main contributors
(Recker ). Research at cellular level is of obvious importance for exploring the
pathogenesis of osteoporosis and developing corresponding agents for prevention
and treatment of osteoporosis. Based on the understanding of biological function of
normal bone cells, this chapter focuses on the change of biological function of bone
cells and the effects of anti-osteoporotic agents on bone cells.

Bone Cell Morphology and Their Biological Functions

Osteoclasts, osteoblasts and osteocytes aremajor functional cells in bone remodeling.
The biological functions of bone cells play a key role in bone health. Bone cells are
functional elements in constant bone remodeling, which maintain the flexibility and
stiffness of bone as well as maintaining bone mass and microarchitecture.

Osteoclasts

Osteoclasts are bone-resorbing cells that are hematopoietic in origin. Mononuclear
cells, also called colony-forming unit granulocyte/macrophage (CFU-GM), are os-
teoclast progenitors that differentiate into multinuclear osteoclast progenitors in the
presence of mononuclear colony-stimulating factor (M-CSF). When osteoclast pro-
genitors make contact with osteoblasts, they differentiate into mature osteoclasts.
During this process, receptor activator of NF-KB ligand (RANKL) from osteoblasts
interact with the receptor activator of nuclear factor kappa B (RANK) in osteoclasts.
The osteoclasts then differentiate into functional mature osteoclasts (Fig. ). Thema-
ture osteoclasts are recruited to bone-resorbing surface and the mononuclear osteo-
clasts then merge into multinuclear ostoeclasts, acting as functional bone-resorbing
osteoclasts (Boyle et al. ).

Figure 1. Phase-contrast micrograph of
a rat osteoclast with several nuclei (� )
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Osteoclasts are multinucleated giant cells with a diameter ranging from  to
100μm.Osteoclast contains several to dozens of nuclei (Fig. ).Thenucleus is orbicu-
lar-ovate in shape and contains tiny and homogeneous chromatin, and one to two
nucleoli. Osteoclasts are rich in mitochondrium, endocytoplasmic reticulum, glyco-
gen granules, and also rich in vesicles and mineralized crystal phagocytotic vesicles
(Fig. ). Laser confocal microscopy may demonstrate dense microtubular structure
within osteoclast (Fig. ).

Osteoclast cytoplasm is acidophilia and stains positive for acid phosphatase (ACP;
Fig. ). Tartrate resistant acid phosphatase (TRAP) and tartrate-resistant acid adeno-
sine triphotase (TrATP) are characteristic enzymes expressed by osteoclasts, which
usually serve as osteoclasts markers after being stained cytochemically (Figs. , ).

Figure 2.Ultrastructure of a rat osteoblast
with nucleus (N), mitochondria (M), en-
doplasmic reticulum (ER), Golgi appara-
tus (Go), and phagosome containing hy-
droxyapatite crystal (p; SEM � )

Figure 3. Laser scanning confocal micro-
graph of rhodamine labelled microtube
within a rat osteoclast (� )

Figure 4. Rat osteoclast with red deposits
stained by acid phosphatase (ACP;� )
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Calcitonin receptor is also a unique marker of osteoclast, which stains positive im-
munocytochemically (Fig. ; Lee et al. ; Lindunger et al. ).

The osteoclast is not only functionally a unique cell that specializes in degrading
bonematrix; it also possesses distinctmorphorlogical features that support its unique
function. Ruffled border membrane, one of the distinguishing features of osteoclast,
is a form of series of deeply interfolded finger-like projections of the plasma and cy-
toplasmic membranes adjacent to the bone surface. Another characteristic feature
is called the clear zone (Fig. ), which is the cell surface next to bone characterized
by close apposition of the plasma membrane to bone and an adjacent, organelle-free
area, which is rich in actin filaments. Ruffled border membrane and clear zone con-
stitute characteristic bone-resorbing compartment. This instrument attaches closely
to bone matrix by integrin.

Figure 5. Rat osteoclast with red granules
indicating intense reaction with tartrate-
resistant acid phophatase (TRAP; � )

Figure 6. Rat osteoclast with dark brown
granules stained by tartrate-resistant acid
adenosine triphosphatase (TrATPase; �
)

Figure 7.Rat osteoclast with calcitonin re-
ceptor stained by immunohistochemical
method (� )
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Figure 8. Micrograph of a rat femur-
derived osteoclast stained by hematoxylin
and eosin showing pseudopids, clear
zone, and nuclei (� )

Figure 9.Micrograph of rat femur stained
by toluidine blue showing the active os-
teoclast in lacuna (� )

Figure 10. Scanning electron microscopy of one
wandering osteoclast after bone resorption (a la-
cuna formed on the right of the cell; � )

Osteoclasts are rich in H+ and lysosomal proteinase vesicles, which are released
into bone-resorbing compartment via ruffled border membrane in terms of exocy-
tosis. The secreted matrix metalloproteinases (MMPs), acidic proteinases and other
proteinases degrade organic components of bone matrix including collagen protein.
Osteoclasts keep a low pH (pH = 4.5) in the resorption compartment by H+-ATPase
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Figure 11. Scanning electron microscopy of an os-
teoclast with resorption lacuna, which was cul-
tured  h on a bovine slice (� )

Figure 12.Lacunae on the dentine slice.AObserved by light microscopy stained with toluidine
blue (�200). BObserved with SEM (�500)

transports protons and carbonic anhydrase, then degrade crystalline hydroxyapatite
and release calcium [Ca10(PO4)6(OH)2+H+ � HPO2−

4 +Ca2+H2O]. Osteo-
clasts cultured in vitro form resorption pits on dentine slices, and the active osteo-
clasts form a series of resorption pits (Figs. –; Teitelbaum ; Vaananen et al.
).

Osteoblasts

Osteoblasts are bone-forming cells that are derived from osteoblast precursors or
mesenchymal stem cells (MSCs). Bone envelopes covering the endosteum, perios-
teum, trabeculae, as well as the Haversian canals and Volkmann’s canals are rich in
osteoblast precursors. The MSCs are rich in bone marrow and other mesenchymal-
derived tissues, which are multipotential stem cells and can be induced to differ-
entiate between osteoblasts and adipocytes. The change of MSC activity, including
the decreased number of MSCs and/or its priority differentiation into adipocytes,
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is believed to be one of the important pathogenesis of osteoporosis associated with
steroid and aging (Chen ; D’Ippolito et al. ; Walsh et al. ). For evalu-
ation of MSC activity from different donors, the number of MSCs can be reflected
by colony-forming unit fibroblastic (CFU-Fs) counting, which is believed to be de-
rived from one mesenchymal stem cell (Castro-Malaspina et al. ). In addition,
the change of differentiation potential into osteoblasts and adipocytes can also be
evaluated in osteogenic or adipogenic culture medium in vitro (Fig. ; Sheng et al.
; Yang et al. ). As a bone-specific transcript factor, the core-binding factor

Figure 13A–E.Micrographs of rabbit mesenchymal stem cells from bone marrow and their dif-
ferentiation into osteoblast and adipocytes in vitro.AColony ofMSCs in  days (� ).BHalf
confluence of MSCs in  days (� ). C Confluent MSCs showing spindle shape (� ).
D Adipocyte-like cells formed after induction in adipogenic medium. Lipid droplets stained
positive with Oil Red O (� ). E Osteoblast-like cells formed after induction in osteogenic
medium. Cytochemical staining showed positive staining for ALP (� )
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Figure 14. Scanning electron microscopy of a cul-
tured rat osteoblast with protrusions (� )

alpha- (Cbfa) plays a key role in the process ofMSC differentiation into osteoblasts,
in bone development andmaturation aswell. Other factors involved in osteoblast dif-
ferentiation and bone formation include BMP, TGF-β, IGF-, platelet-derived growth
factor (PDGF), FGF, and ,(OH)D (Ducy et al. ; Karsenty ).

Functional active osteoblasts are cuboidal or cylindrical in shape and contain big
and elliptic nucleus with one to two clear nucleoli. They are 20–50μm in diameter
with tiny and long projections connected to each other (Fig. ). Osteoblasts prolif-
erate through mitotic division growth (Figs. , ).

Osteoblast cytoplasm is basophilic and rich in alkaline phosphatase (ALP). The
ALP in cytoplasm stains black with Gomori method (Fig. ) and stains red with
nitrogen-couple staining (Fig. ). The cytoplasm is also rich in mucopolysaccha-
ride, which stains positive with periodic acid Schiff (PAS; Fig. ). Osteoblast cyto-
plasm is also rich in rough endoplasmic reticulum, mitochondrium, ribosome, ad-
vancedGolgi’s apparatus, as well as high-density particles, matrix vesicles, lysosomes,
lipid droplet and glycogen granules (Fig. ). Laser confocal microscopy may show
F-actin skeleton framework of osteoblasts with red fluorescence after being marked
with phalloidine (Fig. ).

Osteoblasts are protein-secreting cells. Their secreted proteins play an important
role in bone formation. One of them is collagen protein, which is the major compo-
nent in osteoid (Fig. ); another one is ALP, which is of great importance in bone
mineralization. During the process of mineralization, ALP reacts with phosphono-
lipid and releases inorganic phosphoric acid locally. The inorganic phosphoric acid
then binds with calcium to form hydroxyapatite crystal and deposit between colla-
gens, facilitating osteoid mineralization (Sugawara et al. ). Osteoblasts cultured
in vitro in the presence of β-sodium glycerophosphate and ascorbate can form min-
eralized nodules, which show red calciummatrix after being stained with alizarin red
(Fig. ). Mineralized nodules are one of the main parameters indicating the bone-
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Figure 15A–F.Phase-contrast micrographs of rat calvaria-derived osteoblasts in vitro.AAttach-
ment and spreading in  day. B Proliferation in  days. CHalf-confluence in  days.D Conflu-
ence in  days. EMerging in  days. FMatrix deposit in  days

formation function of osteoblasts. Many kinds of non-collagen proteins are also se-
creted by osteoblasts to regulate bone formation and bone remodeling including bone
sialprotein, osteocalcin, bone morphogenic protein and osteonectin, IGF-()TGF-
β(β)PDGF(IL-)RANKL and OPG (Nefussi et al. ).

There are many hormone receptors on osteoblast membrane, such as receptor of
oestrogen, PTH, parathyroid hormone-related protein (PTHrp) and 1.25(OH)2D3,
growth factor (GH). These hormones and some agents regulate the function of os-
teoblast/osteoclast through corresponding receptors. Osteoblasts may enhance bio-
logical functions by releasing factors such as cyclic AMP (CAMP), ALP, IGF-, and
calcium in response to stimulating signals (Mundy ; Yu et al. ).
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Figure16.Scanning electronmicroscopy of
a dividing osteoblast (� )

Figure 17. Rat calvaria-derived osteoblasts
with black deposits in cytoplasm; cy-
tochemical staining for ALP (Gomori
method; � )

Figure 18. Rat clavaria-derived osteoblasts
with red deposits in cytoplasm; cyto-
chemical staining for ALP (nitrogen-
couple staining; � )

Figure 19. Rat calvaria-derived osteoblasts
with red deposits in cytoplasm; cyto-
chemical staining for pro-matrix (PAS
staining; � )



Changes of Biological Function of Bone Cells and Effect of Anti-osteoporosis Agents on Bone Cells 215

Figure 20. Transmission electron micro-
graph of one dissociative osteoblast
(� )

Figure21.Aconfocal laser scanningmicro-
graph of rat calvaria-derived osteoblasts
with rhodamine-phalloidian stained
F-actin (� )

Figure 22. A transmission electron micro-
graph shows osteoblast and its secreted
tropocollagen (� 20.00K)

Figure23.Light micrograph of mineralized
nodes stained in red by ARS (� )
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Bone Cell Responses to Anti-osteoporosis Agents

The pathogenesis of osteoporosis is related mainly to enhanced bone resorption of
osteoclasts and/or inhibited bone formation of osteblasts in bone remodeling (See-
man ). This implies that the strategy for prevention and treatment of osteo-
porosis should focus on developing agents that could inhibit osteoclast differenti-
ation, maturation and activation, and/or enhance osteoblast differentiation, prolif-
eration and bone-forming function. With the establishment and perfection of bone
cell in vitro culture and related biological function evaluation indices, screening of
anti-osteoporotic agents has been greatly facilitated (Wang et al. ).

The following sections review the results of some anti-osteoporotic agents, in-
cluding conventional western agents and alternative Chinese herbs using osteoblast
and osteoclast in vitro culture model in the authors’ laboratory.

Inhibition of Osteoclast Activity

Increased osteoclast activity leads to accelerated bone turnover, which results in
deeper and wider resorption cavities, increased trabeculae perforation and deteriora-
tion, and porosity in cortical bone.These changes are typical findings in osteoporosis;
therefore, inhibition of osteoclast activity will moderate or inhibit bone turnover, in-
crease the reparative efficacy of resorption cavity and decrease bone loss.

Indices for evaluation of drug effects on osteoclasts in vitro includeTRAP-stained
positive cell counting, osteoclast fusion index, histomorphometry of bone resorption
pits and ostoeclast apoptosis test. These parameters may comprehensively reflect the
effects of drugs on differentiation, maturation, bone resorption capability and viabil-
ity of osteoclasts (Gao et al. ; Wang et al. , ). Results from our studies
showed that agents, including diphosphonate, calcitonin and kidney-tonifying herbs,
can significantly inhibit the bone resorption activity of osteoclasts (Gao et al. ,
; Jin et al. , ).

Number of TRAP-Positive Multinucleated Osteoclasts
Osteoclasts inoculated on dentin slices were cultured in medium with agent for
, ,  and  h. Then the slices were stained with TRAP staining kit (Sigma).
Cells stained positive for TRAP containing more than two nuclei were counted as
osteoclasts under light microscopy. The inhibition rate at a certain time point =
(TRAP-positive osteoclasts in control group minus TRAP-positive osteoclasts in
drug group)/TRAP positive osteoclasts in control group �).

Ibandronate (National Key Laboratory, Institute of Nuclear Medicine, Jiangsu,
China) inhibited the formation of osteoclasts in a dose-dependent manner. The os-
teoclast inhibition rates of Ibandronate at doses of 10−12, 10−10, to 10−8M were 13.5,
33.6 and 71.3%, respectively (p < 0.01).

Elcatonin (Asahi Kasei, Japan) significantly inhibited the formation of TRAP-
positive osteoclasts, and the inhibition rates for 1� 10−9M at different time points of
, , and  h were 59.2% (p < 0.01), 33.3% (p < 0.05) and 27.2%, respectively
(p < 0.05).
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Table 1.The effects of Elcatonin on formation of TRAP-positive multinuclear andmononuclear
osteoclasts

Culture time (h) Multinuclear osteoclasts Multinuclear osteoclasts
Control Elcatonin Control Elcatonin

 229.3 � 39.2 93.5 � 23.9a 441.0 � 67.1 458.3 � 61.8
 335.0 � 30.1 223.3 � 53.4b 474.0 � 69.3 502.0 � 52.9
 285.0 � 57.7 207.5 � 24.4b 483.5 � 61.2 399.8 � 45.4

a Mean � SD
bn = 4

Inhibition Rate of Osteoclast Fusion Index
Both mononuclear and multinuclear osteoclasts are stained positive for TRAP. The
ratio of mononuclear and multinuclear osteoclasts is called osteoclast fusion index
(OFI). Althoughmononuclear osteoclastsmay also be stained positive for TRAP, they
do not have bone-resorbing ability until fused into multinuclear osteoclasts. The os-
teoclast fusion index may therefore indicate the maturation of osteoclasts. The os-
teoclast fusion index at a certain time point = (osteoclast fusion index in control
group minus osteoclast fusion index in drug group)/osteoclast fusion index in con-
trol group �100).

Elcatonin at concentration of 1 � 10−9M obviously inhibited the formation of
TRAP-positive multinuclear osteoclasts, but did not show effect on the formation
of TRAP-positive mononuclear osteoeclasts (Table ). The osteoclast fusion indices
were 0.2, 0.44 and 0.51 in Elcatonin-treated group and 0.52, 0.70 and 0.65 in control
group at different culture time points of ,  and  h; thus, the inhibition rates of
osteoclast fusion index for Elcatonin were 61.5, 37.0 and 21.5% at culture time points
of ,  and  h, respectively.

Inhibition Rate of Osteoclast Resorption Pits on Dentine
Osteoclasts inoculated on dentine slices were cultured in α-MEM medium with
drugs described below for  or 120h. Then the dentine slices were processed and
stainedwith 1% toluidine blue.The resorption pitswere stained purplewith clear bor-
der and rough bottom, showing different shapes, such as round shape, ellipse shape
and allanto-like shape.The number and area of resorption pits were evaluated under
light microscopy with Image-Pro Plus 5.1 software (Media Cybernetics). The osteo-
clast resorption pits identified under light microscopy were confirmed by scanning
electron microscopy (SEM; Fig. ; Gao et al. ).

Ibandronate inhibited the formation of resorption pits in a concentration-de-
pendent manner. The inhibition rate at doses of 10−12, 10−10 and 10−8M were 31.6%
(p � 0.05), 76.3%, (p < 0.01) and 88.0% (p < 0.01), respectively. The inhibition
rates of Elcatonin at doses of 10−12, 10−10 and 10−8M were 28.6% (p � 0.05), 75%
(p < 0.05) and 86.2% (p < 0.01), respectively.

The rat drug sera from three different kidney-tonifying herbal formulas,
Jinkuibushenwan, Zhibodihuangwan and Prematin, were prepared and used to cul-
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Figure 24A,B. Lacunae on bovine slice. A Observed by light microscopy with toluidine blue
staining (� ). B Observed under SEM (� )

ture ostoeclasts inoculated on dentine slices for  days.The resorption pits on dentine
slices were then quantified. The mean inhibition rates for osteoclast resorption pits
were 46.3% (p < 0.05), 77.3% (p < 0.01) and 50.8% (p < 0.05) in Jinkuibushenwan,
Zhibodihuangwan and Prematin group, respectively.

Osteoclast Apoptosis Test
Apoptosis is the main fate of osteoclasts. The drugs described below, which induce
osteoclast apoptosis, may decrease the number of osteoclasts and thus inhibit bone
resorption. Apoptosis can be identified using fluorescent staining together with mor-
phology feature, which is a fast, simple and reliable method to confirm apoptosis. Os-
teoclast apoptosis was identified on the basis of orange?red fluorescence, membrane
shrinkage, broken or margined nucleus and apoptotic bodies (Fig. ; Li et al. ).

Ibandronate-induced apoptosis of osteoclasts is dose dependent. For example,
the apoptosis rates increased from 20.8 � 4.0% in the control group to 22.5 � 12.0%
(p � 0.05), 33.5�16.0% (p < 0.05), 52.0�9.0% (p < 0.01) and 62.0�23.0% (p < 0.01)
in 10−10, 10−8, 10−6 and 10−4M in the drug-treated groups, respectively.

Bone-Forming Effects of Osteoblasts

The decreased activity of osteoblasts also plays an important role in the pathogenesis
of osteoporosis.Modalities are being explored as a hot topic to enhance bone-forming
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Figure 25A–D. Fluorescent photomicrographs of osteoclasts stained by acridine orange show
A normal cell, B a apoptotic cell, C apoptotic bodies, andD a necrotic cell (� )

activity of osteoblasts to increase osteoid secretion andmineralization rate, and to de-
crease resorption pits. The established in vitro parameters for evaluation of anabolic
effects of anti-osteoporotic agents include osteoblast proliferation rate, ALP activity,
mineralization quantification and cytokine measurements such as bone Gla protein
(BGP), procollagen type-I carboxyterminal propeptide (PICP) and IGF- (Wang et al.
, ). Anti-osteoporotic agents, including rhPTH(-), calcitonin and herbs,
have been studied in the authors’ laboratory. The results showed that they all were
able to significantly enhance the bone-forming functions of osteoblasts (Gao et al.
; Jin et al. ; Sheng a,b).

Enhancement of Osteoblast Proliferation Rate
The MTT (-(,-dimethylthiazol--yl)-,-diphenyltetrazolium bromide) method
can be used to show the proliferation rate of osteoblasts in vitro. Osteoblasts were
cultured in -cell plates with drug for – days. Absorbance value (OD) for the os-
teoblasts wasmeasured dynamically using auto-microplate reader (Bio-Tek ELx).
The proliferation rate = (OD value in drug group minus OD value in control
group)/OD value in control group � ).

rhPTH(-) (Shanghai Zhongkeshenglongda Biotechnical Company, Shanghai,
China) increased osteoblast proliferation in a dose-dependent manner. The results
showed that the proliferation rate of rhPTH(-) increased by 3.4% (p � 0.05),
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19.3% (p < 0.001), 22.7% (p < 0.05) and 39.9% (p < 0.001) at doses of −12, 10−11,
10−10 and 10−9M, respectively.

Miacalcic (Calcitonin, Novartis, Switzerland) enhanced osteoblast proliferation
rate by 17.9% (p � 0.05), 50.7% (p < 0.05) and 26.2% (p � 0.05), at doses of 10−12,
10−10 and 10−8 g�l, respectively.

Herb extraction of Jinjier (Natural Herbs Lab, Pharmacy Faculty, Shanghai Med-
ical University), containing mainly chrysophenine, showed stimulating effects on
osteoblast proliferation. The osteoblast proliferation rates increased by 16.7% (p <
0.05), 25.6% (p < 0.01) and 32.3% (p < 0.001) at doses of 10−10, 10−8 and 10−6 g�ml,
respectively.

Enhancement of Osteoblast ALP Activity
The ALP secreted by osteoblast plays an important role in promoting osteoid min-
eralization. The ALP was expressed strongly in active osteoblasts. Osteoblasts were
cultured in medium with drugs described in the following paragraph, and the ALP
activitywasmeasured by p-nitro-phenyl phosphate (PNPP)method, and normalized
to total protein. The ALP activity = (ALP activity in drug group minus ALP activity
in control group)/ALP activity in control group � ).

rhPTH(-) increased ALP activity of osteoblasts. As compared with the control
group, the ALP activity was increased by 13.0% (p < 0.01), 17.5% (p < 0.01), 27.1%
(p < 0.001) and 44.6% (p < 0.001) treated with 10−12, 10−11, 10−10 and 10−9M,
respectively. For Miacalcic, the ALP activity of osteoblasts was increased by 28.4%
(p < 0.01) at the concentration of 10−10 g�l.
Enhancement of Mineralization
Osteoblasts form mineralized nodules in vitro in the presence of ascorbate and β-
sodium glycerophosphate. Mineral nodules can be stained positively with alizarin
red and used as a parameter for mineralization capability of osteoblasts. Osteoblasts
were cultured in vitro in the medium containing the drugs described below. Ascor-
bate and β-sodium glycerophosphate were added  days later. The mineralization
nodules stained positively with alizarin red were quantified histomorphometrically.
Mineralization capacity = (Number or area of mineralization nodules in drug group
-Number or area of mineralization nodules in control group)/ Number or area of
mineralization nodules in control group � ).

In rhPTH groups the mineralization nodules were increased by 18.6 (p < 0.01),
65.8 (p < 0.01), 108.3% (p < 0.01) and 146.0% (p < 0.01) when treated at doses of
10−12, 10−11, 10−10 and 10−9M respectively.This showed that rhPTH(-) enhanced
osteoblast mineralization capacity in the tested doses. Mineralization nodules were
also increased by 283% treated with Miacalcic at the dose of 10−10 g�l.

The herbal extraction Jinjier also increased the formation of mineralization nod-
ules. Themineralization nodules were increased by 10.4, 7.9 and 13.5% (p < 0.05) at
doses of 10−10, 10−8 and 10−6 g�ml, respectively.
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Conclusion

Thedrug effects of anti-osteoporotic agents have been successfully tested using estab-
lished in vitro bone cell models, including osteoblasts, osteoclasts and mesenchymal
stem cells. In-vitro cell models are rapid, effective and economic for drug screen-
ing; however, the efficacy of the drugs must be tested preclinically using in vivo ex-
perimental animal models, and clinically in patients, including multicenter clinical
trails.

References

Boyle WJ, Simonet WS, Lacey DL () Osteoclast differentiation and activation. Nature
:():–

Castro-MalaspinaH, Gay RE, Resnick G, KapoorN,Meyers P, Chiarieri D,McKenzie S, Brox-
meyer HE, MooreMA () Characterization of human bonemarrow fibroblast colony-
forming cells (CFU-F) and their progeny. Blood :–

Chen TL () Inhibition of growth and differentiation of osteoprogenitors in mouse bone
marrow stromal cell cultures by increased donor age and glucocorticoid treatment. Bone
():–

Deng HW, Liu YZ () Current topics in bone biology. World Scientific Publishing, UK
D’Ippolito G, Schiller PC, Ricordi C, Roos BA, Howard GA () Age-related osteogenic

potential of mesenchymal stromal stem cells from human vertebral bone marrow. J Bone
Miner Res ():–

Ducy P, Schinke T, Karsenty G ()The osteoblast: a sophisticated fibroblast under central
surveillance. Science :–

Gao JJ, Jin WF, Wang HF () Osteoclast resorption activity evaluation by quantifying re-
sorption pits on bone dentine under light microscopy. J Shanghai Med Uni  ():–

Gao JJ, Li LB, Jin WF, Wang BC, Wang HF () The effects of Ibandronate (BM) on
osteoclasts activity and its related mechanism. J Shanghai Med Uni  ():–

Gao JJ, Zhou Y, Gu SZ, JinWF,WangHF ()The effects of Elcatonin on in vitro osteoclasts
activity. Chin J Osteoporosis  ():–

Gao JJ, Gu SZ, Zhou Y, Jin WF, Wang HF ()The change of rat osteoclasts in number and
biological functions with aging. Chin J Geriat ():–

JinWF, Gao JJ,Wang HF,Wang BC, Hu MY ()The effects of Ibandronate (BM) on
in vitro osteoclasts resorption activity. Chin J Osteoporosis  ():–

JinWF, ZhuWQ,Wang HF, Luo HF, Hu CQ ()The effects of kidney-tonifying herb HU-
ECS on osteoblasts proliferation, differentiation and mineralization. Chin J Osteoporosis
():–

Karsenty G () Minireview: transcriptional control of osteoblast differentiation. En-
docrinology ():–

Lee SK, Goldring SR, Lorenzo JA () Expression of the calcitonin receptor in bonemarrow
cell cultures and in bone: a specificmarker of the differentiated osteoclast that is regulated
by calcitonin. Endocrinology ():–

Li LB, Gao JJ, JinWF,WangHF (). Gamma(γ) radiation induced apoptosis of osteoclasts.
J Radiat Res Radiat Proc  ():–



222 Hong-Fu Wang et al.

Lindunger A, MacKay CA, Ek-Rylander B, Andersson G, Marks SC Jr () Histochemistry
and biochemistry of tartrate-resistant acid phosphatase (TRAP) and tartrate-resistant acid
adenosine triphosphatase (TrATPase) in bone, bone marrow and spleen: implications for
osteoclast ontogeny. Bone Miner ():–

Mundy GR () Regulation of bone formation by bone morphogenetic proteins and other
growth factors. Clin Orthop Relat Res :–

Nefussi JR, Brami G, Modrowski D, OboeufM, Forest N () Sequential expression of bone
matrix proteins during rat calvaria osteoblast differentiation and bone nodule formation
in vitro. J Histochem Cytochem ():–

Raisz LG () Pathogenesis of osteoporosis: concepts, conflicts, and prospects. J Clin Invest
():–

Recker RR () Bone remodeling abnormalities in osteoporosis. Osteoporosis. Academic
Press, California, pp –

Seeman E () Invited review: Pathogenesis of osteoporosis. J Appl Physiol ():–
Sheng H,WangHF, Gao JJ, JinWF, Gu SZ (a)The effects of different doses of dexametha-

some on the differentiation of rat mesenchymal stem cells into osteoblasts. J Fudan Uni
 ():–

ShengH,WangHF, Zhu GY (b) Effects of rhPTH(–) on rat bonemarrow stromal cells
differentiation into osteoblasts. Chin J Bone Miner Res ():–

Sugawara Y, Suzuki K, KoshikawaM, AndoM, Iida J () Necessity of enzymatic activity of
alkaline phosphatase for mineralization of osteoblastic cells. Jpn J Pharmacol ():–


Teitelbaum SL () Bone resorption by osteoclasts. Science :–
Vaananen HK, Zhao H, Mulari M, Halleen JM ()The cell biology of osteoclast function.

J Cell Sci :–
Walsh S, Jordan GR, Jefferiss C, Stewart K, Beresford JN () High concentrations of dex-

amethasone suppress the proliferation but not the differentiation or further maturation of
human osteoblast precursors in vitro: relevance to glucocorticoid-induced osteoporosis.
Rheumatol (Oxford) ():–

Wang HF, Jin WF, Gao JJ () The evaluation of anti-osteoporosis agents using in vitro os-
teoblasts and osteoclasts. Chin J Osteoporosis ():–

Wang HF, Jin WF, Gao JJ () An atlas of bone cells and cell culture techniques. Shanghai
Scientific and Technical Publishers, Shanghai, pp –

Yang X, Tare RS, Partridge KA, RoachHI, Clarke NM,Howdle SM, ShakesheffKM, Oreffo RO
() Induction of human osteoprogenitor chemotaxis, proliferation, differentiation, and
bone formation by osteoblast stimulating factor-/pleiotropin: J Bone Miner Res :–

YuMX, JinWF, Gu SZ, Wang HF ()The biological function change of human osteoblasts
with aging. Chin J Endocrinol ():–



Bone Histomorphometry in VariousMetabolic Bone Diseases
Studied by Bone Biopsy in China
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We use this opportunity to review what we have done in the past  years in study-
ing various metabolic bone disorders by bone biopsy. Before our investigation, the
normal reference for bone histomorphometry had to be established as the basis for
further study on bone quantity and bone quality from iliac crest biopsies of  nor-
mal Chinese subjects. Among them, there were  patients with minor orthopedic
problems and  normal subjects who died suddenly. A total of  bone specimens
was available for bone histomorphometric study.

In adults, bone consists of cortical and cancellous (trabecular) bone as well as
bone marrow. The function of osteoclasts and osteoblasts in cancellous bone is con-
trolled primarily by factors produced by adjacent bone marrow cells. Similar cells in
Haversian systems of cortical bone are removed from the myriad of osteotropic cy-
tokines that are produced by marrow mononuclear cells. Metabolic bone disease in
adults is fundamentally a disorder of bone remodeling, which can be directly stud-
ied by performing histomorphometric analysis of undecalcified sections of trabecu-
lar bone from transiliac bone biopsies. Fluorochromes, such as tetracycline, can be
given as tissue-time markers before the bone biopsy. The fluorescence of tetracycline
uptake can be seen at the location where bone mineralization takes place near the
cement line, showing a pattern of labels around the Harvasian canal within the nor-
mal cortex and trabeculae.There is newly formed osteoid on themineralizing surface
containing double tetracycline labels.With better staining and embedding technique,
under fluorescent microscopy, measurement of the distance between the two labels
can be performed as well as osteoid seams width on the same undecalcified section.

Illiac bone specimens were studied from  normal Chinese subjects. Bone qual-
ity depends not only on bone volume and its D structure. In our study, only MTPS
among the three calculated parameters showed a significant difference between the
two categories of females at difference ages. It suggests that MTPS might be a more
sensitive parameter for predicting bone strength. It suggests that bone lossmay be re-
lated to a sharp lowering of estrogen after menopause; thus, it is easier to understand
why there aremore compression fractures of vertebrae in females than inmales. Bone
dynamic parameters of normal subjects provide a basis for studying metabolic bone
disorders. In this work,  normal Chinese subjects with age range of 22–60 years
were divided into several groups on the basis of gender and age, including  women
and  men. The possibility of a metabolic bone disorder had been ruled out before
the experiment was started. On a specially designed schedule of --- days double
tetracycline labeling was undertaken and bone biopsies were performed below the
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crest. The bone blocks were pre-stained with Villanova bone stain for  h and 10μm
undecalcified sections were made. Some of the sections were further stained with 1%
toludine blue. By light and fluorescent microscopy, the trabecular dynamic param-
eters were evaluated. On Villanova bone-stained section, the old mineralized bone
was slightly green and the new bone showed dark staining. The osteoid was red and
easy to differentiate frommineralized bone.The results indicated that there was a dif-
ference between male and female in mean osteoid seam width which was higher in
males than females, but no significant difference was found between the two groups.
It was probably caused by the imbalance of intrinsic hormone.

Bone mass changes with age. Bone mass reaches a peak in young adult life, but
then steadily declines in both men and women. In women there is a rapid phase of
bone loss, which is associated with estrogen withdrawal and lasts for about  years
after menopause.The two critical determinants of bonemass are peak bonemass and
rates of bone loss after mid-life. Since women have lower peak bone mass than men
and lose bone rapidly because of estrogen withdrawal, bone mass in later life is less
than it is in men. Loss of bone with age is a universal phenomenon in humans, the
bone marrow cavity becomes larger, the cortex becomes thinner, and the trabeculae
becomedecreased in number and size. Bone is lostmostly from the endosteal surface.
The number of remodeling sites on the corticoendosteal or trabecular bone surface
does not increase with age, nor does the ratio of resorption to formation site. The
appositional rate and the tissue-level bone formation rate decreases, and so does the
bone turnover rate. From these observations it has been concluded that age-related
bone loss results from the summation of minute negative bone balances occurring
within each individual microscopic site of bone turnover on the endosteal surfaces
implying a preferential recruitment of osteoclasts over osteoblasts or in impairment
of osteoblast function. A progressive loss of bone from the endosteal surface, how-
ever, leads to a secondmechanismwhich accelerates or amplifies the first and renders
the bone loss irreversible. As the plates and trabeculae become thinner than the depth
of the resorption thrust, circular defects in the trabeculae occur and it is too extensive
to refill again with new bone. In time, they add to a substantial net loss of trabeculae
bone and to erosion or trabeculation of the cortex.

Osteoporosis is a metabolic bone disease in which there is both a decrease in the
amount of normally mineralized bone and disturbance in bone microarchitecture,
with a consequent increase in bone fragility and susceptibility to fractures. The ab-
normalities in patients with osteoporosis include thinning and fragmentation of the
trabecular bone plates; endosteal bone resorption leading to decreased cortical bone
width and increased porosity of the Haversian canals. Bone loss associated with ad-
vanced age and estrogen deficiency in women is accompanied by a disturbance of
bone microarchitecture. There is focal perforation of cancellous bone plates caused
by osteoclastic resorption, leading to loss of connectivity of these plates and the pres-
ence of unconnected vertical rods and bars dispersed throughout the marrow cavity.
The static and dynamic histomorphometric data collected from iliac bone biopsies do
not differ greatly between subject with osteoporosis and the rest of the aging popula-
tion. Some researchers consider osteoporosis to be an extension of physiological bone
loss to the point of fracture, a quantitative but not qualitative difference from aging.
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In addition, we found a case of TVDDR, a young girl at the age of  years, who
was mistakenly diagnosed as having idiopathic osteoporosis or hypophosphotamic
rickets because of the low phosphate in the serum while ALP was significantly ele-
vated. On the other hand, OHD and 1.25(OH)D were extremely low. The dis-
ease was so severe that the girl could not move at all. Kidney and muscular biopsies
showed that therewas plenty of immunoglobulin and complex deposition. Onpatho-
logical evidence, vitamin D was injected while prednisone was initiated. After treat-
ment for  months, the girl could walk and even ride a bike while bone density was
doubled. Now the patient is getting increasingly better.This suggest that bone loss in
young patients may be related to autoimmune damages to multiple organs, especially
to the renal tubules which is a location used to biosynthesize ,(OH)D, a critical
hormone for bone quality.
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Abstract

Cell traction forces are vital for many biological processes, including angiogenesis,
inflammation, wound healing, and metastasis. The study of cell traction forces en-
ables us to better understand the mechanisms of these biological processes at the
cellular and molecular levels. Because of the small size of a cell and low magnitude
of cell traction forces (� 10nN), it is a daunting task to determine cell traction forces
reliably and accurately. In this chapter we review the current methods for determin-
ing cell traction forces, with special focus on a new technology for cell traction force
microscopy (CTFM) we have recently developed. We conclude this chapter by dis-
cussing possible areas for improvement in CTFM and also suggesting potential ap-
plications of this technology.

Introduction

Cells in culture are typically anchorage dependent, which means that they must ad-
here to a solid substrate to survive and grow (Ruoslahti and Reed ).These adher-
ent cells develop tension via actomyosin interactions inside cells.The cellular tension
is transmitted to the underlying substrate through focal adhesions (FAs) located on
the substrate and linked with actin stress fibers inside the cell (Balaban et al. ).
This tensile force is referred to as cell traction force (Fig. ). Cells use traction forces
to organize extracellular matrix, maintain cell shape, probe physical environments,
and generate mechanical signals (Pelham and Wang ); therefore, the ability to
measure and characterize cell traction forces is crucial to a better understanding of
cellular and molecular mechanisms of many fundamental biological processes, in-
cluding embryogenesis, angiogenesis, wound healing, and metastasis.

It is known that cell traction force at a single FA is � 10nN (Balaban et al. ;
Burton et al. ; Tan et al. ). The magnitude of cell traction force, however,
varies from one cell type to another. Even within the same cell type or the same cell,
various conditions such as substrate properties (e.g., stiffness), cell shape, and growth
cycle can affect the cell traction force. As a result, it is a technically challenging task
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Figure 1.An illustration of cell traction forces. The forces are the cell tension that is generated
by actomyosin interactions and transmitted to underlying substrate through focal adhesions

to determine cell traction force reliably and accurately. Herein we review the current
methods used for determining cell traction forces, with a focus on the method of cell
traction force microscopy (CTFM).

Techniques for Determining Cell Traction Forces

Various methods have been developed to measure cell traction forces; among the
earliest was cell-populated collagen gel (CPCG; Bell et al. ). In this method, cells
are mixed with liquid collagen to form a polymerized gel disk. When the cells in-
side the gel generate traction forces, the gel contracts, decreasing the gel’s diameter
(Campbell et al. ; Moon and Tranquillo ). Cell traction forces from a popu-
lation of cells are estimated by measuring the change in the diameter of the gel disk.
This approach is only semi-quantitative, and hence cell forcemonitor was later devel-
oped to quantify mechanical forces generated by the CPCG through the use of strain
gauges (Campbell et al. ; Delvoye et al. ); however, even such a modification
still falls short of actually measuring traction forces of individual cells (Ferrenq et al.
); instead, it measures gel contraction caused by the “averaged” traction forces of
the embedded population of cells. As the embedded cells actively remodel the col-
lagen gel, the rigidity, composition, and number of cells keep changing in complex
ways, which prevents the CPCG approach from determining traction forces of indi-
vidual cells in a controlled manner.

Another technique developed shortly after the CPCG approach was the use of
a poly-dimethylsiloxane (PDMS)membrane floating in growthmedium (Harris et al.
). In this technique, cell traction forces are made “visible” because cells gener-
ate wrinkles on the PDMS surface during locomotion. Although this approach is
qualitative in nature, it has led to the development of various substrate methods for
quantitativemeasurement of cell traction forces. For example, using the same silicone
membrane approach, traction forces generated during cytokinesis of individual cells
can be estimated using a calibration technique that uses a flexible micro-needle to re-
verse the wrinkles on the PDMS surface (Burton and Taylor ); however, because
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wrinkling poses a highly nonlinear problem, there is currently no known mathemat-
ical method to quantify the wrinkles caused by a complex, non-isotropic cell traction
force field.

Years later, a micro-machined substrate in which cantilevers were etched was de-
veloped to measure cell traction forces (Galbraith and Sheetz ). This approach
uses an array of cantilever beams with calibrated stiffness, and these cantilevers al-
low cell traction forces to be determined quantitatively; however, the approach can
only determine the force in one direction and still cannot measure the complex, non-
isotropic traction force field within the entire cell-spreading area. This problem was
solved using flat substrates with embedded markers (fluorescent beads; Pelham and
Wang ), and this effort eventually brought about the development of CTFM.We
discuss this technology in detail in the following section.

Micro-patterned elastomer has been used in the CTFM method (Balaban et al.
). Strictly speaking, the micro-patterned elastomer does not provide a complete
flat substrate, as its surface consists of micro-dots (0.3μm high) that modulate the
surface topography. These dots serve as markers, thereby allowing the substrate de-
formation to be determined by analysis of phase-contrast images, while the site of
each FA is located by vinculin labeled with green fluorescent protein (GFP).The trac-
tion force at each FA can then be obtained by using elasticity theory to solve an in-
verse problem. This method is elegant in its combined use of elasticity theory and
GFP labeling technology to obtain cell traction forces. Its advantage is that the dis-
placement can be readily quantified without too much effort; however, there are also
major disadvantages, which include: (a) the GFP gene has to be introduced into
cells by transfection, making this method both technically demanding and time-
consuming; and (b) the transfection effect on cellular generation of traction forces
is uncertain. Moreover, the elastomer is much stiffer: its Young’s modulus varied be-
tween  and 1000kPa, as the ratio of the silicone elastomer to curing agent var-
ied from : to : (Schwarz et al. ). While the stiffness of the silicone mem-
brane cannot be adjusted low enough to sense small substrate deformations, poly-
acrylamide gel (PG), in contrast, can be made more compliant. By changing the pro-
portions of acrylamide and bis-monomers, its Young’s modulus may vary from .
to 100kPa (Butler et al. ; Wang and Pelham ). In addition, the PG substrate
is highly elastic, transparent, mechanically stable, and easy to prepare; therefore, it is
the most commonly used substrate for CTFM.

Cell Traction Force Microscopy

There are currently three cell traction force microscopy (CTFM) methods that use
elastic PG substrate in measuring cell traction forces. These procedures have been
developed by Dembo and Wang (), Butler et al. (), and the authors (Yang
et al. ), respectively.The CTFMmethods involve three major steps.The first step
is to fabricate elastic PG substrate with a flat surface. The next step is to obtain a pair
of “null force” and “force loaded” microscopy images, from which the displacement
field can be determined based on the movement of markers on the surface of the PG
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substrate. In the final step, the substrate deformation is used to compute cell traction
forces. The three CTFM methods have the first step in common but differ in how
they carry out the second and third steps.

Fabricating PG Substrate

In the CTFMmethod, an acrylamide/bis-acrylamide mixture with a pre-determined
acrylamide to bis-acrylamide ratio is added to a pretreated cover-glass of a circular
dish after being mixed with fluorescent micro-beads. The mixture is then covered
with a small, circular cover-glass and turned upside down to assure that the micro-
beads move to the surface of the cover-glass by gravity.

After themixture has solidified to form a small gel disk, HEPES is added to the gel
surface to allow a matrix protein to be conjugated. Following exposure to ultraviolet
light and the removal of Sulfo-SANPAH solution, the dish is washed. The gel is then
coated with collagen type I.

Determining Substrate Displacement Field

Several separate cells on the PG substrate in each dish are chosen for imaging at dif-
ferent time intervals using a CCD camera system on an inverted microscope. This
yields “force loaded” images. Then, the cells in the dish are detached by trypsiniza-
tion, and an image of the same location is taken. This is denoted as the “null force”
image. These images are then used to determine substrate displacement field.

The underlying principle for determining the displacement field is to locate the
positions of the fluorescent micro-beads near the transparent substrate surface. By
locating the micro-beads in the images taken before and after straining PG substrate,
micro-bead movements can be determined. These changes in position provide the
basis for deriving the substrate displacement field. Micro-beads are brighter than the
background in the images and can be identified in theory through the brightness
contrast in a given image. Each pixel on an image has a Gray value characterized by
an -bit integer. The higher the Gray value, the brighter is the pixel. Figure  shows
a tendonfibroblast onPG substrate (a) and a pair of “null force” (b) and “force loaded”
(c) image samples.

The process of determining the substrate displacement field is complicated by the
fact that there are several thousand micro-beads present in each image. Dembo and
Wang () and Butler et al. ()methods rely on the similarities in local contrast
between a pair of images to identify substrate deformation. Of particular interest is
the “optical flow” algorithm (Marganski et al. ). One starts by setting a grid on
the “null force” image. For each grid point, a small patch of pixels surrounding the
point is selected, and the contrast correlation of this patchwith a corresponding patch
in the “force loaded” image, within a predefined range, is computed.The two patches
that have the highest correlation are considered a match, and the displacement for
a grid point is calculated from the coordinates of the centers of the matched patches.
The procedure is repeated with a finer grid and smaller search range until the target
search range is reached.
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Figure 2.A tendon fibroblast on the elastic polyacrylamide gel (a). Fluorescent bead images be-
fore cell detachment (b). Fluorescent bead image after cell detachment (c). (The beads appear
as fine white dots in the two images.)

We have developed a different procedure in which themovement of an individual
micro-bead is identified (Yang et al. ). This procedure first distinguishes a bead
from its background by applying a local threshold over an image. A pixel whose Gray
value is higher than the local threshold is turned into , and  otherwise. In the con-
nected “” pixels of this converted binary image lie the micro-beads. We limit the
potential micro-beads to be connected to clusters with sizes between  and  pixels.
After this process is carried out on both “null force” and “force loaded” images, a line
search is initiated to match beads from the two images.The range of search is guided
by the expected strain levels due to cell traction forces on the PG substrate. For the
sample image pair, the derived displacement field obtained with this procedure is
presented in Fig. .

Figure 3.The substrate displace-
ment field determined by our
new algorithms. Note the larger
displacements that concentrate
around the front and rear ends
of the cell (arrows) compared
with the rest of the area
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Determining Cell Traction Forces

Determining cell traction forces involves a solution to an inverse problem: Given the
measured displacements, solve for the cell traction forces that cause them.Depending
on how a problem is formulated, an inverse problem may be ill-posed. According to
Hadamard (Lavrentev et al. ), a problem which fails to meet all the following
conditions is ill-posed: (a) a solution always exists; (b) the solution is unique; and (c)
the solution to the problem depends continuously on the data of the problem. The
last condition basically requires a system to be stable and that a small perturbation in
the displacement measurements should not induce a large variation in the resulting
forces. An ill-posed problem may be solved with the aids of regularization.

To solve an inverse problem, one also needs a forward model. Both, the Dembo
andWang () and Butler et al. ()methods, use the Boussinesq analytical solu-
tion (Landau and Lifshitz ) as the forward model.The Boussinesq solution gives
the surface displacement of an infinite half-space due to a point surface load. Con-
sidering the finite thickness of the PG substrate used, this approximation may intro-
duce modeling errors. Given a point load, the Boussinesq solution gives a larger dis-
placement than its counterpart that considers actual substrate thickness. Conversely,
given a displacement, the Boussinesq solution projects a smaller force. To address
this concern, our procedure uses three-dimensional (D) finite elements and takes
into account the actual thickness of a substrate (Yang et al. ).

In applying the Boussinesq solution, the expected displacement at any point, x j,
of an elastic substrate due to n cell traction forces can be expressed in a general dis-
crete convolution form as follows:

d(x j) = n�
i=1

G(xi − x j) ċ F(x j) , ()

where F(xi) is a point force acting at xt , andG(xi−x j) represents the forwardmodel
that computes the displacement at x j due to a unit force at xi . The convolution can
also be written in a matrix form as follows:[A]�F� = �d� where Ai , j = G(xi − x j) . ()

If [A] is a full rank matrix, �F� can readily be found by simple inversion. This is
basically the approach Butler et al. () take. It poses the forward convolution
equation in the frequency domain and obtains the inversion through inverse Fourier
transform. To conduct the computation in the frequency domain, Butler et al. ()
consider both the force points and the displacement points to reside on a regular grid.
A back substitution of forces obtained from inversion does not give back the input
displacement, and the method carries out iteration until the forces in the interior of
a cell converge.

The Dembo and Wang () method, on the other hand, first covers the inter-
ior of a cell with a mesh, and the goal of its inverse problem is to find the unknown
forces at these mesh nodes.Themethod enables the incorporation of subjective a pri-
ori error information, and obtains the forces through Bayesian a posteriori statistics
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(Dembo et al. ).The method is flexible and allows the number of measured dis-
placements used to be much greater than that for the forces. Regularization is re-
quired to guarantee a stable solution, and that results in an intensive computation
with a high computational cost.

In an FEM formulation, forces are often known and displacements are to be
found. The adoption of adequate interpolation functions and the subsequent appli-
cation of weighted residual (Zienkiewicz et al. ) relate the stiffness matrix [K]
with the force vector �F� as follows:

[K]�d� = �F� ()

This makes the computation of forces a forward process. In our procedure of apply-
ing D FEM in obtaining cell traction forces, an FEmodel is first built using a regular
lattice. The Dirichlet boundary condition of zero displacement, or the fixed bound-
ary condition, is imposed on all the nodes at the base of the substrate. The rest of the
nodes that do not directly contact the cell are assigned the free traction boundary
condition, whereas the nodes that are in direct contact with the cell are prescribed
with the known measured displacements. By expressing the displacements at the
traction-free nodes as a function of those at the prescribed displacement nodes, the
cell traction force can be obtained through multiplication as follows:

�F′� = [K′]�d̂� , ()

where �d̂� represents the measured displacements and �F′� the corresponding cell
traction forces.

We applied this procedure for the displacement field depicted in Fig. ; the trac-
tion forces so obtained are summarized in Fig. .This force calculation took less than
1min using a .-GHz Pentium PC.

Figure 4.The cell traction forces determined by finite element analysis based on the estimated
displacement field
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Conclusion

The past decade has seen significant advances in the quantification of cell traction
forces. The use of compliant elastic substrate is an attractive approach, and major is-
sues associated with the inverse problemposed by this approach havemostly been re-
solved; however, further refinements are needed to reduce errors, improve efficiency,
and maintain consistency. An exciting task ahead would be to improve the current
CTFM technology such that automation and real-time tracking of cell traction forces
may be achieved, thereby providing new insights into cell behavior, such as migra-
tion. Also, it would be an exciting challenge to explore ways to extend the current
CTFM technology to determine traction forces of cells within D matrices in addi-
tion to D substrates.

In addition, it is known that cell traction forces are generated by actomyosin in-
teractions, and both cellular components, actin and myosin, are involved in almost
all cellular biological processes; therefore, cell traction forces likely alter in response
to biological, biochemical, and biomechanical stimuli, and as a result, they may serve
as a useful “biophysical marker” to characterize cell phenotypic changes.
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Abstract
Analyzing the three-dimensional (D) structure of specimens has become increas-
ingly important in biomedical research fields, and microcomputed tomography
(micro-CT) has emerged as an effective method for rapidly and non-destructively
quantifying the geometry and morphology of tissues. Though micro-CT was orig-
inally designed to assess cortical and trabecular bone microarchitecture, applica-
tions for micro-CT now extend to the imaging of soft tissues. In particular, vascular
anatomy and articular cartilage degradation are of major interest to investigators in
the orthopedic research areas. This chapter outlines processes and results involved
in utilizing X-ray contrast agents to enhance micro-CT analyses of vasculature and
articular cartilage.

Introduction
Micro-CT analysis offers distinct advantages including its non-destructive nature
and high-resolution D imaging. Typical scanning is performed using voxel sizes
from  to 100μm, with no physical sectioning required. In addition, micro-CT scan-
ning provides rapid generation of D images and quantitative volumetric analyses.
These capabilities provide advantages over other imaging techniques, such as light
microscopy and histology, where specimens must be destructively processed, quan-
titative D data on specimen geometry is not readily ascertained, and analysis time
is high (H.S. Tuan et al., in preparation). Micro-CT has traditionally been utilized as
a method for quantifying the geometry and morphology of hard tissues such as tra-
becular and cortical bone. Recently, the scope of quantitative micro-CT analysis has
grown to include D, high-resolution imaging and analysis of non-mineralized struc-
tures such as soft tissue and vasculature; however, due to the comparatively low ra-
diodensity of soft tissues and vasculature, application of a radiopaque contrast agent
is necessary.

Typical Contrast Agents

Iodine, barium, and other metallic elements are radiopaque substances commonly
used to enhance the contrast of low-attenuating materials. Barium sulfate combined
with gelatin has been injected to aid in micro-CT imaging of mouse hindlimb vas-
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culature (Duvall et al. ); however, clumping of the contrast agent within vessels
resulted in inhomogeneous distribution of contrast throughout the vasculature. In-
stead, a silicone rubber contrast agent containing lead chromate (Microfil MV-,
FlowTech, Carver, Mass.) was found to be more suitable for vascular imaging. Iodi-
nated contrast agents such as sodiummeglumine ioxaglate (Hexabrix, Mallinckrodt,
Hazelwood, Mo.), iodixanol (Visipaque), and sodium diatrizoate are also commer-
cially available. Hexabrix and Visipaque are used for visualizing vessels and other soft
tissue areas in the clinical setting, whereas sodium diatrizoate is only indicated for
laboratory use.

Vascular Imaging Applications
Motivation and Significance

The current approaches to vascular imaging and analysis have significant limitations
that can potentially be overcome with the high-resolution, D, and quantitative capa-
bilities of micro-CT. Immunohistochemistry is the most commonly used method for
counting capillary and arteriole density. The main advantage it provides over other
methodologies is the ability to fully resolve capillary-sized vessels; however, the tech-
nique is relatively subjective, semi-quantitative, and not necessarily representative
of the D vasculature throughout the entire specimen. Histological sections can be
stacked to render D images (Brey et al. ), but this approach is subject to arti-
facts and requires large processing times. Laser Doppler perfusion imaging allows for
semi-quantitative analysis of the functional blood flow (Abe et al. ; Amano et al.
; Couffinhal et al. ; Scholz et al. ; Silvestre et al. ), but the technique
is limited because anatomical information cannot be ascertained and only superficial
blood flow can be measured.

X-ray angiography is also a widely used method for visualizing D projections
of contrast agent perfused vascular networks (Amano et al. ; Mallat et al. ;
Silvestre et al. ).This approach provides high-resolution angiograms, but it lacks
the ability to employ a robust D quantitative analysis. Another technique involves
injecting colored or fluorescent microspheres and using spectrophotometric analy-
sis to quantify functional vessel perfusion (Brevetti et al. ; Deveci and Egginton
; Kowallik et al. ; Prinzen and Glenny ; Van Oosterhout et al. ). One
advantage of this approach is that it allows for longitudinal injection of different col-
ored microspheres so multiple time points can be measured within a single animal;
however, for small animal models, performing the required arterial catheterization
or direct injection of microspheres into the left ventricle or atrium can be extremely
challenging. Magnetic resonance angiography and positron emission tomography
have also been used to analyze vascular growth but may not provide sufficient image
resolution for small animal models.

Contrast Agent Perfusion Technique

For vascular imaging of mouse hindlimbs, a technique has been developed by Du-
vall et al. () for perfusing a lead chromate-based contrast agent (Microfil MV-
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, FlowTech) through the vasculature to enhance X-ray attenuation of the lumen
spaces.The full protocol has previously been described in its entirety (H.S. Tuan et al.,
in preparation) but is only briefly explained here. Blood is first flushed from the vas-
culature at physiologic pressure with heparanized 0.9% saline through a needle in-
serted into the left ventricle. Subsequently, vessels are pressure fixed with 10%neutral
buffered formalin (NBF) and flushed again with heparanized saline. Then, Microfil
at full concentration is pressure perfused throughout the vasculature. The contrast
agent is allowed to polymerize overnight at °C, and the hindlimbs are dissected and
placed in 10% NBF for  days for tissue fixation. This contrast agent perfusion tech-
nique can be utilized for any angiogenesis or vascular anatomy related models in
mice, such as fracture healing. The procedure can also be adapted for use in other
small animal models.

Imaging Vasculature Near Bone Structures

Bone and vascular structures are in proximity to one another inmost regions of inter-
est for micro-CT analysis, including the hindlimbs. A scan containing both perfused
vessels and mineralized bone can easily be accomplished following Microfil perfu-
sion; however, characterizing the vasculature in a scan that also includes bone can be
challenging. Processing images containing both bone and vasculature using higher
thresholds may eliminate bone but at the same time diminish the accuracy of the re-
sulting images of vasculature (Duvall et al. ). In addition, histograms of X-ray
attenuation for an image containing both bone and Microfil-perfused vessels show
that the attenuation for those materials have overlapping regions (Fig. a).

For ideal segmentation between twomaterials, the attenuation histogram for one
material must not overlap with another. In the case of bone and Microfil-perfused
vessels, it is difficult to precisely segment one material from the other using global
thresholding techniques (Figure b,c). To image and analyze perfused vasculature
only, it is therefore crucial to decalcify the mineralized tissue prior to scanning.
Figure d shows a micro-CT image of vasculature alone after decalcification. One
method for decalcifying bone tissues is to place the specimen in Cal Ex II (a formic
acid-based solution) for  h, rinse in water for  h, and then store specimens in 10%
NBF at °C until scanning with micro-CT. Ethylenediamine tetraacetic acid (EDTA)
may also be used for decalcification. While EDTA treatment is less harsh for the spec-
imen, the processing time is significantly longer. Depending on sample size, the de-
calcification can take up to 2–3 weeks.

Hindlimb Ischemia Model

The mouse hindlimb ischemia model is a well-characterized technique in which
a length of the superficial femoral artery and vein are ligated and excised to simu-
late peripheral artery disease (Couffinhal et al. ). This stimulates remodeling of
the surrounding vascular network in order to restore function to the limb. Micro-CT
has been utilized to quantitatively evaluate the mechanisms involved in the arteri-
ogenic remodeling process immediately following hindlimb ischemia (Duvall et al.
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Figure 1a–e. The vasculature of a mouse was pressure perfused with Microfil MV- lead
chromate-based contrast agent to enhance X-ray attenuation. Hindlimbs were extracted, re-
taining all soft tissue. A volume of interest, including bone and vasculature near the distal fe-
mur, was scanned using a Scanco vivaCT  at a voxel size of 21μm. a From the gray-scale im-
age, a histogram of X-ray attenuation was generated; threshold range from 0–1000.The bone
peak and contrast-enhanced vessel peak have overlapping regions, marked by dotted curves.
b Threshold of  was used to capture both bone and vessels. c Segmenting for bone using
a threshold range of 110–165 produced poor bone image quality and did not eliminate ves-
sels. d Vessel segmentation at threshold of  eliminated low-attenuation vessel voxels but
included high-attenuation bone voxels. e When bone tissue is decalcified, vasculature alone
can be completely visualized at threshold of 

�

).Wild-typeCBL/mice underwent surgeries on right hindlimbs, and the left
hindlimbs were used as the unoperated contralateral controls. Upper hindlimb vas-
cular morphology was then analyzed post-operatively at , , and  days via micro-
CT scans performed at various voxel resolutions (, , and 36μm). Several global,
model-independent parameters were computed using direct transformation meth-
ods (Hildebrand et al. ; Hildebrand and Ruegsegger ; Odgaard and Gunder-
sen ) including vessel volume, thickness/diameter, separation, number/density,
and connectivity. Results of these studies showed that at  and  days post-surgery,
the reconstituted vascular volume for surgically manipulated limbs was not signif-
icantly different from the control limbs. Other morphologic parameters obtained
through micro-CT analysis were used to explain the microarchitectural mechanisms
behind this recovery of vascular volume.Average vessel number for the surgical limbs
at  and  days post-surgery was significantly increased over  day surgery limbs as
well as control limbs. Average vessel thickness was significantly smaller for surgical
limbs compared with control limbs at all time points. In addition, average vessel sep-
aration at  and  days post-surgery was significantly smaller for the surgical limbs
compared with day  and control limbs.

The vessel number, thickness, and separation data show that a network of smaller,
more closely packed collateral vessels formed to compensate for the restricted blood
flow caused by femoral artery ligation. Also, vascular connectivity of surgery limbs
increased significantly by day  over day  and control limbs.This demonstrated that
the network of collateral vessels became more interconnected over time and sup-
ported the evidence that these collaterals rapidly formed to reconstitute perfusion
throughout the limb. Preferential analyses of vessels of varying sizes were also per-
formed. Histograms were generated to compare the distribution of vessel diameter
measurements between surgical and control limbs.The control limbs represented the
normal distribution of vessel diameters. At day , the surgery limbs had a decreased
number of occurrences at all vessel diameters compared with the control limbs. By
day , the surgery limbs had an increased number of small collateral vessels but de-
creased number of large conduit-sized vessels. To visually depict the vessel size vari-
ations, the vessel diameter measurements were mapped onto D color-coded images
(Fig b,c).
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Fracture Healing Angiogenesis

Vascular response during fracture healing plays an important role in the conversion
of cartilaginous callus to mineralized tissue and therefore recovery of mechanical in-
tegrity. A unilateral femoral fracture model (Bonnarens and Einhorn ) has been
used to study the process of bone repair including early neovascularization in a frac-
ture site. Following anesthesia, the femora are fixed via retrograde insertion of a nee-



244 Angela S.P. Lin et al.

Figure 2a–c. Representative micro-CT images of mouse hindlimb vasculature following liga-
tion and excision of the femoral artery and vein in the right leg. No surgical procedure was
performed on the left leg. Microfil MV- lead chromate-based contrast agent was pressure
perfused throughout the vasculature to enhance X-ray attenuation, and the images were ob-
tained at the -day post-surgery time point using a Scanco μCT . a Image from an entire
perfused hindlimb, scanned at -μm voxel size. Images of surgical (b) and control (c) vol-
umes of interest (-μm voxel size) have been mapped with color-coded vessel diameter data
derived from direct transformation methods. Red indicates vessels with diameter 396μm and
larger, and the color scale decreases linearly to zero (blue)
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dle between the femoral condyles into the intramedullary canal. A transverse fracture
was then created at the mid-diaphysis of this surgical leg, and the contralateral leg
was left intact as a control. At multiple time points, mice were sacrificed and per-
fused with lead chromate-based radiopaque contrast agent as described previously
for the hindlimb ischemia model. After contrast agent polymerization, fractured fe-
murs were dissected from the surrounding soft tissue under a dissecting microscope
to ensure calluses remained intact. The fixation pins were then removed from the
intramedullary canals, and femora were stored in 10% NBF at °C for  h. Spec-
imens were then decalcified in Cal Ex II formic acid-based solution for  h. Im-
mediately following decalcification, femora were washed in water and stored in 10%
NBF at °C until micro-CT imaging. Femurs were scanned along the longitudinal
axis at 10.5-μm voxel resolution, and global segmentation values were used to ren-
der D binarized images of the vascular networks. Figure  shows a representative
image of vasculature within an entire fractured mouse femur. Quantitative morpho-

Figure 3.A representative vascularmicro-CT image obtained from amouse femur  days post-
fracture, scannedwith a Scanco vivaCT at .-μmvoxel size.The vasculaturewas pressure-
perfused with Microfil MV-, and bone was decalcified prior to scanning. Morphometric
parameters were quantified for a standardized callus length, as marked by dotted lines and
depicted in an expanded view to the right
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metric parameters, such as total callus volume, vessel volume, volume fraction, con-
nectivity, number/density, thickness/diameter, and separation, were then computed
within standardized callus lengths marked by dotted lines. The isolated volume of
interest containing only the callus vasculature is also shown.This technique provides
a methodology for quantifying differences in vascular development between trans-
genic and wildtype animals or animals undergoing treatments to either stimulate or
inhibit angiogenesis.

Revascularization in Segmental Defect Repair

Another application utilizing vascular micro-CT imaging is evaluating the infiltra-
tion of vessels into an implanted tissue engineering construct. A rat femoral seg-
mental defect model has been developed to study the efficacy of using porous poly-
mer biodegradable scaffolds as bone graft materials in critical-sized defects (M.E.
Oest et al., submitted). Revascularization of the construct is an essential requirement
for integration of the graft with native bone and ultimately restoration of function.
Implantation of a construct into the segmental defect combined with perfusion of
a vascular contrast agent (MicrofilMV-) andmicro-CT analysis provide amethod
for quantitatively assessing the vascular ingrowth within implanted constructs (M.E.
Oest et al., submitted). For the implantation procedure, rats were anesthetized using
isoflurane continuously administered via induction chamber and face mask. A longi-
tudinal incisionwasmade along the upper hindlimb, and the quadricepsmusculature
was teased aside to reveal the entire femur. A custom modular fixation plate was af-

Figure 4a,b.Micro-CT images of vasculature within scaffolds implanted in -mm rat femoral
segmental defects. Three weeks after implantation, animals were sacrificed and perfused with
Microfil MV- vascular contrast agent for micro-CT scanning using a Scanco vivaCT 
at -μm voxel size. A volume of interest  mm in length was analyzed for vascular growth.
aVasculaturewithin a poly(ε-caprolactone) scaffold containing tricalciumphosphate particles
(PCL-TCP; :) and loadedwith autologous platelet rich plasma (PRP). bVasculaturewithin
a PCL-TCP scaffold alone.The PRP-loaded PCL-TCP scaffolds had approximately 70% higher
vascular volume fraction than their unloaded PCL-TCP counterparts
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fixed to stabilize the femur, then a defect 8mm in lengthwas created using aminiature
oscillating saw. Several polymer scaffold types have been implanted, including scaf-
folds produced using poly(L-DL-lactide) (PLDL), poly(ε-caprolactone) (PCL), and
poly(ε-caprolactone) with tricalcium phosphate particles (PCL-TCP). In one study,
the effects of delivering autologous platelet rich plasma (PRP) on neovascularization,
mineralization, and mechanical properties were evaluated (Rai et al. ). Defects
of -mm length in rat femora were filled with PRP-treated PCL-TCP constructs or
PCL-TCP scaffolds alone (contralateral controls). After  weeks post-surgery, ani-
mals were killed and perfused with Microfil to enhance contrast of the lumen spaces
of the vasculature. Mineral was decalcified using a formic acid treatment in order to
facilitate imaging of the vasculature. Micro-CT scans were performed at a voxel res-
olution of 20μm, and a volume of interest 6mm in length in the central portion of
the defect region was analyzed. Representative images of the vascularization within
these volumes of interest for PRP-treated and control scaffolds are shown in Fig. .
The PRP-treated defects possessed 70% greater vascular volume fraction compared
with the non-treated controls.

Advantages and Limitations

As the examples in this chapter show, combining micro-CT scanning with perfusion
of an appropriate contrast agent provides a powerful method for quantifying D vas-
cular morphology at high resolutions; however, several concerns must be addressed
when considering contrast-enhanced micro-CT imaging of vascular anatomy.

Challenges with Micro-CT Analysis
Many choices are required when performing micro-CT analyses on vasculature in-
cluding determining an appropriate voxel size, segmentation values, and volume of
interest. Varying these parameters causes changes in all morphometric measure-
ments; thus, careful consideration must be taken to choose application-specific pa-
rameters. Usersmust also be aware of inherent limitations in bothmicro-CT imaging
and contrast agent perfusion techniques.

Voxel Size Sensitivity
In the mouse hindlimb ischemia model, a voxel size of 36μm was found to be opti-
mal for focusing on the collateral-sized vessels of the upper limb (Duvall et al. ).
When analyzing a localized region of angiogenesis, such as in the fracture healing
model, it was appropriate to use a small voxel size (10.5μm) to accuratelymeasure the
newly forming capillary-sized vessels; however, the associated tradeoffs when scan-
ning at high voxel resolutions are longer scan times and large data sets requiring
increased processing resources and time.

Segmentation
Compromises must be made when defining global segmentation values for vascular
image analysis. Choosing a high binarization threshold may obscure smaller-sized
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vessels, but choosing a low threshold causes larger vessel diameters to appear arti-
factually large. Lowering the Gauss filter values (sigma and support) allows for finer
details to be captured but produces a D image that is less smooth. The optimal val-
ues are typically chosen based on visual inspection of D tomograms, often with the
guidance of X-ray attenuation histograms.

Vascular Structure and Function
One limitation ofmicro-CT analysis is that it provides purely anatomical data regard-
ing the vascular structure. Tomost effectively and comprehensively assess functional
vascular perfusion, it may be necessary to combine the quantitative structural analy-
ses of micro-CT with techniques that provide data on vascular functionality, such as
Laser Doppler perfusion imaging.

Contrast Agent Perfusion Limitations
A potential limitation of theMicrofil vascular perfusion technique is that the analysis
must be performed post-mortem. Using this methodology, it is therefore impossible
to perform sequential in vivo vascular scans at various time points for a single animal.
This increases the number of animals necessary to complete a study, which increases
the cost compared with other techniques that allow for sequential scanning. In-vivo
vascular contrast agents are currently being developed; however, longitudinal in vivo
scans on a single animal increase the amount of total X-ray exposure, and the po-
tential biological effects of this amplified radiation dose must be considered. In-vivo
scanning would also eliminate the possibility of decalcifying bone tissue, thus reduc-
ing the accuracy of analyzing vascular networks in proximity to bone structures. Fi-
nally, it is noteworthy that vascular imaging using micro-CT combined with contrast
agent perfusion allows for analysis of lumen spaces only. It is therefore challenging
to employ this technique to examine the remodeling of vessel walls.

Despite limitations, this technique is becoming utilized more widely to generate
quantitative data regarding the structure of vascular networks in small animalmodels
(Bentley et al. ;Garcia-Sanz et al. ; Jorgensen et al. ;Maehara ;Ortiz
et al. ; Rodriguez-Porcel et al. ; Simopoulous et al. ; Holdsworth and
Thornton ; Wilson et al. ). Vessels within other organs of interest, such as
the brain and heart of mice and rats, have also been imaged (Fig. ).

Cartilage Imaging Applications

Motivation and Significance

Articular cartilage is a hydrated soft tissue that lines the articulating surfaces of di-
arthroidial joints and consists of an extracellular matrix (ECM) composed primarily
of type-II collagen, proteoglycans (PGs), and interstitial fluid. Ionic interactions be-
tween the negatively charged sulfated glycosaminoglycans (sGAGs) attached to the
PG backbone and mobile ions in the surrounding interstitial fluid create an osmotic
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Figure 5a–c. Vascular anatomy for various organs of interest can be visualized by micro-CT
imaging. a Micro-CT image of the vasculature within a mouse brain, lateral view. b Direct
transformation computations were used to produce a color-codedmapping of vessel diameters
to the vasculature within and surrounding a mouse circle of Willis. The color scale is linear,
with red indicating diameters of 180μm or larger and blue indicating 0μm. c Vasculature of
a rat heart. All scans were performed using a Scanco vivaCT  at a voxel size of 10.5μm
following perfusion with Microfil MV- contrast agent

swelling pressure.The collagen fiber network entrapping the PGs offers resistance to
this osmotic pressure, regulating the overall mechanical properties of articular car-
tilage (Mow and Ratcliffe ). Monitoring changes in the amount and distribution
of PGs and their attached sGAGs may therefore provide an indication of the health
and integrity of the articular cartilage matrix. This approach may be beneficial in
developing diagnostic tools for degenerative joint conditions such as osteoarthritis,
where early PG depletion has been observed, and for in vitro monitoring of matrix
accumulation in tissue-engineered constructs prior to implantation.

Awide range of techniques have previously been used to examine the PG compo-
sition of cartilage, but these techniques are ill-suited for monitoring changes in PG
composition in small animal models. For instance, safranin-O histology is a com-
monly used method for obtaining the spatial distribution of sGAGs in tissue sec-
tions, but the approach requires destruction of the sample and provides only semi-
quantitative information regarding PG content. Biochemical assays, including
dimethylmethylene blue and alcian blue, offer quantitative data regarding sGAG
content but do not provide spatial information and require sample destruction.
A contrast-enhanced magnetic resonance imaging (MRI) technique called delayed
gadolinium-enhanced MRI of cartilage (dGEMRIC) has successfully been used to
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Figure 6.Representative micro-CT images of interleukin-α-treated (IL-) and control bovine
articular cartilage explants at days , , and . Explants were analyzed by a technique that uti-
lizes the equilibrium partitioning of an ionic contrast agent (Hexabrix) combined with micro-
CT (EPIC-μCT). Distribution of X-ray attenuation through the explants, which is inversely
related to sulfated glycosaminoglycan (sGAG) content, is represented by the color scale with
blue indicating low attenuation (high sGAG content) and red indicating high attenuation (low
sGAG content). Day- and day- IL--treated explants contain more regions of low sGAG
content than either the control explants or the day- IL--treated explants. In all images, su-
perficial zone (SZ) is at the top. (Reprinted from Palmer et al. )

examine human articular cartilage both in vitro and in vivo (Bashir et al. ;Niem-
inen et al. ; Kim et al. ; Kurkijarvi et al. ; Nieminen et al. ; Samosky
et al. ; Tiderius et al. , ; Williams et al. , ). This technique re-
lies on the equilibrium partitioning of a negatively charged paramagnetic contrast
agent within the PG-rich ECM of articular cartilage (Bashir et al. ; ). While
this approach allows for non-invasive, longitudinal monitoring of PG content, the
current in-plane resolution of clinical MRI systems (� 300μm) is not sufficient for
imaging small animal joints. Recent efforts using microscopic MRI (μMRI) improve
the imaging resolution, but these systems are costly and typically have substantially
lower out-of-plane resolutions (Faure et al. ; Watrin et al. ).

Micro-CT combined with a suitable contrast agent is an attractive alternative to
these approaches due to its ability to provide rapid, non-destructive, D quantita-
tive assessments of articular cartilage PG distribution and D morphology at high
resolutions.
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EPIC-μCT Technique for Imaging Articular Cartilage

Amicro-CT technique that relies on the Equilibrium Partitioning of an IonicContrast
agent with the cartilage ECM has been developed to monitor PG content in articular
cartilage (Palmer et al. ).The technique, EPIC-μCT, exploits the negative charge
of sGAGs within the ECM by assuming that an anionic, radiopaque solute intro-
duced into the cartilage environment will distribute in an inverse relationship with
the sGAGs. High X-ray attenuation readings (corresponding to high concentrations
of the anionic, radiopaque solute) would therefore indicate regions of sGAG deple-
tion. Hexabrix, the contrast agent used in EPIC-μCT, is a sterile, non-pyrogenic, low
osmolar, aqueous solution consisting of 39.3% (w/v) ioxaglate meglumine and 19.6%
(w/v) ioxaglate sodium. Ioxaglate, the negatively charged dissociate of Hexabrix, is
a hexa-iodinated dimer. The higher iodine content of hexa-iodinated dimers was
found to improve radiopacity without increasing osmolality when compared with
tri-iodinated monomers such as sodium diatrizoate.

In Vitro Cartilage DegradationModel

EPIC-μCT imaging of articular cartilage has been validated in an in vitro model
of cartilage degradation (Palmer et al. ). Full-thickness bovine articular carti-
lage explants were obtained from the patellar groove and femoral condyles of a –
week old calf. Cartilage degradation was induced in some explants with 20ng�ml
interleukin-α (IL-), a cytokine implicated in osteoarthritis. Following culture of
control and IL--treated explants for up to  days, specimens were placed in full-
strength Hexabrix™supplemented with protease inhibitors for  h at 37�Cwith gen-
tle agitation. After the immersion period, explants were removed, blotted to elimi-
nate excess Hexabrix™, and scanned at a voxel resolution of 21μm using a Scanco vi-
vaCT . Two full-thickness explants could be scanned in parallel in approximately
 min. For each explant, average X-ray attenuation was computed. Mean attenua-
tion values for the IL--treated explants were found to be significantly higher than
controls starting at  days, which suggested lower sGAG content within IL--treated
explants by that time point. Analysis of culture media with the dimethylmethylene
blue (DMMB) assay showed higher levels of sGAGs were released by IL--treated
explants throughout the culture period. Longitudinally sectioned images depicting
color-coded X-ray attenuation values in control and IL--treated explants are shown
in Fig. .There was no change in control explants but a progressive increase in X-ray
attenuation with time in IL--treated explants. The increase in X-ray attenuation in
IL--treated explants progressed radially inward from the outer surface, which was
consistent with patterns of PG loss in safranin-O stained sections from IL--treated
explants. A separate study was undertaken to determine the ability of EPIC-μCT
attenuation to predict sGAG content in cartilage. Explants were treated for - h
with chondroitinase ABC, an enzyme with specificity for sGAGs, to produce sam-
ples with a range of sGAG contents. These treated explants were scanned by EPIC-
μCT at a voxel resolution of 21μm, digested, and analyzed for sGAGs by the DMMB
assay. A strong, significant correlation was found between X-ray attenuation and
sGAG/water, indicating the ability of EPIC-μCT to predict sGAG content (Fig. ).
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Figure7.X-ray attenuation values are inversely related to sGAGcontent as described in this plot.
Data to define this relationship were generated fromEPIC-μCT scans of bovine articular carti-
lage explants following exposure for varying lengths of time to chondroitinaseABC.The scans
were performed on a Scanco vivaCT  at E = 45kVp, I = 133μA, and voxel size = 21μm

In-Situ Articular Cartilage Imaging

Todetermine the feasibility of utilizing EPIC-μCT to image articular cartilage surface
characteristics and thickness in situ, a rabbit femur was dissected from surrounding
soft tissue (Fig. a) and the distal end was soaked in Hexabrix at varying concen-
trations (Palmer et al. ). Initial attempts using Hexabrix at full concentration
allowed for imaging of the soft tissue surface characteristics; however, due to the sim-
ilarity in X-ray attenuation between Hexabrix and subchondral bone, segmentation
of the two materials was not possible. To lower the attenuation of contrast-enhanced
soft tissue, the femurwas immersed in /60% (v/v) Hexabrix/0.15M PBS at °C for
 h under gentle agitation. The femur was subsequently scanned at -μm voxel res-
olution (Fig. b), revealing surface features on the native femur that were not visible
without the use of Hexabrix. A histogram of X-ray attenuation for the scanned vol-
ume of interest contained two partially overlapping but distinct peaks corresponding
to soft tissues contrast-enhanced by Hexabrix and bone. Based on the histogram, the
volume of soft tissue was isolated using dual thresholds. Soft tissue thickness mea-
surements were obtained using direct transformation algorithms (Hildebrand and
Ruegsegger ). These thickness measurements were applied to the D image to
render the color-coded thickness mapping in Fig. c. Figure d shows a sectioned
view of the distal femur, containing subchondral cortical and trabecular bone (gold)
and the layer of articular cartilage lining the surface (blue). The range of thickness
values obtained using this approach was qualitatively consistent with expected values
of rabbit articular cartilage thickness. This demonstrates the potential of EPIC-μCT
for measuring cartilage thickness; however, experimental validations of EPIC-μCT
thickness measurements still need to be performed.
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Figure 8a–d.The distal end of a rabbit femur was imaged using EPIC-μCT to visualize articular
cartilage in situ. aMacroscopic digital image depicts surface structures of the articular cartilage
on the femoral condyles and patellar groove. b EPIC-μCT image at 40% Hexabrix concentra-
tion of articular cartilage surface characteristics. Note the two corresponding scalpel marks
(arrows) in a and b. c Direct transformation thickness measurements were mapped to the ar-
ticular cartilage image according to a linear color scale where blue = 0μm and red = 720μm
and thicker. dA sectioned view of the distal femur, including subchondral cortical and trabec-
ular bone in gold and articular cartilage in blue. (Reprinted from Palmer et al )

Advantages and Limitations

The previous in vitro and in situ EPIC-μCT applications exemplify the advantages of
utilizingmicro-CT imaging for contrast enhanced soft tissue analyses in small animal
models.These advantages include high-resolution imaging, non-invasiveness, quan-
titative morphological analysis, and shorter scan times compared with MRI. This
technique has great potential, particularly for assessing the degradation of articular
cartilage, which could lead to advances in the study and diagnosis of osteoarthri-
tis; however, EPIC-μCT does require more complete development and characteriza-
tion. For example, contrast-enhanced vascular analyses using micro-CT showed that
quantitative measurements were sensitive to choice of voxel resolution. Voxel size
optimization for EPIC-μCT applications presents a potential area of further devel-
opment. The application of EPIC-μCT to in vivo cartilage tissue visualization is of
major interest; however, a number of technical concerns must be addressed, includ-
ing optimizing Hexabrix delivery and limiting non-specific localization.



254 Angela S.P. Lin et al.

References

Abe M, Sata M, Nishimatsu H, Nagata D, Suzuki E, Terauchi Y, Kadawaki T, Minamino N,
Kangawa K, Matsuo H, Hirata Y, Nagai R () Adrenomedullin augments collateral
development in response to acute ischemia. Biochem Biophys Res Commun :–

Amano K, Matsubara H, Iba O, Okigaki M, Fujiyama S, Imada T, Kojima H, Nozawa Y,
Kawashima S, Yokoyama M, Iwasaka T () Enhancement of ischemia-induced angio-
genesis by eNOS overexpression. Hypertension ():–

Bashir A, Gray ML, Burstein D () Gd-DTPA- as a measure of cartilage degradation.
Magn Reson Med ():–

Bashir A, Gray ML, Boutin RD, Burstein D () Glycosaminoglycan in articular carti-
lage: in vivo assessment with delayed Gd(DTPA)(-)-enhanced MR imaging. Radiology
():–

Bashir A, Gray ML, Hartke J, Burstein D () Nondestructive imaging of human cartilage
glycosaminoglycan concentration by MRI. Magn Reson Med ():–

Bentley MD, Ortiz MC, Ritman EL, Romero JC () The use of microcomputed tomogra-
phy to study microvasculature in small rodents. Am J Physiol Regul Integr Comp Physiol
(): R-R

Bonnarens F, Einhorn TA () Production of a standard closed fracture in laboratory animal
bone. J Orthop Res ():–

Brevetti LS, Paek R, Brady SE, Hoffman JI, Sarkar R, Messina LM () Exercise-induced
hyperemia unmasks regional blood flow deficit in experimental hindlimb ischemia. J Surg
Res ():–

Brey EM, King TW, Johnston C, McIntire LV, Reece GP, Patrick CW Jr () A technique
for quantitative three-dimensional analysis of microvascular structure. Microvasc Res
():–

Couffinhal T, Silver M, Zheng LP, Kearney M,Witzenbichler B, Isner JM () Mouse model
of angiogenesis. Am J Pathol ():–

Deveci D, Egginton S () Development of the fluorescentmicrosphere technique for quan-
tifying regional blood flow in small mammals. Exp Physiol :–

Duvall CL, Taylor WR, Weiss D, Guldberg RE () Quantitative microcomputed tomog-
raphy analysis of collateral vessel development after ischemic injury. Am J Physiol Heart
Circ Physiol (): H–H

Faure P, Doan BT, Beloeil JC () In-vivo high resolution three-dimensional MRI studies of
rat joints at  T. NMR Biomed ():–

Garcia-Sanz A, Rodriguez-Barbero A, Bentley MD, Ritman EL, Romero JC () Three-
dimensional microcomputed tomography of renal vasculature in rats. Hypertension
( Pt ):–

Hildebrand T, Ruegsegger P () A new method for the model-independent assessment of
thickness in three-dimensional images. J Microsc :–

Hildebrand T, Laib A, Muller R, Dequeker J, Ruegsegger P () Direct three-dimensional
morphometric analysis of human cancellous bone: microstructural data from spine, fe-
mur, iliac crest, and calcaneus. J Bone Miner Res ():–

Holdsworth DW, Thornton MM () Micro-CT in small animal and specimen imaging.
Trends Biotechnol :S–S

Jorgensen SM,DemirkayaO, RitmanEL ()Three-dimensional imaging of vasculature and
parenchyma in intact rodent organswithX-raymicro-CT.AmJPhysiol ( Pt ):H–
H



Contrast-Enhanced Micro-CT Imaging of Soft Tissues 255

Kim YJ, Jaramillo D, Millis MB, Gray ML, Burstein D () Assessment of early osteoarthri-
tis in hip dysplasia with delayed gadolinium-enhanced magnetic resonance imaging of
cartilage. J Bone Joint Surg Am A():–

Kowallik P, Schulz R, Guth BD, Schade A, PaffhausenW, Gross R, Heusch G () Measure-
ment of regional myocardial blood flow with multiple colored microspheres. Circulation
():–

Kurkijarvi JE, Nissi MJ, Kiviranta I, Jurvelin JS, Nieminen MT () Delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC) and T characteristics of human knee articular
cartilage: topographical variation and relationships tomechanical properties.MagnReson
Med ():–

Maehara N () Experimental microcomputed tomography study of the D microangioar-
chitecture of tumors. Eur Radiol ():–

Mallat Z, Silvestre JS, Le Ricousse-Roussanne S, Lecomte-Raclet L, Corbaz A, Clergue M,
Duriez M, Barateau V, Akira S, Tedgui A, Tobelem G, Chvatchko Y, Levy BI ()
Interleukin-/interleukin- binding protein signalingmodulates ischemia-inducedneo-
vascularization in mice hindlimb. Circ Res ():–

Mow VC, Ratcliffe A () Structure and function of articular cartilage and meniscus. In:
Mow VC, Hayes WC (eds) Basic orthopaedic biomechanics. Lippincott-Raven, Philadel-
phia, pp –

NieminenMT, Rieppo J, Silvennoinen J, Toyras J, Hakumaki JM,HyttinenMM,HelminenHJ,
Jurvelin JS () Spatial assessment of articular cartilage proteoglycans with Gd-DTPA-
enhanced T imaging. Magn Reson Med ():–

Nieminen MT, Menezes NM, Williams A, Burstein D () T of articular cartilage in the
presence of Gd-DTPA. Magn Reson Med ():–

Odgaard A, GundersenHJ () Quantification of connectivity in cancellous bone, with spe-
cial emphasis on -D reconstructions. Bone :–

OrtizMC, Garcia-SanzA, BentleyMD, Fortepiani LA,Garcia-Estan J, Ritman EL, Romero JC,
Juncos LA ()Microcomputed tomography of kidneys following chronic bile duct lig-
ation. Kidney Int ():–

Palmer AW,Guldberg RE, LevenstonME ()Analysis of cartilage matrix fixed charge den-
sity and three-dimensional morphology via contrast-enhancedmicrocomputed tomogra-
phy. Proc Natl Acad Sci USA ():–

Prinzen FW,Glenny RW () Developments in non-radioactivemicrosphere techniques for
blood flow measurement. Cardiovasc Res ():–

Rai B, Oest ME, Dupont KM, Ho KH, Teoh SH, Guldberg RE () Quantitative micro-
computed tomography analysis of angiogenesis and osteogenesis in platelet-rich plasma
loaded three-dimensional polycaprolactone-tricalcium phosphate composites implanted
in rat nonunion femoral defects. Tissue Engineering Society International Conference and
Exposition, Shanghai, China

Rodriguez-Porcel M, Lerman A, Ritman EL, Wilson SH, Best PJ, Lerman LO () Altered
myocardial microvascular D architecture in experimental hypercholesterolemia. Circu-
lation ():–

Samosky JT, Burstein D, Eric Grimson W, Howe R, Martin S, Gray ML () Spatially-
localized correlation of dGEMRIC-measured GAG distribution and mechanical stiffness
in the human tibial plateau. J Orthop Res ():–

Scholz D, Ziegelhoeffer T, Helisch A, Wagner S, Friedrich C, Podzuweit T, Schaper W ()
Contribution of arteriogenesis and angiogenesis to postocclusive hindlimb perfusion in
mice. J Mol Cell Cardiol ():–



256 Angela S.P. Lin et al.

Silvestre JS, Tamarat R, Senbonmatsu T, Icchiki T, Ebrahimian T, Iglarz M, Besnard S,
Duriez M, Inagami T, Levy BI () Antiangiogenic effect of angiotensin II type  re-
ceptor in ischemia-induced angiogenesis in mice hindlimb. Circ Res ():–

Silvestre JS, Tamarat R, Ebrahimian TG, Le-Roux A, Clergue M, Emmanuel F, Duriez M,
Schwartz B, Branellec D, Levy BI () Vascular endothelial growth factor-B promotes
in vivo angiogenesis. Circ Res ():–

SimopoulousDN,Gibbons SJ,Malysz J, Szurszewski JH, FarrugiaG, RitmanEL,MorelandRB,
Nehra A () Corporeal structural and vascular micro architecture with X-ray micro
computerized tomography in normal and diabetic rabbits: histopathological correlation.
J Urol :–

Tiderius CJ, Olsson LE, de Verdier H, Leander P, Ekberg O, Dahlberg L () Gd-DTPA-
enhanced MRI of femoral knee cartilage: a dose-response study in healthy volunteers.
Magn Reson Med ():–

Tiderius CJ, Olsson LE, Leander P, Ekberg O, Dahlberg L () Delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC) in early knee osteoarthritis. Magn Reson Med
():–

Van Oosterhout MF, Willigers HM, Reneman RS, Prinzen FW () Fluorescent micro-
spheres to measure organ perfusion: validation of a simplified sample processing tech-
nique. Am J Physiol ( Pt ): H–H

WatrinA, Ruaud JP, Olivier PT, GuingampNC,Gonord PD,Netter PA, BlumAG,Guillot GM,
Gillet PM, Loeuille DH () T mapping of rat patellar cartilage. Radiology ():–


Williams A, Gillis A, McKenzie C, Po B, Sharma L, Micheli L, McKeon B, Burstein D
()Glycosaminoglycan distribution in cartilage as determined by delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC): potential clinical applications. Am J Roentgenol
():–

Williams A, Sharma L, McKenzie CA, Prasad PV, Burstein D () Delayed gadolinium-
enhanced magnetic resonance imaging of cartilage in knee osteoarthritis: findings at dif-
ferent radiographic stages of disease and relationship to malalignment. Arthritis Rheum
():–

Wilson SH, Herrmann J, Lerman LO, Holmes DR Jr, Napoli C, Ritman EL, Lerman A ()
Simvastatin preserves the structure of coronary adventitial vasa vasorum in experimental
hypercholesterolemia independent of lipid lowering. Circulation ():–



I-4

Advances in Scaffold Biomaterial Research and Applications



Materials Selection and Scaffold Fabrication
for Tissue Engineering in Orthopaedics

Min Wang

Department of Mechanical Engineering, Faculty of Engineering, The University of Hong
Kong, Pokfulam Road, Hong Kong, China
e-mail: memwang@hku.hk

Abstract

Tissue engineering of bone, articular cartilage, etc., in the orthopaedic field has been
one of the main focuses of research ever since the discipline of tissue engineering
emerged nearly  years ago, and yet great efforts are still needed to develop clini-
cally usable tissue-engineered bone or cartilage for the general public. In this chapter,
with our own experience in research on bone tissue engineering, candidate materi-
als, scaffold fabrication technologies and strategies for developing bone tissue engi-
neering scaffolds are reviewed and some important influencing factors are analyzed.
Polymer-based biodegradable composite scaffolds appear to have great potential in
bone tissue engineering.The successful scaffold fabrication technologieswill be those
that can produce good-quality scaffolds which are also of consistent quality. The ca-
pability of the technology to produce scaffolds in relatively large quantities at a rea-
sonable cost is another important consideration. The selection of scaffold material(s)
and scaffold production technology must be considered together when one embarks
on developing tissue engineering scaffolds.

Introduction

Tissue engineering (TE), since the definition and use of the term appeared in open
literature in  (Skalak and Fox ), has attracted great attention in science, en-
gineering, medicine and the society (Arnst and Carey ; Griffith and Naughton
; Langer and Vacanti ; Lysaght and Hazlehurst ; Mooney and Mikos
). The societal issues arising from TE, such as the use of embryonic stem cells
from aborted fetus, should never be underestimated (Lloyd-Evans ; McIntire
;Williams ). But these issues are beyond the scope of this chapter and hence
not discussed in the chapter. As a new and multidisciplinary endeavor, TE holds the
promises of (a) eliminating re-operations by using biological substitutes, (b) using bi-
ological substitutes to solve problems of implant rejection, transmission of diseases
associated with xenografts and shortage in organ donations, (c) providing long-term
solutions in tissue repair or treatment of diseases, and (d) potentially offering treat-
ments formedical conditions that are currently untreatable such as fulminant hepatic
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failure. It has made rapid advances over the past two decades (McIntire ; Skalak
and Fox ) due to more knowledge being gained in biology and clinical sciences,
the advancement in physical sciences and technology, and more willingness for col-
laboration and actual deeper collaboration among clinicians, engineers and scien-
tists. The government support in terms of research funding in this field in industrial-
ized as well as developing countries has also played a crucial role. In essence, TE uses
living cells, together with extracellular components, to form implantable devices for
the regeneration of tissues in damaged or diseased parts of the human body. Living
cells are anchorage dependent and will die if they are not provided with a suitable ad-
hesion substrate. Synthetic scaffolds are designed to provide a structural framework
as well as a microenvironment for the selected cells and to facilitate the formation of
new tissues. It has been generally agreed in the TE community that one of the key is-
sues in TE is the development of suitable biodegradable scaffolds (Lanza et al. ).
Different application situations require scaffolds of different characteristics.

Researchers around the world are exploring possibilities of applying the TE con-
cept in orthopaedics, dentistry, artificial organs, etc., to treat patients where TE ap-
proaches have significant advantages over conventional medical treatments. For TE
in orthopaedics, research for the regeneration of bone, articular cartilage, tendon
and ligaments, and muscles are being conducted. As the mechanical and biological
requirements for these tissues are different (Fung ; Lindsay ), the approaches
to their respective regeneration are thus different.

This chapter focuses on scaffold materials and scaffold manufacture for bone TE,
with an additional, small coverage on hydrogel tubes for nerve tissue regeneration.
Since , “tissue engineering” has been given various definitions (Langer and Va-
canti ; Lanza et al. ; McIntire ; Nerem ; Patrick et al. ; Skalak
and Fox ). This chapter uses the term “tissue engineering” in its broadest sense,
also extending it slightly to cover the broader area of tissue repair.

Current Strategies for Tissue Engineering Scaffolds

Currently, there are a number of strategies for TE scaffolds. Biomaterials experience
with biodegradable polymers in the pre-TE decades, i.e. the time before the U.S. Na-
tional Science Foundation’s panel meeting on tissue engineering in  (Skalak and
Fox ), has heavily guided researchers towards usingmedical-profession-accepted
and the U.S. Food and Drug Administration (FDA)-approved biopolymers such as
poly(lactic acid) (PLA) and poly(lactic acid-co-glycolic acid) (PLGA) for construct-
ing TE scaffolds. Themedical device industry and the medical profession had gained
sufficient knowledge of these biodegradable materials and using them for TE scaf-
folds, rather than developing newer and more appropriate materials for such pur-
poses, as was perceived, could shorten the time to get tissue-engineered medical
products (TEMPs) from concept/a research laboratory to the general public. Indeed,
there has been an abundance of literature on scaffolds made of these polymers (Lanza
et al. ; McIntire ).

For all porous structures, their strengths decrease drastically with an increase in
porosity (Gibson and Ashby ). Tissue engineering requires highly porous struc-
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tures, with the ideal porosity being up to 97%. The inherent weakness of polymeric
scaffolds, due to both lowmechanical properties of bulk polymers and high porosity
levels of the scaffolds, has led to the exploration of using porous metals or ceramics
as substrates for bioactive scaffolds (Fujibayashi et al. ; Jiang and Shi ). Met-
als and ceramics possess higher strength and stiffness than polymers, and metals are
also ductile. Porous bioinert ceramics, such as alumina, can be coated with hydrox-
yapatite (HA), which is a ceramic material and is osteoconductive (Wang ), and
thus have the potential for bone tissue repair. An apatite coating can also be deposited
on titanium, which is a corrosion-resistant and biocompatible metal that has been
widely used for implants, through biomimetic processes (Kokubo et al. ). Porous
titanium coated with a thin layer of apatite can be another useful system for bone
tissue repair. Making a metal foam (“metal foam” is interchangeable with “metallic
scaffold” and “porous metal” in this chapter), as opposed to a polymer foam, boosts
strength and stiffness, while, in comparison with a porous ceramic, important ad-
vantages are expected in terms of toughness and formability. Using non-degradable
metallic or ceramic materials for TE scaffolds may contradict the common notion of
TE; it nonetheless provides potentially new means for tissue regeneration and thus
should be considered as part of the overall TE effort.

The past three decades have witnessed the tremendous progress that was made
on bioceramics (the term “bioceramics” used in this chapter encompasses ceramics,
glasses and glass-ceramics that are/can be used inside human bodies for prosthetic,
diagnostic or therapeutic applications).There is now a comprehensive understanding
of structures and properties of bioactive bioceramics, such as HA, tricalcium phos-
phate (TCP) and Bioglass® (Wang ), and these materials have been successfully
used in various forms in orthopaedics and dentistry. This group of biomedical mate-
rials, viz., bioactive (and for some of them, biodegradable as well) bioceramics, has
actually been underestimated for their potential in TE, as polymeric scaffolds have
all along been preferred by “tissue engineers”. Nevertheless, porous bioactive bioce-
ramic structures have been made and studied for potential TE applications (Callcut
and Knowles ; Pereira et al. ; Yang and Wang ).

The concept of using analogous materials for bone tissue substitution was intro-
duced more than two decades ago (Bonfield et al. ). These bone analogues are
synthetic composites based on polymer matrices since bone is a natural composite
material that consists of nano-sized apatite and collagen (Wang ). Some of these
bioactive ceramic-polymer composites are now in clinical use. Using the same ratio-
nale of imparting bioactivity (i.e. osteoconductivity, as implied in this chapter) on
polymer substrates through the composite strategy with the use of secondary phase
of bioactive (i.e. osteoconductive) bioceramics, polymeric TE scaffolds can be made
bioactive and also strengthened with the help of bioactive bioceramics. There are
two approaches for making bioceramic-polymer composite scaffolds: (a) incorpo-
rating bioceramic particles in the scaffold, rending the composite scaffold bioactive
(Wang et al. ); or (b) coating the polymer scaffold with a thin layer of apatite
through biomimetic processes (Chen et al. a), with the apatite layer thus formed
stiffening the original polymer scaffold and making the scaffold bioactive.
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The polymers used for these scaffolds, natural or synthetic, have almost always
been biodegradable biopolymers.

The strategies outlined above have been adopted by various research groups in
different countries, and some of the scaffolds thus developed show promises for bone
TE. Provided with more knowledge on properties of currently developed scaffolds
and with further understanding of specific cell-scaffold interactions, there certainly
will be development of new strategies in TE scaffolds.

Candidate Materials for Tissue Engineering Scaffolds

The judicious selection of materials for TE scaffolds obviously should be considered
together with the type of scaffolds that will be used, which in turnmust be considered
in a wider context of the regeneration of a specific tissue in vitro and in vivo.

Biomedical Polymers

Biodegradable Polymers
Traditionally, polyesters such as PLA and PLGA are materials of choice for TE (not
only the TE of bone, cartilage, etc., but also the TE of skin, heart valve and other
tissues). The degradation rate of these polymers is affected by the average molecular
weight of the polymer (Li ); therefore, scaffolds made of PLA or PLGA of differ-
ent average molecular weights have been studied. Furthermore, other factors, such as
crystallinity of the polymer, can also affect the degradation rate (Iannace et al. ).
Another important consideration is the effect of porosity level on degradation rate
of scaffolds (Sultana and Wang ), as porous structures have larger surface areas
than non-porous bulk polymers, which accelerates the degradation. The emphasis on
achieving high interconnectivity of pores in tissue engineering scaffolds further pro-
motes scaffold degradation. Other synthetic polymers, such as poly(ε-caprolactone)
(PCL) and poly(propylene fumarate) (PPF), have also been investigated for making
TE scaffolds (Hutmacher ; Lanza et al. ). Biodegradable polymers devel-
oped for controlled drug release purposes, e.g., some poly(ortho esters) (Leong et al.
), may also be considered for constructing TE scaffolds.

Natural polymers, including collagen (which is a main component of body tis-
sues), chitosan (which is derived from chitin which occurs mainly in crustacea, mol-
luscs and insects where it is an important constituent of the exoskeleton) and polyhy-
droxybutyrate (PHB, which is made by many microorganisms under the conditions
of nitrogen deficiency), are also potential materials for TE scaffolds. They may have
the advantage over synthetic biodegradable polymers as their degradation products
are part of the body or body fluids (Kohn et al. ; Yannas ).

“Biostable” Polymers
Polymers have beenwidely used inmedicine for several decades nowdue to a number
of reasons. Their main advantages include ease of fabrication into desired shapes as
compared withmetals and ceramics and also low cost. Biocompatible polymers, such
as polyethylene (PE), polypropylene (PP), polyurethane (PU), polytetrafluoroethy-
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lene (PTFE), poly(vinyl chloride) (PVC), polyamides (PA), poly(methyl methacry-
late) (PMMA), polyacetal, polycarbonate (PC), poly(ethylene terephthalate) (PET),
polyetheretherketone (PEEK) and polysulfone (PSU), when used in general engi-
neering applications, are considered “stable” in comparison with some biodegradable
(i.e. “environmentally degradable”, to be precise, in the outdoor environment rather
than in the human body environment) polymers for general use such as starch poly-
mers and cellulose, and hence they have also been labeled as “biostable” as compared
with biodegradable (i.e. degradable in the human body environment) polymers such
as PLA and PLGA; however, the human body environment is very hostile to foreign
materials, and any polymer, whether it is termed “biodegradable” or “biostable” by the
general engineering profession, will degrade in the body over a short period or over
several years after implantation.The current practice of using accepted biodegradable
polymers for tissue engineering scaffolds probably can and should be extended to in-
clude the use of “biostable” polymers, such as Kevlar, which has been used in the fi-
brous form for tendon and ligament repair.The use of “biostable” polymers in TE can
be viewed as (a) a natural inclusion of degradable materials, which have much longer
degradation time as compared with existing, accepted biodegradable polymers, but
eventually will degrade in the human body, for their utilization in tissue regeneration;
or (b) employing a new category of materials, as in the case of using porous metals
(stable or non-stable in the body), which is discussed later in this chapter, for bone
tissue repair.

Hydrogels
Polymeric hydrogels are cross-linked macromolecular networks formed by hydro-
philic polymers swollen in water or biological fluids. They offer unique properties
that could be used for drug delivery and/or TE (Li ). There are chemical hydro-
gels and physical hydrogels, depending on the bonding type of the cross-links. Poly-
mer networks of chemical hydrogels are formed by chemical cross-linking through
covalent bonding, and hence chemical hydrogels are also called permanent hydro-
gels. Physical gels are continuous, disordered and three-dimensional hydrophilic
polymer networks formed by cohesion forces capable of constituting non-covalent
cross-links.These cohesion forces include ionic bonding, hydrogen bonding, van der
Waals forces, etc. As physical gels are not covalently cross-linked, the formation of
the physical cross-links is largely dependent on parameters such as local temperature,
pH, salt type, ionic strength, etc.This characteristic makes it possible to utilize phys-
ical hydrogels for tissue engineering. Hydrogels, as water-swollen polymers, can be
used as scaffolds (in this situation, for encapsulating cells) and provide an ideal mi-
croenvironment for cells which have been distributed in the hydrogels before their
injection into the defect sites (ideally, to treat irregularly shaped defects). Hydro-
gels of both natural polymers, such as collagen (Yang et al. ), alginate (Hey-
wood et al. ) and chitosan (Mwale et al. ), and synthetic polymers such as
poly(N-isopropylacrylamide) (Stile et al. ), have been investigated for TE pur-
poses.
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Bioceramics

Biodegradable Bioceramics
Over the years, HA, TCP and biphasic calcium phosphates (BCP, which contains HA
and TCP in different proportions) have been made in the porous form and used as
implants in orthopaedics. HA is normally considered to be non-biodegradable as the
dissolution rate of non-porous implants of stoichiometric HA is very low in the body
environment (Wang ), whereas TCP and BCP are biodegradable. The degrada-
tion rate of BCP can be controlled by the HA:TCP ratio (Bagot D’Arc and Daculsi
). Histological analysis of porous HA, TCP or BCP implants showed bone ap-
position in the porous structures (Hing et al. ; Bagot D’Arc and Daculsi ).
As there is now a comprehensive understanding of the calcium phosphate family, of
which HA and TCP are prominent members, producing scaffolds of HA or TCP ap-
pears to be appealing to a number of research groups which have for a few years now
conducted research into these scaffolds for bone TE.

Biological apatites constitute the mineral phase of calcified tissues such as bone,
dentin and enamel in the body, and also some pathological calcifications. They are
similar to synthetic HA, but they differ from HA in composition, stoichiometry,
and physical and mechanical properties (LeGeros and LeGeros ). Biological ap-
atites are usually calcium-deficient as a result of various substitutions in regular HA
lattice points. Among the variety of HA-based bioceramics, carbonated hydroxya-
patite (CHA) is a promising material for bone TE as it is bioresorbable and also
more bioactive in vivo than stoichiometric HA. HA synthesized in the normal en-
vironment is CHA. There are two types of carbonate (CO2−

3 ) substitution: the car-
bonate ions can substitute for both the hydroxyl (A-type CHA) and phosphate (B-
type CHA) groups in the HA structure. Through theoretical calculations, it has been
shown that B-type or PO3−

4 substitution is energetically preferred to A-type or OH−
substitution (Astala and Stott ), which explains why most CHA synthesized is
B-type substituted HA. Recently, through a nanoemulsion process, nanospheres of
B-type CHA were synthesized (Zhou et al. ). These CHA nanospheres (Fig. )
can be either utilized on their own to form bone TE scaffolds or incorporated into
biodegradable polymers to form osteoconductive composite scaffolds (Zhou et al.
).

Bioactive Glasses
Bioglass® is the first and also themost well-known bioactive glass that has been devel-
oped specifically for human body tissue repair. Since its invention in , Bioglass®
has been extensively researched (Hench ). It has been traditionally used in the
non-porous form for orthopaedic and dental implants (Wang ). Bioglass® of dif-
ferent compositions dissolves at different rates after implantation in the body and
Bioglass® S is the most bioactive material which can bond not only to bone but
also to soft tissues. Recently, efforts have been made to form porous Bioglass® struc-
tures for TE applications (Pereira et al. ). This new exploration can give a new
life to Bioglass®, which has commanded a very prominent position in the bioceramics
field.
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Figure 1a,b.Carbonated hydrox-
yapatite (CHA) nanospheres syn-
thesized through a nanoemul-
sion process. a Freeze-dried
powder. b A transmission elec-
tron microscopy image and SAD
pattern (inset) of the CHA
powder

A series of studies have found that another bioactive glass, Biogran®, can be useful
in the particulate form for bone TE (Huygh et al. ). After  months of implan-
tation, the glass granules became excavated. After  months of implantation, bone
formation in the excavated lumen was observed.

Investigations have been made to make new bioactive glasses for tissue repair.
Fibres have been produced from some of these glasses, which in turn could be used to
form three-dimensional glass fibre constructs (Shah et al. ).The glass fibres were
shown to support the proliferation and differentiation of human masseter muscle-
derived cells.
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Bioinert Bioceramics
Bioceramics such as alumina (Al2O3) and toughened zirconia ceramics (ZrO2) are
biocompatible and also very stable in the human body environment, and hence they
are currently used formainly hard tissue repair in the non-porous form. Even though
toughened zirconia ceramics possess higher fracture toughness than alumina (frac-
ture toughness is a very important property for brittle materials such as ceramics),
there are still a few problems for the application of zirconia ceramics in the or-
thopaedic field (Wang ); therefore, among bioinert bioceramics, only alumina
has been used so far in the porous form as the substrate of HA coatings (Jiang and
Shi ). Like the current use of non-porous alumina for the femoral head of hip
prostheses, porous alumina for bone tissue repair should be of the medical grade, i.e.
the alumina must have high purity (� 99.5%) and high density (� 3.90g�cm3) and be
fine-grained (< 7μm in grain size) (Wang ).The compressive strength and frac-
ture toughness of this grade of alumina in the non-porous form are expected to be� 4500MPa and 5 � 6MPa ċm1�2, respectively. But for porous alumina, the strength
is expected to be much lower, as the strength of a porous structure decreases expo-
nentially with the level of porosity (Gibson and Ashby ; Yang and Wang ).
Thepore size of porous alumina should be between  and 400μm, just aswhat is re-
quired for tissue engineering scaffolds made of polymers. The HA or other bioactive
coatings formed on the pore surfaces of alumina substrates should not be too thick
to reduce the average pore size significantly, nor should they block the channels be-
tween pores. The interconnectivity of pores of porous ceramics structures must be
retained after the coating process.

Implantable Metals

Titanium and Alloys

Current orthopaedic metals, such as stainless steel and Co-Cr alloys, and the emerg-
ingTi-Ni shapememory alloys (SMA), containNiwhose ions can be released into the
surrounding tissue after implantation and thus cause adverse biological effects.These
metallic materials are not suitable as porous metal substrates for apatite coatings be-
cause the thin apatite layer cannot stop the release of Ni ions from themetal substrate
into the surrounding tissue in the long term. (These metals have served well in the
past as implant materials. Unless surface modifications of these metals can inhibit Ni
ion release from the substrate, whether it is in the non-porous or porous form, in the
long term, these metals should be eliminated from being used inside human bodies.)
Ti and its alloys have emerged strongly as metallic biomaterials for implants that re-
quire strength, toughness and suitable stiffness (Helsen and Breme ). Compared
with other metals currently used for implants, Ti is light (density of 4.5 vs 7.9g�cm3

for L stainless steel and 9.2g�cm3 for wrought Co-Ni-Cr-Mo alloy) and possesses
goodmechanical strength (which ismuch higher than those of biomedical polymers)
and a closer-to-bone elasticmodulus (� 110 vs 190GPa for stainless steel and 210GPa
for Co-Cr alloys, whereas the modulus of human cortical bone is 7 � 30GPa.), and it
does not have the problem of release of heavy metal ions. Furthermore, Ti is known
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to have the special property of “osseointegration” (Branemark et al. ), which has
been successfully utilized in dentistry and also for cementless hip prostheses. Ti and
its alloy Ti-Al-V therefore appear to be thematerials of choice for formingmetallic
foams on which apatite is deposited. Compared with porous alumina, porous Ti has
the advantage of being much tougher and much less fragile.

Magnesium and Alloys
Magnesium ion is the fourth most abundant cation in cellular organisms. The rela-
tively high natural abundance of Mg and its many favourable physical and chemical
properties have resulted in the assimilation of Mg2+ for many vital biological func-
tions (Cowan ). Magnesium plays a very important role within the cell and af-
fects many biological functions within the body. Yet Mg has been underestimated as
a biomaterial due to several reasons. The main weakness of Mg, i.e. having poor cor-
rosion resistance in the context of general engineering applications (Song ),may
be turned into an advantage for Mg in the TE field, as scaffolds are normally desired
to be degradable and the human body environment is very corrosive.

TheMg ions frommodified bioceramic substrata (Al2O3−Mg2+) were shown to
have effects on human bone-derived cell (HBDC) adhesion, integrin expression and
activation of intracellular signaling molecules (Zreiqat et al. ). It was demon-
strated that adhesion of HBDC to Al2O3-Mg2+ was increased compared with that
on the Mg2+-free Al2O3. The HBDC grown on the Mg2+-modified bioceramic ex-
pressed significantly enhanced levels of β-, αβ- and αβ-integrins receptors com-
pared with those grown on the unmodified Al2O3. Mg2+ supplementation of bioce-
ramic substrata appeared to be able to improve integration of bioceramic implants
to local tissues. Because of the importance of Mg in bone growth, HA with Mg sub-
stitutions was synthesized and studied (Kim et al. ). In a recent investigation of
the biocompatibility of Mg, it was found that Mg had no inhibitory effects on mar-
row cell growth and that there were no signs of cellular lysis (Li et al. ); however,
alkali- and heat treatment improved the corrosion resistance of Mg, which may not
be conducive to the TE applications of this metal.

Composites

Biopolymer-Based Composites
As stated previously, on the basis of mimicking the structure and matching mechan-
ical properties of bone, non-porous bioactive ceramic-polymer composites can be
made and used to replace diseased or damaged bone. These materials are synthetic
composites and are fabricated through anumber of techniques (Wang ).Thenat-
ural extension of the biomimicking concept to the production of bioactive polymer-
based composite scaffolds has led to extensive research in this area in recent years.The
main purpose for composite scaffolds to contain bioactive bioceramics is the utiliza-
tion of osteoconductivity of these bioceramics (Weng et al. ).There could be an
additional effect of strengthening and stiffening of the scaffolds due to the presence of
bioceramics (Wang andNi ; Chen et al. a). A number of composite scaffolds
have been investigated for bone TE, which include HA/PLGA (Devin et al. ),
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Figure 2. Formation of bone-like
apatite on a Ca–P/PLLA compos-
ite scaffold during immersion in
a simulated body fluid

TCP/PPF (Peter et al. ), HA/PLLA (Zhang andMa ), HA/collagen (Du et al.
), HA/PCL (Zein et al. ), calcium phosphate/chitosan (Zhang and Zhang
), calcium phosphate/PLLA (Weng et al. ), and Bioglass®/PLLA (Roether
et al. ). Bioceramic particles incorporated in the polymer scaffolds have been
shown to render the scaffolds bioactive (Fig. ). As can be seen from the aforemen-
tioned composite scaffolds, thematrices of these scaffolds are dominantly biodegrad-
able polymers. There are signs, through, that a few researchers are considering using
somebiocompatible and “biostable” polymers, especially in the fibrous formandwith
apatite coatings, for TE applications.

The selection of constituents for the composite forming the scaffold is very im-
portant, as this leads directly to the success or failure of a TE strategy. Several factors
must be considered, which come from potential constituents of the composite and
also from the scaffold fabrication technology, as the issues involved cannot be sepa-
rated simply into two sides:

. Composite
a. Polymer matrix: its mer unit, average molecular weight, etc., which affect the

physical, mechanical and degradation properties of the scaffolds
b. Bioceramic phase: its level of bioactivity, particle size, particle shape, etc.
c. Interactions between the polymer matrix and the bioceramic phase during

scaffold production and also in the as-produced state
d. Interactions between the polymer matrix and the bioceramic phase during

biodegradation in the in vitro and/or in vivo environment
e. Cell and tissue reactions to respective constituents of the composite and also

the composite as a whole at the initial non-degradation stage and during the
subsequent biodegradation process (in the process, the degradation prod-
uct(s) is/are an important factor)

f. Material cost: whether the constituting materials are at an affordable cost
. Scaffold production

a. The manufacture technology/route: whether it is a simple and easy process,
or a complicated and time-consuming process
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b. Themanufacture technology/route: whether it is a laboratory-scale-only pro-
cess or an industrial process, and whether the laboratory-scale production
can be upscalable and up-scaled relatively easily

c. The fabrication technique: whether it can produce scaffolds of good quality
and of consistent quality

d. The fabrication technique: whether it requires expensive equipment or the
production is a costly process

. Consideration of economy: whether the scaffold is made fully justifying the cost
incurred, as assessed by the benefit/cost ratio and also in comparison with the
cost of current treatmentmethod of the disease/trauma (this point can be applied
to all TE scaffolds)

Under many circumstances, the decision to use a particular polymer with a par-
ticular bioceramic to form a composite scaffold has already led to the decision as to
which scaffold production technique is to be used.

Bioceramic-Based Composites
Even in the non-porous form, bioactive calcium phosphates, such as HA and TCP,
are weak and fragile (Wang ). Pores in these ceramics make them even weaker.
With high porosity (�50%), the strength of sintered HA is very low (Yang and Wang
). An effective way to strengthen and toughen HA is to add a small amount of
biocompatible or both biocompatible and bioactive glass to HA, which can signifi-
cantly increase the strength and toughness of the sintered product (Wang and Yong
). Glass-toughened bioactive bioceramic scaffolds can be considered as compos-
ite scaffolds (with glass being the secondary constituent, albeit in a small quantity)
and have been produced and investigated (Callcut and Knowles ). Glass tough-
ening provides a means to improve the mechanical properties of HA scaffold while
maintaining the osteoconductivity of the porous structure.

Scaffold Fabrication

Depending on the material or materials (polymer, metal, ceramic or composite) to
be used for a TE scaffold, scaffold fabrication techniques differ greatly.

Conventional Technologies

These technologies are “conventional” as they have been used commonly in chemical
engineering, ceramic engineering, metal production and forming, composite tech-
nology and other fields for purposes other than biomedical applications or for pro-
ducing porous structures that are not intended for the biomedical industry. Tissue
engineering uses these technologies to produce various scaffolds for the regenera-
tion of tissues or organs.



270 Min Wang

Technologies for Polymeric Scaffolds
As stated previously, due to historical reasons and also quite a number of other fac-
tors, making biodegradable polymer scaffolds together with their characterization
and evaluation was the earliest and has been the main focus in TE scaffold studies
worldwide since TE was started in the s; therefore, the technologies for produc-
ing biodegradable polymer scaffolds have been well documented (Atala and Lanza
; Hollander and Hatton ; Lanza et al. ).These technologies include, but
are not limited to, fibre bonding, compression/injection moulding and particulate-
leaching, solvent casting and particulate leaching, and phase separation/freeze dry-
ing. The two techniques, viz., solvent casting and particulate leaching, and phase
separation/freeze-drying, appear to be popular among researchers, as they can be
used to produce highly porous structures with interconnecting pores; however, the
polymer scaffolds produced have been based mainly on PLA- and PLGA-type poly-
mers. In a recent study, it was shown that through an emulsion freeze-drying process,
scaffolds based on PHB and polyhydroxybutyrate-co-valerate (PHBV) natural poly-
mers could be produced (Sultana andWang ). Also, using this technique, highly
porous structure with controlled pore morphologies could be achieved (Fig. ). The
mechanical behaviour of such PHB and PHBV scaffolds, as illustrated in Fig. , is
the same as those of highly porous structures (polymer or metal foams). It is cer-
tain that using the aforementioned techniques, which are commonly employed in
chemical engineering, to produce polymer scaffolds, factors such as polymer solu-
tion concentration, porogen type and size, freeze-drying parameters, etc., play very
important roles in forming the scaffolds of desired porous structures (pore geometry,
pore size and size distribution, pore interconnectivity, thickness of pore walls, etc.)
and hence mechanical performance (Weng et al. ; Weng and Wang a; Sul-
tana and Wang ). Figure  shows the effect of solution concentration of chitin
polymer during the solvent-casting process on the pore morphology and thickness
of pore walls of chitin scaffolds produced.

Carefully modifying themanufacture procedures used for pure polymer scaffolds
(Wang ), polymeric composite scaffolds containing bioactive ceramic particles,

Figure 3. A PHBV scaffold pro-
duced through an emulsion
freeze-drying process
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Figure 4.Compressive behaviour of a PHBV scaffold produced through the emulsion freeze-
drying process

Figure 5a–d.Chitin scaffolds formed from chitin polymer solutions of different concentrations:
a,b 0.5% (w/w) chitin solution; c,d 1.5% (w/w) chitin solution

such as microspheres of HA (Weng et al. ) or nanospheres of CHA (Sultana and
Wang ), could be produced; however, there is certainly a limit for the amount of
particulate bioceramics to be incorporated in composite scaffolds.
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Figure 6. Porous HA made via
a modified slip-casting process

Technologies for Bioceramic Scaffolds
There are a variety of methods that can be used to form porous objects of bioac-
tive bioceramics such as HA and TCP; they include deproteinization and sinter-
ing of animal bones, hydrothermal conversion of corals, solid reaction route, foam-
ing, sintering of microspheres, etc. (Wang ). Coating a polymeric sponge with
bioceramic particles in slurry with subsequent burn-off of the sponge can result in
a porous bioceramic structure (Fabbri et al. ). Using polymer granules as poro-
gens in greenbodies, using gas (hydrogen peroxide) foaming, and using a modified
slip-casting technique has appeared to work well in producing porous HA or TCP
(Wang and Wang ; Yang and Wang ). Figure  shows a sintered porous HA
made through the modified slip-casting process. When tested in the biaxial flexu-
ral deformation mode, porous HA discs still exhibited a brittle fracture behaviour
(Fig. a), and it is evident that a high porosity level rendered porous HA very weak
(Fig. b).

Recent investigations into forming porous Bioglass® (Pereira et al. ) and
other bioactive glasses for TE applications undoubtedly provide new impetus into
the further development of bioceramics.Themanufacture of bioactive calcium phos-
phate or glass fibres is another notable new development of bioceramics with regard
to their use in TE (Shah et al. ).

Another direction inmaking bioactive porous ceramics for tissue repair is to coat
bioinert ceramics, such as alumina, with a thin layer of bioactive bioceramics (dis-
cussed later). The manufacture of porous technical ceramics, such as alumina, is be-
yond the scope of this chapter. Information on general ceramic processing can be
found elsewhere (Rahaman ; Rice ).

Technologies for Metallic Foams
There are a number of techniques to make metallic foams (Ashby et al. ; Degis-
cher and Kriszt ), including foaming, powder metallurgy, and positive replica
processing. These techniques have been used to mainly produce porous Ti and Mg
for possible hard tissue repair.

A “polymer sponge replication” procedure was used to make highly porous and
strong Ti-Al-V (Li et al. ). In this process, a polymeric sponge, impregnated
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Figure 7a,b.Mechanical
testing results of porous
HA. a A typical load-
displacement curve of
porous HA tested un-
der the biaxial flexural
deformation mode. b In-
fluence of porosity on
biaxial flexural strength
of HA

with a Ti–Al–V slurry prepared from Ti–Al–V powders and binders, was firstly
subjected to drying pyrolyzing to remove the polymeric sponge and binders. After
sintering at a high temperature and under high vacuum, a porous Ti–Al–V was
produced. It was found that the porous Ti–Al–V made had a three-dimensional
porous structure with interconnected pores ranging from  to 700μm and a total
porosity of � 90%. Its mechanical properties (compressive strength and modulus
of elasticity) were similar to those of cancellous bone and hence it appeared to be
a suitable material and structure for bone tissue repair. In a recent investigation, the
plasma spraying technology was used to make porous Ti structures on solid Ti posts
(Wu and Wang, in press). In this study, commercially pure Ti powders (feedstock
particle size: 40μm) were plasma sprayed onto Ti rods (Φ10mm) using controlled
spray parameters so as to form a porous structure rather than a compact coating on
the Ti rods (Fig. ). A medium level of porosity and a controlled pore size could be
achieved through this process.

Efforts have also been made to produce porous Mg for bone substitution. Two
methods, viz., a “replica-casting” process (Wen et al. ) and a powder metallurgy
technique (Wen et al. ), have been used, respectively, to fabricate porousMg and
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Figure 8.Porous Ti structure pro-
duced by plasma spraying of fine
Ti powders

its alloy. An open-cell structure of Mg alloy was made through the replica-casting
process and its mechanical behaviour under compression was similar to those of
other cellular metals. In the powder metallurgy route, the porous morphology, pore
size, and porosity of Mg could be controlled via the appropriate choices of spac-
ers. The Mg foams also exhibited an open-cell structure and the pores were in the
range of 200–500μm, which were intended to simulate the cancellous bone struc-
ture. The Mg foams could have a compressive strength of 2.33MPa and modulus
value of 0.35GPa, which were assumed to be strong enough for handling during
implantation and for in vivo loading. Work has been started on a new process to
form Mg foams for possible tissue engineering applications (M. Wang, unpublished
data).

Rapid Prototyping Technologies

Rapid prototyping (RP) technologies have been widely used in the traditional manu-
facturing industry (Cooper ; Chua et al. ). In recent years, they have found
applications in the TE field for the production of mainly polymer-based scaffolds.
Unlike most other scaffold production techniques currently used by various research
groups, RP technologies are mature, industrial processes which offer opportunities
to produce scaffolds with consistent pore characteristics in potentially large quanti-
ties. The RP technologies are thus strongly appealing in the TE field when they are
used to mass-produce scaffolds of consistent quality and also of good quality if the
scaffolds are properly designed and made, which is essential for the commercializa-
tion of scaffolds. Furthermore, scaffold architecture, which can affect cell behaviour
and tissue formation, can be easily designed and changed (manipulated) (Yang et al.
). There is also the added advantage of using computer files generated by mod-
ernmedical imaging techniques (such asMRI) to produce custom-made TE scaffolds
for individual patients through various RP technologies which design the appear-
ance (shape and size) of products using computer software. Examples of RP tech-
nologies for TE scaffold fabrication include fused deposition modelling (Zein et al.
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), three-dimensional printing/robotic dispensing (Lam et al. ) and selective
laser sintering (SLS) (Lee et al. ).

Among the various RP technologies, SLS appears to be advantageous for scaf-
fold fabrication because it can process a wide range of biomaterials and produce
tailor-made scaffold architectures tomeet complex anatomic requirements; however,
as SLS has been developed primarily for industrial applications (Cooper ), it is
not financially feasible at present to use commercial, unmodified SLS machines for
biopolymer scaffold production, because the amount of material required is quite
large and most commercial, biodegradable polymers for medical applications are
still very expensive. In a recent investigation, to minimize the material consump-
tion, a miniature sintering platform, which consisted of two small powder supply
chambers, one small build cylinder and recycle bins, was built and installed in the
build cylinder of a commercial SLS machine (Zhou et al. ). With this modifi-
cation, TE scaffold could be manufactured from powders of either PLA (Lee et al.
) or CHA/PLA composite (Zhou et al. ). Another critical issue in using
the SLS technology to produce scaffolds is the feedstock powder. Only powders of
very fine particles (� μm in diameter) can be used as the raw material for sinter-
ing; thus, particulate biopolymers in the as-supplied state are too large in size to be
used for the SLS process.Therefore, for producing polymer-based scaffolds, fine pow-
ders of PLA had to be made from as-supplied PLA granules through a single emul-
sion process (Lee et al. ) and microspheres of CHA/PLA nanocomposite were
produced using a bioceramic-nanoemulsion-co-polymer-emulsion technique (Zhou
et al. ). Figures  and  exhibit PLA and CHA/PLA microspheres for SLS. As
can be seen from Fig. b, CHA nanospheres synthesized through the nanoemulsion
process were encapsulated in the microsphere.

The RP technologies can also be used to produce bioceramic scaffolds. It was re-
ported that HA scaffolds with interconnecting square pores were created indirectly
through stereolithography (SLA)(Hollister et al. ).These HA scaffolds had com-
pressive moduli of 1.4GPa and ultimate compressive strength of 30MPa, which are
similar to those of coralline HA.

Figure 9.The PLA microspheres
for the production of tissue en-
gineering scaffolds using the
selective laser sintering technol-
ogy
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Figure 10a,b.Microspheres of
CHA/PLA nanocomposite for
the production of tissue en-
gineering scaffolds using the
selective laser sintering tech-
nology. a General morphol-
ogy of composite microspheres.
b Cross-section of a composite
microsphere

Technologies for Fibre Production

Textile technologies for producing polymer fibres may have great promise for TE
scaffolds as the fibres produced (of diameters in the nanometre tomicrometre range)
can be used in meshes or in the aligned format (including braided structures) for
tissue regeneration. Indeed, in the early days of TE, meshes of biodegradable fi-
bres of micrometres in diameter were used as scaffolds (Atala and Lanza ;
Langer and Vacanti ; Lanza et al. ). Recent attention, however, has been
focused on biodegradable fibres which have diameters in the nanometre range, as
it is considered that the proper in vivo phenotype cannot be consistently achieved if
cells are presented with fibres with diameters equal to or greater than the cell size.
Among technologies for making polymer fibres of nanometre dimensions, electro-
spinning is the most appealing and the process is relatively simple (Fong and Reneker
). Some electrospun fibres have already been investigated for TE applications
(Li et al. ; Yang et al. ). A study was recently conducted on electrospin-
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ning of PHB and PHBV polymers (Tong and Wang ). It was found that elec-
trospinning parameters (polymer solution concentration, solution feeding rate, in-
jection needle diameter, electrical voltage and working distance) all had significant
effects on the resultant fibres. When electrospinning parameters were optimized,
bead formation on nanofibres could be avoided (Fig. ). With careful experimen-
tation, CHA/PHBV composite nanofibres containing CHA nanospheres could be
produced. Figure a displays the composite fibres and the EDX spectrum from a fi-
bre, as shown in Fig. b, which was obtained from the circled area of Fig. a, re-
vealed the presence of Ca and P, indicating the incorporation of CHA particles in the
fibre.

Phosphate-based glass fibres of the diameters around 6.5μm could be produced
for possible TE applications (Shah et al. ).The glass fibres produced could be ar-
ranged as (a) separate and spread, (b) a bundle or (c) a mesh. The three-dimensional
glass fibre construct appeared to encourage muscle cell attachment and proliferation,
indicating its potential use in the TE of craniofacial muscle.

Figure 11a,b. Electrospun PHBV
nanofibres a with the formation
of beads on fibres, and b without
the formation of beads on fibres
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Figure 12a,b.Electrospun CHA/PHBV composite nanofibres: amorphology; b EDX spectrum
of the circled area in a, indicating the existence of CHA nanospheres inside the fibre

Technologies for Bioceramic Coating Formation

As discussed previously, there are two ways of making bioceramic-polymer com-
posite scaffolds. The first approach, i.e. incorporating bioceramic particles in the
scaffolds themselves during scaffold production, has already been discussed. The
second approach, namely, coating the polymer scaffold with a thin layer of apatite
through biomimetic processes, is another attractive route for developing bone TE
scaffolds. Coating biodegradable polymer scaffolds with apatite (Chen et al. a)
or apatite/collagen composite (Chen et al. b, a) coatings using accelerated
biomimetic processes have been successful. Apatite and apatite/collagen compos-
ite coatings could be observed on pore surfaces of PLLA scaffolds (Fig. ). It was
found that the apatite coating and apatite/collagen composite coating could improve
interactions between osteoblasts and PLLA scaffolds, and that the composite coat-
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Figure 13a,b. Formation of bioac-
tive coatings on pore surfaces of
PLLA scaffolds through acceler-
ated biomimetic processes: a ap-
atite coating; b apatite/collagen
coating

Figure 14.Osteoblast-like cells
attaching to the apatite/collagen
composite coating formed on
PLLA through an accelerated
biomimetic process

ing was more effective than apatite coating in improving such interactions (Chen
et al. b). Figure  shows that osteoblast-like cells could attach and proliferate
on the apatite/collagen coating. One of the key issues in this biomimetic coating ap-
proach is to achieve the desired uniform formation of coatings on pore surfaces inside
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scaffolds. It appeared that with a dynamic environment, biomimetic apatite coatings
could be formed on pores inside the scaffolds (Chen ).

Coating porous alumina with HA or bone-like apatite is a reasonable strategy for
bone-tissue repair. There are a number of ways in depositing these bioactive coat-
ings on alumina (Jiang and Shi , ; Shi and Jiang ). Obviously, as the
alumina substrate is highly chemically stable and very heat- and steam resistant up
to very high temperatures, unlike biodegradable polymeric substrates, there is a large
scope for exploration for porous alumina as far as the apatite deposition methods are
concerned. In addition, alumina (and, in this aspect of only considering the coat-
ing process, also other “non-degradable” substrates) does not have the problem of
in-process degradation, which biodegradable polymeric scaffolds are facing, during
apatite deposition in an aqueous environment and hence there is no absolute need to
accelerate the deposition process if the apatite deposition involves aqueous solutions;
however, for achieving high coating efficiency, there is the need to shorten the depo-
sition time. The follow-up study showed that the HA deposited on porous alumina
possessed in vitro bioactivity (Shi et al. ).

Using titanium as the material for scaffolds on which apatite coatings are formed
may be a better option than using alumina, as titanium is now an established mate-
rial in orthopaedics and dentistry and ismuch tougher than alumina. Extensive work
has been conducted to investigate methods tomake titanium bioactive (Kokubo et al.
;Wu andWang, in press), and it was found that bone-like apatite formed on pore
surfaces of porous titanium (Fujibayashi et al. ). Using a low-temperature ap-
proach, which eliminated heat treatment and thus possible thermal damage to the Ti
substrate, different types of titania (anatase, rutile or a mixture of anatase and rutile)
could be formed on Ti which in turn could induce the formation of apatite in vitro
and in vivo (Wu et al. a,b,c;Wu et al., in press). Figure  displays FTIR spectra of

Figure 15.The FTIR spectra of
Ti samples soaked in SBF for
various times. (The Ti samples
had been pre-treated in the low-
temperature H2O2 oxidation
process to form a surface titania
layer before their immersion in
SBF.)
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Figure 16.Apatite formed in vitro
on a pre-treated Ti sample

Ti samples that were soaked in simulated body fluid (SBF) for various times, exhibit-
ing the emergence of PO3−

4 and CO2−
3 bands which indicated the existence of CHA

(These Ti samples had been pre-treated in the low-temperature H2O2 oxidation pro-
cess to form a surface titania layer before their immersion in SBF.). Figure  shows
the morphology of apatite formed on one of these Ti samples after  h soaking in
SBF. Future studies will include optimization of the porous structure (pore size and
pore interconnectivity) of Ti and shortening the apatite deposition time.

Methods for Hydrogels

There are a number of methods to make hydrogels of both synthetic and natural
polymers (Peppas ). Investigations were conducted into making hydorgels of
chitin (and its composites) and chitosan for differentmedical applications (Weng and

Figure 17. Fibroblasts growing on
a chitosan hydrogel membrane
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Figure 18.Chitosan hydrogel tubes
in the hydrated state

Wang a,b; Wang et al. ). In a recent investigation, chitosan hydrogel tubes
were produced for potential application in peripheral nerve regeneration (Wang et al.
). Both chitosan membranes and tubes of consistent quality could be made by
dissolving chitosan flakes in acetic acid and then casting the solution. In vitro eval-
uation of cast chitosan membranes revealed that fibroblasts grew on the membranes
(Fig. ), indicating no cell toxicity. For producing tubes, the chitosan solution could
be used to coat repeatedly a rotating glass rod that was driven by a motor at a low
speed. Once the desired thickness of the tube was reached through repeated coating,
the chitosan tube could be removed from the glass rod and neutralized with a sodium
hydroxide solution. The chitosan tubes were then washed thoroughly and hydrated
and stored in ultra-pure de-ionized water. Figure  shows chitosan tubes in the hy-
drated state. The in vivo evaluation of chitosan hydrogel tubes in peripheral nerve
regeneration is currently performed.

Concluding Remarks

For TE in orthopaedics, there are a relatively large number of candidate materials for
constructing TE scaffolds, and many techniques can be used for scaffold fabrication.
Biodegradable polymers have been and will remain as the dominant group ofmateri-
als for TE of bone, articular cartilage, tendon and ligaments, etc., but efforts are being
increasingly made to produce polymer-based composite scaffolds for bone TE. Bio-
ceramics and their composites are possible contenders as bone TE materials. There
are also even possibilities of using porousmetals for bone tissue repair.The availabil-
ity and diversity of technologies for fabricating TE scaffolds are both encouraging
and challenging. The selection of a particular scaffold-manufacturing technique is
influenced by several factors. The successful scaffold fabrication technologies will be
those that can produce good-quality scaffolds which are also of consistent quality.
The capability of the technology to produce scaffolds in relatively large quantities
at a reasonable cost is another important factor. When one embarks on developing
TE scaffolds, the selection of scaffold material(s) and the selection of scaffold pro-
duction technology must be carefully considered together. Among the scaffolds that
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have been investigated, are currently under investigation, or will be studied in the
future, only some of them will be eventually used in clinical practice.

Apart from science and technology, there are also a few other important factors
that can have strong influence on the success or failure of a TE strategy. Due to the
nature of TE, as has been witnessed in the first two decades of TE, ethical issues are
perpetually linked to this new endeavor in tissue repair. Governments of countries
where R&D in TE has been strong have established regulations, or the framework of
regulations, in anticipation of possible problems/conflicts (a few of themhave already
become reality) in dealing with human cells and tissues. The impact of TE on the
society, not only in health care but also in other areas of people’s lives, can be huge
and should be managed.

On the issue of economy, as with other medical treatments for the general public,
a TE approach to treat patients must be cost-effective. The competitive edge of TE
rests perhaps strongly on its ability to provide long-term solutions in tissue repair,
offer treatments for medical conditions that are currently untreatable, and solve the
problem of shortage in organ donations; therefore, the benefit of TE can be huge.
However, TE may not have any advantage in areas where current conventional treat-
ment methods do not incur high costs and yet do give satisfactory results. The R&D
costs in TE are very high and the financial investment in some TE efforts, whichmay
prove successful eventually in treating certain diseases, may not be recouped. The
cost of a medical treatment via TE can be a crucial factor in deciding whether or not
the general public can eventually benefit from it.
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Abstract

Calcium phosphate ceramics have been widely investigated in orthopaedic tissue en-
gineering and surgery as bone extensor. Attentionhas been given tomanufacturing of
a porous ceramic that mimics the trabecular bone structure for better osteoconduc-
tion. Althoughdifferentmethods have been applied tomanufacture the porous struc-
ture, they have been unable to quantify the pores and their interconnection within
the ceramics. With the advances in biomedical imaging technologies, the study at-
tempted to quantify the pore structure of different ceramics using high-resolution
micro-computed tomography (micro-CT).Three kinds of ceramic blocks with prod-
uct names (BSC, ChronOS and THA, respectively) were synthesized by three meth-
ods from three different manufactures and evaluated in the study. The specification
claimed that the porosity of the ceramic ranged from to 80%. Six blocks of each ce-
ramic were evaluated by conventional water immersion method and μCT. The pore
size and connectivity of the pores were evaluated with standardized protocols. By
the water immersion method, the porosity of three ceramics ranged from  to 78%.
The three-dimensional analysis of the pores by μCT showed that the porosity of the
ceramics was 26.2% for BSA, 59.9% for ChronOS, and 67.7% for THA.Thepore con-
nectivity was . for BSC, . for ChronOS, and . for THA.TheChronOS hadmore
functional pores (200–400μm in diameter) than the BSC (52.8%) and THA (43.2%)
did (p < 0.05). It was shown that the distribution of the pore size of three different
ceramics has different characteristics. We speculated that different combinations of
structure parameters may have different in vivo properties in osteogensis, whereas
the chemical properties of the ceramics cannot be neglected in the in vivo perfor-
mance. Providing objective information on the functional pores, the micro-CT eval-
uation serves as a good standard for specification of the ceramic-related implants in
the future characterization of scaffold biomaterials for orthopaedic and related med-
ical applications.
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Introduction

Calciumphosphate ceramics (CPC) have been studied extensively in the past for their
orthopaedic applications especially in spinal fusion and large bone defect. Although
autograft is still the gold standard in orthopaedic and reconstructive surgery, the lim-
ited supply of autograft, the risk of infection, and the accompanied complication
during the autograft harvest cause the search for synthetic or natural biomaterials
to replace live bone. Calcium phosphate ceramics (CPC) become the natural choice
since hydroxyapatite (HA) is the main component of CPC as well as the inorganic
ingredient of bone. The advantages of the CPC are its biocompatibility (Wilke et al.
), osteoconductivity, osteogenicity and in vivo radiographic accessibility (Spivak
and Hasharoni ; Tay et al. ). The CPCs are also studied for their effective-
ness as drug-delivery system for various growth factors and, in particular, the bone
morphogenetic proteins (BMP; Alam et al. ; Cheng et al. ; Guo et al. ;
Urist ). In addition to being a drug carrier to the treatment sites, porous CPC is
also used as a scaffold for cell-based bone tissue engineering. It has been shown that
the porous ceramic scaffolds in combination with mesenchymal stem cells have been
a possible alternative for autograft in the repair of bone lesions (Adachi et al. ;
Bruder et al. a,b; Cancedda et al. ; Hollister et al. ;Morishita et al. ;
Peterson et al. ).

In the early study of the effects of the pore size on the bony ingrowth to the
calcium aluminate ceramic, it had been shown that the interconnected macropores
between  and 150μm would promote the formation of osteoid when a pore size� 150μmwas important for the induction of mineralized bony tissue to form inside
the ceramics. Small pore size ranging from  to 15μmonly had fibrous tissue formed
within the ceramics (Hulbert et al. ; Klawitter ). Recent studies showed that
the physical property of a ceramic could affect the osteogenesis induced by BMP.
With smaller pores (90–120μm), the porous HA was able to induce chondrogenesis
and subsequent osteogenesis (Kuboki et al. ; Tsuruga et al. ); however, bet-
ter bone ingrowth (osteoconduction) was observed in ceramics with larger pore size
ranging between  and 400μm in diameter as a result of the better facilitation of
blood vessel formation (Guo ; Tsuruga et al. ).

Apart from pore size, other important variables related to the physical charac-
teristics of ceramics in orthopaedic applications are the porosity (density of pores)
and the interconnectivity of these pores (Bignon et al. ; Erbe et al. ; Hul-
bert et al. ; Klawitter ; Predecki et al. ; Shors ; van Blitterswijk et al.
).This information is usually provided by the manufacturers, where the porosity
and the “interconnection” of pores are determined by porositmetry (Oya et al. ).
The “interconnection” claimed in studies was mainly descriptive in nature, which of-
ten overestimated the volume fraction of “pores” or “space”. Mimicking the structure
of trabecular bone, the pores of the ceramics are able to enhance angiogenesis and
cell migration into the material (Erbe et al. ; Tancred et al. ). Up to now, it
is well accepted that the porosity and the pore size of the ceramics were evaluated
by mercury intrusion porosimetry in which a cylindrical pore model was assumed
(Oya et al. ); therefore, an objective alternative to characterize the “functional”
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structural parameters of both the porosity and interconnection without any shape
assumption for the research and development (R&D) of porous ceramics is very nec-
essary.

With the advance of biomedical imaging through micro-computed tomography
(micro-CT), the trabecular bone structure and its mineral density can be quantified
objectively. Using image processing techniques and three-dimensional reconstruc-
tion, themorphological parametersmeasured bymicro-CT can be compared directly
with the actual volume of bone (Ruegsegger et al. ). Unlike conventional histo-
morphometry, the new micro-CT evaluation is not based on any presumed shape-
based calculation model and does not require any assumption on the morphology
of the structure and stereological manipulation (Hildebrand et al. ; Muller et al.
). Moreover, the porous ceramic may have similar structural property as trabec-
ular bone and similar X-ray attenuation property as the bone.

The aim of this chapter was to establish evaluation protocols of a high-resolution
cone-beammicro-CT installed for our institution for orthopaedic, bone mineral and
biomaterial research by comparing differences in material porosity, interconnection
and the material density of three different CPC implants developed for orthopaedic
applications.

Establishment of Evaluation Protocols of Micro-CT for Studying CPC Porosity,
Interconnection and the Material Density

Materials

Three different CPCs from three different sources were obtained for comparison.
One CPCwas made by the Biomaterial Center, Sichuan University (BSC), which was
composed of 60% hydroxyapatite (HA) and 40% β-tricalcium phosphate (β-TCP).
The second CPC, made by the Department of Orthopaedics, the Beijing  Hospi-
tal, was a pure HA ceramic (THA). The third CPC was “ChronOS” made by Synthes
(Switzerland), which was a pure β-TCP ceramic. The porosity of the ceramics spec-
ified by the manufacturers was 75% for THA, 40% for BSC and 70% for ChronOS,
respectively. Each material was prepared to a standard 5 � 5� -mm block for the
volume fraction evaluation using conventional “water immersion” method (Qu et al.
) and subsequently structural evaluation using micro-CT.

Quantification of Porosity and Interconnection of Ceramics

Water ImmersionMethod
The porosity of the blocks was determined by Archimedes method by immersion
into water (Qu et al. ).The blocks (n = 6) were submerged into a certain volume
of water in a test tube and placed to a vacuum chamber to remove the air trapped
inside the ceramics. The volume of displaced water was recorded as the volume of
the material. The “porosity” or “space volume fraction” was calculated by dividing
the material volume by the apparent physical dimension of the block.
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Micro-Computed Tomography
Scanning Protocol The high-resolution micro-CT (μCT, Scanco Medical, Bassers-
dorf, Switzerland) was used with a spatial resolution of 16μm for scanning. The cu-
bic voxel has a side length of 16μm. An optimized threshold was used to isolate the
ceramic from the background for the evaluation of different morphological parame-
ters.

Two-Dimensional Image Acquisition Directly acquired from the scanning,  slices of
images were sampled at a regular interval for the analysis of material area fraction,
porosity, material surface fraction, and material perimeter by traditional histomor-
phometry. Material area fraction was defined as the percentage of area of the material
within the porous block area. The porosity was calculated from the D images by the
percentage of void area within the porous block area. The material surface fraction
was the ratio of material perimeter to the material area.

Three-Dimensional Structural Evaluation The volume of interest was reconstructed. The
material volume fraction and surface fraction was evaluated directly on the D im-
ages by the image analysis program of μCT without any assumption on the shape
of the structure. Similar to the D image analysis, the material volume fraction was
the percentage of material volume over the volume of interest. The material surface
fraction was the ratio of material surface to the material volume. In this study, the
shapes of the ceramics and the poreswere unknown. Itwas therefore important to use
a model-independent method to evaluate the structure. In the traditional stereologi-
cal methods, the shape of the structure was assumed to be plate-like, which did not fit
to the present evaluation where the shapes of the material or the pore were not plate-
like (Hildebrand et al. ; Hildebrand and Ruegsegger ); thus, a model-free
method to evaluate the structure of the material in this study was used (Hildebrand
et al. ; Hildebrand and Ruegsegger ). Material mean thickness and material
separation were evaluated by filling maximal spheres into the structure with distance
transformation (Hildebrand et al. ; Hildebrand and Ruegsegger ). Porosity
of the material was calculated as the void volume of the ceramic. The pores were vi-
sualized by converting the void volume to a solid image that was evaluated for the
pore connectivity. In the evaluation of connectivity of the pore with the Conn-Euler

Table 1.Porosity and pore connectivity of three different bioceramics compared between water
immersion and micro-CT

Porosity by water Micro-CT D evaluation
Bioceramics Immersion Porosity (%) Pore connectivity

Mean�SD CV (%) Mean�SD CV (%) Mean�SD CV (%)

THA (n = 6) 77.8�2.5 3.2 67.6�4.5 6.7 7.1�1.8 24.8
BSC (n = 6) 60.4�8.7 14.4 26.2�2.7� 10.3 2.7�1.5 56.0
ChronOS (n = 6) 74.7�1.4 1.9 59.9�1.1 1.9 39.8�9.4� 23.8

� p < 0.05 by one-way ANOVA to compare between three ceramics
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method of Odgaard and Gundersen (), the unconnected objects in the evalua-
tion were not included for the suppression of the boundary/edge problem.The result
represented the dominant connected component within the volumeof interest. In ad-
dition to the connectivity of the pores, pore size and distribution of all the pores were
also evaluated. Since it has been shown that the pores within 200–400μm are “func-
tional” macropores (Guo ), the pore size distribution was evaluated with sub-
categorizing different ranges of pore size as < 200μm or between  and 400μm,
or � 400μm. The grouping of the different sizes was through the image processing
program of the micro-CT workstation. After the pore size was labelled on each pore,
a filter was applied to select the function pores.

Evaluation of the Material Mineral Density of the CPC Blocks A density phantom was used
to calibrate the hydroxyapatite (HA) density with corresponding X-ray attenuation
value of the material. A linear regression was generated by the workstation for the
calculation of mineral density of the materials. Themineral density was expressed as
milligram of HA per cubic centimeter.

Statistical Analysis

TheSPSS version . (SPSS, Chicago, Ill.) was used for statistical analysis. The values
of different parameters were expressed as mean with standard deviation. One-way
ANOVAwas applied to compare the mean difference. Statistical significance was de-
termined at p < 0.05.

Results

Water Immersion Test

The water immersion method provided quantitative measures for the volume or
empty space with micropores in the material. The “porosity” or empty space of the
ceramics was calculated accordingly. The “porosity” of the three ceramics was found
to be 70.8% for THA, 60.4% for BSC and 74.7% ChronOS (Table ).

Micro-CT Quantification

From themicro-CT scanning, a stack of DX-ray imageswas generated for structural
analysis (Fig. ). By applying a threshold to the image, the ceramic was extracted
from the original image and evaluated for material area fraction, porosity, material
perimeter, andmaterial surface fraction in Dmanner, andmaterial density (Table ).

Porosity
With the D images, different parameters were measured with traditional histomor-
phometric methods as shown in Table .The ceramic blocks were then reconstructed
from the D images by the workstation of μCT (Fig. ). Table  showed the differ-
ent parameters measured directly from the reconstructed block of the ceramics.
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Figure 1a–c.Representative cross-sectional images of the materials generated from micro-CT.
a THA; b BSC; c ChronOS

Table 2.Micro-CT D histomorphometry compared among three different bioceramics

THA (n = 6) BSC (n = 6) ChronOS (n = 6)
Mean � SD CV Mean � SD CV Mean � SD CV

(%) (%) (%)

Material
fraction (%)

32.18 � 4.52 14.0 73.82�2.68� 3.6 40.17 � 0.92 2.3

Porosity (%) 67.82 � 4.52 6.7 26.18�2.68� 10.2 59.83 � 0.92 1.5
Material surface
fraction (/mm)

18.05 � 1.07 5.9 6.60�0.36� 5.5 20.82 � 0.56 2.7

Material perimeter
(mm)

42.56 � 4.87 11.4 27.98�2.14� 7.6 35.76 � 0.43 1.2

� p < 0.05 by one-way ANOVA to compare between three ceramics

Interconnection of Functional Pores
Using the built-in image processing program, the pores of the three CPCs were visu-
alized, as shown in panel B of Fig. . After removal of disconnected pores, ChronOS
and THAwere shown to have more connected pores within the material when com-
pared with the pores of BSC (Fig. , panel C).The connectivity of pore was quantified
and it was shown that ChronOS (39.8 � 9.4) and THA (7.1 � 1.8) had significantly
higher pore connectivity than that of the BSC (2.7 � 1.5; p < 0.05; Table ). With
the image processing technique to threshold the different pore sizes, it was possi-
ble to depict the pores at certain size as shown in Fig. , in which the pores were� 200μm in diameter. In addition, the distribution of the different pore sizes of the
three CPC blocks can be elucidated (Fig. ). It was shown that the three CPCs had
different ranges of pores. ChronOS had the narrower range of pore size (16–368μm)
as compared with that of the other two CPC (BSC: 16–496μm; THA: 16–656μm). It
was observed that the pore size of ChronOS was more concentrated at 200–400μm.
When different pore sizes were grouped together, it was shown that 87.8 � 0.5% of
the pores in ChronOS had a diameter of 200–400μm, which was significantly more
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Figure 2.A D reconstruction of the material and the porous structure with in the material by
micro-CT. The D image of the material THA, BSC and ChronOS (panel a). With the image
processing technique, the materials are made transparent and the pores are converted to vis-
ible pixels (panel b). During the calculation of the connectivity of the porous structure, the
disconnected pores are removed from the intact entity and the connectivity of the pores is
calculated accroding to images with connected pores only (panel c)

Figure 3a–c. Functional pores within the three calcium phosphate ceramics. a THA; b BSC;
c ChronOS
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Figure 4.The representative distribution of the different pore sizes of the three calcium phos-
phate ceramics
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Figure 5.The percentage of different pore size ranges in the three calcium phosphate ceramics.
(p < 0.05 by one-way ANOVA to compare between different ceramics)

than those of BSC which had 52.8� 11.5% and THAwhich had 43.2� 22.1% (Fig. ;
p < 0.05). The BSC had the most pores with < 200μm (43.9%) and ChronOS and
THA had 12.0 and 3.7% of pores < 200μm, respectively. The THA had more pores
with � 400μm in diameter (p < 0.05) than the other two CPCs.

Material Density
Thematerial density was quantified for the content of HAwithin a given volume.The
THA had the highest material density (�33.2mgHA�cm3) when compared with
BSC (869.0 � 24.6mgHA�cm3) and ChronOS (635.7 � 25.5mgHA�cm3; Table ).

Scanning ElectronMicroscopy Description

The surface of the three ceramics was visualized by scanning electron microscopy
(SEM) and is shown in Fig. . It was observed that the surface of THA and BSC was
more rough and with many different sizes of ceramic granules. On the other hand,
the surface of ChronOS was smoother and the size of the micro-structure was more
uniform. The micropores of the three CPCs were interconnected.

Figure 6.The scanning electron microscopic images of the three calcium phosphatate ceramics
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Data Interpretation and Discussion

We use micro-CT intensively in our institution for orthopaedic, bone mineral and
biomaterial research (Gong et al. ; Lai et al. ; Qin et al. ; Siu et al. ;
Yeung et al. ). We presently developed and presented a simple objective method
to use micro-CT for quantifying the pores of different CPCs, which is important in
orthopaedic applications. Since this technique is non-destructive and possibly appli-
cable in a sterilized environment, one can use the analyzed CPC blocks for testing
the in vivo effect of different physical parameters of the material and pores.

Apart from providing the porosity and pore size of the ceramic, the D evalua-
tion of micro-CT additionally characterizes the connectivity or interconnection of
the pores which is essential for bone ingrowth (osteoconduction) associated with
both angiogenesis and osteogenesis (Grenga et al. ; Guo ; Kuboki et al. ;
Tsuruga et al. ) as well as for evaluating quality of structure integration (Shors
). It is generally accepted that a pore size� 100μmis necessary for bone ingrowth
(Liu ; Lu et al. ). In a previous study, it was shown that even if the pore size
was larger than 100μm, the formation of bone could be through either endochon-
dral ossification or membranous ossification (Kuboki et al. ). With the advances
in imaging and D structural image analysis of micro-CT, the present study demon-
strates that the variation of the material structure and the porous structure might be
significant depending on the manufacturing methods.

Comparison of Water Immersion andMicro-CT in Quantification of Material Porosity

In the present study, a discrepancy existed in the porosity measured by water im-
mersion and the micro-CT.Themain reason is that, in water immersion method, all
the pores were counted into the porosity, regardless of whether they were micro- or
macro-pores. On the other hand, the pores evaluated with micro-CT depended on
the resolution of the images and the actual percentage of the micropores within the
material. Since the lowest resolution in micro-CT is 36μm, it is more appropriate to
evaluate the macropores with � 36μm.

The mercury porosimeter is based on the physical principle that a non-wetting
liquid does not penetrate fine pore until sufficient pressure is applied. The required
pressure is inversely proportional to the size of the pores according to the Washburn
equation with the assumption that the pore is cylindrical and well connected (Wash-
brun ); therefore, the pore size distribution obtained frommercury porosimeter
does not represent pore diameters but the size of the interconnections between pores
(Klawitter and Hulbert ). This method provides information on the intercon-
nected size, but not the actual pore size and the overall interconnection of the pores.
The porous ceramics as shown in the present study have spherical pores with D in-
terconnected structure. The mercury porosimetry only provides partial information
on the entire porous structure.

The SEM is a very useful method to demonstrate the micropore structure; how-
ever, the quantification of the pore structure is dependent on the image analysis of
D images obtained from the scan. In a previous study (Filmon et al. ), micro-
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CT had been used to depict the pore and material structure of the porous biomate-
rial; however, the pore size and the interconnection of the pores were evaluated from
the D images of micro-CT. The network of the pore structure was in a D man-
ner which required a D method to analyze it; therefore, together with the previous
study on pore structure by micro-CT (Filmon et al. ), the present micro-CT and
its related image processing and analysis become a complementary means to further
provide comprehensive information on the physical distribution, size and connectiv-
ity of the pores within the porous ceramics in a D manner.

“Functional Porosity” Quantified byMicro-CT

Unlike the water immersion method and SEM evaluation, micro-CT is a method
that provides information on “functional porosity” and D interconnection apart
from delivering a detailed report on parameters of the material structure objectively.
The porosity of the ceramics measured by micro-CT can be calculated based on the
void volume of the ceramics. In addition, the micro-CT also evaluates the pore size
by using a model-independent method. With this method, the pore size is mea-
sured by filling spheres directly into the D structure, which is either the material
and pores, rather than using D images and serology to derive the D morphome-
try (Hildebrand and Ruegsegger ).The detailed algorithms used in the program
have been discussed from the previous studies (Hildebrand and Ruegsegger ;
Muller et al. ; Odgaard and Gundersen ).The evaluation method of micro-
CT has been validated using microradiography and histological sections as standard
methods (Engelke et al. ; Muller et al. ; Schmidt et al. ). It was shown
that a highly significant correlation exists between conventional histomorphometry
andmicro-CT analysis for material volume fraction and thematerial surface fraction
(Muller et al. ; Schmidt et al. ). From the images generated by micro-CT,
the pores inside the three ceramics in the present study are more or less spherical;
therefore, the evaluation method based on sphere space-filling technique and shape-
independent calculation matches the material structure very well (Hildebrand and
Ruegsegger ).

Having the detailed pore size information, the distribution of different ranges of
pore size was objectively depicted as shown in the present study. In a classical study,
Klawitter and Hulbert ( ) clearly demonstrated the importance of the size of the
interconnected pores in conducting the bony ingrowth to the CPC in vivo. In their
study, the minimum size of the interconnected pores showing the potential for bone
ingrowth was found between  and 100μm. Other previous studies showed that the
pore size played an important role in the induction of osteogenesis or chondrogene-
sis inside the pore of the ceramics (Kuboki et al. ; Tsuruga et al. ).Micro-CT
provides objective evaluation of pore size and distribution of the functional pores.
Furthermore, micro-CT also provides the total surface area of the pores and their
connectivity. It has been reported experimentally that the osteoconductivity of ce-
ramics is dependent on the surface area as well as other pore structural parameters
(Kurioka et al. ; Shors ).The present study showed that ChronOS and THA
have better pore surface fraction than that of BSC.Whether findings of this compara-
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tive study indicate that ChronOS and THA have better capacity for bone ingrowth to
the ceramics remains a subject for further investigation. Nevertheless, these technical
advantages provided by micro-CT are very helpful for research and development or
modification of available orthopaedic ceramics for clinical applications.

“Interconnection of functional porosity” Quantified byMicro-CT

A unique parameter of the pore structure provided by micro-CT is the pore connec-
tivity that is evaluated according to the method developed for evaluation of cancel-
lous bone connectivity by Odgaard and Gundersen ().The higher the pore con-
nectivity is, the better the pores are linked together. It has been reported that the pore
interconnection is important for angiogenesis and osteogenesis inside the ceramics
by improving the fluid flow and nutrient supply (Angel et al. ; Boden et al. ;
Grenga et al. ; Kuboki et al. ). In the present study, ChronOS exhibited higher
pore connectivity and more functional pores than those of BSC and THA; however,
THAhas high percentage of the pores with � 400μm in diameter. In the present eval-
uation of the connectivity by micro-CT, it is possible that the evaluation considered
the connected large pores as one big entity and did not count it as one connection,
even though the D image shown in Fig.  indicates that most of the pores are inter-
connected; thus, the pore connectivity in THA is only 7.1, which is much lower than
that of ChonOS. Further studies are required to prove that ChronOS may show bet-
ter functional outcome in terms of better osteo-integration and bony ingrowth when
compared with BSC and THA.

“Material Density” Quantified byMicro-CT

Asmentioned previously, micro-CT is unable to depict the micropores as effective as
the macropores due to the limitation in scanning resolution; however, the surrogate
in describing the micropores in the present micro-CT system is the measurement of
the material density of CPCs. The specific gravity of hydroxyapatite powder is 1.33,
whereas that of the crystal hydroxyapatite is 3.08. In the present study, it was shown
that the material densities of the three CPCs were smaller than those of pure hy-
droxyapatite powder. This indicates that the material observed from the images of
the micro-CT does not contain the material itself. There are micropores the insides
of which can be easily shown with SEM. On the other hand, the crystalline structure
of the CPC should be considered in the estimation of porosity of CPC with micro-
pores. In the present study, the CPC consists of either pure hydroxyapatite or pure
β-TCP, or a mixture of both; thus, the material density of the three components also
affects the X-ray attenuation and gives material densities different from those given
bymicro-CT. Although there is significant difference inmaterial density between the
three CPCs, we cannot draw the conclusion that the β-TCP had the lowest material
density in the present evaluation protocol as β-TCP consists of more micropores. It
is necessary to further investigate the micropores inside the materials and their cor-
relation with the material density measurement by micro-CT before application in
the evaluation of the micropores inside the ceramics can be confirmed.
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The Role of Chemical Properties in Biomaterial Studies

Apart from the differences in structure between these orthopaedic ceramics, the
difference in the chemical property of CPC may also influence the in vivo perfor-
mance after implantation (Tay et al. ). A relatively faster absorbable pure β-TCP
(ChronOS) may have different effects in inducing osteogenesis in vivo when com-
pared with the HA/TCP composite (BSC) and pure HA (THA), which are of rela-
tively slower resorption rate due to the presence of the hydroxyapaptite (Braye et al.
; LeGeros et al. ; Shors ). When the osteoconductivity of the ceramics
with different pore size and connectivity are compared, the chemical property and
degradation of the materials also play an important role in the performance of the
materials. The overall performance will require further investigation to prove our
speculation on the effect of different structural properties on osteogenesis.

Conclusion

Based on the foregoing discussion, it is clear that the characteristics of the different
CPCs manufactured by different methods can be elucidated when information on
the material and porous structure of the CPCs provided by the micro-CT is avail-
able. Having these objective characteristics, further evaluations of the in vivo perfor-
mance of these CPCs can be carried out for the development of a better CPC for both
osteocondution and osteo-induction in orthopaedic applications.
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Abstract

Scoliosis is a three-dimensional (D) structural spinal deformity characterized by
both vertebral rotation and lateral curvature greater than 10�. Idiopathic scoliosis
is the most common type of structural scoliosis and this chapter focuses on bone
mineral and structure parameters in girls with adolescent idiopathic scoliosis (AIS)
assessed using various bone densitometries, including dual-energy X-ray absorpti-
ometry (DXA), peripheral quantitative computed tomography (pQCT), quantitative
ultrasound (QUS), and micro-computed tomography (micro-CT). We found that
systemic low bone mass was manifested in 30% of AIS girls. With the use of dif-
ferent modalities of bone densitometry, AIS girls were found to have a significantly
lower areal and volumetric bone mineral density (BMD) at various skeletons includ-
ing spine, proximal femur, and distal extremities. Moreover, poor bone quality re-
flected by QUS technique was also found in AIS girls. Clinical application of bone
densitometry in relation to the curve severity and prognostic value in predicting
curve progression may enhance the clinical management and treatment planning for
scoliosis patients.

Scoliosis

Scoliosis is a three-dimensional (D) structural spinal deformity characterized by
both vertebral rotation and lateral curvature greater than 10� (Fig. ; Lonstein b).
Idiopathic scoliosis is the most common type of structural scoliosis. There are three
types of idiopathic scoliosis based on the age of onset: infantile (0–3 years of age);
juvenile (4–9 years of age); and adolescent idiopathic scoliosis (AIS; age from  years
to maturity around age  years; Lonstein a).

The prevalence rate acquiring AIS is approximately –4% (Cheng et al. ;
Lonstein a; Roach ; Weinstein ). Girl-to-boy ratio is about : (Wein-
stein ). Progression of scoliosis was found to be strongly associated with growth
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Figure 1. Clinical
photo (left) and radio-
graphy (right) of a girl
with adolescent idio-
pathic scoliosis (AIS)

spurt, which usually occurred at ages – years for girls and about  years later
for boys (Tanner and Whitehouse ). The timing of this rapid growth is typically
gauged by Tanner staging, skeletal age, menarche, and Risser sign of iliac apophyseal
ossification (Sanders et al. ).

The AIS accounts for approximately 80% of all types of idiopathic scoliosis (Mor-
cuende andWeinstein ). Despite extensive ongoing research, the etiology of AIS
remains unknown. Many studies suggested that the cause of AIS was generally re-
garded as a multifactorial disorder (Burwell and Dangerfield ; Lowe et al. ;
Weinstein ;Willner ;Winter and Lonstein ). Factors that were suggested
to be the etiological ones included: genetic (Carr et al. ; Wynne-Davies );
hormonal effects (melatonin-related; Bagnall et al. ; Dubousset and Machida
; Willner et al. ); growth disturbances (Nissinen et al. ; Willner );
connective tissue defect (Hadley-Miller et al. ; Taylor et al. ); neural mecha-
nism (Zadeh et al. ); thrombocytic abnormalities (Yarom et al. ); and skeletal
muscle abnormalities (Ford et al. ; Low et al. ).

Bone Mineral and Structural Profiles in AIS Girls Assessed by DXA, pQCT, and QUS

Abnormalities in anthropometric measurements, BMD, as well as bone morphology
of long bone and spinal column were found in AIS girls as compared with age- and
gender-matched normal controls (Burwell ; Cheng et al. ; Cheung et al. ;
Guo et al. ; Leong et al. ; Nicolopoulos et al. ; Shohat et al. ; Willner
). In our clinical experience, osteoporotic bone can be observed during implan-
tation of spinal surgery in some scoliosis patients. Bone densitometry with minimal
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radiation dosage is one of the best non-invasive tools to assess the bonemineral status
in patients with scoliosis.

Dual Energy X-ray Absorptiometry

Dual energy X-ray absorptiometry (DXA) has been commonly used in diagnosing
osteoporosis in the clinical setting, as well as for pediatric studies (Abes et al. ;
Adams ; Giampietro et al. ; Ruegsegger ). The DXA is a planar tech-
nique with regions of interest (ROI) of BMD measurement being the lumbar spine
and the proximal femur in most cases. Parameters that can be obtained from a DXA
measurement include bone mineral content (BMC; in grams), bone area (in square
centimeters), and areal BMD (aBMD; in grams per square centimeter), which is cal-
culated from the measured bone mass (BMC) over the bone area (Fuerst et al. ).
The scanning resolution is normally 1mm.The DXA has several advantages such as
low radiation dose, ability to measure axial skeleton, and short scanning time; how-
ever, it only provides areal BMD and not volumetric BMD. According to the World
Health Organization (WHO) criteria, postmenopausal womenwith a T-score (calcu-
lated with respect to the peak bonemass of the specific normal reference population)� −2.5 standard deviations (SD) are classified as osteoporosis (WHO ). In pedi-
atric studies, Z-score, calculated with respect to the age- and gender-matched normal
reference, should be used for discriminating children with low bone mass; however,
the cut-off value of the Z-score is not well defined, with a cutoff at −1 SD being gen-
erally accepted and used in scoliosis research (Cheng et al. ; Cheng et al. ;
Cheng and Guo ; Cook et al. ; Courtois et al. ;Thomas et al. ).

Low bonemass in AIS patients has been well documented in our previous studies
and by others (Cheng and Guo ), where low bone mass in AIS was shown to be
a systemic problem rather than a localized problem (Burner et al. ; Cheng et al.
; Cheng et al. ; Cheng andGuo ; Courtois et al. ;Thomas et al. ).
Cheng and Guo () conducted a cross-sectional study, with  AIS girls and 
age- and gender-matched normal controls, to study the bone mineral profile in AIS
girls. All subjects were divided into three age groups (, , and ). The BMD of
the spine and both proximal femora (Fig. ) were obtained by DXA (XR-, Norland
Medical System, FortAtkinson,Wis.). Results revealed thatAIS girls had significantly
lower BMD in both the spine and hip regions than controls in all age groups, and the
percentage differences ranged from −6.9 to −30.4 (Table ).

However, BMD value of the spine measured using DXA is affected by the verte-
bral rotation (Cheng et al. ; Girardi et al. ). Cheng et al. () performed an
in vitro study, using cadaver vertebrae L-L, to study the effect of vertebral rotation
of the lumbar spine on DXA measurement. They demonstrated that there was a sig-
nificant positive correlation between the degree of axial rotation and the measured
bone area (r = 0.747; p < 0.01) and a significant negative correlation between the
degree of rotation and BMD value (r = −0.665; p < 0.01); however, no significant
correlation was found between degree of rotation and BMC (p = 0.966). The meas-
ured bone area increased approximately 24% andBMDdecreased approximately 19%
when the vertebrae were rotated by 45� (Table ). This can be explained by the fact
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Figure 2.A dual-energy X-
ray absorptiometry im-
age of scoliotic spine (left)
and hip (right)

that the posterior elements, such as the transverse processes, of the vertebra are ex-
posed on the projectional area under axial rotation; therefore, the projected bone area
is increased. Since BMD is calculated byBMCover the projected bone area, BMDwill
be underestimated. The BMC is the value of bone mass as a whole, and hence BMC
remains constant regardless of the degree of rotation. A similar study has been done
by Girardi et al. () and comparable results were obtained; therefore, BMC of the
spine or proximal femur is suggested as being a more reliable measuring parameter
for patients with spinal deformity.

Table 1.Lumbar and proximal femoral bone mineral density in girls 12–14 years of age. (From
Cheng and Guo )

Measuring site Age (years) Normal
control

AIS Difference Difference
(%)

Lumbar spine  (n = 117) 0.77 � 0.12 0.71 � 0.11 −0.06 � 0.12� −7.8
(L-L)  (n = 107) 0.84 � 0.12 0.76 � 0.11 −0.08 � 0.12� −9.5

 (n = 76) 0.87 � 0.11 0.81 � 0.13 −0.06 � 0.12�� −6.9
Femoral neck  0.76 � 0.12 0.71 � 0.10 −0.05 � 0.10� −7.8

 0.82 � 0.11 0.74 � 0.11 −0.08 � 0.11� −9.8
 0.86 � 0.13 0.77 � 0.12 −0.09 � 0.13� −10.5

Trochanter  0.68 � 0.14 0.60 � 0.08 −0.08 � 0.13�� −11.8
 0.72 � 0.09 0.60 � 0.09 −0.12 � 0.09� −16.7
 0.73 � 0.09 0.64 � 0.10 −0.09 � 0.09� −13.5

Ward’s triangle  0.82 � 0.14 0.61 � 0.13 −0.21 � 0.14� −27.4
 0.87 � 0.14 0.61 � 0.10 −0.26 � 0.13� −29.9
 0.92 � 0.14 0.64 � 0.12 −0.28 � 0.13� −30.4

Student’s t-test significance: � p < 0.01; �� p < 0.05
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Table 2.The DXA measurement of bone area, BMC, and BMD for cadaveric L vertebra in
different degrees of rotation (results expressed as mean � SD). (Adapted from Cheng et al.
)

Degree of Nash and Outline of Measured area BMC (g; % BMD
rotation Moe

index
L Vertebra (cm2; % of

baseline value
at 0� rotation)

of baseline
value at
0� rota-
tion)

(g�cm2; %
of baseline
value at 0�

rotation)

0� (AP
view)

 12.96 � 0.60
()

12.36 � 0.85
()

0.95 � 0.04
()

7.5° I 13.16 � 0.58
(101.5)

12.37 � 0.86
(100.1)

0.94 � 0.04
(98.9)

15� I 13.45 � 0.58
(103.8)

12.38 � 0.85
(100.2)

0.92 � 0.04
(96.8)

22.5° II 14.24 � 0.48
(109.9)

12.39 � 0.82
(100.2)

0.87 � 0.05
(91.6)

30� II 14.74 � 0.47
(113.7)

12.38 � 0.81
(100.2)

0.84 � 0.05
(88.4)

37.5° III 15.38 � 0.49
(118.7)

12.42 � 0.80
(100.5)

0.81 � 0.04
(85.3)

45� III 16.07 � 0.58
(124.0)

12.38 � 0.80
(100.2)

0.77 � 0.04
(81.05)

Numbers in parentheses are percentages

Peripheral Quantitative Computed Tomography

Peripheral quantitative computed tomography (pQCT) is a D multi-slice scanner
which measure the true volumetric BMD (vBMD, in grams per cubic centimeters)
of the peripheral skeleton with low radiation dose (Ruegsegger ). The ROIs for
vBMDmeasurement are distal radius and tibia. Parameters to be obtained include the
integral or total BMD (iBMD); the trabecular (tBMD) and cortical (cBMD) compart-
ments of the distal extremities, with the scanning resolution of 0.3mm using Den-
siscan system (Densiscan , Scanco, Bassersdorf, Switzerland; Fig. ). The pQCT
allows the assessment of purely trabecular bone, which, due to its greater metabolic
activity compared with cortical bone, may provide a more sensitive measure of frac-
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ture risk (Formica et al. ; Grampp et al. , ). Axial QCT is widely available
and may have the strongest power in prediction of vertebral fracture compared to
DXA or pQCT (Formica et al. ). However, radiation dose of axial QCT incurred
five to ten times more than DXA or pQCT which confines the potential clinical ap-
plication for bone mineral research especially in children (Njeh et al. ).

The girls with AIS had generally lower vBMD at the distal extremities than the
age- and gender-matched normal controls. Cheng et al. () examined the vBMD
at the distal radius and tibia, using pQCTDensiscan system, to confirm whether low
bone mass is a local or generalized phenomenon in AIS patients. Results demon-
strated 34.5% AIS girls had vBMD value below – SD when compared with age-
matched normal controls. When the criteria of osteopenia was set to Z-score BMD
at −2, a higher percentage of AIS girls were observed to have low vBMD (8.1%) than
aBMD (4.1%). This indicated that pQCT is more sensitive in detecting low BMD in
trabecular-rich region when compared with DXA.

In addition to the abnormality of BMD at appendicular skeletons, dispropor-
tional growth of the anterior and posterior vertebral body was also found in AIS girls.
Relative overgrowth at anterior spinal column in AIS has been reported in morpho-
logical studies (Porter ; Roth ). A recent magnetic resonance imaging (MRI)
study on the vertebral morphometry of thoracic vertebrae of AIS girls demonstrated
that the ratio of differential growth in the AIS group was significantly larger than that
in the controls (p < 0.01 for all vertebrae; Guo et al. ). This evidence may imply
that there is an uncoupling of bone growth between endochondral and membranous
ossification. In the previous sections, we showed that AIS girls had generalized low

Figure 3.A multi-layer pQCT-machine (Densiscan ) image of a girl with AIS, during distal
radial scanning (left), with images of tomography at the distal radius (right)
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bone mass at the distal radius and tibia as well as proximal femur. These are the re-
gions that had growth plate for longitudinal growth, driven by endochondral ossifica-
tion, during puberty; thus, suboptimal BMD in long bones and anterior overgrowth
in the vertebral body may indirectly support our hypothesis on the abnormal bone
growth in AIS patients. Moreover, membranous ossification during adolescence can
be reflected by the circumferential growth of long bone.

The authors recently evaluated the cortical vBMD at midshaft of the radius
using pQCT and the study consisted of AIS girls and  age-matched healthy girls.
The results demonstrated that AIS girls had significantly lower cortical vBMD at the
cortical shell of the radial midshaft (1608.8mg�cm3 � 48.6) than that of the controls
(1636.7mg�cm3 � 35.8; p = 0.047). This may imply that the abnormal mineraliza-
tion of the bonematrix in AIS girls may be the bone-remodeling problemmanifested
in the BMD at tissue level. These findings may be substantiated by a significantly
less osteocyte count reported in the trabecular bone biopsies in AIS patients. Cheng
et al. () performed a histomorphometric study on iliac crest biopsy of surgically
treated AIS patients. Results revealed significantly lower mean trabecular thickness,
absolute osteoid area, and mean osteoid width when compared with normal refer-
ence data. The histomorphometric data was also correlated with age, Cobb angle and
femoral neck BMD of the patients. It showed that cell number was positively cor-
related with femoral neck BMD (r = 0.55, p = 0.024), whereas cell distance was
negatively correlated with femoral neck BMD (r = −0.516, p = 0.049); however, age
and Cobb angle were not significantly correlated with the histomorphometric data
(p � 0.4 for all).

Quantitative Ultrasound

Quantitative ultrasound (QUS) is an alternative method to DXA, pQCT, or QCT in
assessing bone quality, quantity, structure, and mechanical properties (Gluer ;
Gluer et al. ; Faulkner et al. ; Han et al. ; Langton ; Nicholson et al.
; Njeh et al. ; Trebacz and Natali ; Wu et al. ). Ultrasound is a me-
chanical wave which causes both trabecular and cortex network to vibrate on a mi-
croscale when it passes through bone. The parameters provided by QUS include
broadband ultrasound attenuation (BUA), velocity of sound (VOS), and their derived
indices, such as Stiffness or Soundness (SI; Hans et al. ; Njeh et al. ; Stewart
and Reid ). Clinical studies showed that QUS parameters were able to detect the
age-related bone loss in postmenopausal women (Hung et al. ; Schott et al. ;
Welch et al. ). Moreover, the ability in predicting fracture risk in QUS was also
found in prospective longitudinal studies (Hans et al. ; Huang et al. ; Pluijm
et al. ). The BUA measured at the heel using QUS has been reported as having
higher predictive power of relative osteoporotic fracture risk at hip than the spine
and distal radius (Dubois et al. ; Frost et al. ; Njeh et al. ); however, the
precision error of the QUS is relatively high, ranging from 1.3 to 6.0% for BUA and
0.2 to 1.5% for VOS, which confines the clinical application on longitudinal studies
(Hans et al. ; Huang et al. ; Pluijm et al. ).
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Correlation between QUS and BMD, measured by DXA or pQCT, were mod-
est. The correlation coefficients generally ranged from 0.21 to 0.83 (Gregg et al. ;
Hung et al. ; Njeh et al. ; Prins et al. ). Prins et al. () reviewed a num-
ber of papers on the correlation between QUS parameters and DXA-BMD at differ-
ent sites. Results suggested that BUA of calcaneus correlates better with DXA-BMD
of the same region (calcaneus) than other sites (spine or hip; r = 0.66 for calcaneus
and r = 0.47 for both spine and hip). They support the statement that better correla-
tions can be found if the same region of interest is measured by different techniques
or using the same technique to measure different skeletal sites.

Despite extensive research on the bone mineral profile of AIS girls as mentioned
above, there are no published studies on the evaluation of bone quality or bone
strength in AIS patients using QUS. A preliminary study on the bone quality sta-
tus in  AIS girls and  age-matched normal healthy girls was performed by our
group.TheQUS machine (Paris, NorlandMedical Systems) was used to measure the
ultrasonic parameters on the non-dominant leg of calcaneus. Results showed that
AIS had lower BUA (118.5 � 15.6 and 124.7 � 9.3; p = 0.062), VOS (1444.0 � 42.8
and 1448.1 � 36.7; p � 0.08), and SI (357.2 � 79.4 and 386.4 � 57.2; p � 0.07) than
controls. These data might imply poor bone quality or potentially microarchitectural
abnormalities in addition to low bonemass in AIS girls as shown by our previous his-
tomorphometric study on evaluation of bone biopsy obtained from surgically treated
AIS girls (Cheng et al. ).

Potential Clinical Applications of Bone Densitometry in Scoliosis Research

Association Between Low BoneMass and Curve Severity in AIS

Curve severity was inversely associated with areal and volumetric BMD in AIS pa-
tients. A large study of  AIS and  healthy girls was performed to investigate
the association of low bone mass and curve severity in AIS during the rapid growth
period (Lee et al. ). Results showed that there was a negative correlation be-
tweenBMDand curve severity (correlation coefficient ranged from−0.083 to−0.115;
p < 0.05). Moreover, when AIS patients were sub-classified into moderate (Cobb an-
gle between  and 39�) and severe (Cobb angle � 40�) groups, there was a signifi-
cantly higher percentage of osteopenic AIS girls in severe group than in themoderate
group with respect to volumetric BMD of the distal tibia (percentage of osteopenic
AIS: moderate vs severe group (28.4 and 40.2%; p = 0.03; Lee et al. ).The clinical
relevance of this finding is that scoliosis-related osteopenia weakens the spinal archi-
tecture and may contribute to the progression of spinal deformity during growth.

Low BoneMass is a Risk Factor in Prediction of Curve Progression in AIS Girls

Scoliosis is an irreversible process of spinal deformity. The currently available ac-
tive therapies of AIS subjects are non-invasive orthotic spinal bracing and surgery.
Appropriate bracing at the early stage is effective in a certain proportion of cases in
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arresting curve progression rather than correcting the curvature during the rapid
adolescent growth phase; however, the brace should be worn for over  hours a day
until skeletal maturity, and the self-reported compliance rate was not reliable which
may affect the treatment outcome (Carr ). For progressive and severe scoliosis
patients, spinal fusion is the only treatment to prevent further deterioration of the
curve; however, back pain and other complications are the long-term consequences
of surgery. In order to prevent curvature from progressing, it is important to identify
the risk factors related to curve progression in AIS patients. The well-accepted risk
factors in progression can be summarized as follows:

. The younger the patient at the time of diagnosis, the greater the risk of progres-
sion.

. There is a greater risk of progression before the onset of menarche in females.
. The lower the Risser grade at curve detection, the greater the risk of progression.
. The larger the initial magnitude of the curve, the greater the risk of progression

(Bunnell ; Lonstein and Carlson ; Peterson and Nachemson ; Sou-
cacos et al. ; Weinstein ; Weinstein ; Yamauchi et al. ).

According to our previous discussion, 30% AIS girls had low bone mass and the
BMD was inversely correlated with curve severity in AIS girls. The predictive power
of low bone mass in curve progression is of great clinical interest. A prospective lon-
gitudinal study on the prognostication of curve progression in AIS was performed
by our group. In addition to the well-known prognostic factors, BMD was added as
an additional factor to investigate whether low bone mass could be a prognostic fac-
tor in curve progression. Hung et al. demonstrated that AIS patients who had low
bone mass (Z-score � −1SD) had double the risk of progression (Hung et al. ).
Table  shows the results of independent variables associated with curve progression
of adolescent idiopathic scoliosis in univariate andmultiple logistic regression analy-
ses (95% confidence interval). Results demonstrated that initial Cobb angle � 30� has
the greatest predictive power in progression (the adjusted odds ratio = 4.7), whereas
low bonemass at concave side of femoral neck BMDwas also found to be a significant
risk factor in predicting curve progression (odds ratio = 2.3; p = 0.02).These results
revealed the potential clinical application of DXA measurement in AIS patients for
prognostication of curve progression.

Furthermore, the low bone mass may persist (Cheng et al. ; Thomas et al.
) and eventually lead to substantially reduced peak bonemass, thereby increasing
risk of osteoporotic fracture later in life (Saggese et al. ). Studies have shown
that maintaining a high-calcium diet and participating in weight-bearing exercise
have a positive association with bone mineral accretion in growing children (Weaver
). Programmed weight-bearing exercise and supplementation of calcium intake
could be the treatment options for osteopenic AIS patients to improve their BMD
and hopefully to alter the natural history of scoliosis.
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Table 3. Independent variables associated with curve progression of adolescent idiopathic sco-
liosis in univariate and multiple logistic regression analyses (95% confidence interval). n.s.
non-significant. (Adapted from Hung et al. )

Univariate analysis Multivariate analysis
Independent variables Odds ratio p-value Adjusted odds ratio p-value

Age at diagnosis (years)
14–16a  
11–13 3.01 (1.91–4.74) < 0.001 2.06 (1.07–3.96) 0.03

Years since menarche
Starteda  
Not yet started 6.13 (3.05–12.30) < 0.001 2.48 (1.02–6.02) 0.044

Risser grade
2–5a  
0–1 7.31 (4.09–13.08) < 0.001 4.68 (2.21–9.92) < 0.001

Spinal Z-score BMD
Normal BMDa 
Osteopenia 1.60 (0.98–2.62) 0.063

Convex-side femoral neck Z-score BMD
Normal BMDa 
Osteopenia 1.99 (1.14–3.48) 0.016

Convex-side trochanter Z-score BMD
Normal BMDa 
Osteopenia 1.42 (0.85–2.36) 0.178

Concave-side femoral neck Z-score BMD
Normal BMDa  
Osteopenia 2.14 (1.27–3.61) 0.004 2.25 (1.13–4.49) 0.021

Concave-side trochanter Z-score BMD
Normal BMDa 
Osteopenia 1.93 (1.14–3.29) 0.015

Curve pattern
Lumbara 
Thoracic 8.01 (1.77–36.38) 0.007
Thoraco-lumbar 4.98 (1.05–23.62) 0.043
Triple 5.95 (1.09–32.53) 0.040

Initial Cobb’s angle
10–19�a  
20–29� 0.58 (0.34–1.02) 0.057 1.21 (0.57–2.56) n.s.
30–39� 1.66 (0.82–3.35) 0.156 4.77 (1.92–11.85) 0.001
� 40� 1.99 (0.73–5.42) 0.177 4.58 (1.32–15.93) 0.017

Hosmer and Lemeshow goodness-of-fit test: χ2 = 4.22; d f = 8; P = 0.84
Due to missing data for some variables,  patients could be included in the multivariate
analyses
The following non-significant variables were excluded by stepwise procedure and were not
included in the final model: spinal Z-score BMD; convex-side femoral neck Z-score BMD;
convex-side trochanter Z-score BMD; concave-side trochanter Z-score BMD; and curve
pattern
aReference category
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Limitations and Future Study in the Bone Mineral Profile of AIS Patients

Many studies on the bone mineral status of AIS have been conducted using different
types of bone densitometry; however, many of them are correlation or association
studies which do not directly examine the affected region: the spine. The DXA ma-
chine is able tomeasure lumbar spine region; however, it only provides D areal BMD
and cannot differentiate between trabecular and cortical compartments. Moreover,
previous studies have shown that BMD value may vary if vertebral rotation has oc-
curred; therefore, DXAmeasurement of spine is not a reliable technique in assessing
bone mineral density for scoliotic patients. Axial QCT is an alternative non-invasive
technique for BMD measurement; however, because of the high radiation dose and
cost, the clinical application in patients with spinal deformities has never been ex-
plored.

Magnetic resonance imaging has been reported to be able to provide qualitative
information of bone and provide the structural changes in microarchitecture of tra-
becular bone (Majumdar and Genant ; Quinn and McCarthy ). Bone den-
sity and architecture, which have different magnetic properties, can be detected by
the distinct loss of signal; therefore, although MRI cannot measure BMD, it can pro-
vide images of the structure of osteoporotic bone, such as morphological changes in
trabecular microarchitecture and occult fractures in the proximal femur (Quinn and
McCarthy ). Although MRI cannot be used to measure quantitative bone den-
sity, it is currently used to diagnose subtle osteoporotic fractures (Levis and Altman
). Possible clinical applications for diagnosis of low bone mass in AIS children
may need further investigation.

A recently developed pQCT scanner, XtremeCT (Scanco Medical, Switzerland
http://www.scanco.ch), is one of a new breed of imaging devices capable of high reso-
lution which provide information of both volumetric BMDand D bone architecture
non-invasively. Traditionally, bone architecture could only be assessed by histomor-
phological method of surgical biopsies. Recent clinical study, using XtremeCT, has
demonstrated that the trabecular number of the distal radius was 15% less in os-
teopenic women and 23% less in women with osteoporosis. Cortical thickness was
29% less in osteopenic women and 39% less in osteoporotic women. In addition,
there was 27%more trabecular separation in osteopenic women and 38%more in os-
teoporotic women than in premenopausal women. Trabecular distribution was 61%
less homogenous in women with osteoporosis (Boutroy et al. ). Non-invasive
and minimal radiation assessment of bone microarchitecture may provide more in-
formation on bone structure in AIS patients and hencemay help us in understanding
the etiopathogenesis of scoliosis.

Conclusion

Systemic low bone mass was manifested in 30% of AIS girls. With the use of different
modalities of bone densitometry, AIS girls were found to have a significantly lower
areal and volumetric BMD at various skeletons including spine, proximal femur, and
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distal extremities. Moreover, poor bone quality reflected by the QUS technique was
also observed in AIS girls. Clinical application of bone densitometry, in relation to
curve severity and prognostic value in predicting curve progression, may enhance
the clinical management and treatment planning for scoliosis patients.
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Abstract

The application of micro-CT technology to biomedical and bone research is con-
siderable and growing. This chapter focuses on applications requiring particularly
high spatial image resolution in micro- and nano-CT imaging. Specific examples de-
scribed here include the analysis of bone for fine-scale architecture andmaterial qual-
ity, the study of synthetic bone scaffolds for orthopaedic research and the imaging of
vascular networks.The range of potential research applications of microtomographic
technology is both facilitated and limited by technical and physical factors related to
the technology. Some technical requirements can be mutually exclusive, such as in-
creased X-ray source power for dense materials and decreasing micro-focus X-ray
source spot size for better spatial resolution. Such challenges necessitate innovative
solutions at the forefront of the developing technology and include (a) attaining sub-
micron resolution (“nano-CT”) tomographic imaging, (b) obtaining optimum res-
olution and image quality from a desktop system over a wide range of sample sizes,
and (c) obtaining sufficient X-ray transmission and detection to image high-density
samples at a useful resolution The first of these challenges is addressed by the devel-
opment by Skyscan of the  nano-CT scanner.This employs an X-ray source using
new technology to obtain a spot size of 0.3μm, combinedwith an extremely high pre-
cision sample manipulator and highly sensitive X-ray camera. With this instrument,
pixel sizes of down to 150nm are possible. Structural features linked to bone quality,
such as osteocytes and microcracks in bone, and resorption lacunae, are readily visu-
alised.The latter two challenges relate to more “conventional” micro-CT applications
are addressed by the unique design of the Skyscan  scanner with adaptive geom-
etry in which both the sample and the X-ray camera can move in order to optimise
X-ray imaging geometry. Also, the use of a very large -megapixel camera format
broadens the possible scan parameters to very small pixel sizes and large objects.

Introduction

Technological advances are described which permit high spatial imaging resolution
in a new nano-CT instrument and a “conventional” desktop micro-CT scanner. The
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nano-CT instrument allows clear visualisation of structures on the level of cells, pro-
vided that X-ray contrast is present. The example of the mouse fibula is described in
which osteocyte cells are visible, and also cellular resorption and formation sites on
the bone surface, as well as submicron cracks of interest to biomechanical bone re-
search. The internal ultrastructure of individual human bone trabeculae can also be
imaged by nano-CT. The fibula is a useful site for nano-CT imaging of bone due to
the requirement of this technique for very small samples for attaining optimum res-
olution. The desktop high-resolution scanner cannot attain submicron resolution,
but can analyse a much wider size range of samples, due in part to an innovative
“adaptive geometry” and use of a large-format camera. Some example applications
are described, such as murine bone (including trabecular bone) imaged in vitro and
in vivo, bone scaffold biomaterials and vascular networks contrasted by the setting
contrast agent Microfil.

Method

The Nano-CT Scanner

The laboratory Nano-CT system is based on a newly designed X-ray source with spot
size of 0.3μm, a highly sensitive array detector and a positioning system with -
nm accuracy.The X-ray source is of the open type, with internal vacuummaintained
with a vacuum pump. Applied X-ray voltage is up to 65kV. The scanner comprises
the X-ray source with associated electronics, a multi-axis precision object manipula-
tor, an intensified X-ray camera, a system controller and a computer for instrument
control. It can attain a spatial resolution of 150–400nm (object material dependent).
The scanned object remains in normal environmental conditions without any prepa-
ration and can be wet or in a liquid medium.

Histomorphometric Analysis of Mouse Fibula by Nano-CT Imaging

Asection of the fibula of a -month-oldmousewas scanned in the Skyscan  nano-
CT scanner, using an X-ray source spot size of 300nm and a pixel size of 290nm.The
applied source voltage was 25kV, the tomographic rotation 180�, the rotation step
0.8� and the scan duration 35min. A section of fibula 100μm long was analysed.
Histomorphometric indices weremeasured using Skyscan CT-analyser software.The
whole fibular cross-section was analysed except for a small peripheral segment con-
taining a blood vessel. Osteocyte size and spatial distribution was measured on the
basis of enclosed small cavities in the fibula. Resorption surfaces were visible as scal-
loped surfaces, and formation sites as fuzzy boundaries with an adherent soft tissue
(low density) layer (Fig. ).

High-Resolution DesktopMicro-CT Instruments, for In Vivo and Ex-Vivo Scanning

The Skyscan in vivo micro-CT scanner (model ) and the in vitro scanner
(model ) both employ a microfocus X-ray source with a spot size of about 6μm.
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Figure 1. Reconstructed cross-section of a juvenile mouse fibula, scanned in the Skyscan 
nano-CT at a pixel size of 290nm. Osteocytes are clearly resolved. Resorption surfaces are
visible as scalloped surfaces, and formation sites as fuzzy boundaries with an adherent soft
tissue (low density) layer. Blood vessels are visible ( and  o’clock) crossing the fibular wall.
A small radial crack is also visible, at  o’clock

X-ray applied voltage is variable over the range 20–100kV. Adjustment of applied
voltage and use of a range of X-ray filters allow flexibility in modifying the polychro-
matic X-ray energy spectrum generated by the tungsten microfocus source target. In
both the  and  scanners a large-format X-ray camera (-megapixel coupled
CCD) allows both high-resolution and flexibility of resolution and scanning time
with the option of variable pixel binning. The in vivo  scanner has a physiologi-
cal monitoring system giving real time data on breathing and heart rate, and support
for synchronised imaging to remove breathing movement artefacts while scanning
the thorax. The  scanner has a unique adaptive geometry allowing the camera to
be moved closer to the object and source for substantial improvement in X-ray de-
tection efficiency and scanning speed over a wide range of resolutions. With all these
systems, image reconstruction is by a modified Feldkamp algorithm for cone beam
(Feldkamp et al. ).

Results and Discussion

Nano-CT Histomorphometry of the Mouse Fibula

A novel range of histomorphometric indices can be measured non-destructively in
themouse fibula fromnano-CT imaging, with submicron resolution. A cross-section
slice from a scan of a mouse fibula is shown in Fig. .

To illustrate the possibilities for static histomorphometric study of the mouse
fibula with images of this resolution, a range of parameters were measured from
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Figure 2.A reconstructed
cross-section image of
a discreet human trabec-
ula, pixel size 580nm,
also showing osteocytes.
The major (long) axis
of the trabecular cross-
section is 350μm

the D data set of the mouse fibula shown in Fig. . These parameters are listed in
Table . The fibula overall morphometry is quantified, including periosteal and en-
dosteal surfaces. Formation and resorption surfaces are quantified, possibly for the
first time from a CT image of bone. And osteocyte distribution and volume are also
quantified. A lateral remodelling drift was visible in the fibula cross-section as angu-

Table 1.Histomorphometric parameters of the juvenile mouse fibula measured by nano-CT

Parameter Unit Value

Bone area μm2 21,353.065
Endosteal perimeter μm 478.602
Periosteal perimeter μm 764.934
Endosteal formation surface μm 252.557
Endosteal percent formation surface % 52.770
Endosteal resorption surface μm 115.852
Endosteal percent resorption surface % 24.206
Periosteal formation surface μm 219.034
Periosteal percent formation surface % 728.634
Periosteal resorption surface μm 299.274
Periosteal percent resorption surface % 39.124
Osteocyte lacuna diameter μm 2.506
Osteocyte lacuna separation μm 17.513
Osteocyte lacuna number μm−1 0.00779
Osteocyte lacuna percent volume % 1.957
Osteocyte lacuna anisotropy 2.602 (0.616)
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lar separation of the resorption and formation sites on the endosteal and periosteal
surfaces. Small cracks were also clearly resolved in the fibula, with crack widths down
to well below a micron.

Nano-CT imaging of the murine fibula is a new model providing insight into
bone ultrastructural quality. For the first time, static histomorphometry-type param-
eters have been obtained from a non-destructive CT scan. Of particular interest is
the ability to observe and measure formation and resorption surfaces. Osteocytes are
imaged very clearly in the mouse fibula by the nano-CT, and quantification of their
morphometry and distribution could be a useful tool in the study of the role of os-
teocytes. Intercommunication between osteocytes is believed to be a key component
of bone “mechanotransduction”, i.e. the ability of bone to remodel its architecture in
response to a changed regime of mechanical load (Noble et al. ).

High-resolutionMicro-CT Scans of Murine Bone Ex Vivo

The mouse is probably the most important preclinical model in bone research, and
being very small, its bones present a challenge to achieve both high image spatial res-
olution inmicro-CT analysis to resolve the finest architecture, and also to scanmouse
bones at resolution adequate for bonemorphometry at a high speed and throughput.
Mouse bone can be imaged in the desktop  scanner at pixel sizes down to about
1μm. For routine scans, such as for bone morphometry, with durations of half an
hour or less, a pixel size of 4–5μm can be employed. Scans at higher resolution, e.g.
2.45μm in the case of the juvenile mouse tibia shown in Fig. , require scan duration
of around  h or more. At this resolution architectural features below 10μm can be
clearly seen, such as the fine primary spongiosal network just below the growth plate,
and blood vessel canals in the bone cortical wall.

Figure 3a,b.Higher resolutions (here 2.45μm pixels) can be attained in vitro, allowing visual-
isation of primary spongiosal structures (a) and cortical blood vessels (b) in juvenile murine
proximal tibia



328 Phil L. Salmon, Alexander Y. Sasov

High-ResolutionMicro-CT Scans of Murine Bone In Vivo

This tomographic imaging technology has perhaps the most potential in biomedi-
cal research pertaining to in vivo imaging of the mouse and rat. The tissues that can
be imaged on the basis of natural X-ray contrast, bone and lung (due to the pres-
ence of calcium phosphate and air respectively) present the principle requirements
for the highest possible imaging resolution, to resolve as much as possible of trabec-
ular bone and alveolar-septal-bronchial lung architectures. Trabecular bone in the
mouse model is heterogeneous in architecture, including relatively thick plate struc-
tures near to and parallel with the endocortical boundary, and a much thinner fine
lattice of rod-like structures in the central medulla with a diameter of < 25μm. To
image the whole murine trabecular structure including the central fine lattice, pixel
sizes of well below 10μm are ideally required. In vivo micro-CT imaging presents
a challenge to obtain the best resolution possible in the face of several limitations:
limited scan time and radiation dose and volume of tissue and breathing movement
(Salmon et al. ).The Skyscan  in vivo scanner achieves a pixel size of 8.9μm,
and this requires an exposure time of the X-ray camera of several seconds. Due to the
camera electronic timing and to the need for image processing during a scan, plus
rotation between steps, it has previously been necessary to acquire images during
alternate camera cycles only. So the system was only collecting image data for half
of the scan time; however, recent improvements to the method and speed of image
processing have resulted in a change to a continuous imaging mode in which im-
age data is being collected for almost 100% of the scan time, and the time to obtain
high-resolution images in vivo is therefore reduced by half. This has important im-
plications, e.g. in imaging mouse trabecular bone where high-resolution images of

Figure 4a,b.Mouse knee trabecular bone imaged by a -min scan in the Skyscan  in vivo
scanner: the 8.9μm pixel size is at the upper limit of the pixel size required to image the fine
murine trabecular lattice. a Cross-sectional image. b Surface-rendered D model image of
trabecular structures
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Figure5.aAPLA/PLGA scaffoldmatrix, scanned at a pixel size of 5.5μm, andb a synthetic bone
scaffold consisting of hydroxyapatite-coated polythene spheres, scanned with 2.8μm pixel

the mouse knee, suitable for morphometric analysis, can now be obtained in vivo
in < 20min. Such scans allow the trabecular structure around the mouse knee to be
reasonably well resolved, as shown in Fig. . In vivo bone imaging allows sequential
imaging of a bone site in individual animals (Waarsing et al. ), with substantial
advantages in researching bone structure changes which are only beginning to be
realised in bone research.

Figure6a,b.The vascular network of amouse’s brain, contrastedby injection of the agentMicro-
fil (a resin-containing lead chromate). Scanned in the Skyscan , ex vivo, pixel size 4.2μm.
a Reconstructed cross-sectional image. b Reconstructed model for D viewing by the maxi-
mum intensity projection method
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Micro-CT Imaging of Bone Biomaterial Scaffolds and Vascular Network Casts

Scaffold biomaterials for the support of bone regeneration in orthopaedic medicine
also presents a requirement for detailed D imaging in the research and develop-
ment of optimum materials and architectures required for the scaffolds to achieve
their therapeutic objectives. Many different approaches to bone biomaterial scaffolds
have been investigated which cannot be fully covered here. Micro-CT scan images
of two types of synthetic bone scaffold are shown in Fig. .These are the PLA/PLGA
type scaffolds, and an array of polythene spheres coated in a -μm layer of calcium
hydroxyapatite. Such scaffolds present architectures which are superficially similar
to some bone samples such as trabecular structures, although their characteristics
of density and attenuation of X-rays necessitate different micro-CT scan settings.
Low-density scaffolds, such as the PLA/PLGA type, require unfiltered low-energy
tungsten-emission X-rays for optimal results, whereas most bone and calcified sam-
ples require aluminium-filtered micro-focus X-rays for adequate micro-CT imaging.
Low-energy unfiltered X-rays are also suitable for scanning vascular networks which
have been cast by a setting resin contrast agent such asMicrofil.Theuse of agents such
as Microfil in imaging vascular networks in the context of research into angiogenesis
and vascular architecture is becoming more widespread and represents another im-
portant application where micro-CT can provide useful and informative D image
information. Themicro-CT scan of a mouse brain, in which the arterial network has
been perfused with Microfil, is shown in Fig. .

Conclusion

In primary imaging modalities, such as micro- and nano-CT, “what you see is what
you get”, i.e. the quality and image resolution is largely evident from viewing the
image. Biological tissues, such as trabecular bone and lung, possess fine networked
structure facilitating the highest available image resolution, both in vivo and ex vivo.
The Skyscan nano-CT currently represents the extreme of spatial image resolution at-
tainable in a laboratory tomographic instrument, and opens up new applications for
tomographic imaging in biomedicine, including research in bone ultrastructure and
biomechanical properties. For example, the internal ultrastructure of human bone
trabeculae, including calcification inhomogeneities and osteocyte distribution (see
Fig. ), provides information relevant to assessing origins of osteoporotic spinal com-
pression fractures, which are of considerable clinical significance. Nano-CT occupies
what was hitherto a significant gap in imaging technology, for a tomographic D
modality with resolution in the range of hundreds of nanometers and sample sizes of
the order of a millimetre.

Due to the requirement of very small samples by nano-CT, the application of
high-resolution CT imaging for the largest range of biomedical and bone research
samples remains the province of “conventional” desktop micro-CT scanners. Here
resolution levels are well above 1μm but samples of several millimetres or centime-
tres diameter with a wide range of densities can be imaged and studied. Advances



Application of Nano-CT and High-Resolution Micro-CT to Study Bone Quality 331

discussed here in desktop micro-CT technology include the use of a large-format X-
ray camera and adaptive geometry of the X-ray camera and source, to broaden the
range of sample types that can be scanned as well as maximising attainable image
resolution. The application of desktop micro-CT is illustrated here by examples of
murine bone, scanned both ex vivo and in vivo, and samples linked to other impor-
tant bone-related research areas, namely bone biomaterial scaffolds and infiltrated
casts of vascular networks.
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Abstract

Spinal fusion in orthopedic surgery is commonly used to treat spinal deformity and
degenerative diseases such as scoliosis and degenerative disc disease. To advance
surgical and outcome efficacy and study the biological regulations, different animal
models of spinal fusion have been established, including rats, rabbits, dogs, sheep,
goats, and even non-human primates. With novel biological factors, biomaterials,
biophysical devices and gene therapy, and stem-cell-based-therapy being developed,
many medical imaging assessment techniques are being adopted further to evaluate
their potential in facilitating spinal fusion experimentally before clinical application.
Many bio-imaging evaluation technologies have been developed and their potential
has been explored in evaluation of bone and biomaterial interface integration both
preclinically and clinically. This chapter reviews some of the conventional and ad-
vanced techniques being applied for evaluation of rate and quality of spinal fusion,
especially the experimental spinal fusion models based on our own studies. These
techniques are summarized in the following categories in studying fusion complex
or materials properties: (a) low resolution X-ray; quantitative CT, MRI, and clini-
cal densitometry; (b) high-resolution micro-CT, D and D histomorphometry with
both static and dynamic indices; and (c) macro- and microbiomechanical tests. The
general advantages and limitations of the technologies are also briefly summarized.
This overview might serve as a reference for future studies concerning study design
and selection of technologies for qualitative and quantitative evaluation of spinal fu-
sion based on availability of these methods and potential local and international col-
laborations.

Introduction

Theyears – have beendesignated by theWorldHealthOrganization (WHO)
as “The Bone and Joint Decade” (BJD) with the mission of promoting the preven-
tion and treatment of musculoskeletal disorders. Spinal disorder is one of the top
five musculoskeletal conditions defined by BJD. In correction of spinal deformities,
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bone grafting is one of the most common procedures in spinal surgery. It has been
estimated that more than , bone-grafting procedures are conducted in the
U.S. per year, with around half of these procedures related to spinal fusion or spinal
arthrodesis (Greenwald et al. ; Boden ).

There are three types of spinal fusion, i.e., anterior interbody, posterior intertrans-
verse, or interlaminar fusion. Posterior spinal fusion (PSF) is the commonest surgical
procedure used for treatment of spinal disorders ranging from congenital disease, de-
formity, and degenerative disease, benign and malignant tumors to spinal fractures.
Decortication of lamellar bone of the spinal processes and grafting of autogenous iliac
crest have been the gold standard for spinal fusion because of the osteogenic, osteoin-
ductive and osteoconductive effects; however, harvesting of autograft is associated
with complications such as high non-union rate of –45%, limited supply, donor-site
morbidity, pain, increased operation time, blood lost, hostmetabolic hindrances, and
unsuitability in smokers, diabetics, and osteoporotic patients (Greenwald et al. ;
Boden ). On the other hand, allografts from a donor after death are also utilized
to substitute autograft. Allograft provides an osteo-inductive and osteoconductive
effect on spinal fusion; thus, it is less effective than autograft. It also requires bone
bank, storage, sterilization, and quality-control facilities. Infection, viral transmis-
sion (including HIV), and availability of the allografts are also problematic (Meding
and Stambough ; Linovitz and Peppers ). Biomaterials as bone substitutes
are therefore highly desirable.

Many biomaterials have been used as bone substitutes in spinalcfusion mod-
els; these range from demineralized bone matrix, natural coral, or ceramics, such as
calcium phosphate, hydroxyapatite, or their composite as hydroxyapatite-tricalcium
phosphate (HA-TCP)with or without augmentation with bonemarrow or bonemor-
phogenetic proteins (BMP). The efficacy of these materials or factors in enhancing
fusion can be assessed by evaluating spatial and temporal changes at the fusion site
structurally and functionally with respect to biocompatibility, biodegradablility, os-
teoconductivity, or osteo-inductivity (Boden and Schimandle ; Boden et al. ,
a,b; Ludwig and Boden ; Greenwald et al. ; Guo et al. , ; Vac-
caro et al. ; Linovitz and Peppers ; Cheng et al. ; Chan et al. , ,
a,b; Yeung et al. ). In addition, biophysical interventions have been as used
for accelerating spinal fusion, including methods such as electrical stimulation, mag-
netic field, and low-intensity pulsed ultrasound (Cook et al. ; Linovitz et al. ;
Chan et al. , ; Hodges et al. ).

Currently, plain-X-ray, CT, andMRI are the conventional means used in the eval-
uation of spinal fusion clinically; however, these non-invasive methods for assessing
fusion status are not fully accurate because of lower resolution. It is difficult to eval-
uate fusion quality in terms of material property and mechanical strength. Although
the presence of residual segmental motion generally reflects non-union, lack of mo-
tion on stress radiographs does not necessarily imply solid fusion, especially in the
presence of rigid internal fixation (Meding and Stambough ; Boden , ;
Greenwald et al. ); therefore, carefully designed animal experiments with objec-
tive evaluation using various technologies are prerequisites to the study and docu-
mentation of successful fusion before extending this to human clinical trials.
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Preclinical Evaluation of Spinal Fusion: Animal Models
and Enhancement Methods

Various animal models have been used as spinal fusion experimental studies; these
include small animal models using mice and rats (Hasharoni et al. ; Moazzaz
et al. ), medium-sized animals, such as rabbit (Boden et al. ; Cheng et al.
; Guo et al. ; Chan et al. a,b), large animal models such as dogs (Zer-
wekh et al. ), goats or sheep (Magin andDelling ), and non-human primates
(Boden et al. b; Suh et al. ). The most commonly used experimental spinal
fusion model for evaluating biological effect of bone-graft substitutes, growth fac-
tors, and biophysical interventions in the above-mentioned experimental studies is
the lumbar intertransverse process fusion model. Discussions on the technological
assessment methods applied to spinal fusion models below are basically based on or
applied to this model.

Bio-imaging Technologies for Assessment of Experimental Spinal Fusion

The currently used technologies for bone-biomaterial interface evaluations include
radiological imaging techniques, D and D histomorphometry, non-invasive bone
mineral densitometry (BMD), and biomechanical testing.

Radiographic Imaging Techniques

Radiological imaging techniques can be classified as macro- or microradiography.
Macroradiological techniques are non-destructive, including plain X-ray (Fig. ),
computed tomography (CT; Fig. ), and magnetic resonance image (MRI; Fig. a,b).
They are routinely used in in vivo monitoring or ex-vivo studies (Boden et al. ;
Boden ; Greenwald et al. ; Guo et al. ); however, these methods gener-
ally have lower resolution. For plain X-ray, calcium-phosphate-based biomaterials,
such as beta-tricalcium phosphate and hydroxyapatite, are radio-opaque. Biomateri-
als are implanted onto the transverse processes; thus, theymask bone regeneration on
anterior-posterior (AP) views. Newly formed mineralized bone is merely observed
on the rim of biomaterials and is only seen in the later stages of spinal fusion. Most
bone formation takes place beneath biomaterials because of osteoconductive effect.
Plain X-ray is usually used for monitoring any dislocation of biomaterial in vivo.
For CT, the basic scanning plane is cross-sectional. Complete spinal fusion can be
assessed by reconstruction of D images. It depends on the function of computer
software to perform reconstruction longitudinal section. The basic principle of MRI
relates to the magnetic properties of the D data in a hydrogen molecule and its in-
teraction with an external magnetic filed.Water content-rich tissues, e.g. spinal cord,
intervertebral disc, and muscle, generate higher signal than bony tissue; therefore,
MRI is not frequently used to assess bone fusion.

High-resolution radiography is used for precision measurements of fusion mass
and fusion rate of fusion complex after sample harvesting. Microradiological tech-
niques include contact microradiography and recent technological advancement in
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Figure 1. Plain X-ray
anteroposterior view
of hydroxyapatite-
tricalcium (HA-TCP;
H) implanted onto L-
L transverse processes
with decortication pro-
cedure in adult rabbit
spinal fusion at  weeks
post-operation. Calcium
phosphate based bioma-
terials are radio-opaque.
Bone regeneration is ob-
served only on the lining
of biomaterials but not
beneath biomaterials

Figure 2. The cross-
sectional CT image
of hydroxyapatite-
tricalcium phosphate
(H) implanted rabbit
posterior spinal fusion
scanned by pCQT (Den-
siscan , ScancoMed-
ical, Basel Switzerland) in
vivo.Themineral density,
mineral content and vol-
ume of the newly formed
mineralized tissue are
measured under HA-
TCP implant

high-resolution CT, i.e., micro-CT. Micro-CT scans the specimens to generate D
image (Fig. a). By reconstruction of D images, a powerful static D histomor-
phological assessment technique with resolution as well as 7μm, allows objective
D structural assessment of bone and ceramic biomaterials with the fusion com-
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Figure 3a,b.The MRI image of rabbit spine (T) is scanned in cross-sectional plane (a) and
sagittal plane (b). The water content rich tissues, e.g. spinal cord and cartilage, are visualized
in high intensity in T-weighted image, whereas the bony tissue is shown in dark colour of grey
scale

plex intact or without sectioning the specimens for quantification (Fig. b,c). This
technique is currently used mainly in osteoporosis studies (Schmidt et al. ;
Siu et al. ) or characterization of biomaterial structures (Jung et al. ; Ye-
ung et al. ); however, some biomaterials, such as hydroxyapatite and beta-
tricalcium phosphate, is similar to bone in terms of X-ray attenuation; thus, it is
difficult to distinguish these biomaterials from the fusion bone by threshold adjust-
ment.

Contact microradiography is a technique that requires harvested samples to be
embedded with resin such as glycomethacylate and methylmethacrylate (MMA) for
undecalcified histological sections (Guo et al. ; Chan et al. , a,b). The
samples are sectioned with two parallel surfaces for studying bone matrix miner-
alization (Zetterqvist et al. ; Qin et al. ; Guo et al. ). The sections can
be examined by high-resolution X-ray film (Fig. ) or photoplate. During the pro-
cess of spinal fusion, inter-transverse process distance becomes narrower until fu-
sion is complete. The inter-transverse process distance can be measured by micro-
CT or contact microradiography images. Reconstructive D image from micro-CT
give more accurate distance measurement by adjustment of different viewing angle
(Fig. ; Chan a). For contact microradiography, the distance of inter-transverse
process can be measured at relatively low cost using image analysis software, but it
depends on the sectioning plane (Fig. ).
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Figure 4a–c.The micro-CT images of rabbit spinal fusion sample. The vertebral segment is cut
into two halves longitudinally after the sample is harvested at  weeks post-operation. The
samples are scanned in coronal plane to generate serial D images (a). The serial layers of D
images are reconstructed into D image and presented in ventral view (b) and lateral view (c)
to measure shortest inter-transverse process gap distance. VB vertebral body, beta-TCP beta-
tricalcium phosphate ceramics, TP transverse process

In addition, X-ray photoelectron spectroscopy is also amethod of choice, one that
analyses the chemical composition and mechanical properties of bone-biomaterials
at fusion interface (Guo et al. ; Collier et al. ).

Histomorphology and Histomorphometry

Conventional light microscopy equipped with either commercially available or
custom-made histomorphometric programs (imaging qualification program) is used
for both descriptive and quantitative histology in the study of both temporal and spa-
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Figure 5.Micro-radiography of spinal fusion with HA-TCP implanted in rabbit posterior spinal
fusionmodel.The samples are sectioned sagittally and perpendicular to the plane of transverse
processes (TP). The inter-transverse processes gap distance (d) is measured between two pro-
cesses parallel to the axis of ceramics

Figure 6.The bone-marrow-derived stem cells treated with basic fibroblat growth factor and
osteogenic supplement including dexamethansone, ascorbic acid and β-glycerophosphate in
vitro. The cells are loaded on β-TCP. The cell-ceramics composite is implanted at L and L
transverse processes in rabbit posterior spinal fusion at week . After micro-CT scanning, D
fusion model is reconstructed for measurement of intertransverse processes gap distance (d)
by the shortest distance of two processes underneath the ceramics
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tial changes of fusion process and fusionmass (Chan et al. , , a,b; Yeung
et al. ).

Early Changes at Molecular Level
Fusion mass and adjacent tissues can be studied histologically for gene expression of
collagens and bone matrix proteins in the early phase of fusion process (within first
– postoperative weeks), including bone morphogenetic proteins using molecular
biology techniques (Boden and Schimandle ; Boden et al. b; Ludwig and
Boden ; Sandhu et al. ).

Changes at Cellular, Subcelluar, andMatrix levels
In the early stage of fusion (within 4–5 postoperative weeks), many spatial and tem-
poral osteogenic and chondrogenic responses at the bone-biomaterial interface can
be evaluated, including intramembranous, endochondral, transchondroid bone for-
mation, aswell as the progress after implantation of biomaterials (Zerwekh et al. ;
Boden and Schimandle ; Boden et al. , a,b; Zetterqvist et al. ; Sandhu
et al. ; Magin and Delling ; Guo et al. ; Linovitz et al. ; Chan et
al. b). In these studies many special staining techniques have been adapted or
further developed to highlight the cellular or matrix composition both qualitatively
(histology) and quantitatively (histomorphometry) based on methodologies sum-
marized by Parfitt (), Dickson (), and von Recum (). In the preparation,
serial undecalcified sections normally at around 100μmor decalcified sections at 7–
10μm perpendicular to the long axis of the implant are prepared. Toluidine blue or
basic fusin staining are used for undecalcified sections while hematoxylin and eosin
(H&E; Fig. ), and Safranin O/Fast green are used for proteoglycan-rich cartilagi-
nous tissue (Fig. ; Chan et al. ). Other immunohistochemical staining methods
are used to study specific cellular or tissue responses to the implant, e.g., vascular en-
dothelial growth factor (VEGF; Fig. ; Chan et al. b). In the later phases, these
studies focus mainly on evaluation of fusion quality in terms of fusion mass particu-
larly mature osseous tissue, and tissue response or integration with implanted bioma-
terial with or without growth factor augmentation, and with or without biophysical
intervention.

Figure7.The allograft (A) of iliac crest implanted at L and L transverse processes (T) in rabbit
posterior spinal fusion at week .The spinal processes grow towards each other. Cartilaginous
tissue (C) and mesenchymal like cells (M) found in fusion bed. (Hematoxylin and eosin, �16)
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Figure 8.The proteoglycan rich cartilage (c) is stained in red colour by safranin O/fast green at
week  post-operationwith HA-TCP implanted at L and L transverse processes.The samples
are sectioned with 15μm of thickness sagittally and perpendicular to the plane of transverse
processes. The area in black line is the original region of HA-TCP block

Figure 9. Immunohistochemistry of VEGF in rabbit allograft implanted posterior spinal fusion
at week  post-operation. The VEGF is expressed moderately in osteoblast and osteocyte in
newly formed bone (Ob) between intertransverse processes fusion bed (arrows denote VEGF
positive cell, �200)

Other Types of Microscopy and Accessories
Conventional light microscopy (Fig. a) equipped with florescence and polarization
accessories is useful in studying dynamic bone remodeling with sequential flores-
cence labeling (evaluation of osteogenesis at various time points on the same spec-
imen; Fig. b) and matrix collagen maturity in terms of collagen fiber alignment
(Fig. c), It has been usedmainly to study bone remodeling of intact bonemore than
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Figure 10a–c.Sections of rabbit posterior spinal fusion harvested at week  post-operation.The
area of dotted line shows the β-TCP ceramics implant. a Unstained section embedded with
methylmethacrylate and cut and polished to 100μm in thickness. bUnstained section of Fig. 
observed under florescence microscopy. The fluorochrome, xylenol orange and calcein was
injected intramuscularly at weeks  and  respectively.The fusion dynamics could be assessed.
c Unstained section of Fig.  under polarised light microscopy. The mature and organized
collagen fibre exhibited high intensity. The lamellar bone which showed high intensity had
higher maturity. (Magnification �1)

fracture repair (Parfitt ; Qin et al. ; O’Brien et al. ) and recently also has
been adapted for evaluating temporal and spatial osteogenesis in experimental spinal
fusion (Guo et al ; Chan et al. ; Chan et al. a,b).

Some biomaterials are made of porous materials. In the macropores, newly
formed bone is not easily observed under conventional light microcopy (Fig. a).
Fluorescentmicroscopy can clearly demonstrate bone formationdue to fluorochrome
deposition with mineral apposition (Fig. b). Polarized microscopy showed not only
mature lamellar bone but also thick collagen fiber (Fig. c).

Transmission and scanning electron microscopy (TEM, SEM) are useful for
studying sectioned materials at cellular and subcellular levels or surface materials
at cellular and matrix levels, respectively. They may not be useful tools for evalu-
ating fusion mass because of difficulty in sampling or selection of region of inter-
ests for quantification, except for studying wear debris (Katz and Meunier ; Qin
et al. ); however, backscatter SEM, used for studying bone matrix and ortho-
pedic biomaterials, is useful for assessing fusion quality by evaluating maturity or
mineralization of bone matrix (Zetterqvist et al. ). In addition, under identical
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Figure 11a–c. The bone ingrowth found in β-TCP of rabbit spinal fusion at  weeks post-
operation by different methods. a Observed under conventional light microscopy (arrows).
b Observed under fluorescence microscopy, and the fluorochrome deposition demonstrates
bone ormation inside the macropores of beta-TCP (arrows), although it was not shown clearly
in conventional light microscopy. c Observed under olarized light microcopy, with the matu-
rity of bone matrix (arrows) which was related to the organization of collagen fibres. (Magni-
fication �50)

preparation and staining conditions, our recent experimental studies showed that
the staining intensity of tissue matrix can also be quantified to reflect of bone ma-
trix mechanical properties (Qin et al. ; Qin et al. ). As bone formation and
mineralization is associated with bone blood supply, a recent study determined semi-
quantitatively the interosseus origin of the new blood vessels in an intertransverse
process fusion mass fixed with in vivo injected colored silicone (Toribatake et al.
). Assessment with D micro-CT technique is introduced, which has been re-
ported to provide significantly better quantitative results in other organs (Ortiz et al.
). In line with the application of D techniques, confocal scanning laser mi-
croscopy with non-destructive layer-by-layer evaluation strategies, currently used in
orthopedic biomaterials experimental research (Iyama et al. ; Takagi et al. ),
may also be applicable in experimental spinal fusion studies.
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Bone Densitometry

Non-invasive bone densitometry is widely used in osteoporosis studies for quantify-
ing bonemineral density (BMD) and content (BMC), including areal BMDmeasure-
ment with dual-energy X-ray absorptiometry (DXA), and volumetric BMDusing ax-
ial and peripheral quantitative computer tomography (aQCT and pQCT). This has
also been adapted for studying the state of mineralization, changes over time, fusion
rate, and fusion mass, clinically and experimentally (Sandhu et al. ; Cheng et al.
; Cheng et al. ; Kandziora et al. ; Chan et al. , a); however, due
to its lower resolution, it is not possible to differentiate bone and implant interface.
The newest development of in vivo high-resolution micro-CT for animals (Jaecques
et al. ) can be adopted for experimental spinal fusions studies in the future for
in vivo monitoring of fusion dynamics.

Biomechanical Testing

Althoughbiomechanical testingmaynot conventionally be considered a bio-imaging
method, we still integrate it into this chapter as mechanical testing of the properties
of bone-biomaterial fusion complex can be regarded as the “gold standard” or “end
point” in evaluating the implanted biomaterials for enhancing spinal fusion experi-
mentally.

Methods for Testing the Quality of Fusion Complex
Both semi-quantitative and quantitative biomechanical measurements have been re-
ported (Boden et al. ; Sandhu et al. ;Cook et al. ; Glazer et al. ; Chen
et al. ; Guo et al. ); these include (a) manual palpation, tested at the level of
the fused motion segment, and at the levels of the adjacent motion segments proxi-
mally and distally to differentiate the union from non-union or rate of pseudoarthro-
sis, and (b) mechanical testing, including push-out, torsion, compression or tensile

Figure 12.Micro-indentation can reveal Vicker’s hardness of the host tissues and implanted
materials within the fusion complex using a Microhardness Tester (Microhardness Tester FM;
Future-Tech, Tokyo, Japan).The Vickers diamond pyramidal indenter was compressed at 25g
compression load onto the region of interest for a dwell time of 10s. An indentation mark
formed on the region of interest during the compression of the indenter, and the diagonal
length of the indentation mark was then measured for the calculation of Vicker’s hardness
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tests, is conducted using uni-axial or biaxial material testing machines and custom-
made testing jigs or metal frames on specially prepared specimen.The variables used
to reflect fusion quality include load, strength, stiffness, and energy required to test-
ing the fusion complex to failure. Failure modes are also important to record and
used as relevant evidence for fusion quality with specific reference to the region of
interests within the fusion complex.

Methods for Testing the Material Properties
The material properties of fusion mass can be examined on undecalcified histolog-
ical sections by using (a) non-destructive nano- or microindentation test reported
for testing intact bone material properties (Qin et al. , ) and recently also
adapted for studying quality of spinal fusion experimentally (Fig. ; Guo et al. ),
and (b) non-contact high-frequency scanning acoustic microscopic evaluations at
microlevels currently only seen in studying mechanical properties of intact bone

Figure 13a–d.High-frequency scanning acoustic microscopy (SAM) measurement (-MHz
burst mode, resolution 2.5μm). a,b An SAMmicrograph from a region of host bone and im-
planted HA-TCT block from a sagittal section of fusion complex embedded in MMA (�).
cX-Z scan on the horizontal axis (scan line) along the regions of interest, i.e. the host bone and
implanted HA-TCP from a. dAn SAM reflection impedance pattern of the scan line of b. The
resulting interference pattern is due to the interaction of the surface and longitudinal acoustic
waves providing acoustic information that is related to the specimen’s elastic properties along
the scanned line.The narrow band on the left represents the empty space filled with MMA and
reflects lower stiffness, whereas the wide band on the right reflects the higher stiffness of the
HA-TCP, when compared with SAM image of c.The variations in acoustic band long the bone
matrix reflects their material stiffness due to differences in degree of mineralization, i.e. stiffer
or more mineralized matrix shows wider acoustic band
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or bone-dental implant interface (Katz and Meunier ; Wang et al. ; Turner
et al. ; Qin et al. , ). Nano- or microindentation can reveal the potential
degradation of hardness or Young’s modules or Vicker’s hardness of the host tissues
and implanted materials within the fusion complex while high-frequency scanning
acoustic microscopy (SAM) measures the impedance of the sound reflection of the
materials and gives information about material mechanical properties (Wang et al.
; Qin et al. ).The SAM also provides high-resolution images comparable to
those of conventional light microscopy, which can be used for histomorphological
and histomorphometric evaluations (Fig. ; Katz and Meunier ; Qin et al. ,
).

Discussion

The advantage of conventional D histomorphometry enables us to quantify differ-
ences of host tissues and implanted biomaterials and the osteo-integration at cellar,
subcellular, as well as tissuematrix levels; however, the disadvantages of conventional
histomorphometric techniques are time-consuming in terms of specimen prepara-
tion, evaluation and interpretation (Parfitt ; Qin et al. ). A major drawback
is the damage and preparation artifacts of specimens during sectioning. The recent
technical advances in “non-invasive” D evaluation of biological tissues or materials
with micro-CT and confocal laser microscopy can overcome some of these prob-
lems (Iyama et al. ; Ortiz et al. ; Takagi et al. ). Because of the rela-
tively lower resolution of clinical densitometry, images provided by both DXA or
aQCT and pQCTmay only be used as reference for prediction of spinal fusion qual-
ity. Due to complexity of the fusion spatial patterns in various animal models with
differences in anatomy and size, no single standard mechanical testing method has
been or can be recommended for spinal fusion experiments. A few macromechani-
cal testing methods, such as nanoindentation and high-frequency scanning acoustic
microscopy, may be introduced for future studies aimed at evaluation of fusion qual-
ity based on undecalcified sections of fusion complex with or without biomaterial
implantation (Guo et al. ).Since one single orthopedic research unit is not likely
to be equipped with the above-mentioned research facilities or manpower, our rec-
ommendation is to facilitate local and international collaborations, which is a “cost-
effective” way to conduct modern scientific research demanding state-of-the-art re-
search facilities and expertise (Guo et al. ; Qin et al. ; Cheng and Qin ).

All the above-mentioned technologies used for experimental spinal fusion stud-
ies and bone-biomaterial interface studies have both strengths and limitations in their
applications. Current molecular biology research has shown that the spinal fusion
process is multifactorial and extremely complex. The combined use of these macro-
and microassessment tools can definitely deepen our understanding of the quality
and fusion dynamics at the bone-biomaterial interface. With the advent of improved
animal models, experience gained in the evaluation technology, the basic science be-
hind spinal fusion, will be further clarified. This will further contribute to research
and development of new biomaterials for enhancing spinal fusion clinically. Joint ef-
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Figure 14. The flow chart shows the sample handling procedures developed in the authors’
laboratory. Non- or minimally destructive assessments should be performed before subse-
quent serious destructive imaging and mechanical assessments. ICH immunohistochemistry,
ISH in situ hybridization

forts and collaborations made not only by biomaterial scientists and engineers, but
also by medical doctors and clinical scientists, biologists, and technologists are nec-
essary in promoting all these advances.
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Considering the large spectrum of animal models and evaluation techniques at
molecular, cellular, tissue, and organ levels used for the assessment of spinal fusion
after biological, biomaterial, and biophysical interventions, evaluation strategies have
to be defined and validated for specific “end-point(s)” set by investigators for defined
experiments. The availability of expertise, manpower, funding supports, research fa-
cilities, and not least of all the cost-effectiveness, are all relevant in research planning,
implementation, data analysis, and interpretation of findings. In general, smaller an-
imal models, such as mice and rats, were used for evaluation of early events at both
molecular and cellular levels (Salamon et al. ), whereas large animals, such as
rabbits, dogs (Zerwekh et al. ; Jung et al. ), goats, or sheep (Magin and
Delling ), and non-human primates (Boden et al. b; Suh et al. ), were se-
lected to provide large samples for studying spinal fusion histologically, radiograph-
ically, as well as mechanical properties. Rabbit might be a compromised model for
satisfying both purposes mentioned above and also cost-effective (Boden et al a,
; Guo et al , ; Suh et al. ). Anti-bodies, whichmay not cross species,
was also a major restriction in selection of animal models (Boden and Schimandle
; Boden ; Guo et al ; Salamon et al. ).

Conclusion

This chapter introduces many bio-imaging evaluation technologies that are devel-
oped and adopted for potential application in evaluation of bone-biomaterial inter-
face integration both preclinically and clinically. Special emphasis is placed on some
of these conventional and advanced techniques being applied to evaluate dynamic
processes and quality of spinal fusion. We are not able to make a direct comparison
to compare and contrast the techniques in relation to the end-point evaluation at var-
ious levels as well as costs in order to offer a guide to selecting appropriate techniques
and animal models, but it may serve as a reference for future studies concerning
study design and selection of bio-imaging technologies for qualitative and quanti-
tative evaluation of bone-biomaterial interface integration such as experimental and
clinical spinal fusion, with or without biological or biophysical argumentation.
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Abstract

Confocal laser scanning microscopy (CLSM) is a type of high-resolution and com-
paratively non-destructive fluorescence imaging technique that overcomes the limi-
tations of conventional wide-field microscopy and facilitates the generation of high-
resolution D images from relatively thick sections of tissue. In addition, CLSM
enables the in situ characterization of tissue microstructure. Images generated by
CLSM have been utilized for the study of articular cartilage, bone, muscle, tendon
and ligament, and in the field of orthopaedics. More importantly, recent evolution in
techniques and technologies have facilitated a relatively widespread adoption of this
imaging modality, with increased “user friendliness” and flexibility; therefore, appli-
cations of CLSM exist in the rapidly advancing field of orthopaedic implants and the
investigation of joint lubrication. Accordingly, this chapter focuses on the specific
applications, as well as the recent and future direction of developments of CLSM in
orthopaedic research in tissues of orthopaedic interest.

Introduction

The principle of confocal microscopy was initially developed by Marvin Minsky in
 for imaging neurons in the brain, which requires improved-resolution images
over those offered by traditional microscopes (Minsky ). In  this concept was
revisited, when the first biological images were obtained and published by the laser
scanning confocal microscope (LSCM; Hader ). Technological developments,
including the laser in the early s, “off-axis” (stationary sample) beam scanning
in the early s (Sheppard ) and the availability of the powerful desktop com-
puter of the s, have all contributed to the present advances in development of the
confocal microscope.

In many orthopaedic research applications detailed information regarding tis-
sue microstructure is often required. Traditional histological approaches have util-
ized destructive mechanical biopsy and standard processing techniques coupled
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with conventional or polarized light microscopy to provide such data (Pastoureau
et al. ); however, these techniques often result in unquantified shrinkage or
swelling of the tissue during histological processing; thus, conventional histology in-
herently prevents the true examination of tissue in the unaltered physiological state,
thereby inhibiting simultaneous observation of viable cell response to external me-
chanical (or internal physiochemical) stimuli. Remarkably, confocal laser scanning
microscopy (CLSM), overcomes these limitations and non-destructively generates
high-resolution D images from relatively thick sections of tissue (Brakenhoff et al.
).

In this chapter the specific applications and development of CLSM in orthopaedic
research are addressed. in particular we describe the use of CLSM in skeletal tissue
and living cells for reconstruction of tissue architecture, cell and subcellular mor-
phology and dynamics.

Confocal Laser Scanning Microscopy

Fluorescent Confocal Microscopy

The modern CLSM running in florescent mode uses a laser light source to excite
a fluorescing contrasting agent within an imaged sample. An illumination light is
launched from a gas or solid-state laser of a specific wavelength or several wave-
lengths and then filtered to produce the specific wavelengths required. Areas of inter-
est are imaged by using a specific excitation wavelength that is close to the contrast-
ing agent peak excitation wavelength. The contrasting agent, when excited by a light
source, emits a longer wavelength that is then directed back along the same optical
path as the illumination beam. A beam splitter or dichroic mirror, only reflecting
light below or above a certain wavelength, is then used to divert the florescent emis-
sion towards a photodetector, usually a photomultiplier tube (PMT). Before the light
hits the photodetector, it passes through set of filters (low pass and high pass) allow-
ing only a narrow bandwidth of light to pass constituting the wavelength range of
the peak of the emission wavelength curve. The light is then focused though a detec-
tion aperture (confocal pinhole), enabling out-of-focus light to be eliminated before
it is registered by the photodetector. Internal reflections within the optic path of the
microscope that normally generate noise within the image are also blocked by the de-
tector aperture, thereby reducing blurring of the acquired image due to an improved
signal-to-noise (s/n) ratio. In addition, confocal microscopy also has the advantage
of being able to utilize less complex (cheaper) objectives lenses through the use of
monochromatic light sources that introduce fewer aberrations into the system.

As elegantly noted by Shaw, it is “human nature that the most interesting infor-
mation is just beyond what is observable”, CLSMhas been developed in an attempt to
surpass the theoretical resolution limitations of polarized light microscopy (0.25μm;
Shaw ). The theoretical resolution limitations of confocal microscopy are cur-
rently considered between 0.21 and 0.58μm in both the x- and y direction (parallel
to the tissue surface), and between 0.44 and 3.44μmin the z direction (perpendicular
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to the tissue surface; Lee ). This lack of temporal resolution limits the ability to
record transient cell shape changes, and restricts the capacity to accurately define nu-
clear surface area (Guilak ).Despite the current limitations, confocal microscopy
is ideally suited to the analysis of complex D tissue architecture, and offers superior
resolution to wide-field fluorescent microscopy (Harvath ). Moreover, current
developments in instrumentation lead to image-acquisition rates that will parallel
those achieved by flow cytometry technologies (Rigaut et al. ).

Reflectance mode confocal microscopy utilizes a similar set to florescence con-
focal microscopy, using the reflected light from the specimen in place of an excitable
contrast agent.The equality of the excitation and emission wavelengths ismaintained
through the appropriate selection of filters. This method of confocal imaging is best
utilized for the imaging of surface features or surface-texture analysis. Reflectance-
mode imaging sometimes suffers fromnoise at detection due to the illumination light
interfering with the detection light through interference. This problem can be mini-
mized by panning the scanning area to a separate area of the objective, thereby avoid-
ing interference artefacts. Sample illumination is achieved by the use of in-phase
photon-coherent laser light, which creates improved sample edge detection by the
phenomenon of destructive interference (Holst ).

Fiberoptic Confocal Microscopy

Single-mode fiberoptics are commonly used inmodern confocalmicroscopy.Theop-
tical fibre provides a flexible light path for both the excitation and emission light path,
and also acts as a spatial filter equivalent confocal pinhole in rigid systems (Ghiggino
).The use of a fibre optic system allows much greater flexibility as the launch and
detection hardware can be separated. A recently developed laser scanning confocal
arthroscope (LSCA) takes advantage of this by miniaturization of the faster scanning
device enabling a confocal system to fit inside a .-mm cannula, thereby facilitat-
ing in vivo confocal imaging on in situ samples (Smolinski et al. ). The LSCA is
able to image sub-surface tissue up to depths of approximately 200μm(depending on
tissue density and contrasting agent penetration), although “cell shadows” currently
restrict full field images to 50μm.This ability makes possible the subsurface study of
tissue previously only able to be diagnosed using physical biopsy (Jones et al. ).

Two-Photon Confocal Microscopy

Two-photonmicroscopy (TPM) was first demonstrated in  byDenk et al. ().
Like confocal microscopy it obtains high-resolution images of fluorophore prepped
tissue through laser scanning the image plane. In TPM, a “confocal pinhole” is not re-
quired, thereby increasing signal sensitivity, although pinhole may be used to slightly
increase resolution, if needed. Unlike confocal microscopy, TPM uses two photons
fired nearly simultaneously to interact at the focal point of the objective, thus produc-
ing a single photon containing the total energy of the individual photons. This setup
limits photo damage and photobleaching to the focused plane, a trait which is ad-
vantageous in thicker specimens. Two-photon microscopy holds an advantage over
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confocal microscopy in that it can penetrate samples far deeper by utilizing near-
infrared light sources that scatter less in tissues (Dunn et al. ).

Three-Dimensional Reconstruction

Optical sectioning of the specimen allows for the acquisition of a series of fully fo-
cused images at fixed increments along the objective’s axis (z-axis). By combining
these image stacks, a focused D model of an imaged sample can be reconstructed
(Fig. ). This method eliminates the possibility of processing artefacts sometimes in-
troduced by physically sectioning tissue samples, as would be required using wide-
field microscopy. Unfortunately, signal attenuation with increasing depth or image
distortion due to the sample refractive index mismatch may possibly introduce im-
age artefacts for CLSM during this process (Rigaut et al. ).

Deconvolution is another method available to confocal microscopists to improve
the resolution of the gained images post-acquisition. This method enables to pro-
duce a resolution surpassing Rayleigh’s criterion and is termed “super resolution”.The
mathematical algorithm uses a point-spread function (PSF) which contains informa-
tion on how the microscope deviates from the perfect Airy profile, thus introducing
out-of-focus light. The image plane above and below the one being deconvoluted is
used to remove out-of-focus light from the desired image plane.

CLSM Assessment of Cartilage

The hyaline articular cartilage (AC) of synovial joints is subject to high levels of me-
chanical stress and wear, and is vulnerable to injury and other disease processes that
can lead to extensive tissue degeneration. Due to its non-vascular nature and lack

Figure 1.A D reconstruction of
cartilage tissue with field of view
of 100μm2
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of other inherent regenerative capabilities, the metabolic and enzymatic responses
of AC fail to provide sufficient rate of matrix regeneration to repair even a minimal
defect.

While cartilage injury is often associated with damage to other tissues of the di-
arthroidal synovial joint, it is much more difficult to detect than osseous or oste-
chondral fractures that are readily identified via magnetic resonance imaging (MRI)
techniques. Indeed, there is currently no clinical imagingmodality of sufficient sensi-
tivity to detect damage to the chondral matrix and/or cells without visible disruption
to the articular surface (Buckwalter ).

In AC research, CLSM has been used to characterize both healthy and degener-
ated cartilage.Themajor studies in this field and the CLSM techniques that they have
employed are reviewed below.

Characterization of Healthy and Degenerate Articular Cartilage

For the assessment of AC condition, CLSM has been used in a number of studies to
validate the ultra-structural models (Fig. ) of AC (Clarke ; Stockwell ), and
to study the physiology and ultrastructures of AC (Hedlund et al. ). In addition,
CLSM has also been used to assess the early degenerative changes associated with
the progression of osteoarthritis (OA). It is noted that in contrast to many of the ex-
isting arthroscopically accessed cartilage scoring systems for the clinical assessment
of AC lesions and matrix degeneration, which only give little detail with regard to
subsurface tissue micro-architecture (Dougados et al. ), the use of CLSM has
been successful in obtaining detailed D microscopic representations of the tissue
architecture (Fig. ; Bush and Hall ; Chiang et al. ; Hirsch et al. ).

Confocal imaging has also been indicated as a relevant tool for the research
of articular elastin fibres (De Carvalho and Taboga ). In this role, CLSM pro-

Figure 2.Matrix-induced autologous chondrocyte implantation (MACI). Human autologous
chondrocytes labeled with PKH (Sigma) were inoculated into the type-I/III collagen scaf-
fold. These cells were implanted into the compartment of cartilage defect in a joint for the re-
generation of cartilage. The PKH--labeled chondrocytes (red) can be monitored in vivo for
up to  weeks after surgery for the cell migration and survival in the collagen scaffold (green)
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vides distinct advantages over conventional histological techniques by facilitating the
use of thicker sections while simultaneously providing improved resolution capable
of imaging finer microstructural details (De Carvalho and Taboga ). Further-
more, CLSM has been used to characterize the morphology of chondrocytes from
OA and non-OA human AC, and examine the appearance and frequency of multiple
elongated processes radiating into the ECM (Holloway et al. ). Immunofluores-
cent staining of the cytoskeletal protein vimentin was used to test the hypothesized
morphological difference between OA and non-OA chondrocytes (Holloway et al.
).

Cartilage Compression: the Deformation Behaviour of Articular Chondrocytes

Themechanical properties of AC have been the subject of extensive research (Korho-
nen et al. ). On the cellular level, compression experiments have often utilized
CLSM as a means of measuring changes in chondrocyte morphology, usually quan-
tified in terms of changes in surface area or volume. Chondrocyte morphology has
been established as a key link in describing the behaviour of AC under compres-
sion, both in terms of the biomechanics of load bearing and strain distribution, and
also with regard to the specific cellular biosynthetic response. For this search, stud-
ies have been performed by using CLSM to characterize chondrocyte regulation of
metabolic activity via mechanical signal transduction. Results found that the use of
CLSM for volumetric analysis correlates well with findings from conventional stereo-
logical techniques (Guilak ; Guilak et al. , , ).

Along with tissue explants, CLSMhas also been used to quantify the deformation
behaviour of chondrocytes cultured within labelled agarose gels (Knight et al. ;
Lee et al. ). Utilizing the post-imaging D morphological analysis, CLSM re-
ported specific cell-shape changes due to compression (spherical to ellipsoidal, with
volume conserved) and quantified the relationship between cell membrane and cell-
nucleus deformation (Knight et al. ).

The issue of chondrocyte death due to cyclical loading was recently the topic of
a viability study using live and dead fluorescent assays with CLSM imaging to iden-
tify cell apoptosis (Chen et al. ). A quantitative analysis of cell death was per-
formed employing the “area method” in order to establish the depth and extent of cell
death within the AC structure. This study concluded that the extent of chondrocyte
death in compressed cartilage explants was “time, stress and location dependent”,
with a strong dependence on the “location and extent of collagen damage” (Chen
et al. ).

Characterization of Collagen

In any collagen-reinforced structure, the D architecture of the collagen fibrils is
of interest to researchers from the pathological and biomechanics perspective. The
CLSM has been used to enable the measurement of the septal fibre angles that define
the biomechanical properties of both the perimysial and endomsial septa (Dolber
and Spach ; Niyibizi et al. ).
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As the primary functional unit in AC, establishment of the type and distribution
and organization of collagen within the chondron has important implications in the
mechanotransduction between the chondrocyte and the matrix in which it resides
(Poole et al. ). Visualization of type-VI collagen via CLSM detailed the interac-
tion between the fibrous pericellular matrix and the chondrocyte membrane (Poole
et al. ). In addition, CLSM has also been used for a comparative and system-
atic analysis of the differences in distribution patterns of type-VI collagen between
normal and osteoarthritic AC (Chang et al. ; Hambach et al. ). Using this in-
vestigation technique the turnover of collagen in normal cartilage was demonstrated
and an increase in collagen synthesis in the middle and deep zones of OA cartilage
was reported (Hambach et al. ).

Investigation of Cartilage Repair Techniques

While focal chondral lesions are typically assessed via conventional arthroscopy, the
emergence of novel surgical and pharmacological cartilage repair techniques has
prompted the need for clinical methods to monitor cartilage repair, regeneration or
degeneration (Hunziker et al. ; Mori et al. ). In this role CLSM has been em-
ployed in a number of studies to assess the relative efficacy of alternative cartilage
repair techniques. The CLSM has permitted the ex-vivo and in vitro characterization
of articular chondrocytes and their mechanical environment, a trait which has been
used in the assessment of newly developed autologous chondrocyte transplantation
techniques. A recently developed confocal arthroscope shows great promise in this
field (Jones et al. ).

In addition, CLSMhas been employed to assess the factors affecting the efficacy of
bovine chondrocyte transplantation in vivo (Manolopoulos et al. ), to accurately
establish chondrocyte viability in vitro following radiofrequency energy (RFE) treat-
ment (Lu et al. ), to investigate the efficacy of cell-coating methods for promot-
ing the adherence of chondrogenic progenitor cells to specific matrix molecules, and
to compare the surgical techniques following allografts transplantation in an ovine
model (Gole et al. ) concluded that chondrocyte condition can be determined
with significant reliability when assessed via CLSM in combination with metabolic,
histological and biomechanical measures.

CLSM Assessment of Bone

Traditional methods of preparing bone specimens required thin sectioning followed
by preparation techniques such as decalcification. These methods have their faults
including distortion of tissue structures (Mawhinney et al. ; Zheng et al. ).
The difficulties associated with the sectioning of bone for conventional imaging have,
as in cartilage research, led to the employment of CLSM for the examination and as-
sessment of bone architecture (Fujii et al. ; Zheng et al. ).The use of confocal
microscopy for the examination of thick tissue sections is flourishing. The ability of
CLSM to generate optical sections of a higher resolution than conventional polarized
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light microscopy was used to characterize the unembedded histopathology of fresh
bone and bone allografts (Fujii et al. ; Zheng et al. ). In this role, confocal
imaging was found to be of particular benefit in the imaging and assessment of the
cellular architecture (Figs.  & : of bone by retaining structural details, minimizing
visualization artefacts and enabling the examination of bone-cement interfaces. The
CLSMhas also been employed to visualize the four-dimensional remodelling of bone
labelled with dual osteotropic assays in vivo (Konijn et al. ).

Kazama et al. () reported on the use of confocal laser scanning microscopy
for the observation of bone specimens. As sections � 20μm in thickness could not
be imaged with the conventional light microscope, bone cells could only vaguely be
seen; however, confocal microscopy allowed imaging of the bone at higher magni-
fication with great clarity. The ruffled borders of osteoclasts could be seen at 400�
magnification. The lamellar structure of bone could also be seen with the confo-

Figure 3. a Confocal micrographs
of bone-resorbing osteoclasts.
Primary osteoclasts were me-
chanically disaggregated from the
long bones of neonatal rats and
cultured on de-vitalized bovine
cortical bone slices for  h. Cells
were then fixed and permeabi-
lized before immunostaining
with a rhodamide-conjugated
phalloidin antibody to visual-
ize filamentous actin (F-actin).
b High-magnification confocal
image of osteoclasts cultured on
glass coverslip. Cells were fixed
and immunostained with specific
antibodies to visualize F-actin
(red) and microtubules (green)
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cal microscope, revealing concentric layers of bone surrounding a central vascular
channel. Five-micron sections provided acceptable images with both light and fluo-
rescence microscopy. It was noted, however, that these specimens shrunk by an av-
erage 20% when compared with confocal images of the adjacent tissue. The current
use of bone biopsy in renal disease is for morphological assessment. As noted, thin
sectioning of non-decalcified bone can lead to shrinkage, and as such, Kazama et al.
() suggested that this method of bone morphometry should be avoided as much
as possible. It was also suggested that confocal microscopy only could produce ac-
curately focused images suitable for detailed bone morphometry of non-decalcified
biopsy tissues. Lamellar structure could also be observed, a feature usually lost when
imaging with plain light microscopy. Additionally, CLSM has the advantage of be-
ing able to construct D images; tissues only require a simpler preparation method,
which they suggested would allow rapid pathological diagnosis (Fig. )

With the development of greater computing power in the mid-s, researchers
were able to reconstruct D images of newly formed bone which tremendously fa-
cilitated the study of bone tissue. Konijn et al. () utilized confocal microscopy to
assess bone remodelling in a rabbit model and examine the whole calvarial specimen
from surface to the deepest layers without any prior treatment. In addition, Zheng
et al. () reported on a rapid method for visualizing bone in  to 400μm sec-

Figure 4. a Confocal images of
human cortical bone stained with
eosin. Extended focus merged
image of  optical sections taken
at 1μm intervals demonstrated
the architecture of the osteo-
cytic and canlicular network.
Bar = 50μm. b High magnifica-
tion of the dentritic network of
osteocytes. Bar = 25μm
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tions. By taking tissue from sheep and human frozen bone, they were able to assess
the cellular detail of bone by confocal microscopy, suggesting that this method of
examination might help in pathological diagnosis as optical sectioning can replace
many of the time-consuming aspects of preparing bone for histological examination.
Moreover, this imaging technique has also been used to investigate D distribution of
osteocyte processes (Kamioka et al. ), the role of ultra-microcracksmicrodamage
in fragility of osteoporotic bone (Fazzalari et al. ; Burr et al. ), its response
to bending (Boyce et al. ) and its correlation with age (Ziopus et al. ).

CLSM Assessment of Ligament and Tendon

Ligamentous collagen fibrils attach to bone by first passing through non-mineralized
and mineralized fibrocartilage present at the ligament-bone interface. The role of
this fibrocartilaginous zone of the ligament-bone interface is thought to be impor-
tant in minimizing mechanical stress. Several studies employing CLSM and im-
munofluorescence techniques have been conducted in order to characterize the col-
lagens present in isolated ligaments. During the course of their extensive studies of
the ligament-bone interface, Niyibizi and Visconti have identified cartilage collagen
types I, II, V, IX, X and XI (Niyibizi et al. , ), which have important implica-
tions for emerging tissue-engineered therapeutic treatments.

In addition, by using CLSM, Visconti et al. () have examined the collagen
fibrils at the ligament-bone interface of bovine ligaments to investigate the cellu-
lar composition and ECM organization with consideration in its biochemical con-
stituents and biomechanical function. This study illustrated that the presence of
cartilage-specific collagens (II and IX) indicates that the ligamentous insertions of
the MCL and ACL are fibrocartilaginous, and phenotypic differences were found be-
tween these collagens and similar collagens isolated from the AC of the same animals
thus implying that the cartilaginous components of the ligamentous insertion play
roles in both anchorage, load carriage and stress modulation (Visconti et al. ).

The CLSM was also employed by Provenzano et al. () to examine subfailure
damage in ligaments at the cellular level using rat medial collateral ligament (MCL).
Importantly, the results of this study suggest that, when analyzed as a function of
applied strain, tissue stretch-induced structural damage and cellular damage display
very different patterns.

Whilemuch of the ligament research previously discussed has primarily involved
biomechanical property investigation, CLSM has also been employed for purely
anatomical studies. In an effort to elucidate the role of oxytalan in periodontal liga-
ment, Chantawiboonchai et al. () sought to improve CLSM techniques for exam-
ining the distribution of oxytalan fibres in mice and study of skin ligaments (SL) in
subcutaneous regions (Nash et al. ) for the reason that CLSM enables preserva-
tion of fine fibrous structures with less artefactual damage than conventional H&E
histology technique.

In a similar fashion to cartilage compression experiments, the in situ changes
in cell morphology and nucleus deformation in tendons under tensile load have also
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been analyzed utilizing CLSM,with particular attention being paid to cellular biome-
chanical tension relationships (Arnoczky et al. ).

The study of tail-tendon cell morphology was conducted by Arnoczky et al.
(), who used CLSM to examine the in situ deformation of cell nuclei under ten-
sile load. While unable to establish exact cell morphology due to a lack of volumetric
analysis, this study was able to show a weak correlation between local and whole-
tissue strain, thereby supporting the hypothesis that mechanical loads placed on ten-
dons result in a concomitant in situ deformation of the cell nucleus.This association is
thought to have important implications with regard to cell signalling. It is though that
this deformation of the cell and nucleus leads to downstream intracellular signalling.

In further demonstration of the versatility of CLSM and the broad range of appli-
cations of this imaging modality, Soler et al. () have recently conducted a study
into the development of muscles and tendons of the Drosophila leg. Drosophila are
small two-winged fruit flies frequently used in genetic research, in this case via the
use of a green fluorescent protein (GFP) marker for the tracking of leg development.
Using CLSM, muscle development was shown to be closely associated with the for-
mation of internal tendons.

In an ophthalmic study, CLSM imaging with the technique of double-fluorescent
labelling and D reconstruction has been utilized by Blumer et al. () for ex-
amining the innervation pattern of muscle spindles (MSps) and Golgi tendon or-
gans (GTOs) in bovine calf extraocular muscle. Muscles were also imaged with light
microscopy and transmission electron microscopy. The CLSM imaging following
double staining of nerve terminals with synaptophysin and a-bungarotoxin demon-
strated the fine structural features thereby confirming their proprioceptive nature. In
this application, the resolution and fine detail provided by CLSM enabled definition
of the spatial arrangement of the GTO tissue components and provided unique infor-
mation on the morphology and proprioceptive nature of MSps and GTOs (Blumer
et al. ).

CLSM Assessment of Prothesis

Confocal microscopy has been used to evaluate the contact between prosthetic im-
plants and bone. Takeshita et al. () further evaluated the bone formation around
HA-coated implants using confocal microscopy. This study compared the bone re-
action to HA implants as compared with titanium (Ti) implants and evaluated the
bone formation around HA implants using CLSM. Sixty-five rats were divided into
two groups,  for histological observation and  for time-labelling. Cylindrical HA
and Ti implants were inserted into the diaphyseal region of the tibia. Thirty-five HA
implants and  Ti implants were inserted. For the time-labelling experiment,  rats
with HA implants had oxytetracycline injected intraperitoneally at  days, then cal-
cein at  days, then alizarin at  days. The rats were killed at , , , ,  and
 days after implantation. Tibial specimens were fixed in ethanol and embedded
in resin for histological processing. Sections were taken for light microscopy. Tita-
nium implants revealed a covering of thick lamellar bone. Fibroblast cells were seen
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to interrupt the junction between bone and implant. The HA implants showed com-
plete encapsulation with bone with thinner surrounding bone tissue. It was thought
that the thicker bone around the titanium implants might reflect a foreign-body re-
action. Histomorphometric observation revealed a significant difference in percent
bone contact between Ti and HA in all experiments (Takeshita et al. ).

More recently, investigators have been drawn to other methods of coating im-
plants in order to improve their biocompatibility and, hence, stability. In a study
using CLSM, Kajiwara et al () reported improved bone formation around im-
plants coated with pamidronate, a bisphosphonate. Bisphosphonates enhance bone
formation through many mechanisms of action. The aim of their study was to com-
pare the quantity of new bone formed around a new pamidronate-coated implant.
Moreover, Zheng et al. () have used CLSM for the morphological analyses of
fresh unembedding human cortical bone, bone allograft and bone-cement interfaces,
which showed that CLSM provided a relatively easy and rapid means for assessment
of the histology of normal and pathological bone.

Future Developments

Recent technological advances in CLSM have created more powerful imaging de-
vices that continue to approach the theoretical resolution limitation, with improved
operating systems increasing the “user-friendliness”. This progress, along with ad-
vances in post-imaging analysis capabilities and constant developments in fluores-
cence and immunofluorescence staining techniques, suggest that the future of CLSM
in orthopaedic research applications is promising indeed. The potential combina-
tion of LSCA monitoring with the use of GFP marker tracking may one day provide
a contrast-agent-free method for long-term monitoring of therapies such as matrix-
induced autologous chondrocyte implantation (MACI; Jones ).
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Abstract

This chapter summarizes the application of transmission electronmicroscopy (TEM)
to study the structure of normal and pathological bone, the interface between bone
and scaffold materials, and the nucleation and structure of calcium phosphate on var-
ious scaffold materials. The principles of different TEM techniques, including bright-
field image, dark-field image, electron diffraction, and high-resolution TEM are also
briefly reviewed. The protocol of biological tissue processing for TEM is introduced.
The typical TEMapplications in investigation of bone and scaffoldmaterials are high-
lighted as reference for related study and application.

Introduction

According to the review by Rubin and Jasiuk (), bone is a natural composite
material with a hierarchical structure. Five structural levels can be distinguished in
bone: (a) at macrostructural level: entire bone organ; (b) at mesostructural level: tra-
becular and cortical bone; (c) at microstructural (or lamellae) level (10–500μm):
single osteons and trabeculae (trabecular pockets); (d) at sub-microstructural level
(1–10μm): single lamellae; and (e) at nanostructural level (below 1μm): collagen
fibrils and apatite crystals (Rubin and Jasiuk ).The nanostructural level of bone
can be investigated by transmission electron microscopy (TEM), including various
techniques such as bright field image, dark field image, and high-resolution TEM.
The TEM gives insight into the debated characteristics of normal and diseased bone
structure, such as the exact crystal shape, size, and its three-dimensional (D) rela-
tionship with collagen fibrils.

TEM in Bone Research

There are a number of studies focusing on the mineralization mechanism and ultra-
structure of bone. Bone is one of the few tissueswith amineral density high enough to
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be imaged byTEMwithout staining.TheTEM is useful in examining themorpholog-
ical and crystalline arrangement of mineral apatite and crystal-collagen interaction.
Su and coworkers observed the organization of apatite crystals in human wove bone
by TEM (Su et al. ). It was shown that the apatite crystals in woven bone were
platelet-shaped similar to themature crystals of lamellar bone, but the average crystal
dimensions were considerably smaller than those of apatite crystal in lamellar bone
due to the high rate of the old bone resorption and new bone formation in wove bone
(Su et al. ). Apatite crystals were noted on the collagen fibrils in woven bone. In
densely packedwoven bone, the periodicity ofmineral deposited on individual fibrils
was in registration over many fibrils. In addition to their association with collagen
surfaces, crystals also obviously were distributed in both extrafibrillar and intrafib-
rillar collagen region. In both cases, the minerals were crystalline and defect-free (Su
et al. ).

Lees () reported that there were two sets of seemingly contradictory data re-
lating to the ultrastructure of mineralized collagenous tissue. Moreover, there have
been some reports regarding with the structure of bone disease, such as osteoporosis,
Paget’s bone disease, the age-induced transparent dentin, and damaged bone (Chap-
pard et al. ; Porter et al. ; Rubin et al. ; Rubin and Jasiuk ; Sahar
et al. ). It was shown that the lamellar structure of osteoporotic human trabecular
and cortical bone had equivalent collagen organization within the lamellae at the mi-
crostructural level. But the plywood-like structures routinely were observed in corti-
cal bone, twisted, rotated or orthogonal, and existed in both normal and osteoporotic
human trabecular bone; however, one of the differences involved a more pristine
lamellar organization in normal trabecular. There was evidence of lamellar structure
alteration by the osteocyte network (Rubin et al. ; Rubin and Jasiuk ). This
gives insight into the difference between normal and osteoporotic trabecular bone
including lower bone mineral density (BMD) and thinner (or missing) trabecular.
High-resolution TEM revealed that the intertubular mineral crystallites were smaller
in transparent dentin, wherein the dentinal tubules become occluded withmineral as
a natural progressive consequence of aging (Porter et al. ).The intratubular min-
eral (larger crystals deposited within the tubules) was chemically similar to the sur-
rounding intertubular mineral. These observations support the “dissolution and re-
precipitation”mechanism for the formation of transparent dentin (Porter et al. ).

Carter et al. () reported the effect of deproteination on bone mineral mor-
phology, which may provide an insight into the biomaterials for scaffold materials
and natural bone aging. The TEM can also be used to examine the cell morphology
as well as to observe the morphology and structure of inorganic mineral of bone.The
TEM examination confirmed the presence of cells with apoptotic changes at various
regions of the regenerate (Li et al. ).

The TEM was also used to investigate comparatively the morphology and or-
ganization of apatite crystallites in natural bone and synthetic hydroxyapatite (HA)
materials. It was shown that the mineralization of collagen comprising osteoid was
preceded by the formation of apatite crystallites within the fibers at selected peri-
odic sites along their length. Moreover, the very presence in this inorganic material
of distinct fibers composed of the crystallites was demonstration of inter-crystallite
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bonding. The crystallites of the synthetic HA materials did not display any of these
ultrastructural features (Rosen et al. ).

TEM Study of Scaffold Materials

In the field of orthopedic surgery, clinical cases often involve various bony defects,
which need to be filled and reconstructed. The current bone-repairing or bone-
replacing materials include autografts, allografts, and various kinds of synthetic ma-
terials such as bioceramics, polymers, metallic materials, and their composites. Cal-
cium phosphate (CaP) biomaterials, such as HA and tricalcium phosphate (TCP),
show excellent biocompatibility and bioactivity due to their similar component to the
mineral of nature bone; therefore, CaP-based biomaterials, such as CaP bioceramics,
CaP cement, CaP bioactive glass, and CaP coating on metal implants have been ap-
plied in clinical practice for several decades as scaffold materials. In general, the suc-
cess of implantation, besides physical and biochemical factors, is strongly dependent
on the events which take place along the tissue-implant interface. Several light mi-
croscopy investigations have demonstrated that no intermediate layer is detectable at
the interface between bone and bioactive biomaterial. Furthermore, the ultrastruc-
ture of this interface has been investigated by various TEM techniques (De Lange
et al. ; Gross et al. ; Murai et al. ; Neo et al. a,b; Serre et al. ;
Steflik et al. ; Tracy and Doremus ).

Gross et al. () reported the TEM observations of the interface between bone
and scaffold material (glass ceramics). This study showed that areas with bone con-
nection displayed collagen fibers and deposits of apatite crystals in close relationship
to the bulk glass ceramic as well as small particles derived mainly from the glassy
phase of the implant (Gross et al. ). Tracy and Doremus () examined di-
rectly the bone-HA interface by using several TEM techniques, including bright-
and dark field image, electron diffraction, and high-resolution imaging. Conven-
tional and high-resolution images of TEM demonstrated the direct chemical bond-
ing formed between HA and bone. The bone at the ceramic surface was the same as
normal bone away from the interface.

Neo et al. (a,b) studied the differences in ceramic-bone interface among four
kinds of surface-active ceramics and resorbable ceramics by TEM. They found that
surface-active ceramics bonded to bone through a thin CaP rich layer consisting of
fine apatite crystals, to which collagen fibers of the bone reached. It was speculated
that the chemical bonding existed between surface-active ceramics and bone. On the
other hand, it was confirmed that no apatite layer was presented at the interface be-
tween resorbable ceramic and bone. The surface became rough due to degradation,
and bone grew into the finest surface irregularities. De Lange et al. () observed
the ultrastructural appearance of the HA-bone interface by TEM. They found that
there was intimate, direct bone contact without any visible interruption. The bone
was of normal lamellar type and continuously connected with the trabecular bone.
Bone grew into the finest surface irregularities of the implant. Collagen fibers of the
calcified bone matrix were observed within a distance < 500Å from the implant sur-
face. The thin (20–100Å) electron dense layer at the bone-implant interface resem-
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bled the lamina of organic bone matrix, also seen at the inner walls of the osteocyte
lacunes. Moreover, the bone-titanium contact was examined by TEM. It was shown
that ultrastructurally a - to -nm thin amorphous zone, a slender cell layer, and/or
a poorly mineralized zone were interposed between the bone and titanium (Murai
et al. ). Steflik et al. () also reported that an unmineralized collagen fiber
matrix initially was laid down directly at the implant surface, and that this matrix
then was mineralized. The induction of a calcifying matrix was studied in vitro and
compared for three biomaterials [collagen sponge, HA materials, and a mixture of
both (biostite)] cultured with human osteoblast-like cells. The TEM showed that os-
teoblasts proliferated and synthesized a new matrix constituted of fibrillar and non-
fibrillar element. A deposition of a mineral substance in this newly formed matrix
was observed with the collagen sponge and biostite, which were identified as HA
crystals (Serre et al. ).The authors reported that the fine acicular crystals, which
were <100nm in length, formed on the HA-tricalcium phosphate (HA-TCP) surface
in vivo. These acicular crystals have no preference orientation. EDS identified the
HA-TCP by detecting only Ca and P, and new bony tissue on the HA-TCP surfaces
by detecting S, K,Na aswell as Ca andP (Qu et al. ). Sautier and coworkers ()
also reported that there was an electron-dense layer between surface active biomate-
rials and the neighbouring cells, which was visible and free of collagen before bone
formation.

Additionally, there are a number of reports about the CaP nucleation, phase, and
structure of the scaffold materials in vivo or in vitro. It was reported that the crystals
formed in vitro in dynamic simulated body fluid (SBF) were identified as octacalcium
phosphate (OCP), instead of apatite. Most of the precipitated crystals in vivo sam-
ples had an HA structure, whereas OCP and dicalcium phosphate (DCPD) were also
identified by the authors (Leng et al. ). Xin et al. () studied formation of CaP
on various bioceramics, including bioglass, A-W glass-ceramics, HA, α-tricalcium
phosphate, and β-tricalcium phosphate, showed that ability of inducing CaP forma-
tion in SBF was similar among bioceramics, but considerably varied among bioce-
ramics in vivo (Xin et al. ). They found that sintered β-TCP exhibited a poor
ability of inducing CaP formation both in vitro and in vivo. Our recent TEM study
of the formation of CaP on alkali- and heat-treated titanium surfaces revealed that
OCP, instead ofHA, directly nucleates fromamorphous calciumphosphate.TheOCP
crystals continuously grew on the titanium surface rather than transforming into ap-
atite. Calcium titanate was also identified by electron diffraction (Lu and Leng ).
The TEMmicrograph of self-assembled HA/collagen composite showed that crystal
nuclei formed inside the self-assembled collagen fibers, which was in situ nucleated
HA nanocrystals (Roceri et al. ). The TEM, including electron diffraction pat-
tern, was used to observe the morphologies of precipitated crystals and EDS was em-
ployed to analyze the chemical composition (Chang et al. ).The TEM confirmed
that the precipitated crystals showed different morphologies and were the hexagonal
of whitlockite and columnones of wollastonitemainly.TheEDS results demonstrated
that the precipitated crystals were non-stoichiometic with Si in whitlockite and Mg
in wollastonite (Chang et al. ).The TEMwas used to study the CaP formation in
reverse microemulsion. The results showed that the minerals in the deposition were
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mainly monetite (DCPA) and the nano-sized needle-like DCPA exhibited preferen-
tial orientation along () direction (Kong et al. ).

In summary, TEM has enough resolution to study the ultrastructure of bone and
scaffold materials. Additionally, the electron diffraction and EDS techniques are ben-
eficial for intensifying the phase structure and composition of specimens.

Working Principles

TheTEM is an imaging techniquewhereby a beamof electrons is focused onto a spec-
imen causing an enlarged grey-scale image to appear on a fluorescent screen or film;
therefore, it can examine objects on a very fine scale. Electron microscopes (EM)
were developed due to the limitation of the magnification and resolution of light mi-
croscopes (LM), which depend on the wavelength of light (Eq. ). The magnification
of LM reaches to 1000� and a resolution of LM is generally 0.2μm. In the early s
this theoretical limit had been reached and there was a scientific desire to see the fine
details of the interior structures of organic cells (nucleus, mitochondria, etc.). This
required ,� plusmagnification, whichwas just not possible using LM.TheTEM
uses electrons as “light source” and their much shorter wavelength make it possible to
get a resolution  times better than that of a light microscope. You can see objects
to the order of a few angstroms (10−10m) under TEM. For example, you can study
small details in the cell or differentmaterials down to near atomic levels.The possibil-
ity for high magnifications has made TEM a valuable tool in the medical, biological
and material research.

TEMWorking Principles

The TEM operates on the same basic principles as the LM but uses electrons instead
of light as illumination source (Fig. ). In optical microscopy, light is used to form the
image. Asmentioned previously, this restricts themaximummagnification to around
 times. As the name suggests, the light passes through the sample in transmitted
LM. In TEM, the “light source” at the top of the microscope actually is a filament that
can emit electrons. If the filament is heated and a high voltage (the accelerating volt-
age) of between  and 500kV is passed between it and the anode, the filament will
emit electrons. These electrons are accelerated to an anode (positive charge) placed
just below the filament, some of which pass through a tiny hole in the anode, to form
an electron beam which passes down the column as shown in Fig . Instead of glass
lenses focusing the light in the lightmicroscope, theTEMuses electromagnetic lenses
to focus the electrons into a very thin beam and guide the electron beam path. The
electron beam then travels through the specimen put on the sample stage. Depending
on the density of thematerial of the specimen, some of the electrons are scattered and
disappear from the beam. At the bottom of the microscope the transmitted electrons
hit a fluorescent screen, which gives rise to a grey-scale image:

d = 0.61λ
n sin α

, ()
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Figure 1.Comparison of imaging acquisition between light microscopy (LM) and transmission
electron microscope (TEM)

where d is resolution of microscopy. The mini distance between two points can be
distinguished on the image. The smaller the d, the higher the resolution is. λ is the
wavelength of incident beam. n is the relatively refractive coefficient of the medium.
n sin α is numerical aperture.

The high-voltage accelerated electrons in the microscope strike the sample at
a high speed and various reactions can occur as shown in Fig. .The reactions noted
on the top side of the diagram are utilized when examining thick specimens through
the techniques such as scanning electron microscopy (SEM), energy dispersive spec-
trometer (EDS), X-ray photoelectron spectroscopy (XPS) and Auger electron spec-
trometer (AES), whereas the reactions on the bottom side are those examined in thin
specimens by TEM. The electrons interact with the specimen in two ways: inelastic
and elastic scattering. Inelastic scattering must be avoided since it contains no local
information. The TEM extracts specimen structural information carried by the elas-
tic scattered electrons. The conventional TEM only uses two elastic signals, namely,
the transmitted beam and the diffracted beams, because the lattice and the defects
of the specimen modulate amplitude and phase of the transmitted electron beam
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Figure 2. Signals generated when an electron beam interacts with a thin specimen. SEM scan-
ning electron microscopy

and the diffracted electron beams. These two signals lead to the two basic operation
modes of TEM, namely the imagemode and diffractionmode.The information such
as the morphology, particle size, defects and grain boundaries can be obtained in the
image mode, whereas lattice parameters, crystal orientation and symmetry can be
determined in the diffraction mode.The ray paths of TEM system in different mode
are shown Fig. .

Diffraction ModeWorking Principles

Electron diffraction is a collective elastic scattering phenomenon with electrons be-
ing scattering by a plane of atoms in crystal materials. The incident electron beam in-
teracts with the atom planes, and diffracted beams are generated when the scattered
electron waves interfere with each other constructively, i.e., reinforcement at certain
scattering angles. Electron diffraction provides the information of the structure of
crystals materials, which tend to generate very strong electron diffraction patterns;
however, the amorphousmaterials, such as polymer and biological specimens, gener-
ate very weak diffraction signals. As in X-ray diffraction (XRD), the scattering event
can be described as a reflection of the beams at planes of atoms (lattice planes; Fig. ).
The relationship between the interplanar distance, d, of the specimen and diffraction
angle, θ, can be described by Bragg’s law:

2d sin θ = nλ . ()
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Figure 3.The ray paths at the diffraction mode and image mode. The specimen and its image
are demonstrated by the direction of the horizontal arrow

There are twoways to obtain a diffraction pattern froma specific area in the specimen
being studied. We can either focus the electron beam onto the area of interest or we
can select the area using an aperture which encloses only the area of interest. The
former technique is known as convergent beam electron diffraction (CBED) and the
latter is known as selected area diffraction (SAD). Here we only discuss SAD because
it is widely used for identifying inorganic crystalline materials in bone.

The experimental setup for recording the diffraction pattern is shown schemati-
cally in Fig. .The incident beam and each diffraction beam give a diffraction spot on
the screen at a distance of L from the specimen. A flat screen is used because the cur-
vature of the Ewald sphere is usually neglected in electron diffraction. For a diffracted
spot at a distance of R from the central spot due to the incident beam, we obtain

R = L tan 2θ . ()

For electron diffraction, 2θ usually is as small as 1 � 2 degree, so that we obtain

tg2θ � 2 sin θ . ()
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Figure 4. Bragg’s law demonstrates the two diffracted beams’ interfere constructively. d is the
interplanar distance and d sin θ is the path difference

From Bragg’s law,

2 sin θ = λ
d
. ()

When n = 1, that represents the first-order diffraction; therefore, combining
Eqs. ()–() we obtain

d = λL
R

. ()

Equation () reveals that the R in the diffraction pattern can be directly used for the
calculation of the interplanar distance of the specimen. It also should be pointed out

Figure 5.The single crystal diffraction pattern for-
mation in TEM. The geometry relationship of the
parameters is given in Eq. ()
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Figure 6.The typical polycrystal
diffraction rings. R is the radius
of diffraction ring and can be
used to deduce the crystal struc-
tural information of polycrystals
according to Eq. ()

that the diffraction pattern also carry the symmetry information of the crystal spec-
imen. In this way, crystallographic information can be obtained from the electron
diffraction pattern of the specimen.

In case of polycrystals being examined under TEM, the diffraction pattern from
a large number of randomly oriented small crystals forming the polycrystals is a pat-
tern of several discontinuous sharp rings (Fig. ). The diameters of these rings are
characteristic for the crystal structure. Structural information can be deduced from
the ratios of the radii of the diffraction rings using Eq. (). Generally, we can obtain
diffraction pattern and image of a specimen at the same area of the specimen and
index the diffraction patterns so that we can relate the crystallography information
to the image.

ImageModeWorking Principles

An observable image must display contrast, which is defined as the relative intensity
difference between an image point and its surroundings.Theorigin of theTEM image
contrast arises from the scattering of the incident beam by the specimen. Several
contrast mechanisms play those roles in the TEM imaging. The electron wave can
change both its amplitude and its phase as it transmits the specimen, and both these
kinds of changes can give rise to image contrast, referred to as amplitude contrast
and phase contrast. In most situations, both types of contrast actually contribute to
an image simultaneously, although one tends to dominate. Amplitude contrast has
two principal types, namely, mass-thickness contrast and diffraction contrast.

Mass-Thickness Contrast
Mass-thickness contrast is the most critical contrast mechanism for amorphous ma-
terials such as polymers and biological materials. It arises from two factors, the
mass/atomic number of the element contained in the specimen and the thickness
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of the specimen. The interaction of electrons with heavy atoms is stronger than with
light atoms. If the thickness is homogeneous, areas containing heavier elements ap-
pear darker than such with lighter atoms in the resulting TEM image due to the scat-
tering of the electrons in the sample; thus, it forms mass contrast (Fig. ). This is
the reason that, in the cases of TEM examination on soft tissue or cells, it is possible
to observe the ultrastructures of the specimen by staining the specimen with heavy
materials. On the other hand, more electrons are scattered in thick areas than in thin
areas of the specimen, and therefore thick areas appear dark in the resulting TEM im-
age.This forms thickness contrast. Combining two contrastmechanisms together, we
get mass-thickness contrast of the image. Certainly, there exist cases in which a thick
area with light elements might have the same contrast as a thinner area with heavier
atoms.

Figure 7.The mechanism of mass-thickness contrast in an TEM image. Thicker or higher mass
areas of the specimen will scattermore electrons off axis than thinner or lower mass areas, and
therefore more scattered electron will be blocked by the objective aperture; thus, fewer elec-
trons from the thicker or higher mass areas will reach the image plane and give low intensity.
Consequently, these areas appear dark in the final image
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Diffraction Contrast
As mentioned previously, electron diffraction is caused by the constructive interfer-
ence electron scattering especially from crystal planes, and therefore it is controlled
by the crystal structure and orientation of the specimen.We can use electron diffrac-
tion to create contrast in TEM images. Diffraction contrast is simply a special form
of amplitude contrast because the scattering occurs at special (Bragg) angles. Basi-
cally, diffraction contrast depends on the orientation of a crystalline area in the sam-
ple with regard to the direction of the incident electron beam; thus, each crystal of
a specimen consisting of many randomly oriented crystals will have its own grey-
level in a TEM image. This forms the diffraction contrast. From diffraction-contrast
images, different materials, as well as individual crystals and crystal defects, can be
easily identified.

The twomost basicways to formdiffraction-contrast image are bright-field imag-
ing (BF) and dark-field imaging (DF), which are formed by selectively allowing only
the transmitted beam (BF) or one of the diffracted beams down to the microscope
column by means of an objective aperture (Fig. ). The size of the objective aperture
in BFmode directly determines the information to be emphasized in the final image.
If the sample has crystalline areas, many electrons are strongly scattered by Bragg
diffraction, especially if the crystal is oriented along a zone axis with low indices.The
area appears with dark contrast in the BF image if the objective aperture size is cho-
sen so as to exclude those diffracted beams; thus, we obtain diffraction contrast on
the BF image.

In summary, in the case of a crystalline specimen oriented to excite a particular
diffracted beam, all scattered electron beams are deflected away from the optical axis
and blocked by the objective aperture, and the corresponding areas appear dark on

Figure 8. In BF image, the () transmitted beam contributes to the image, whereas in DF
imaging, the () beam is blocked by the objective aperture and only diffracted beam con-
tributes to the final image
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the BF image. As for DF imaging mode, one or more diffracted beams are allowed to
pass the objective aperture while the transmitted beam is blocked by the aperture. In
this case, the diffracted beam has interacted strongly with the specimen, and often
very useful information relevant to crystal-lattice defects is present in DF images.

Note that in DF image mode, we only collect the diffracted beam to form im-
age, and therefore DF image contains pure diffraction contrast; however, in BF im-
age mode an aperture is placed in the back focal plane of the objective lens which
allows only the direct beam to pass. In this case, both the mass thickness and diffrac-
tion contrast will contribute to BF image: thick areas, areas containing heavy atoms
and certain crystalline areas have the same orientation as zone axis and will appear
with dark contrast; thus, BF image is suitable for both crystalline and amorphous
materials.

Whenwe examine the interface of bone tissue and scaffold materials under TEM,
we need to observe inorganic crystal materials in the bone and scaffold materials
and organic amorphous tissue at surrounding areas; thus, the BF image mode will
be suitable for most cases of bone/implanted material interface observation. In other
words, the TEM images of the bone and scaffold materials are generally contributed
from both diffraction contrast and mass-thickness contrast.

In conclusion, mass-thickness contrast and diffraction contrast are important
amplitude contrast mechanism in TEM imaging.

High-Resolution TEM
High-resolution TEM (HRTEM) is one of the key imaging techniques that has been
widely and effectively used for analysing crystal structures and lattice defect in var-
ious specimens, including scaffold medical materials. The HRTEM is used for ex-
tremely high-magnification studies of materials, and its superior resolution makes

Figure 9.Ray path geometry for HRTEM, which shows that the phase of the central and scat-
tered waves under the imaging conditions interfere with each other and form a crystal struc-
ture lattice image.Note that the objective aperture is large enough to allowmany beams to pass
through simultaneously. Those beams in the grey area are blocked by the aperture
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it ideal for imaging materials on the atomic scale. Generally, HRTEM can provide
structural information at better than .-nm spatial resolution.

The HRTEM is a lattice image that originates from phase contrast. To obtain lat-
tice images, a larger objective aperture has to be used which allows many diffracted
beams, including the direct transmitted beam, to pass. Consider a very thin slice of
crystal that has been tilted so that a low-index direction (zone axis) is exactly aligned
with the incident electron beam. All lattice planes approximately parallel to the elec-
tron beamwill be close enough to satisfy Bragg’s law andwill diffractwith the primary
beam. Then the image is formed by the interference of the many diffracted beams
with the incident beam. The incident parallel electron beam also could be regarded
as a plane wave, interacts elastically while passing through the specimen and the re-
sulting modulations of its phase and amplitude are presented in the electron wave
leaving the specimen (Fig. ). If the point resolution of the microscope is sufficiently
high and a suitable sample is oriented along a zone axis, then high-resolution TEM
(HRTEM) images are obtained.

Tissue Processing

The tissue processing procedure is shown in Fig. . Briefly, the mended specimens
are fixed in 2.5% buffered glutaraldehyde solution, rinsed in phosphate buffered solu-

Figure 10.The routine tissue processing procedure. 1 Specimens; 2 fixed in buffered glutaralde-
hyde; 3 rinsed with buffered solution; 4 postfixed in osmium; 5− 10 dehydrated in the graded
series of ethanol and acetone; 11 infiltrated with Spurr resin; 12 embedded in Spurr resin;
13 polymerized Spurr resin; 14 mended the embedded specimens; 15 cut ultra-thin sections;
16 stained with uranyl acetate and lead citrate; 17 TEM observation



TEM Study of Bone and Scaffold Materials 387

tion (PBS) or other buffered solution, postfixed in 1% osmium tetroxide, dehydrated
in an ethanol and acetone series (, , , , , 100%), infiltrated with a graded
series of acetone and three changes of Spurr resin, and finally embedded in fresh
Spurr resin in capsules. Ultra-thin sections (90–100nm) of bone specimen are then
cut with a diamond knife and picked up on -mesh and Formvar coated copper
grids. Then the ultra-thin sections are stained with uranyl acetate for  min and
lead citrate for  min. The optimal time for every step depends greatly on the size
and tissue type of sample.

Application of TEM to Study Bone and Scaffold Materials

In our study, various TEM techniques, including BF image, DF image, electron
diffraction and high-resolution TEM, were used to study bone scaffold materials.
Figure  shows the BF image of the CaP biomaterial surface which had been im-
planted in the bone of rabbit. There were a number of needle-like crystals growing
on the CaP biomaterial surface. The results of EDS identified the composition of the
dark area to be Ca and P elements mainly, whereas the compositions of needle-like
substance were shown to be Na, K and S besides Ca and P (Fig. ). It is well known
that Na and K are necessary elements for cellular activity and osmosis, whereas S
element indicates the appearance of proteoglycans and glycoproteins in this area;
therefore, it was deduced that the dark area was CaP implant, whereas the needle-
like area was newly formed bone. The DF image of CaP crystal derived from CaP

Figure 11.The bright field image
of the surface of CaP implant,
which is implanted in the bone
of animal. D The dark area.
N The needle-like area. The
compositions of these two areas
are shown in Fig. 
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Figure 12a,b.The results of energy
dispersive spectrometer (EDS).
aThe compositions of dark area
(D in Fig. ). bThecompositions
of the needle-like area (N in
Fig. )

Figure 13.The dark-field image of
CaP crystal derived from CaP
implant
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Figure 14.The bright-field image and electron diffraction pattern of precipitated CaP crystal on
titanium substrate

implant is shown in Fig. . Contrarily, the light area is CaP implant due to the heavy
mass.

In our study in vitro, for the TEM sample preparation, ultrasound vibration
methods were used (Leng et al. ). In brief, the samples were immersed in ethanol
solution and ultrasound vibration was applied to separate precipitates from the ti-
tanium substance. Then the precipitates were carefully extracted in the solution and

Figure 15.The HRTEM image of
octacalcium phosphate, a kind
of bioactive ceramics, reveals
that the spacing between the
crystal planes indexed by the
arrows is equal to 0.68nm, which
matches the interplanar spacing
of octacalcium phosphate (  )
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picked up using TEM coppermeshes with carbon film coating. Thismethod has been
demonstrated to be efficient to prepare the ultra-thin sections for TEM (Leng et al.
; Xin et al. ; Lu and Leng et al. ). The BF image and corresponding
electron diffraction pattern is shown in Fig. . The highly crystallized precipitates
were revealed to be octacalcium phosphate (OCP) by electron diffraction pattern.
The OCP is one kind of bioactive ceramic, an intermediate phase, which transforms
into apatite under certain conditions (Feng et al. ).

The HRTEM result of precipitated CaP on titanium substrate is shown in Fig. .
The HRTEM image of octacalcium phosphate OCP reveals that the spacing between
the crystal planes indexed by the arrows is equal to 0.68nm, whichmatches the plane
spacing of octacalcium phosphate (  ).

Limitations of TEM

Every imaging technique has its drawbacks, and TEM is no exception. The TEM has
two main drawbacks: tedious sample preparation process and damage to the speci-
men during TEM examination. Firstly, sample preparation of TEM is very tedious,
especially for biological materials. The poor penetrating power of electrons means
that the specimensmust be as thin as to 50–100nm in order to allow electrons to pass
through. Although various methods have been developed to prepare thin specimen
nearly covering all types of materials, preparing a thin specimen with uniform thick-
ness, and being electron transparent without changing its structural characteristics
and chemistry, is an arduous job and highly dependent on experience. For examining
biological materials, such as bone, under TEM, another great obstacle is to dry and
fix samples without any distortion. Since the material must be exposed to a very high
vacuum (10−5 –10−8 Torr) when being examined, it must be dried at some stage in
its preparation. To keep the ultrastructure of the biological specimen close to physi-
ological condition during the drying process, certain techniques are used to stabilize
or fix the specimen.

Electron beam damage is another significant limitation of TEM imaging, partic-
ularly for biological and polymeric materials generally involved in biomedical en-
gineering. Sample damage can be minimized by lowering the electron accelerated
voltage, reducing the electron source intensity and focusing the beam to the area
of interest; however, all of these methods cannot fully obviate specimen damage. It is
also pointed out that sampling area of the TEM is generally as small as 0.3mm3; thus,
interpretation of TEM images should be approached with caution and the necessary
complementary techniques should be considered if we want a fuller characterization
of the specimen (Willams and Carter ; Champeness ).

Conclusion

The TEM is a powerful imaging tool to study the ultrastructure of bone and scaffold
material due to its ultra-high-resolution, despite some known limitations. Combi-
nation of other characterization techniques, such as EDS, various TEM techniques,
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including BF image, DF image, electron diffraction and high-resolution TEM, may
be used to study the quality of bone and biomaterials by observing their morphology
and identifying the composition and crystal structure of bone and scaffold materials.
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Abstract

This chapter discusses drug therapy used to reduce fracture risk by influencing the
material and structural properties of bone. Bone loss is slow before menopause be-
cause remodelling is slow. Bone loss accelerates aftermenopause because remodelling
rate increases, reducing bone mineral density (BMD) and bones material rigidity.
Anti-resorptive drugs reduce the rate of bone remodelling. Reconstruction the skele-
ton requires anabolic therapy. Parathyroid hormone (PTH) given intermittently in-
creases bone formation on the endosteal surface increasing both cortical and trabec-
ular thickness. Strontium ranelate reduces vertebral and non-vertebral fractures.The
rate of bone remodelling does not appear to be reduced. There may be a reduction
the depth of bone resorption while allowing bone formation to continue but remains
uncertain.

Determinants of Bone Strength

Thematerial composition and structural organization of bone determine its strength?
Its ability to tolerate loads without cracking or failing by fracture. Prevailing loads
also determine bone’s material composition and structural design so that the bone
can accommodate loads placed on it. This is achieved by adaptive modelling and re-
modelling, the two cellular mechanisms responsible for the attainment of peak bone
strength during growth and maintenance of bone strength during ageing (Parfitt
). Modelling is achieved by bone formation without prior bone resorption. In
bone remodelling damaged bone is removed by focal bone resorption. Following
completion of bone resorption, bone formation refills the excavated site with new
bone to restore bone’s structural integrity. Bone modelling is active during growth
and establishes the size and shape of bone. Bone modelling by periosteal apposition,
and remodelling, also occur during ageing but markedly less so than during growth
(Seeman ).Within each bone remodelling unit (BMU), resorption is carried out
by osteoclasts. Damaged bone is removed and osteoblasts lay down osteoid that un-
dergoes primary then secondary mineralization.

The completion of growth bone formation in theBMUdecreases as reflected in an
age-related fall in mean wall thickness (Lips et al. ). The BMU balance becomes
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less positive, zero or, negative–marking the onset of bone loss. If accompanied by an
increase in the volume of bone resorbed, trabecular thinning accelerates and may
proceed to loss of connectivity and bone fragility (Van der Linden et al. ).

Although adaptive modelling and remodelling are successful during growth, ad-
vancing age is accompanied by accumulating abnormalities such as hormonal defi-
ciency and excess, exposure to illness and risk factors, and changes in the cellular
constituents of this machinery as well. These accumulating abnormalities compro-
mise the material composition and structural organization of bone producing bone
fragility. For example, increased remodelling rate, due to sex hormone deficiency and
secondary hyperparathyroidism, alter bone’s material composition, decreases its tis-
sue mineral density and so reducing material stiffness of superficial (sub-endosteal)
bone (Currey ). Less remodelled bone, deep to the endosteal surface, becomes
more densely and homogeneously mineralised with a deficient in osteocytes, predis-
posing to increased production, lengthening and reduced removal of micro-damage.
The high rate of remodelling also creates excavation sites that serve as stress concen-
trators.

While changes in remodelling rate modify material properties, the negative bal-
ance between the volumes of bone resorbed and formed in each remodelling site
produces bone loss and so compromises structure. The negative balance is initially
the result of a reduction in the volume of bone formed (not an increase in the volume
of bone resorbed) in each BMU. Evidence of this is found in midlife as a reduction in
meanwall thickness.This decline in bone-forming capacitymay be due to a decline in
the production, work or life span of osteoblasts. The reduced life span of osteoblasts
may also compromise osteocyte production and so compromise the reconstruction
of the osteocytic-canalicular network during a remodelling cycle.

Bone loss is slow before menopause because remodelling is slow. Bone loss accel-
erates after menopause because the remodelling rate increases reducing tissue min-
eral density and rigidity. The excavated resorption pits create stress concentrators
predisposing to micro-damage. In midlife in women, sex hormone deficiency accel-
erates remodelling and worsens the negative BMU balance by increasing osteoclast
life span and reducing the life span of osteoblasts (Manolagas ). Finally, bone
modelling by periosteal apposition is minimal after epiphyseal closure, perhaps due
to abnormalities in periosteal osteoblast function, osteocyte signalling or deficiency,
and provides little compensatory periosteal bone formation in response to endosteal
bone loss.

Anti-resorptive Agents

Anti-resorptive drugs, such as alendronate, risedronate or raloxifene, reduce the rate
of bone remodelling (Delmas ).When an anti-resorptie agent is given the many
BMUspresent before treatment go to completion by depositing a volume of newbone
that mineralises and BMD increases. New excavated sites appearing during therapy
are fewer and probably more shallow; thus, completion of remodelling by bone for-
mation is seen as a reduction in cortical porosity while the appearance of fewer and
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probably more shallow resorption cavities during therapy results in a slowing of cor-
tical and trabecular thinning. The slowing of remodelling rate also allows more time
for tissue mineral density and stiffness to increase (Parfitt ).

Continued structural decay in the placebo group accounts for continued fractures
while and the prevention of progression or partial reversal of this decay in the treated
group accounts for fewer fractures occurring during treatment. Fractures continue;
these drugs do not eliminate fracture risk, although they do reduce it by 30–60%
(Delmas ).

A small increase in bone tissue mass follows initiation of therapy due to com-
pletion of the bone formation component of the many resorption-formation remod-
elling events taking place before treatment. Subsequent primary mineralisation of
this new bone, its secondary mineralisation and continued secondary mineralisation
of existing unremodelled bone increasematerial rigidity. Slower remodelling and less
resorption in each of the now fewer BMUs reduces the rate of progression of fragility
(which continues in untreated subjects).

The required duration of anti-resorptive treatment is poorly defined. Prolonged
suppression of remodelling may do harm because remodelling is the means whereby
bone damage is removed. As remodelling is slowed during treatment, more time is
available for secondary mineralization; thus, bone becomes more homogeneous in
tissue density.There is less obstruction to crack progression and lengthening, and in-
creases tissue stiffness predisposes to increased micro-damage production (Mashiba
et al. ; Komatsubara et al. ). Micro-damage occurs in animals given high
doses of bisphosphonates. Evidence of a deleterious effect of bisphosphonates in hu-
mans is lacking, but cases of impaired fracture healing are reported (Whyte et al.
; Odvina et al. ).

Parathyroid Hormone

Reconstruction the skeleton requires anabolic therapy (Neer et al. ). Parathyroid
hormone (PTH -) given intermittently increases bone formation on the endosteal
surface increasing cortical thickness, trabecular thickness and perhaps connectivity.
Periosteal apposition has been reported in growing animals, but whether this occurs
in human subjects is still to be established. Whether differentmolecules, such as PTH
-, have a different mode of action is unclear. Intermittent PTH reduced the risk of
vertebral and non-vertebral fractures (Neer et al. ).

Whether PTH ismore efficacious than anti-resorptives, andwhether anti-resorp-
tive given prior, during or after PTH is better (or worse) than either agent alone, is
unknown. Surrogates of efficacy are not valid substitutes for counting fractures. The
increase in BMD with PTH is greater than with anti-resorptive drugs, but whether
this produces a greater fracture risk reduction is unknown. Remodelling markers
decrease using anti-resorptives while they increase with PTH so that the usefulness
of marker changes in combined therapy is questionable. Prior alendronate, but not
other anti-resorptive, delay the BMD and remodelling marker responses to PTH (Et-
tinger et al. ; Black et al. ; Finkelstein et al. ; Cosman et al. ).When
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PTH is stopped, anti-resorptive prevent the BMD decline (Cosman et al. ), but
whether the protection against fractures after stopping PTH is greaterwith orwithout
an anti-resorptive is unclear; thus, there is no evidence in human subjects to support
the use of combined therapy.

Strontium Ranelate

Strontium ranelate (SR) reduces vertebral and non-vertebral fractures, but the mech-
anism of response is unclear (Meunier et al. , ; Reginster et al. ). Al-
though initially believed to be anabolic, this has not been confirmed experimentally.
The drug does not reduce remodelling rate but may reduce the depth of bone re-
sorption while allowing bone formation to continue. Tissue mineral density does
not increase, yet tissue hardness increases (assessed by nano-indentation), perhaps
due to deposition of strontium in the hydroxyapatite crystal.The drug does appear to
produce dissociation in the pattern of change in markers of bone resorption that are
modestly suppressed while markers of bone formation are modestly increased.These
are markers of tissue level remodelling and should not be assumed to reflect differing
formation-resorption effects in the BMU. Direct evidence of reduced resorption sur-
faces and increases in mean wall thickness on histomorphometry are not available.
Research is ongoing exploring the mechanisms of action of this interesting drug.

The results of anti-fracture efficacy of this new drug are summarized below (Me-
unier et al. , ; Reginster et al. ). In the SR for Treatment of Osteoporosis
(STRATOS) trial in  women with osteoporosis, there was a 44% reduction frac-
ture incidence in the second year. In the phase- Spinal Osteoporosis Therapeutic
Intervention (SOTI) study of  postmenopausal women with osteoporosis and at
least one vertebral fracture,  g SR daily for  years had a 49% reduction in risk in the
first year and 41% during the  years. In the Treatment of Peripheral Osteoporosis
(TROPOS) of the  patients,  ( SR,  placebo) had spinal X-rays. The
vertebral fracture risk was 45% at  year and 39% at  years. In 66.4%without a preva-
lent fracture, the risk of a vertebral fracturewas reduced by 45%. In the subgroupwith
at least one prevalent fracture, the risk of vertebral fracture was reduced by 32% over
 years. In TROPOS at  years, the risk for all non-vertebral fracture was reduced by
 and by 19% for major fragility fractures (hip, wrist, pelvis and sacrum, ribs and
sternum, clavicle, humerus). The risk of hip fracture in the ITT population was re-
duced by 15% (not significant). In a post-hoc analysis of women at high risk of hip
fracture (age � years and femoral neck BMD T score <2.4 according to NHANES;
n = 1977), the risk reduction for hip fracture was 36%.

Conclusion

Understanding the pathogenesis of bone fragility provides opportunities for drug de-
velopment to limit the progression and reverse fragility. Progress has been made.We
have anti-resorptive agents that reduce progression of bone fragility mainly by re-
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ducing the remodelling rate and probably by reducing resorption in each BMU. An-
abolic agents do build new bone and thicken the cortices and trabeculae. Whether
this translates into better anti-fracture efficacy than foundwith anti-resorptive agents
is not known. Strontium ranelate is different. It reduces fractures, but how this is
archieved is not clear. It does not fit easily into either class of agent, but further studies
are likely to resolve these uncertainties and open new opportunities for drug develop-
ment. The advanced bioimaging methods reviewed in other chapters of this book of-
fer new approaches for scientific evaluations of treatments aimed at preventing frac-
tures.
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Abstract

Advanced imaging techniques, which are noninvasive and nondestructive, can pro-
vide structural information about bone beyond simple bone densitometry. As the
mechanical competence of trabecular bone is a function of its apparent density and
D distribution, assessment of D trabecular structural characteristics may improve
our ability to understand the pathophysiology of osteoporosis, to test the efficacy
of pharmaceutical intervention, and to estimate bone biomechanical properties. We
studied ovariectomy-induced osteopenia in rats with various treatments. Micro-CT
is also useful for studying osteoporosis inmice and phenotypes ofmicewith genema-
nipulation. Micro-CT can quantify osteogenesis in mouse Ilizarov leg-lengthening
procedures, osteoconduction in rat cranial defect models, and structural changes
in arthritic rabbits, rats, and mice. Micro-CT can reproducibly quantify D mi-
croarchitecture of new bone formation inside the pores of titanium prosthesis im-
plants is rabbits. In clinical studies, we evaluated longitudinal changes in iliac crests
in premenopausal and postmenopausal women. Paired bone biopsies from post-
menopausal women with osteoporotic fracture shows that D trabecular microstruc-
ture deteriorates in the iliac crest of postmenopausal osteoporotic women without
active treatment. Three-dimensional microstructural parameters can predict frac-
ture. Treatment of PTH in postmenopausal women with osteoporosis significantly
improved trabecular morphology with a shift toward a more plate-like structure, in-
creased trabecular connectivity, and increased cortical thickness. Paired bone biopsy
specimens from the iliac crest in postmenopausal women with osteoporosis before
and after beginning estrogen replacement therapy demonstrated in post-treatment
biopsies a significant change in the ratio of plates to rods. High-resolution MR and
μMR have received considerable attention both as research tools and potential clin-
ical tools for assessment of osteoporosis. It has been used in studying human speci-
mens or animal models of osteoporosis with various treatment strategies.

MRmicroscopy has been shown to capable of differentiating trabecular structure
in the distal radius and the calcaneus in postmenopausal women with or without os-
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teoporotic fracture. It has been used in studying human specimens or animals mod-
els of osteoporosis with various treatment strategies. A high field MR study show
that ovariectomy in ewes induces deterioration of trabecular microstructure and
biomechanical property of the femoral neck. These changes are prevented by cal-
citonin in a dose-dependent manner. Univariate analysis and multivariate stepwise
regression analysis indicate thatmicroarchitecture of trabecular bone contributes sig-
nificantly to its biomechanical characteristics, independent of BMDmeasured in the
femoral neck. Combination of trabecular microstructure with BMD improves pre-
diction of bone quality.

Introduction

Assessing simple bone densitometry provides important information about osteo-
porotic fracture risk. Many studies indicate that BMD only partly explains bone
strength. Quantitative assessment of D structural characteristics, such as geometry,
relative trabecular volume, trabecular separation, and connectivity, using advanced
techniques such as micro-CT or MR images, may improve our ability to estimate
bone strength.

Micro-CT

Micro-computed tomography (micro-CT), an imaging technique originally devel-
oped for detectingmetal stress defects in the car industry, has found application in the
assessments of D bone microstructure. The micro-CT system was first introduced
by Feldkamp andGoldstein (Feldkamp et al ; Kuhn et al. )whoused amicro-
focus X-ray tube as a source, an image intensifier as a D detector, and a cone-beam
reconstruction to create a D object. Instead of rotating the X-ray source and detec-
tors during data collection as in clinical CT, the specimen is rotated at various angles.
X-rays are partially attenuated as the specimen rotates in equal steps in a full circle
about a single axis. At each rotational position, the surviving X-ray photons are de-
tected by a planar D array. A D reconstruction array is created directly in place of
a series of D slices.

Much progress has been made in developing micro-CT for nondestructive as-
sessment of D trabecular structure and connectivity. The availability of D mea-
suring techniques and D image processing methods allows direct quantification
of unbiased morphometric parameters, such as direct volume and surface determi-
nation (Guilak ), model-independent assessment of thickness (Hildebrand and
Rüegsegger a,b), and D connectivity estimation (Odgard and Gundersen ).
It has found extensive application in the assessment of bone microstructure.

Applications

The early uses of Dmicro-CT focused on the technical and methodological aspects
of the systems, but recent development emphasize the practical aspects of micro-
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tomographic imaging. At an early stage, the D cone-beam micro-CT was used to
image the trabecular bone architecture in small samples of human tibias and verte-
brae, ex vivo, with a spatial resolution of 60μm (Feldkamp et al. ). A resolution of
60μm, although acceptable for characterizing the connectivity of human trabeculae,
may be insufficient for studies in small animals like rats, where the trabecular widths
average about 50μm and trabecular separations average 150μm or less (Kinney et al.
). With the introduction of desktop micro-CT devices dedicated to the study of
bone specimens (Rüegsegger et al. ), it has been used extensively in laboratory
investigations. Image processing algorithms, free from the model assumptions used
in D histomorphometry, have been developed to segment and directly quantify D
trabecular bone structure (Hildebrand and Rüegsegger a,b).

Human Samples
Human iliac crest bone has been traditionally assessed with bone histomorphometry
based on only a few thin D sections of the biopsy core from the limited tissue avail-
able, whichmay introduce pronounced variation of calculated structural indices and
biases. Analysis of D structure of bone biopsies is now possible usingmicro-CT.This
permitsmeasurement of the entire biopsy core, providingmore reliable and unbiased
estimates of bone structural indices.

One recent study compared iliac crest bone samples frompremenopausal women
with iliac crest bone samples taken from the same women aftermenopause.The sam-
ples were examined usingmicro-CTwith an isotropic resolution of 20μm3.The post-
menopausal samples showed significant changes in D trabecular structural param-
eters. The annual rate of change from plate-like structure to rod-like structure was
12%, which may have important consequences for bone biomechanical properties.
Trabecular bone became more isotropic after menopause, with an annual decrease
rate in DA of 0.7%. Interestingly, annual change in trabecular thickness (−3.5%) was
greater than trabecular number (−1.6%) and separation (+2%; Jiang et al a).
These findings are quite different from those of traditional D histomorphometry. In
histomorphometry, it is still a matter of debate as to whether trabeculae become thin
or simply disappear after menopause and with aging. It is possible that the loss of en-
tire elements, because of trabecular perforation, forms themainmechanism of struc-
tural changes in osteoporosis. The remaining trabeculae are more widely separated
and some may undergo compensatory thickening. Trabecular anisotropy increases.
During the early stages of aging in the human there is a preferred loss of horizontal
trabeculae leading to an increase in anisotropy (Mosekilde ), followed by a pe-
riod of trabecular perforation and an eventual decrease in anisotropy.

Vertebral fracture is a hallmark of established osteoporosis. We investigated the
relationship of the severity of vertebral osteoporotic fractures with trabecular mi-
croarchitecture of the iliac crest. We selected  postmenopausal osteoporotic
women from multi-center, double-blind, placebo-controlled studies. Severity grade
of , , , and , corresponding to no, mild, moderate, and severe fracture, respec-
tively, was scored on lateral spine radiographs. The most severe grade in each pa-
tient was used. Statistical tests for trend by increasing fracture grade using regression
model were applied. Postmenopausal osteoporotic patients with increasing severity
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of vertebral fractures had progressively worse trabecular microstructural integrity.
Assessment of severity of fracture can be considered as a useful surrogate of bone
quality evaluation, independent of BMDmeasurement.

In a paired longitudinal study of postmenopausal women with osteoporotic ver-
tebral fractures, D trabecular microstructure deteriorates in the iliac crest of post-
menopausal osteoporotic womenwithout active treatment. Trabecular thinning does
occur and trabeculae shift from a plate-like structural type to a rod-like pattern, and
become less connected.

We scanned bone biopsies from the iliac crest of healthy premenopausal women
(Pre), and osteoporotic postmenopausal women without fracture (Post) and with
vertebral osteoporotic fracture (Post+Fx). Adjusted for age, most odds ratios (OR)
discriminated osteoporotic fracture. Dual phases were observed: deterioration of all
D parameters in the initial years of osteoporotic postmenopausal women without
fracture, and further deterioration of D connectivity in the later years with frac-
ture. In the initial years, trabecular thinning does occur. Trabeculae dramatically shift
from a plate-like structural type to a rod-like pattern, and become more isotropic. In
the later years, the remaining trabeculae becamemore widely separated and less con-
nected, and some mechanically significant trabeculae may undergo compensatory
thickening and reinforcing, resulting in an increase in trabecular anisotropy. Changes
in D trabecular microstructure play important roles in osteoporotic fracture.

In our analysis the changes of more simple D indices pertaining to cancellous
bone structure, trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabec-
ular spacing (Tb.Sp), did not reach significance after PTH treatment; however, more
stereologically correct indices, such as marrow star volume and micro-CT-based D
indices, revealed significant changes, further corroborating the superiority of these
techniques for structural analysis of small samples, such as bone biopsies. To deter-
mine reproducibility of micro-CT examination,  specimens from different groups
were rescanned and reanalyzed. The root mean square coefficient variation (CV)
of the measurements was 2.6% for Tb bone volume fraction (BV/TV), 3.6% for
Tb number, 5.9% for Tb thickness, 4.0% for Tb separation, 3.3% for Tb degree of
anisotropy, 2.1% for SMI, 3.9% for Tb connectivity density (CD), 2.7% for cortical
porosity (Ct.Po), and 2.9% for cortical thickness (Ct.Th).The annualizedmedian per-
cent change in placebo groupwas−3.3% for BV/TV, 4.6% SMI,−9.2%CD, and −14%
Ct.Po, and in PTH treated group 4.7% for BV/TV, −8% SMI, 13%CD, 0.5% for Ct.Po,
and 14% Ct.Th; thus, micro-CT can reproducibly quantifies Dmicroarchitecture of
Tb and cortical bone in the iliac crest biopsy, which may find application in study-
ing pathophysiology of osteoporosis and other bone disorders, and evaluating their
therapeutic efficacy (Jiang et al. b).

Micro-CT has been used in evaluating D bone microstructure of bone biop-
sies from patients treated with anti-resorptive agents such as estrogen (Zhao et al.
), and bisphosphonate residronate which preserves bonemicrostructure in post-
menopausal osteoporotic women (Borah and Dufresne ). We examined bone
biopsy specimens from the iliac crest in postmenopausal women with osteoporo-
sis before and an average of  years after beginning of estrogen replacement therapy
(ERT). Bone biopsies were obtained from one side of the iliac crest before treatment
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and from the other side after treatment. Comparedwith pre-treatment biopsies, post-
treatment biopsies showed a 14% change in the ratio of plates to rods, but statistically
insignificant changes in trabecular bone volume, thickness, number, separation, and
connectivity density. The findings indicate that ERT not only preserves existing D
trabecular bonemicroarchitecture, but that it also reverses the shift fromplate-like to
rod-like patterns that is characteristic of osteoporosis. This reversal may reduce the
risk of fractures due to osteoporosis by increasing the biomechanical competence of
bone (Zhao et al. ).

In addition to the studies of anti-resorptive agents, micro-CT has also been used
in evaluating D bone microstructure of bone biopsies from patients treated with
anabolic agents. In an uncontrolled study of paired biopsies taken before and after
treatment with human parathyroid hormone, D μCT showed increased D connec-
tivity density and confirmed the preservation of D histomorphometric cancellous
bone volume, and trabecular number and thickness. Cortical width from D histo-
morphometry increased in osteoporotic men treated with PTH and in osteoporotic
women treated with PTH and estrogen (Dempster et al. ).

In amulti-center, double-blind, and placebo-controlled study, once-daily admin-
istration of parathyroid hormone (PTH), the major hormonal regulator of calcium
homeostasis, causes increased bone formation and bone mass. After the first re-
port in  of increased skeletal calcium in rats after injection of parathyroid ex-
tract, preclinical studies and small clinical trials have shown pronounced anabolic
effects of intermittent PTH administration on bone. The effect of injected parathy-
roid hormone on human cortical bone is controversial. Some small early clinical
studies found that appendicular BMD was reduced by PTH treatment, whereas ver-
tebral BMD increased. In other studies, BMD at the predominantly distal radius or
femoral neck changed little during PTH administration. These findings led to spec-
ulation that the anabolic effects of teriparatide on cancellous bone may be obtained
at the expense of cortical bone. Most recently, a large randomized double-blind mul-
ticenter study, the Fracture Prevention Trial, tested recombinant human PTH (-)
[teriparatide, rhPTH(-), TPTD] vs placebo, for treatment of osteoporosis in 
postmenopausal women. Daily injections of  or 40μg of teriparatide over a mean
of  months increased bone mineral density (BMD) at the lumbar spine and prox-
imal femur, and significantly decreased the incidence of vertebral and nonvertebral
fractures. We examined  paired iliac crest biopsy specimens, of sufficient quality
for analysis (choosing from  patients participated in the biopsy study), from sub-
jects participating in this randomized, multicenter, double-blind, placebo-controlled
Fracture Prevention Trial in which postmenopausal women with osteoporosis from
 centers in  countries participated. By D histomorphometric analyses, teri-
paratide significantly increased cancellous bone volume, and reduced marrow star
volume. The PTH was not associated with osteomalacia or woven bone, and there
were no significant changes inmineral appositional rate or wall thickness. By D can-
cellous and cortical bone structural analyses, PTH significantly decreased the cancel-
lous structure model index, increased cancellous connectivity density, and increased
cortical thickness. The PTH improved trabecular morphology with a shift toward
a more plate-like structure. These changes in cancellous and cortical bone morphol-
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ogy should improve biomechanical competence and are consistent with the substan-
tially reduced incidences of vertebral and nonvertebral fractures (Jiang et al. a).

Rat Studies
Micro-CT has been used to measure trabecular bone structure in rats. Most stud-
ies have focused on the trabecular bone in the proximal tibial metaphysis, but the
trabecular bone in rat vertebrae is of interest because of its similarity to the hu-
man fracture site, and because biomechanical testing is practical (Jiang et al. ).
Micro-CT with an isotropic resolution of 11μm3 has been used to examine the D
trabecular bone structure of the vertebral body in ovariectomized rats treated with
estrogen replacement therapy (Jiang et al. b). Micro-CT D determined trabec-
ular parameters show greater percentage changes than those observed with DXA,
and they show better correlation with biomechanical properties. Combining trabec-
ular bone volume with trabecular structural parameters provides better prediction
of biomechanical properties than either alone. A study of the anabolic effects of low-
dose ( ppm in drinking water) long-term ( months) sodium fluoride (NaF) treat-
ment in intact and ovariectomized rats shows that NaF treatment increases trabec-
ular bone volume, possibly by increasing trabecular thickness through increasing
bone formation on existing trabeculae, rather than by increasing trabecular num-
ber. NaF in sham-operated rats increases trabecular structural parameters and bone
mineral, but decreases compressive stress in the vertebral body. NaF partially pro-
tects against ovariectomy-induced changes in bone mineral and structure, but this
protection does not translate into a corresponding protection of bone biomechanical
properties (Zhao et al. ab). A recent study shows that Micro-CT examination of
rat tibia showed that PTH (-) effectively and dose-dependently increased osseo-
integration on titanium implants and enhanced implant anchorage in gonadectomy-
induced low density trabecular bone (Gabet et al. ).

Mice Studies
The wide availability of genetically altered mice has increased the usefulness of the
murine model for investigating osteoporosis and other skeletal disorders. Indepen-
dent genetic regulation of Dvertebral trabecular microstructure in BXH recombi-
nant inbred mice, as measured by micro-CT, contributed information regarding the
variation in biomechanical properties among the strains (Turner et al. ). Mice
homozygous for a null mutation of the PTHrP gene die at birth with severe skeletal
deformities. Heterozygotes survive and by  months of age develop osteopenia char-
acterized by decreased trabecular bone volume and increased bone marrow adipos-
ity. PTHrPwild type and heterozygous-null mice were ovariectomized at months of
age and killed at  weeks.The Dmicro-CTwas used to examine the trabecular struc-
ture of the mice, with an isotropic resolution of 9μm3. Bone specimens from mice
heterozygous for the PTHrP null allele demonstrate significant changes as compared
with wild-type litter mates in most parameters examined; however, measurements of
trabecular number and trabecular thickness were not significantly different between
the two groups. These findings support the notion that PTHrP haplo-insufficiency
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leads to abnormal bone formation in the adult mouse skeleton (He et al. ). Re-
cently, μCT shows restoration of cancellous bone volume and connectivity in OVX
mice treated with basic fibroblast growth factor for a short term ( weeks), which
can be maintained following treatment with the anti-resorptive agent residronate for
at least  weeks after withdrawal of basic fibroblast growth factor (Yao et al. ).
Micro-CT showed that three signaling-selective PTH(-) analogs improved mi-
crostructure of trabecular bone in the distal femur, T vertebra, and femur mid-shaft
cortical thickness in female mice (Yang et al. ).

Thehematopoietic-restricted protein Src homology  containing inositol--phos-
phatase (SHIP) blunts phosphatidylinositol--kinase-initiated signaling by dephos-
phorylating its major substrate, phosphatidylinositol-,,-trisphosphate. SHIP -/-
mice contain increased numbers of osteoclast precursors macrophages, osteoclast
number due to the prolonged life span of these cells, and to hypersensitivity of precur-
sors tomacrophage colony-stimulating factorM-CSF andRANKL. Similar to pagetic
osteoclasts, SHIP -/- osteoclasts are enlarged, containing upwards of  nuclei, and
exhibit enhanced resorptive activity. Moreover, as in Paget’s disease, serum levels of
interleukin- are markedly increased in SHIP -/- mice. Consistent with accelerated
resorptive activity, D trabecular volume fraction, trabecular thickness, number and
connectivity density of SHIP -/- long bones are reduced, resulting in a 49% decrease
in biomechanical properties, indicating that SHIP negatively regulates osteoclast for-
mation and function and the absence of this enzyme results in severe osteoporosis
(Takeshita et al. ). Zmpste is an integral membrane metalloproteinase of the
endoplasmic reticulum. The most striking pathological phenotype of Zmpste de-
ficiency in mice is multiple spontaneous bone fractures—akin to those occurring in
mouse models of osteogenesis imperfecta. There is a significant loss in D bone mi-
crostructure of both cortical and trabecular bone in Zmpste -/- mice compared
with wild-type (Bergo et al. ).

The physiological role of BMP signaling in bone formation in post-natal life re-
mains undefined. Trabecular bone volume, osteoblast numbers, and bone forma-
tion rates in proximal tibiae were reduced , , and 44%, respectively, in Smad
gene knokout mice compared with control littermates. A D micro-CT examina-
tion showed that in tibiae and femora, trabecular volume, number, thickness, and
connectivity density were decreased, and trabecular separation was increased. In the
dnBMPR transgenic mice, there was an identical phenotype to that observed in the
Smadgene knokout mice, namely blockage of BMP signaling, decreased trabecular
bone volume, and decreased bone formation rates. These results demonstrate that
Smad is necessary for normal postnatal bone formation, and suggest that BMPs ex-
ert their effects on bone formation through the Smad signaling pathway (Chen et al.
).

Mice homozygous for an insertional mutation in osteopotentia, a novel trans-
membrane protein essential for skeletal integrity, develop striking skeletal abnormal-
ities similar to those seen in humans and engineered mouse models having severe
forms of the brittle bone disease osteogenesis imperfecta. Abnormalities include in-
flammation and hemorrhaging around limbs, bowing deformities of the long bones,
and poorly healed fractures evidenced by the formation of hypertrophic calluses on
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long bones and ribs.Micro-CT shows a decrease in trabecular number and trabecular
thickness, with a corresponding increase in trabecular separation.

Because of the increasing technical ability to manipulate and study gene expres-
sion in the mouse, there is a growing interest in the use of the aged mouse as an
animal model to study age-related bone loss in humans. Indeed, because of the re-
markable differences in peak bone mass across mouse strains, much work is now
concentrated on seeking genetic loci associated with high and low bone mass; how-
ever, the question arises as to whether mice lose bone with age or with deprivation
of estrogen, and if so, whether the pattern of loss and change in bone architecture
is similar to that in human aging. We have shown that ovariectomy induces short-
term high-turnover accelerated deterioration of D trabecular structure in mice. In
a study using -month-old Swiss Webster mice  and  weeks after ovariectomy,
D micro-CT trabecular structure was measured in the secondary spongiosa of the
distal femur with an isotropic resolution of 9μm3.The trabeculae become more rod-
like and more isotropic, thinner, and more widely separated after ovariectomy (Zhao
et al. c). The HRT prevented OVX-induced bone loss. Percentage changes in
pQCT volumetric BMD were similar to the changes measured by micro-CT but less
pronounced.

Other Research Applications
Micro-CT has other research applications, e.g., finite element modeling for evalua-
tion of bone biomechanical properties (Van Rietbergen ), assessment of bone
tumors and treatment response, quantifying osteogenesis in mouse Ilizarov leg-
lengthening procedures, and quantifying osteoconduction in a rat cranial defect
model (Jiang et al. ). In a model of rheumatoid arthritis in mice, micro-CT can
quantify the loss as a result of erosion and increased bone resorption and treatment
response. Destruction of cartilage and bone are poorly managed hallmarks of hu-
man rheumatoid arthritis (RA). Because p MAP kinase has been shown to mod-
ulate the activity of key pro-inflammatory pathways in RA, we have shown that oral
administration of p MAP kinase blockade, an inhibitor of this kinase (SD-),
prevents D bone destruction in early- and late-stage mouse model of an RA model
induced with bovine type-II cartilage (100μg�kg, subcutaneous on days  and )
and lipopolysaccharide (50μg�mouse, intraperitoneal on day ). In a model of os-
teoarthritis in dogs, micro-CT with a nominal resolution of 66μm was used to ex-
amine the subchondral bone changes. The Dmicro-CT and D histomorphometry
showed a decrease in bone volume fraction and an increase in bone surface fraction
in the femur and patella of dogs  and  months after an anterior cruciate ligament
transection.

Histomorphometry also shows an increase in bone formation rate.Micro-CT im-
ages of the femur showed multiple pits on the bone surface of femoral condyles and
femoral trochlear ridges, whereas the gross inspection of the cartilage showed only
a discoloration in the corresponding areas, indicating that the subchondral bone ero-
sions preceded articular cartilage damage in the development of osteoarthritis (Han
et al. ). PTH(-) at , , or 25μg�kg day−1 increased micro-CT bone volume
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fraction with associated increases in trabecular number, thickness, and connectivity
density in the thoracic vertebrae of osteopenic rhesus monkeys (Moreau et al. ).

We examined the precision of D microarchitecture of the new bone formation
inside the porous titanium prosthesis implanted in the distal femur of rabbits. The
implants have different sizes of pore, and have different coating materials. Micro-CT
can reproducibly quantify D microarchitecture of the new bone formation inside
the pores of the titanium prosthesis implants, whichmay find application in studying
effects of different size of pores and different coating materials on osteogenesis (Jiang
et al. 2005a).

Synchrotron Radiation
The micro-CT method was further enhanced by resorting to synchrotron radiation
with a spatial resolution of 2μm (Bonse et al. ), or with applications to live rats
(Kinney et al. ). Compared with X-ray tube, the X-ray beam from synchrotron
radiation has high magnitude of intensity, monochromaticity, high photon flux, and
small angular source size. For X-ray tube micro-CT, Smith and Silver () have
reported that D images from cone-beam scanners are inevitably distorted away
from the central slice because the single-orbit cone-beam geometry does not provide
a complete data set. These distortions and associated loss of spatial resolution have
been particularly evident in samples containing plate-like structures, even when the
cone-beam angle is less than 6.5� (Smith and Silver ). A recent study with direct
comparison of fan-beam (obtained on the central plane) and cone-bone (obtained
from a divergent section near the periphery of the volume) techniques over a full
cone angle of °, using a 100μm μfocus X-ray tube isotropic 33μm voxels, showed
that the bone volume fraction based on a gray-scale threshold in the excised lumbar
vertebrae fromnormal adult ratswas not adversely affected by cone-beam acquisition
geometry for cone angles typically used in micro-CT (Holdsworth et al. ).

The use of synchrotron radiation X-ray source was first suggested by Grodzins
() for high-resolution micro-tomography of small samples. It provides a con-
tinuous energy spectrum with a high photon flux. The optimum energy for a given
sample can be selected from the synchrotron radiation white beam with a small en-
ergy bandwidth (0.1–0.001%) using a crystal monochromator, whereas at the same
time keeping the photon flux rate high enough for efficient imaging. Themonochro-
maticity of the beam is very important, whereas conventional polychromatic X-ray
sources result in beam-hardening artifacts in the reconstructed images due to the
stronger attenuation of the soft X-ray in the sample. The monochromaticity of the
beam is especially important to perform accurate density measurement. The high
photon flux available and small angular source size from synchrotron radiation X-
ray sources lead to negligible geometrical blur, making it possible to obtain images
with high spatial resolution and high signal-to-noise ratio. The X-ray intensity of
synchrotron radiation is higher inmagnitude than X-ray tubes. When scanning time
is important, synchrotron radiation is a better choice than X-ray tubes for resolu-
tion < 1–5μm. Adaptation of the X-ray energy to the sample can be optimized by
using monochromatic radiation because of the continuous X-ray spectrum of syn-
chrotron radiation, which can minimize radiation exposure for examining small an-



408 Ye-Bin Jiang et al.

imals in vivo. Synchrotron micro-CT has spatial resolutions of 2μm because of high
brightness and natural collimation of radiation sources (Bonse et al. ). It uses
parallel beam-imaging geometry, and avoids the distortions and loss of resolution
inherent in cone-beam methods, and can make distortionless images of human tra-
becular bone using a CT at a synchrotron electron storage ring (Bonse et al. ).
Recently, micro-CT using high intensity and tight collimation synchrotron radiation
that achieves spatial resolution of 1–2μm has provided the capability to assess addi-
tional features such as resorption cavities (Peyrin et al. ).

Synchrotron micro-CT at 23μm�voxel in the proximal tibial metaphysis of live
rats (Lane et al. , ) shows that trabecular connectivity decreased 27% by
days  and  post-OVX and continued to decrease up to day  after OVX. The tra-
becular BV/TV decreased 25% by  days after OVX, and it continued to decrease
through day . These changes were more rapid than biochemical markers. Estro-
gen replacement therapy initiated 5–13 days after OVX can restore BV/TV—but not
connectivity—to baseline levels by allowing bone formation to continue in previously
activated bone remodeling units while suppressing the production of new remodel-
ing units. Intermittent human parathyroid hormone (-) treatment in osteopenic
OVX rats increased trabecular BV/TV to control levels or higher by thickening ex-
isting trabeculae. Human parathyroid hormone (-) did not re-establish connec-
tivity when therapy was started after 50% of the trabecular connectivity was lost. At
 days after OVX, there was a small but significant decrease in trabecular bone
volume, and a significant decrease in trabecular plate thickness. The decrease in tra-
becular thickness was associated with an increase in connectivity, in contrast to the
proximal tibia, where connectivity always declines (Kinney et al. ).

In addition, synchrotron radiation X-ray micro-tomography (micro-CT) using
new X-ray optic components has been designed to assess the ultrastructure of indi-
vidual trabeculae with a resolution of 1μm, and to describe microscopic variations
inmineral loading within the bonematerial of an individual trabecular rod. Artifacts
from X-ray refraction and diffraction require methods different from those used for
other micro-CT techniques. Delicate and minimal individual trabecular specimen
handling and no microtome cutting preserve the specimen geometry and internal
micro-fractures. The histological features of the mineral ultrastructure can be eval-
uated using volumetric viewing. The volume, shape, and orientation of osteocyte la-
cunae and major cannaliculae can be observed. Quantitative measures of trabecular
ultrastructure are now being considered including BMU (basic multicellular unit of
bone remodeling with activation-resorption-formation sequence) volume, lamellar
thickness, and density gradients (Flynn et al. ).

The hardware for synchrotron radiation micro-CT, however, is not readily acces-
sible. Electron storage rings are stationary and cannot be operated in a small labora-
tory and only a few synchrotron radiation centers are available worldwide.
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(MRI) Microscopic Imaging

Magnetic resonance imaging is a complex technology. High-resolution MR and
μMR, collectively called MR microscopy, have received considerable attention both
as research tools and potential clinical tools for assessment of osteoporosis. As a non-
invasive, non-ionizing radiation technique, MR can provide D images in arbitrary
orientations and can clearly depict trabecular bone.

Currently, assessment of trabecular structure using MR microscopy is restricted
to the peripheral skeleton, unlike CT which can be applied to the spine and periph-
eral bones. The parameters derived from the low-resolution images account for 91%
of the variation in Young’s modulus, suggesting that noninvasive assessment of the
mechanical competence of trabecular bone in osteoporotic patients may be feasible
(Hwang et al. ).

Examination of the distal radius using MRI with a spatial resolution of 156μm2,
a slice thickness of 0.7mm, and amodified gradient-echo sequence using a 1.5-T clin-
ical imager (Majumdar ) clearly depicted the loss of the integrity of the trabec-
ular network with the development of osteoporosis. Similar images of the calcaneus
of normal subjects showed that the orientation of the trabeculae is significantly dif-
ferent in various anatomic regions. Ellipses, representing the mean intercept length,
showed a preferred orientation and hencemapped the anisotropy of trabecular struc-
ture. Resolutions of 78–150μm and slice thicknesses of 300μm have been achieved
in the phalanges, a convenient anatomic site that is particularly suitable for obtain-
ing high signal-to-noise ratio and high spatial resolution images in vivo, using clini-
cal imagers at 1.5T with a special radio-frequency coil (Jara et al ; Stampa et al.
), and quantitative D parameters based on an algorithm and model for defin-
ing trabecular rods and plates have been derived (Stampa et al. ). It has been
reported that using trabecular structure or textural parameters from in vivo MR im-
ages of the radius or calcaneus can discriminate spine and/or hip fracture (Link et al.
; Wehrli et al. ).

Although high-resolution MR has been used successfully for in vitro quantita-
tive evaluation of human trabecular bone, application of this technology to small
animal bones is more demanding, as resolution requirements are more stringent be-
cause of the considerably smaller trabecular size. The need for higher resolution,
dictated by the thinner trabeculae, entails a significant penalty for signal-to-noise
ratio and acquisition time. Recently, the ability of MRI to assess osteoporosis in ani-
mal models has been explored in depth. One study demonstrated that using a small
high-efficiency coil in a high-field imager, MRI can provide resolutions sufficient
to discriminate individual trabeculae. The MRI of trabecular structure in the dis-
tal radius shows trabecular bone loss after OVX. Micro-MRI of a rat tail showed D
cortical bone, trabecular network, and other soft tissue. The μMRI shows increased
bone mass in the distal femoral metaphysis of rats treated with a bisphosphonate, in-
creased cartilage thickness in the growth plate, and corresponding recovery changes
after withdrawal of treatment. (The trabecular structure in the femoral neck of a ewe
can be clearly shown onMRI.) In this study, with appropriate choices, it was possible
to image trabecular bone in rats in vivo and in vitro. Segmenting trabecular bone
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from adjacent tissues has been a useful technique in the quantification of trabecular
bone inMRI images. In a study of ovariectomy in rats, analysis ofMRI demonstrated
differences in rat trabecular bone that were not detected by DXA measurements.

A double-blind study evaluated trabecular (Tb) microstructure using MRI mi-
croscopy and bone quality in terms of resistance to fracture of the femoral neck of
a postmenopausal osteoporotic model in ewes treated with salmon calcitonin (sCT),
an osteoclast inhibitor. The femoral neck was examined with an MR imager at 9.4T
in axial, coronal, and sagittal planes, using a spin-echo multislice pulse sequence
with TR = 1s, TE = 1.8ms, inplane resolution 78μm, and slice thickness 1mm.
An internal calibration procedure standardizing image analysis was used to adjust
the segmentation threshold. Data from all three axial, coronal, and saggital planes
were averaged. Compared with Sham, OVX for months induced statistically signif-
icant changes in Tb structure: Tb bone volume fraction −18%, Tb separation +23%,
number of free ends +28%, number of nodes −39%, number of Tb branches −23%,
and mean length of Tb branches −19%. There was a dose response of sCT effect on
the Tb structure. Compared with OVX, treatment using sCT at 100U significantly
improved all the Tb structural parameters to the Sham level, whereas at 50U it sig-
nificantly increased the mean length of the Tb branches. The OVX significantly de-
creased Tb biomechanical competence (compressive strain −28%). Treatment with
sCT resulted in a significant dose-dependent preservation of compressive stress. In
univariate analysis, strength and stiffness were correlatedwithDXAand several com-
ponents of microarchitecture. Toughness was correlated with MR but not with BMD.
In a multivariate stepwise regression analysis, strength and stiffness correlated with
BMD and TV/BV, whereas toughness was related to the mean length of the branches.
These results indicate that microarchitecture of trabecular bone contributes signifi-
cantly to its biomechanical characteristics, independent of BMD measured in the
femoral neck. Tb bone volume fraction explained 74% of compressive stress. Com-
bination of all structural parameters in amultivariate regression analysis significantly
improved the results to 84%, and the combination of BMD further increased the re-
sults to 92%.The effects of sCT on the OVX ewes may help explain reduced fracture
risk in postmenopausal osteoporotic women treated with sCT (Jiang et al. b).

TheMRI showed ovariectomy induced losses in trabecular bone volume fraction
and structure that ERT prevented.There are excellent correlations betweenMRIwith
resolution up to 24� 24� 250μm and histological assessment of intact rat tibiae and
vertebrae (Kapadia et al. ). It has been reported that rat tibiaewere imaged at 9.4T
in vitro with isotropic resolution of 46μm3. It has also been shown that alendronate
maintains trabecular bone volume and structure about midway between intact and
OVX, whereas prostaglandin E2 returned them to intact levels (Takahashi et al. ).

TheMRI shows D bone structure and some other tissues at the same time. In the
rabbit knee, MRI shows trabecular structure and cartilage. In an osteoarthritis model
induced bymenisectomy or anterior cruciate ligament transection (Zhao et al. ),
MRI shows subchondral osteosclerosis, and decreased cartilage thickness. The MRI
also shows osteophytes in a rabbit osteoarthritis model; however, radiographs only
show subchondral osteosclerosis, whereas osteophytes could not be found in a rabbit
osteoarthritis model.
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One of the crucial parameters to assess bone quality is the degree of bone min-
eralization. Water- and fat-suppressed projection MR imaging was used to image
the solid matrix content of rat bone specimens. The signal from the medullary cav-
ity (water and fat) is largely suppressed, along with the water and fat signal inside
bone tissues. This method provides a means tomeasure bone matrix density in small
animals (Wu et al. ). To distinguish osteomalacia from normal bone, hypomin-
eralization was induced in rabbits. The -H images were acquired at 400MHz from
excised cortical bone by D  H solid-state imaging of the tibia at a resolution of
183μm. Significantly, higher water content was found in animals with osteomalacia
than in controls; thus, proton solid-state imaging of bone water can distinguish sub-
tle differences in mineralization density and therefore may provide a new means for
noninvasive assessment of degree of mineralization of bone (Anumula et al. ).

The usefulness of this powerful tool is balanced by disadvantages: it is expensive
to obtain, operate, and maintain, and it is rarely available for routine nonclinical use.
Dedicated extremity MR systems, which are low-field and less expensive, can quan-
tify geometry of the cortical bone such as cross-sectional area and cross-sectional
moments of inertia (CSMI) in the distal radius, and the muscle mass in the forearms,
which contribute significantly to the biomechanical strength of the radius (Jiang et al.
). The mechanical behavior of a bone reflects the material property within the
bones as well as the bone geometry. The CSMI describes the geometric configuration
or distribution of the bone mass around the central axis. Themagnitude of the CSMI
depends on both the cross-sectional area and the squared distance of each unit area
from the sectional neutral axis that always intersects the centroid, or center, of the
area of the section. In torsion, deformation would be resisted more efficiently if bone
were distributed further away from the neutral torsional axis. Ideally, in bending or
torsion, bone should be distributed as far away from the neutral axis of the load as
possible.

Summary

Many studies have shown that changes in bone quality and structural characteris-
tics lead to changes in bone biomechanical competence or individual risk of fracture
independently of BMD. Structural measurements using D assessment contribute
to our understanding of osteoporosis and other bone disorders, and provide insight
into their pathomechanisms, and treatment response, in various animal models and
in humans.

Although advanced imaging is demanding in terms of equipment and technique,
it is unbiased, free from the model assumptions used in D histomorphometry. Since
a true D assessment of the trabecular bone structure is possible, rod or plate model
assumptions are no longer necessary. They are able to directly measure D structure,
connectivity, and integrity in a highly automated, fast, objective, non-user-specific
manner, with little sample preparation, allowing greater numbers of samples for un-
biased comparison between controls and subjects. They can have large sample sizes
and therefore less sampling error. They are non-destructive, which allows multiple
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tests such as biomechanical testing and chemical analysis on the same sample, and
noninvasive, whichmay permit longitudinal studies. These methods also have weak-
nesses: they require robust image processing algorithms to segment and quantify
bone structure, and may have limitations in spatial resolution for certain structures.
They cannot provide information on cellular activities or dynamic mineralization
processes. Rather than replacing bone histomorphometry, these imaging methods
provide additional and valuable information, and are a useful complement to tradi-
tional techniques in the evaluation of osteoporosis and other bone disorders.
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Abstract

Determinants of bone quality include macro- and micro-architecture, secondary
mineralization, bone matrix and micro-damage. Although it is recognized that bone
quality is an essential component of bone fragility, no established methods of as-
sessment are currently available for clinical use. Computed tomography (CT) can be
adapted to evaluate both macroscopic and microscopic structure of bone. We dis-
cuss the application of CT to evaluate bone microstructure from micro-CT or syn-
chrotron micro-CT to clinical high-resolution CT. Micro-CT technology can now
provide ultra-high-resolution images of < 10μm.Theorientation, shape and connec-
tivity of trabeculae can be appreciated and analysed. Geometrical Dmaps are partic-
ularly useful to understand the complicated D structure of trabeculae. The analysis
of trabecular structure is helpful in evaluating the pathophysiology of osteoporo-
sis and the effects of anti-osteoporotic agents on bone mass and microarchitecture.
Micro-CT data, linked with finite element analysis (FEA), can be adapted to estimate
stress distribution and bone strength. Synchrotronmicro-CTprovides amore precise
analysis of bone microstructure, such as the characteristics of trabecular surface and
the different grade of mineralization. Clinical multi-detector row CT (MDCT) has
can assess vertebral microstructure in vivo. Although the spatial resolution is limited
comparedwithmicro-CT, in vivo assessment of vertebralmicrostructuremay be use-
ful to evaluate the risk of fracture and the longitudinal efficacy of anti-osteoporotic
agents.

Assessment of Trabecular Microarchitecture Using Micro-CT

Microstructural Changes Resulting fromOvarariectomy or Neurectomy

An experimental study using ovariectomized (OVX) rats showed that oestrogen de-
ficiency induced trabecular deterioration, manifested by a decrease in bone-to-tissue
volume fraction (BV�TV = bone volume�tissue volume), trabecular number (Tb.N)
and connectivity density, as well as an increase in trabecular separation (Tb.Sp) and
structuremodel index (SMI; increases in the ratio of plate-like trabeculae), compared
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Figure 1a–f. Three-dimensional micro-CT images of the OVX-sham (a), OVX control (b),
OVX treated with etidronate (EHDP; c), NX-sham (d), NX control (e) and NX treated with
EHDP (f)

with the sham-operated group (Shiraishi et al. ). Trabecular thickness does not
always significantly decrease, probably because changes in this parameter depend on
the duration of oestrogen deficiency or the age of the animals, and its detection de-
pends on the spatial resolution ofmicro-CT.Thedegree of anisotropy (DA) increased
after OVX, indicating that trabecular resorption occurs heterogeneously with preser-
vation of the longitudinal trabeculae and disappearance or thinning of the transverse
trabeculae. This is attributed to the fact that longitudinal trabeculae are oriented to
resist axial loading, whereas transverse trabeculae are not. In contrast, sciatic neurec-
tomized (NX) rats showed marked trabecular deterioration; however, in this case the
degree of anisotropy is decreased in contrast to that of OVX rats, since immobiliza-
tion induces a decrease in all trabecula, both longitudinal and axial.

The study suggests that the increase in DA associated with decreased bone mass,
as seen in OVX rats, results from adaptation to loading, whichmaintains mechanical
strength through relative preservation of axial trabeculae, even with a small amount
of bone mass. The decrease in cortical area is more prominent in NX than OVX rats.
Three-dimensional images of NX rats showed flake-like trabeculae, whereas those in
the OVX rats demonstrated preservation of trabecular shape (Fig. ; Ito et al. a).
The reduction of cortical area was more significant in the NX group.

Effect of Anti-osteoporotic Agents on Bone Following Ovariectomy or Neurectomy

We performed a study to evaluate the effect of etidronate (EHDP) on D trabecular
microstructure inOVX andNX rats (Nishida et al. ). Eight-week-old female rats
received ovariectomy (n = 19) or sham operation (OVX-sham; n = 10). The OVX
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rats received either vehicle (OVX-control; n = 9) or EHDP (OVX-EHDP; n = 10).
Another group of -week-old female rats received NX (n = 20) or sham operation
(NX-sham; n = 10). The NX rats received either vehicle (NX-control; n = 10) or
EHDP (NX-EHDP; n = 10). The EHDP at 5mg�kg or vehicle was subcutaneously
injected  days aweek.The treatment was initiated  weeks after surgery andwas con-
tinued for  weeks. After the treatment, the tibiae were harvested and examined by
micro-CT; (μCT; Scanco Medical). The recovery of structural parameters was not
complete in NX rats compared with OVX rats.The Dmicro-CT images showed that
the subcortical spongiosa, which was preserved in OVX rats, revealed marked loss
in NX rats. Furthermore, these trabeculae were not restored after the EHDP treat-
ment. We concluded that immobility leads to loss of subcortical spongiosa and that
etidronate does not prevent this loss in the short term (Fig. ).

Microstructure and Bone Strength

Trabecular microstructure parameters have a significant correlation with the ulti-
mate load of the ovariectomized rat vertebrae (Fig. ). This indicates that trabecular
microstructure is strongly related to bone strength.

Contribution of Cortical and Trabecular Bone to Biomechanical Property in Vertebrae

To evaluate how much the trabecular and cortical components contribute to bone
strength in rats, we developed a finite element analysis (FEA) system using D data
of micro-CT (Ito et al. b). Twenty-five female rats,  months of age, underwent

Figure 2.Relationships betweenmicrostructural parameters and ultimate load.Microstructural
parameters (BV/TV, Tb.N, Tb,Th, Tb.Sp, SMI and TBPf) have significant correlation with
the ultimate load of the rat vertebrae. BV/TV bone volume fraction, Tb.N trabecular num-
ber, Tb,Th trabecular thickness,Tb.Sp trabecular separation, SMI structuremodel index, TBPf
trabecular bone pattern factor
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OVX or sham operation. These rats were classified into three groups: sham control
(n = 6); OVX control (n = 4); and OVX rats treated with alfacalcidol daily dose of
zero (n = 4), 0.1mg�kg (n = 8) or 0.2mg�kg (n = 7). After months, the excised fifth
lumbar vertebral bodies were evaluated bymicro-CT.The compressive ultimate load
of the specimen was measured by mechanical testing. The yield strength calculated
using FEA correlated strongly with load value (r = 0.90, p < 0.0001). In specimens
with a D trabecular BV/TV of � 25% (n = 13), the strength values showed signifi-
cant correlations with the values of the cortical area (r = 0.62, p < 0.005) and BV/TV
(r = 0.87, p < 0.0001). In the specimens with BV/TV of < 25% (n = 12), however,
the strength showed a significant correlation only with the cortical area (r = 0.64,
p < 0.005). The yield strength values reached a plateau when the micro-CT image of
spongiosa selectively reduced at the threshold higher more than a certain level, indi-
cating that spongiosa bears –40% of the strength. The mechanical contribution of
spongiosa apparently related with the trabecular bone mass, but the critical amount
of trabecular bone mass seems to exit where the substantial contribution to the bone
strength disappears.

Relationship of BoneMass, BoneMicroarchitecture and BoneMechanical Property

We evaluated the effect of risedronate on the trabecular microstructure of OVX rat
tibiae, using micro-CT, in order to investigate how changes in microstructure con-
tribute to biomechanical property (Ito et al. ). Fifty -week-old rats underwent
sham-operation (n = 10) or OVX (n = 40). The OVX rats were further divided into
four groups (n = 10 for each group) treated with risedronate at doses of , 0.1, 0.5 or
2.5mg�kg for  months.

The OVX caused deterioration in D trabecular microstructure, notably struc-
turemodel index (SMI) and connectivity density, whereas treatmentwith risedronate
doses at 0.5 and 2.5mg�kg improved these microstructural changes. Biomechanical
property, as assessed by finite element analysis (FEA), correlated significantly with
bone volume/tissue volume (BV/TV), and the correlation further increased substan-
tially by adding microstructural parameters, especially SMI and connectivity den-
sity, with risedronate therapy; thus, it is suggested that in addition to increasing
bonemass, risedronate improves biomechanical property bymaintaining a plate-like
structure as well as connectivity of trabeculae (Table ).

The FEA can demonstrate the relationship between biomechanical properties
and microstructural changes following administration of anti-osteoporotic agents,
although a limitation of FEA system exists, which is probably due to changes of ma-
terial property after administration of anti-osteoporotic agents.

Assessment of Bone Microarchitecture and Bone Mineralization
Using Synchrotron-CT

Synchrotron radiation (SR) provides an intense, laser-like collimated light in the
range from infrared to hard X-rays. The use of SR as an X-ray source for high reso-
lution microtomography of small samples was first suggested by Grodzins ().
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Unlike a conventional X-ray tube, SR offers a continuous energy spectrum with
a high photon flux. Monochromaticity of the beam is thus absolutely necessary to
perform accurate density measurements. The high photon flux from synchrotron
X-ray sources and the small angular source sizewith negligible geometrical blurmake
it possible to obtain images with high spatial resolution and high signal-to-noise ra-
tio. Because of the characteristic of SR white beam, it has a possibility to provide
the different density according to mineralization or to demonstrate bone structure
precisely. The SRCT system has been applied to analyze bone microstructure in vivo
(Kinney et al. ) and in vitro (Bonse et al. , Engelke et al. , Lane et al. ,
Pateyron et al. , Kinney et al. , ) animal studies.

We investigated the ability of SRCT to demonstrate trabecular microstructure,
trabecular surfaces and bone mineralization (Super Photon ring-8GeV; SPring-;
Ito et al. ). The SRCT showed high image quality without visible partial vol-
ume effect. Three-dimensional SRCT reveals shallow concavities in the bone sur-
face (considered to represent osteoclastic resorption areas (Fig. ) as well as the con-
nectivity, anisotropy and shape (i.e. rod- or plate-like) of trabeculae, and is almost
comparable to scanning electron microscopy (SEM; see Fig. ). Dilation of vessel
canals was demonstrated by SRCT in NX rat tibiae (Fig. ), which could not be re-
vealed by conventional micro-CT. Two-dimensional SRCT showed different density
along the surface of the trabecular bone, indicating the degree of bonemineralization
(Fig. ). These data show that SRCT seems to be a useful tool for delineating trabec-
ular surfaces, evaluating bone mineralization, and for revealing precise trabecular
structure.

We quantified and visualized three dimensionally calcium (Ca) density in bone
using SRCT. Since mass attenuation coefficients change according to X-ray energy,

Figure 3a,b.Two-dimensional andThree-dimensional trabecular microstructure SRCT images
of rat vertebra. Two-dimensional image (a) shows the sharp border of the trabeculae without
visible partial-volume effect. Three-dimensional image (b) shows shallow concavities in the
trabecular surfaces (arrows)
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Figure 4a,b. Two-dimensional axial SRCT images of the rat tibial diaphysis. The NX rat (b)
shows the dilatation of vessel canals in comparison with the sham-operated rat (a)

Figure 5a–d.Three-dimensional SRCT and SEM images of trabecular surface of mini-pig ver-
tebra.The SRCT image (a) shows irregularity of trabecular surface (magnified image, b). Mul-
tiple resorption cavities can be demonstrated using SEM in the same region (c) andmagnified
image (d). The SEM image with -bit resolution in grey scale
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Figure 6a–c.Two-dimensional SRCT and contact microradiography (CMR) images of the ver-
tebral bone in the mini pig. Different densities can be detected in the surface of the trabeculae
by SRCT (b,c) as well as by CMR (a)

Figure 7a,b. Two-dimensional (a) and D (b) calcium-density mapping. Green indicates the
lower Ca concentration, red indicates the higher Ca concentration
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the coefficients of Ca and carbon (C) were obtained at the various energies of , ,
 and 40KeV. The Ca and C density were calculated using the following equation:

μ = μCaρCa
ρ0

+ μCρC
ρ0

, ()

where μ is CT value, μCa�ρ0 and μC/ρ0 are mass attenuation coefficients of calcium
and carbon, ρCa and ρC are density of calcium and carbon. Figure  shows the D
and D calcium-density mapping. Green signifies a lower Ca concentration, whereas
red signifies a higher Ca concentration.

In Vivo Assessment of Bone Microstructure

Assessment of Spinal Microstructure UsingMDCT

We developed an in vivo assessment system of microstructure using multi-detector
row CT (MDCT). Optimal scanning conditions for evaluation of microstructure of
human vertebral bone were first verified using MDCT and micro-CT as reference.
Good correlation between bone strength (as assessed by compression testing) and
microstructure assessed by both micro-CT and MDCT was obtained using femoral
head specimens obtained at surgery.

Finally we evaluated the diagnostic value of in vivo analysis of spinal trabecu-
lar microstructure, focusing on the association with spinal fracture. Compared with
postmenopausal women without a spinal fracture (Fig. ), postmenopausal women

Figure 8a–f. Representative D and D MDCT images of the third lumbar spine. Two-
dimensional (a,b) and D (e,f) MDCT images of the third lumbar spine were obtained from
a -year-old woman without vertebral fracture (a,e) and from a woman of the same age with
a vertebral fracture in her thoracic spine (b,f). Binarized images are also shown (c,d)
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with a vertebral body fracture had a smaller trabecular bone fraction (app BV/TV:
36.1 vs 26.2) in association with fewer trabeculae (app Tb.N: 0.97 vs 0.78), more rod-
like structure (SMI: 1.87 vs 2.70) and lower connectivity (Euler’s number: −1037 vs−457). The odds ratios of microstructure parameters, such as SMI, Euler’s number,

Table 2.The receiver-operating-characteristics analysis and odds ratios of microstructural pa-
rameters for their association with spinal fracture.MDCT multi-detector-rowCT, app BV/TV
apparent bone volume fraction, SMI structure model index, app Tb.Sp apparent trabecular
separation, app Tb.N apparent trabecular number, app Tb.Th apparent trabecular thickness,
DA degree of anisotropy, BMD bone mineral density, DXA dual X-ray absorptiometry, AUC
area under the curve, ROC receiver-operating curve analysis, CI confidence interval

Measure- AUC (ROC) Signifi- Odds ratio Signifi-
ments cance (p) (95% CI) cance (p)

MDCT Microstrucutral
parameters

SMI 0.928�0.027 0.0001 16.0 (5.3–48.4) 0.0001
app BV/TV (%) 0.811�0.048 0.0001 13.6 (4.3–42.4) 0.0001
Euler’s number 0.857�0.043 0.0001 13.1 (4.5–38.1) 0.0001
app Tb.Sp (μm) 0.818�0.048 0.0001 7.4 (2.8–19.8) 0.0001
Fractal dimension 0.735�0.059 0.0001 7.4 (2.6–20.7) 0.0005
App

Tb.N(/mm3)
0.810�0.049 0.0001 6.6 (2.5–17.4) 0.0005

app Tb.Th (μm) 0.674�0.059 0.01 5.5 (1.6–18.5) 0.01
DA 0.627�0.063 0.05 3.5 (1.2–10.2) 0.05

Volumetric 0.870�0.040 0.0001 12.7 (4.4–36.4) 0.0001
BMD (mg/cm3)

DXA Areal BMD (g/cm2) 0.647�0.062 0.05 4.8 (1.5–14.8) 0.05

Data are shown as mean �SD
Odds ratios are presented with 95% CI and p-values

Table 3.Correlation of microstructural parameters and BMD with fracture

Volumetric BMD Areal BMD
with microstructure parameters with microstructural parameters
Measures R2 p Measures R2 p

Volumetric BMD 0.366 0.0001 aBMD 0.061 0.0251
SMI 0.486 0.0001 SMI 0.486 0.0001
Tb.Th 0.112 0.0021 Euler’s number 0.362 0.0001
Volumetric 0.508 0.0001 aBMD+SMI 0.486 0.0001
BMD+SMI

Volumetric 0.551 0.0001 aBMD+SMI 0.506 0.0001
BMD+SMI+Tb.Th +Euler’s number

Correlation with prevalent vertebral fracture was assessed by multivariate regression analysis



CT-Based Microstructure Analysis for Assessment of Bone Fragility 427

and app BV/TV, for association with prevalent fracture, were much higher than that
ratio for association of areal BMD by DXA.The SMI and Euler’s number, which rep-
resent non-metric features of trabecular structure, would seem to be more useful
than metric parameters such as app Tb.N, app Tb.Th or app Tb.Sp (Table ). It is an
advantage of the MDCT scanning system that, in addition to assessing these D mi-
crostructure parameters, volumetric BMD values can be obtained at the same time
by using a reference phantom, and these values correlate highly with the presence of
fracture (Table ).

Comparison with Other Methodologies: Radiography, CT andMRI

In vivo analysis of trabecular microstructure has been investigated using conven-
tional radiography, high-resolution CT, and high-resolution MRI. Conventional ra-
diography has a spatial resolution of up to 40μm; however, it delivers D projectional
images of the trabeculae with superimposition of trabecular structure. Conventional
high-resolution CT has a spatial resolution of 400μm.The individual trabeculae that
can be seen, however, are subject to partial-volume effects. With high-resolution CT
in vivo, analysis of trabecular structure, such as connectivity from a skeletonized rep-
resentation of the trabecular network (Chevalier et al. ), parameters derived from
run-length encoding (Ito et al. ), and number or area of holes in the trabecu-
lar structure (Gordon et al. ), is possible. These images had a slice thickness of
1.5mm and the field of view was reduced to yield an image matrix with a pixel size
of 0.31mm. A good relationship between texture parameters calculated from high-
resolution CT images and biomechanical properties have also been reported (Link
et al. ). Vertebral fracture is the most common osteoporotic fracture, and the
presence of fracture indicates a greater risk for future fracture, independently of BMD
(Ross et al. ). The direct assessment of vertebral microstructure, using MDCT,
can be expected to provide greater sensitivity in assessing the risk of spinal fracture;
however, this spatial resolution only provides characteristics of trabecular structure,
and D imaging has limited reproducibility on follow-up examinations.

With the recent advances in MRI) hardware and software, it has become pos-
sible to obtain higher-resolution MR images of trabecular bone (Gordon et al. ;
Majumdar et al. ; Link et al. b; Majumdar et al. , ) with in-plane
resolutions as high as 150μm and slice thicknesses of 280μm in vivo (Majumdar
et al. ).TheMR imaging has an advantage of non-ionization, and trabecular mi-
crostructure obtained in vivo using high-resolutionMRhas been demonstrated to be
useful in predicting spinal fractures. Structural parameters of the distal radius with a
D spin-echo sequence (voxel size of 137�137�500μm3) in womenwere reported
to provide a better index than the BMD of the distal radius (Wehrli et al. ). The
D gradient-echo sequence (voxel size of 156 � 156 � 500μm3) could discriminate
between groups with and without a recent hip fracture (Majumdar et al. ). A dis-
advantage of high-resolution MRI in vivo, however, is the relatively long acquisition
time of up to 10 � 20min. A small field of view is required in order to obtain a high
signal-to-noise ratio with fast gradient and optimized coils. Due to these prerequis-
ites and motion artefacts in the axial skeleton, application of high-resolution MRI
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is currently limited to peripheral sites such as phalanges, calcaneus, and distal ra-
dius (Majumdar et al. ; Link et al. b; Lin et al. ; Link et al. c). Re-
cently, longitudinal study of MR microstructure has been reported (Chestnut et al.
).
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Abstract

The most serious manifestations of osteoporosis are proximal femoral fractures, af-
fecting over , elderly in the United States each year and , in the Euro-
pean Union in the year  alone. The impact on public health and the resultant
cost to the health care system highlight the urgency to identify those parameters sig-
nificant to accurately predict bone quality and fracture risk at the proximal femur.
Determinations of the proximal femur are employed to illustrate relevant applica-
tions of vQCT with the potential to be extrapolated to other skeletal sites and the
research and development of novel biomaterials that could contribute to the restora-
tion or improvement of bone function. We explain the underpinning of parameters
for bone mass, BMD, and bone geometry, as well as the structural indices discrim-
inated by vQCT. We further clarify the benefit of sub-regional analysis (trochanteric
region separate from femoral neck region) and of compartmental analysis (cortical
bone separate from trabecular bone). In order to gain insight into how these factors
contribute to bone fragility, we show how vQCT information combinedwith finite el-
ement modeling (FEM) information, a structural analysis tool, allows for estimation
of fracture load under various loading conditions including impact from a fall. We
typify unique results obtained from studies on aging, drugs with bone impact, and
spaceflight, which is difficult to reveal in vivo without vQCT. We show in vivo how
aging results in heterogeneous effects in the trochanteric and femoral neck region
and how the impact of long-term spaceflight differs between trabecular and cortical
bone. We suggest future directions for vQCT, such as the improvement of accuracy
and precision for longitudinal studies, the FEM analysis integration into individual
patient evaluation for in vivo assessment of simulated fracture conditions, and the
development of additional variables for enhancement of bone fragility evaluations.

Introduction

Volumetric quantitative computed tomography (vQCT) has recently emerged as
a powerful tool for quantitative skeletal assessment in clinical osteoporosis studies
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(Lang et al. , , , Riggs et al. , Li et al. ). Osteoporosis is one of
the major global public health problems facing the elderly population (Gluer et al.
). It is estimated that the worldwide osteoporotic population exceeds  mil-
lion people (Cooper ). In the year , the direct cost for osteoporotic frac-
tures in the European Union has been estimated as  billion Euros, and it is ex-
pected to rise to  billion Euros by  (Kanis and Johnell ). In the United
States, the estimated direct expenditures for osteoporotic hip fractures was $  bil-
lion for the year , and the cost is expected to double or triple during the next
decades (NOF ). Arguably, the most serious manifestation of osteoporosis are
proximal femoral fractures, affecting over , elderly in the United States each
year (Melton et al. ; Riggs and Melton ) and , in the European Union
in the year  alone (Kanis and Johnell ). These fractures result in a 20%
mortality rate and substantial loss in quality of life (Cummings and Melton ).
As a result of the ever increasing life span, the number of new hip fractures is ex-
pected to rise to 2.6 million by the year  (Gullberg et al. ). The impact on
public health and the resultant cost to the health care system highlight the urgency
to identify those structural, bone mineral density (BMD), and bone mass parame-
ters significant to accurately predict bone quality and facture risk at the proximal
femoral.

Determinations of the proximal femur are illustrated in this chapter to demon-
strate useful applications of vQCT in research, diagnosis, and treatment monitoring
of osteoporosis. We explain the underpinning of the parameters that can be discrim-
inated by vQCT and can be used in the evaluation of bone fragility. The reported
results are from projects conducted in the research laboratory of T. Lang at the De-
partment of Radiology, University of California San Francisco. These analyses can
be extrapolated to other skeletal sites and the research and development of novel
biomaterials that could contribute to the restoration or improvement of bone func-
tion.

Compared with two-dimensional (D) dual X-ray absorptometry (DXA), three-
dimensional (D) vQCT provides a more detailed framework as to why proximal
femoral strength might be impaired. Whole bone strength depends on bone mass,
bone material properties, and bone geometry. Analysis of images obtained by vQCT
provides quantitative information regarding bone mass, volumetric BMD, and bone
geometry of the whole proximal femur, as well as sub-regionally at the trochanteric
region and the femoral neck (Fig. ). Furthermore, vQCT allows for both the analysis
of these bone properties as a whole (integral bone determinations) and separately for
cortical and trabecular bone (Fig. ).

Combining the information provided by vQCT with finite element modeling
(FEM), a structural analysis tool, is a powerful new approach for evaluating changes
in bone. When used alone, vQCT quantifies the changes in specific regions of bone
but does not provide a direct measure of the effect of these changes on bone strength;
however, QCT-based patient-specific FEM can be used to estimate the whole bone
strength of the proximal femur (i.e., fracture load). Hip fracture occurs when the
load applied to the proximal femur exceeds the whole bone strength associated with
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Figure1a,b.The vQCT regions of interest (ROI) in the proximal femur.TheROI are white pixels
superimposed on image data. vQCT images showing iBMD, tBMD, and cBMD in the (a) total
femoral and in (b) the femoral neck region. The trochanteric region is located outside the
femoral neck region but within the overall total femoral region. (FromMeta et al. )

a specific activity or “loading condition.” Seventy-five to 97% of proximal femoral
fractures occur as a consequence of impact from a simple fall from a standing height
(Sloan and Holloway ; Horiuchi et al. ). The remaining proximal femoral
fractures occur “spontaneously,” in connectionwith otherwise routine activities, such
as walking, turning, or stumbling; thus, impact from a specific type of fall onto
the hip and loading during the single-limb stance phase of walking are two ex-
amples of the many loading conditions that can cause the proximal femur to frac-
ture, and each of these loading conditions is associated with different whole bone
strength.

Specifically, the strength of the proximal femur (i.e., the force required to break
the proximal femur) is less under loading from a fall than under loading fromnormal
ambulation (Keyak et al. ), partly explaining the high incidence of fracture after
a fall.

vQCT Parameters

BoneMineral Content

Bone mineral content in vQCT is a quantification of the amount of mineralized tis-
sue present in the region of interest (ROI) and therefore is expressed in grams. The
BMC estimated by vQCT can be used as a surrogate for the assessment of mass of
mineralized bone tissue.

Integral BMC represents the amount of mineralized tissue present in the whole
bone–cortical and trabecular–and constitutes a surrogate forwhole bonemass (Fig. ).
Cortical BMC represents the average amount of mineralized tissue exclusively in the
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cortical bone. It can be considered a surrogate of cortical bonemass (Fig. ). Trabecu-
lar BMC estimates the mass of mineralized tissue composed of the medullary space
of the bone (Fig. ). When interpreting this parameter, the composition of the bone
marrow should be considered. Aging as well as certain treatments, such as glucocor-
ticoids, have an impact on bone marrow fat content and consequently on trabecular
BMC determinations. Studies performed to determine the accuracy of vQCT meas-
urements have revealed that increased fat content in the bone marrow results in an
underestimation of bone mass (Gluer et al. ; Kuiper et al. ).

BoneMineral Density

The vQCT allows for the determination of volumetric BMD (vBMD). It represents
the equivalent hydroxyapatite (HA)mass per unit of volume averaged over the voxels
contained in the region of interest (ROI) and therefore it is expressed in grams per
cubic centimeter. As well as for BMC, vQCT allows for the estimation of integral,
cortical, and trabecular vBMD (Fig. ).

Integral vBMD represents the average BMC per unit of volume in the ROI com-
prising the whole bone (cortical and trabecular compartments). Therefore, voxels
containing bone marrow are included and averaged in the estimation of integral
vBMD. Cortical vBMD reflects the average concentration of bone mineral in the
cortical region and the porosity of the cortex; however, because of partial-volume
averaging, its value depends on cortical thickness, particularly at those locations of
the proximal femoral cortex where the cortical thickness is < 2–3mm. In the femoral
neck ROI, the cortical ROI is composed primarily of the inferomedial cortex of the
proximal femur, for which thickness values exceeding 3–4mm have been reported
in humans, but also includes the thin superomedial cortex (thickness 0.3mm; Bagi
et al. ); thus, determinations of cortical vBMD at this skeletal site underestimate
the actual BMD, with smaller errors for determinations of bone mass (Augat et al.
).

Trabecular vBMD values represent the equivalent HA concentration averaged
over the voxels contained in the trabecular ROI. Because the trabecular ROI con-
tains voxels with non-bone components and because the spatial resolution of the CT
system is larger than the thickness of a trabeculum, trabecular vBMD represents (to
a certain degree) the bone volume present in this ROI more than the bone tissue
density.

In our laboratory, the precision for vBMD determinations (based on manual
registration of ten repeated measurements) range from 0.72 to 1.56%, except for cor-
tical vBMD (2.89%) and trabecular vBMD (5.85%) at the femoral neck (Table ; Li
et al. ).

Bone Geometry

Determinations of bone volume (VOL) allow for the estimation of bone size. The
VOL is calculated as the volume of all voxels contained within the outer bone mar-
gin and is expressed in cubic centimeters. As for BMC and vBMD, it is possible to
determine discretely the integral, cortical, and trabecular bone volume (Fig. ).



Discrimination of Contributing Factors to Bone Fragility Using vQCT In Vivo 435

Table 1.Precision values obtained by manual and automated registration (n = 10). vBMDvolu-
metric bone mineral density, VOL bone volume, CSA cross-sectional area, BSI bone strength
index

Variable Manual Automatic
registration registration
precision (%) precision (%)

vBMD (g�cm3)

Total femoral Integral 1.14 � 0.59 0.87 � 0.67
region Cortical 1.36 � 0.69 1.24 � 0.86

Trabecular 0.72 � 0.30 0.82 � 0.63
Trochanteric Integral 1.31 � 0.81 0.81 � 0.59
region Cortical 1.49 � 0.73 1.42 � 0.81

Trabecular 1.20 � 0.78 0.60 � 0.43�

Femoral neck Integral 1.56 � 1.17 1.31 � 0.80
region Cortical 2.89 � 2.30 1.61 � 1.06�

Trabecular 5.85 � 3.21 4.53 � 2.74

Bone geometry: VOL (cm3) and CSA (cm2)

Total femoral Integral 2.74 � 1.52 2.54 � 1.77
region Cortical 3.37 � 1.98 2.21 � 1.45
Trochanteric Integral 3.79 � 2.13 2.80 � 1.60
region Cortical 4.14 � 2.26 2.80 � 1.58
Femoral neck Integral 3.85 � 1.74 3.65 � 2.41
region Cortical 4.28 � 2.49 3.07 � 1.93
Maximum CSA 2.18 � 1.34 0.48 � 0.23�

Minimum CSA 1.44 � 0.87 1.51 � 0.93

BSI (cm3)

Femoral neck BSI 5.09 � 3.07 3.66 � 2.08
region

Mean � SD of precision values calculated as the root mean square error of the coefficients of
variation of ten repeated measurements
�p < 0.05 (Li et al. )

Longitudinal increases in integral VOL indicate an increase in whole bone size.
This increase in bone size might indicate the presence of periosteal apposition,
though presently bone apposition cannot be directly measured by current in vivo
CTmethods. Changes in cortical VOL would show changes in the size of the cortical
ring and might provide insight to the existence of cortical thinning. Partial-volume
effects should be taken into consideration when cortical VOL results are been inter-
preted. The presence of cortices thinner than 1.2mm can result in overestimation
of cortical volume. Studies performed with helical CT have shown that changes in
cortical thickness are revealed when cortices are � 1.2mm and that determinations
are more accurate as the CT slice thickness decreases (Prevrhal et al. , ). An
increase in trabecular VOL indicates an enlargement of the medullary cavity. This
suggests the presence of endocortical bone resorption in longitudinal studies.
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Figure 2a–c.Definitions of proximal femoral planes for geometric measurements and strength
estimates.The vQCT images corresponding to (a) coronal projection through hip with arrows
pointing to (b) image of the minimum cross-sectional area (CSA) in the femoral neck region
(c) image of the maximum CSA in the trochanteric region. (FromMeta et al. )

In our laboratory, the in vivo precision for VOL determinations (based on re-
peated measurements of  subjects) range from 2.74 to 4.28%, when the determina-
tions are manually performed (Table ; Li et al. ).

When D scanning protocols are used, the images can be formatted to display and
quantify additional geometric bone parameters in biomechanically relevant planes,
such as the plane perpendicular to the femoral neck axis, where the cross-sectional
geometry of the femoral neck can be quantitatively assessed (Lang et al. , ,
; Riggs et al. ). These geometric properties include cross-sectional area
(CSA) in the trochanteric region and in the femoral neck region, as well as estimates
of cortical thickness (Fig. ).

For estimates of the periosteal area, we can compute the positions along the
femoral neck axis of minimum and maximum CSA, which respectively correspond
to the smallest CSAof the femoral neck, and the largest CSA through the trochanteric
region (Fig. ). In vivo precision values for minimum CSA with manual registration
are 1.44% and for maximum CSA are 2.18% (Table ) in our laboratory (Li et al.
).

Structural Indices

To estimate the mechanical competence of the proximal femur, structural indices of
compressive strength (Compstr, g2�cm4) at the trochanteric region and compressive
(Compstr, g2�cm4) and bending strength (BSI, cm3) at the femoral neck region can
be computed. The compressive strength indices (Compstr) are computed according
to methods described by Sievanen (): Compstr = fnvBMD2 � fnCSA; where
fnvBMD is the integral BMD of the femoral neck region and fnCSA is the minimum
CSA of the femoral neck region.

To calculate BSI, a -mm-thick section centered at the location of minimumCSA
is reconstructed. The BSI is computed as an effective polar moment of inertia nor-
malized by femoral neck width. To account for heterogeneity, the contribution of
each voxel to the polar moment of inertia is weighted by the elastic modulus (ei)
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computed from relationships reported by Keyak et al. (). The BSI is computed
as:

f nBSI = Ix + Iy
W

Ix = 1
eb

�
i
ei ċ (xi − x)2 ċ dA

Iy = 1
eb

�
i
ei ċ (yi − y)2 ċ dA

W = 2 ċ� f nCSA
π

where Ix and Iy are the effective moments of inertia computed about the principal
axes of the cross-section and are normalized by eb , the elastic modulus of cortical
bone, xi and yi are the distances of voxel i from the principal axes, x and y are the
elasticmodulus-weighted centroid of the cross section,W is the diameter of a circular
cross section of equivalent area, dA is the CSA of d voxel. Precision for determina-
tions of BSI in the femoral neck region are 5.09% for manual registration (Table ; Li
et al. ).

These indices provide insight into mechanical competence of the whole bone;
however, they have not been validated as predictors of fracture risk and therefore
cannot be considered in that way.

Finite Element Modeling

Finite element modeling (FEM) is a numerical technique that is often used by engi-
neers to perform stress/strain analyses of structures, such as buildings, bridges, air-
plane wings, engine parts, etc. In the field of osteoporosis, FEM can be used to evalu-
ate the structural behavior of bones such as the hip. Through use of CT scan images,
D FEM that employs both patient-specific bone geometry and patient-specific ma-
terial properties can be created. The D model may be subjected to loading forces
simulating those in normal ambulation (single-legged stance loading condition) or
impact from a fall onto the greater trochanter.The analysis results provide a complete
description of the D stress and strain fields throughout the model of the bone.These
results can then be further analyzed to provide an estimation of fracture load.

Keyak and coworkers have developed an automated, CT-based method of gen-
erating patient-specific FEMs of bone (Keyak , Keyak et al. , a,b, ;
Keyak and Rossi ). This method takes advantage of the voxel-based nature of
vQCT scan data to achieve fully automated mesh generation and, more significantly,
to allow heterogeneous material properties to be automatically specified with a high
degree of refinement (Figs. , ). For single-legged stance loading, Cody et al. ()
showed that FEM-computed bone stiffness (force applied to the femoral head divided
by displacement of the femoral head) explained at least  more variance in proxi-
mal femoral strength than DXA-based methods (FE, r2 = 0.84; DXA, r2 = 0.57 to
0.72). Using similar techniques Keyak et al. () has achieved a similar precision to
that of Cody et al. () for predicting proximal femur strength under single-legged
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Figure 3. Finite element model (FEM) of a proxi-
mal femur generated from vQCT scan data. The
model consists of , linear cube-shaped ele-
ments measuring  mm on each side

Figure 4. A coronal section of the same FEM as in Fig.  illustrates the computed von Mises
stress field. Force was applied to the femoral head and directed at ° to the shaft axis. The
distal end of the model was fully constrained. The highest stresses are located primarily in
regions of high bone density, illustrating the importance of modeling the variation of material
properties

stance loading (r2 = 0.93) and due to impact from a fall onto the greater trochanter
(r2 = 0.90; Keyak et al. ); thus, based on the extensive data in vitro, it is pos-
sible to perform patient-specific FEM calculations to obtain fracture loads that are
approximately equivalent to those that would be measured if subjects’ bones could
be removed and tested to failure in vitro.
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In addition to their close correlation with fracture load, the FEM can identify
regions of high strain and low factor of safety (local bone material strength divided
by the local stress), which occur at the sites where the bones fracture in vitro (Keyak
, Keyak et al. a), and where fractures occur in vivo; thus, this technique pro-
vides a powerful research tool for studying a variety of factors related to osteoporotic
fracture. For example, a study of the effect of force direction on fracture load revealed
that the most risky type of fall is an oblique fall onto the posterolateral aspect of the
greater trochanter (Keyak et al. b).

Results from Studies

Characterization of Age-Related Changes

The vQCT provides insight into the age-related structural changes that occur at the
proximal femur. Fragility fractures at the trochanter and femoral neck have distinct
etiologies resulting in an increased ratio of trochanteric to neck fractures with age.
The vQCT sub-regional analysis of the proximal femoral contributes to the under-
standing of the age-related structural changes. In vivo comparisons show differences
in proximal femoral compartmental vBMD, BMC, and indices of bone geometry and
structural strength between healthy young women near the peak of bone mass and
healthy elderly women (Riggs et al. , Meta et al. ). Cross-sectional changes
in femoral neck BMDand geometry inmen andwomen aged 20–90 years are consis-
tent with the presence of periosteal apposition as a universal skeletal property inmen
and women (Riggs et al. ). The increase in femoral dimensions parallels a loss
in trabecular BMD and cortical thickness, and is an apparent adaptation mechanism
to preserve strength with respect to the loads exerted in the course of normal physi-
cal activity during the aging process. In vivo vQCT studies show how young–elderly
differences in these parameters depend on two distinct functional sub-regions of the
proximal femur, the trochanteric region and the femoral neck region (Meta et al.
). With age there is greater loss of trabecular and cortical bone in the femoral
neck region than in the trochanteric region, and a greater increase in bone size at
the trochanteric region compared with the femoral neck region (Table ). For com-
pressive strength indices, the larger bone size in elderly women does not compensate
for lower BMD; however, changes in the femoral neck geometry in elderly women
appear to protect estimated bending strength, but not compressive strength, despite
BMD and cortical volume loss.These findings, which show sub-regional dependence
in age-related structural changes at the proximal femur, contribute to understanding
the distinctive etiologies in fragility fractures between the trochanteric region and
the femoral neck region.

Our most recent study is the first to show in vivo sub-regional dependence in
age-related structural changes at the proximal femoral (Meta et al. ).The vQCT
quantified the way in which changes in the trabecular and cortical compartments
differ between the trochanter and the femoral neck.
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Table 2.The vQCT values for young vs elderly healthy Caucasian women. BMC bone mineral
content, vBMDvolumetric bonemineral density, VOLbone volume, CSA cross-sectional area,
CS compressive strength. BSI bone strength index

Variable Young Elderly

BMC (g)

Trochanteric Integral 19.38 � 3.56 16.47 � 4.03a

region Cortical 14.58 � 2.94 11.90 � 2.99b

Trabecular 2.72 � 0.69 2.08 � 0.84b

Femoral neck Integral 5.05 � 0.87 4.03 � 0.97b

region Cortical 4.24 � 0.74 3.27 � 0.71b

Trabecular 0.35 � 0.15 0.17 � 0.20b

vBMD (g�cm3)

Trochanteric Integral 0.313 � 0.04 0.247 � 0.04b

region Cortical 0.541 � 0.03 0.525 � 0.03 (n.s.)
Trabecular 0.130 � 0.03 0.086 � 0.03b

Femoral neck Integral 0.351 � 0.04 0.272 � 0.04b

region Cortical 0.515 � 0.04 0.539 � 0.04c

Trabecular 0.130 � 0.04 0.049 � 0.05b

Bone geometry: VOL (cm3) and CSA (cm2)

Trochanteric Integral 62.24 � 10.71 66.63 � 12.04a

region Cortical 26.94 � 5.02 22.52 � 4.72b

Trabecular 21.53 � 5.33 24.78 � 5.54b

Femoral neck Integral 14.55 � 2.75 14.96 � 3.49 (n.s.)
region Cortical 8.24 � 1.42 6.06 � 1.22b

Trabecular 2.65 � 1.08 3.06 � 1.35
Maximum CSA 23.88 � 2.71 27.89 � 3.35 (n.s.)
Minimum CSA 8.73 � 1.16 9.78 � 1.61

Structural indices: CS (g2�cm4) and BSI (cm3)

Trochanteric CS 2.36 � 0.58 1.74 � 0.58b

region
Femoral neck CS 1.07 � 0.22 0.73 � 0.23b

region
BSI 0.51 � 0.09 0.45 � 0.11a

The vQCT parameters are mean estimates � SD. Statistical significance levels for comparing
young with elderly women after adjusting for height and weight are given as follows: a p < 0.01;
b p < 0.001; c p < 0.05; n.s. indicates p � 0.05 (Meta et al. )

Evaluation of Osteoporosis Treatments

The vQCT has been used in the evaluation of various osteoporosis drugs, allowing
the effects on trabecular and cortical bone as well as sub-regional effects in the prox-
imal femur to be categorized. The evaluation of the effects of parathyroid hormone
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(PTH) and alendronate treatment are an example of the results that can be achieved
in evaluating osteoporosis treatments as well as in monitoring treatment.

The use of alendronate in the treatment of osteoporosis is an established thera-
peutic approach. Alendronate constitutes an antiresorptive drug that increases bone
strength (Kurland et al. ; Rittmaster et al. ; Neer et al. ; Orwoll et al.
). In contrast, PTH increases bone strength but primarily through the stimula-
tion of bone formation (Black et al. ; Cummings et al. ); therefore, it could
be hypothesized that in order to improve osteoporosis treatment, the actions of al-
endronate and PTH might be beneficially combined (Black et al. ). In a ran-
domized double-blind clinical study in postmenopausal women with low BMD at
the hip or spine the effects of alendronate alone, PTH alone or both combined was
explored by vQCT at the spine and hip (Black et al. ). The trabecular vBMD at
the spine increased substantially in all groups, but the increase in the PTH group was
about double that in the alendronate group or the combination group.The trabecular
vBMD at the hip increased in all groups but did not reach significance. Interestingly,
the pattern of changes in the cortical bone variables differed from that observed in
the trabecular bone. While cortical vBMD at the proximal femur and femoral neck
increased in the alendronate group, it decreased significantly in the PTH group, and
did not differ in the combination group. Cortical VOL at proximal femoral and at the
femoral neck was only increased significantly in the PTH group. When the effect of
alendronate alone and the effects of PTH alone were compared with the combination
group, only cortical VOL at the femoral neck was significantly increased. No change
was observed in BMC.

The results of this study did not show evidence of synergy between the combina-
tion of alendronate and PTH (Black et al. ). The results further suggest that the
simultaneous administration of alendronate may lessen the anabolic effects of PTH
(Black et al. ). The analysis of the results obtained by vQCT made it possible
to distinguish specific responses of trabecular and cortical bone to therapy as well
as sub-regional discrepancies in treatment response. These discrepancies between
treatments would not have been observed without the use of vQCT.

The use of PTH as a treatment for osteoporosis is limited to  years or less. Clini-
cal and experimental studies suggest that gains in BMD achieved with PTH are lost if
no antiresorptive treatment follows (Lindsay et al. ; Samnegard et al. ; Kur-
land et al. ; Lindsay et al. ). In a prospective, randomized, double-blinded
continuation study of the one previously reported, the effects of follow-up -year
therapy are reviewed (Black et al. ). Women who had received alendronate in
the first year continued with alendronate in the second year. Women who had re-
ceived PTH in the first year were randomly reassigned to one additional year with
either placebo or alendronate. Women who had received combination therapy in the
first year received alendronate in the second year. Over the treatment period, tra-
becular vBMD at the spine and hip increased in all groups. At the spine, except for
the alendronate-alendronate group, increases in trabecular vBMD were significant,
showing the highest increase in the PTH-alendronate group (Black et al. ). At the
hip, significant increases in trabecular vBMDwere observed in the PTH-alendronate
group, and the combination-therapy alendronate group (Black et al. ). Cortical
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vBMD declined slightly in all groups, being not significant only in the combination-
therapy-alendronate group, while cortical VOL increased in all groups except for
PTH-placebo group (Black et al. ). During the second year, women in the PTH-
placebo group lost substantial BMD.

In summary, after  year of PTH (–) gains in BMD appear to be maintained or
increased with alendronate, but these gains in BMD are lost if PTH is not followed
by an antiresorptive agent (Black et al. ).

Evaluation of Treatment Effects in Glucocorticoid-Induced Osteoporosis

Glucocorticoid treatment is the most common cause for secondary osteoporosis in
the adult population (Rehman and Lane ). Chronic treatment with glucocorti-
coids has been associated with nearly a 50% incidence of proximal femoral fracture
(Lane ; van Staa et al. ). Analysis of vQCT at the proximal femur shows
reduced cortical and trabecular bone in chronically treated patients (Table ; Lian
et al. ). These findings are in agreement with results obtained from iliac crest
biopsies where trabecular volume, trabecular thickness, and trabecular number is
reduced (Dempster et al. ). Furthermore, evidence of reduced cortical VOL with
no change in integral VOL and minimum CSA suggests the stimulation of endocor-
tical bone resorption by glucocorticoid treatment results in reduced cortical thick-
ness (Lane ; Rehman and Lane ). The FEM analysis showed that the fail-
ure load in both stance and fall loading condition was decreased by similar amounts
(Table ; Lian et al. ). These findings are not only consistent with results ob-
tained from experimental studies, but also with results obtained from invasive il-
iac crest biopsies. Furthermore, the FEM analysis of vQCT images allows for non-
invasive evaluation of the impact of treatment on actual bone strength. The identi-
fication of changes in the cortical or trabecular compartments, and the identifica-
tion of sub-regional heterogeneity at the proximal femoral bone, help explain the
increase in bone fragility. These finding would not have been possible without the
use of vQCT.

Evaluation of the Effects of Long-Term Spaceflight

A recent study by Lang et al. () shows the ability of vQCT to reveal subtle lon-
gitudinal changes in bone geometry, even with a small sample size. This study is the
first to document periosteal apposition in the femoral neck in a longitudinal proto-
col. It documents the increase in bone size observed over  year for a loss of -15%
integral bone mass at the femoral neck. It also is the first such study to show differen-
tial patterns of cortical and trabecular bone mineral loss at the hip, and to combine
these measures to estimate changes in indices of femoral neck strength.

Studies performed with DXA revealed that cosmonauts making flights of - to
-month duration on the Soviet/Russian MIR spacecraft lost bone at an average rate
of 1% per month from the spine and 1.5% per month from the hip despite an in-
tense exercise regime (LeBlanc et al. ; McCarthy et al. ).The vQCT studies
on crew members from the International Space Station on - to -month missions
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Table 3.The vQCT values for glucocorticoid-treated vs glucocorticoid-naïve postmenopausal
women

Variable Glucocorticoid
treated

Glucocorticoid
naïve

BMC g

Total femoral Integral 17.5 � 4.67 21.5 � 5.11a

region Cortical 12.8 � 3.61 15.9 � 3.79a

Trabecular 1.81 � 0.73 2.27 � 0.97
Trochanteric Integral 13.3 � 3.91 16.5 � 4.03a

region Cortical 9.53 � 2.89 11.9 � 2.98a

Trabecular 1.66 � 0.69 2.09 � 0.84
Femoral neck Integral 3.43 � 0.82 4.01 � 0.97a

region Cortical 2.78 � 0.72 3.27 � 0.71a

Trabecular 0.12 � 0.1 0.16 � 0.19

vBMD (g/cm3)

Total femoral Integral 0.21 � 0.04 0.25 � 0.04a

region Cortical 0.49 � 0.04 0.52 � 0.04a

Trabecular 0.06 � 0.02 0.08 � 0.03a

Trochanteric Integral 0.21 � 0.04 0.25 � 0.04a

region Cortical 0.50 � 0.04 0.53 � 0.04a

Trabecular 0.07 � 0.02 0.09 � 0.03a

Femoral neck Integral 0.23 � 0.04 0.27 � 0.04a

region Cortical 0.51 � 0.04 0.54 � 0.04a

Trabecular 0.04 � 0.03 0.05 � 0.05

Bone geometry: VOL (cm3) and CSA (cm2)

Total femoral Integral 81.8 � 17.2 85.9 � 15.1
region Cortical 25.9 � 6.13 30.6 � 6.09a

Trabecular 27.2 � 7.57 28.2 � 6.23
Trochanteric Integral 63.1 � 14.9 66.9 � 11.3
region Cortical 18.9 � 4.92 22.6 � 4.63a

Trabecular 23.9 � 6.82 24.9 � 5.16
Femoral neck Integral 14.9 � 2.64 14.9 � 3.33
region Cortical 5.45 � 1.18 6.04 � 1.21

Trabecular 3.06 � 1.01 2.99 � 1.27
Maximum CSA 26.1 � 3.34 28.0 � 3.22
Minimum CSA 9.69 � 1.26 9.70 � 1.65

Finite element model: stance and fall failure load (kN)

Stance 6.26 � 0.94 7.33 � 1.06a

Fall 1.19 � 0.34 1.41 � 0.34

The vQCT parameters are mean estimates � SD. Values are adjusted for age, weight, and
duration of hormone replacement treatment. Bonferroni p-value <0.002 was considered
significant
a p < 0.002 (Lian et al. )
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were performed to characterize sub-regional distribution of vertebral and proximal
femoral bone loss (Lang et al. ). Spinal integral vBMD declined at a rate of 0.9%
per month (p < 0.001), and trabecular vBMD at 0.7% per month (p < 0.05; Lang
et al. ). In the hip, over 90% of bone mass loss was from cortical bone (Table ;
Lang et al. ); however, the loss of trabecular BMD at the proximal femur was

Table 4.The vQCT values for pre- vs post-spaceflight crewmembers. CS compressive strength,
BSI bone strength index

Variable Preflight Postflight

BMC (g)
Total femoral Integral 34.22 � 6.85 30.66 � 4.81a

region Cortical 24.84 � 5.16 22.15 � 3.78a

Trabecular 5.07 � 1.16 4.41 � 0.74b

Trochanteric Integral 26.08 � 5.31 23.48 � 3.89a

region Cortical 18.29 � 3.84 16.39 � 2.84a

Trabecular 4.37 � 0.99 3.84 � 0.68b

Femoral neck Integral 6.31 � 1.14 5.71 � 0.83a

region Cortical 5.19 � 1.01 4.69 � 0.86a

Trabecular 0.59 � 0.21 0.48 � 0.11a

vBMD (g�cm3)
Total femoral Integral 0.327 � 0.03 0.301 � 0.04c

region Cortical 0.537 � 0.032 0.526 � 0.03b

Trabecular 0.141 � 0.02 0.124 � 0.02c

Trochanteric Integral 0.325 � 0.03 0.298 � 0.04c

region Cortical 0.55 � 0.03 0.541 � 0.03b

Trabecular 0.141 � 0.02 0.124 � 0.02c

Femoral neck Integral 0.351 � 0.04 0.328 � 0.05c

region Cortical 0.537 � 0.04 0.527 � 0.04 (n.s.)
Trabecular 0.128 � 0.02 0.108 � 0.22c

Bone geometry: VOL (cm3) and CSA (cm2)
Total femoral Integral 104.9 � 20.3 79.1 � 12.0 (n.s.)
region Cortical 46.0 � 8.2 41.9 � 5.5a

Trochanteric Integral 80.2 � 15.2 79.1 � 12.0 (n.s.)
region Cortical 32.8 � 5.7 30.2 � 4.3a

Femoral neck Integral 18.3 � 3.7 17.6 � 2.7 (n.s.)
region Cortical 9.6 � 1.7 8.8 � 1.2a

Maximum CSA 30.76 � 4.24 31.18 � 4.24 (n.s.)
Minimum CSA 11.66 � 1.79 11.66 � 1.72 (n.s.)
Structural indices: CS (g2�cm4) and BSI (cm3)

Femoral neck CS 1.44 � 0.33 1.26 � 0.35c

region BSI 2.99 � 1.64 2.38 � 0.81c

The vQCT parameters are mean estimates � SD. Statistical significance levels for comparing
pre- with post-spaceflight values are given as follows: a p < 0.05; b p < 0.01; c p < 0.001; n.s.
indicates p � 0.05 (Lang et al. )
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greater than the loss of cortical and integral bone, tending to be larger at the femoral
neck (Lang et al. ). These findings are consistent with accelerated loss of tra-
becular bone in hindlimb unloading (Bloomfield et al. ), in spinal cord injury
(Frey-Rindova et al. ) and in previous spaceflight studies (Vico et al. ).

Reduced cortical volume and no change in parameters indicating whole bone
size implied that cortical bone loss in the hip occurred primarily by cortical thin-
ning without presence of periosteal apposition (Lang et al. ); thus, lower values
for structural indices as a result of the changes in cortical and trabecular bone mass
indicate that long-duration spaceflight combined with attempts to maintain a rigor-
ous exercise regime still apparently results in a substantial reduction of bone strength
(Lang et al. ).

Future Directions

Future directions in vQCT comprise various areas of research and development.
Research is being done to improve the accuracy and precision of the established
methodology especially in longitudinal studies. The increasing integration of FEM
analysis into clinical trials, and later into individual patient evaluation, allows for
in vivo evaluation of simulated loading conditions, such as a fall to the side. The
incorporation of estimates of additional variables related to the pathophysiological
mechanism fracture can enhance the evaluation of vQCT images.

In order to improvemeasurements obtained with vQCT, it would be important to
eliminate or minimize user interaction. One study has already been published in this
regard (Li et al. ). An automated registration algorithm has been developed and
optimized for vQCT images of the spine and proximal femoral, and is already inte-
grated to the presently developed software. In follow-up studies, new images are au-
tomatically alignedwith the baseline images and bone evaluation is initiated based on
the morphometric features defined in the baseline images. The algorithm developed
for this purpose was based on the mutual information approach, with simplex opti-
mization under amulti-resolution scheme. In a validation study, the implementation
of this algorithm showed comparable or improved precision errors compared with
those obtained by manual analysis and execution times of 2.3 min for the hip and
1.1 min for the vertebra. This technique can be used in any longitudinal study in-
cluding clinical trials and monitoring treatment of patients.

The increasing incorporation of FEM to clinical research studies, where not only
stance loading but also impact from a fall onto the greater trochanter can be simu-
lated, would help improve understanding through in vivo measurements of how
changes in the cortical and trabecular bone compartments lead to in changes in bone
strength.TheFEMwould also allow evaluation of the impact of complex sub-regional
changes on whole bone strength and fracture risk.

The vQCT technology also allows for muscle measurements. The integration
into one technology of measurements of whole bone strength, sub-regional analysis,
and independent measurements of trabecular and cortical bone can offer a fascinat-
ing insight into muscle-bone interactions. Furthermore, this integration can allow
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for identification and development of unique fracture risk parameters to aid in the
diagnosis and treatment monitoring as well as in the development of biomaterials
that could contribute to the restoration or improvement of bone function.
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Abstract

Non-invasive characterization of trabecular bone structures in rodents by micro-
CT is becoming increasingly popular since it is much faster than the labor-intensive
histomorphometry and does not require necropsy of animals. We used vivaCT
from Scanco Medical AG (Bassersdorf, Switzerland) to monitor changes in trabecu-
lar structure in skeletally mature rats sequentially treated with the bisphosphonate
zoledronic acid (ZOL) and parathyroid hormone (PTH). The results showed that
a single i.v. injection of ZOL, in contrast to chronic treatment, did not blunt the bone
anabolic effect of PTH. For arthritis research, vivaCT allowed imaging of subtle
erosive lesions in subchondral bone caused by inflammatory processes in TNFα-
transgenic mice. In studies of tumor osteolysis, vivaCT allowed monitoring of
the progressive osteolytic response following the local administration of Tluc
tumor cells into the tibia metaphysis of nude mice. The potent protective effect of
ZOL on tumor osteolysis was demonstrated. In summary, vivaCT is a powerful
tool for non-invasive structural measurements in rats and mice to characterize D-
trabecular micro-architecture accurately, repeatedly, reliably, and quickly.

Introduction

Bone Architecture and Fracture Risk

Neuromuscular function and environmental hazards which influence the risk of
falling, the force of the impact, as well as bone strength are all important deter-
minants of fracture risk. Bone mass, its geometric distribution (micro- and macro-
architecture), and intrinsic material properties determine a bone’s ability to with-
stand loading (Seeman ; Dempster ). On average, about 70–80% of the
bone strengthmeasured ex vivo is explained by an aerial bonemineral density (BMD)
measurement (Kleerekoper et al. ; Dempster ). The prediction of trabecu-
lar bone strength can be greatly improved by including micro-architectural param-
eters (Parfitt ; Goldstein et al. ). Trabecular morphometry has traditionally
been assessed in two dimensions on histological sections, and the third dimension
is added on the basis of stereology (Sosa et al. ). Although the histomorphome-
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tric method offers high spatial resolution and contrast, it requires substantial time
and effort in the preparation of methylmethacrylate sections, and its destructive na-
ture does not allow carrying out measurements in different planes in this anisotropic
material. Another limitation is the dependence of stereological methods on a fixed
structural model assumption. Typically, Parfitt’s “parallel plate” or an ideal rodmodel
is used in bone morphometry (Parfitt et al. ), but this model cannot describe tra-
becular bone structure adequately in conditions where these structures change con-
tinuously, such as in ageing and disease (Parfitt ; Ding et al. ). Such deriva-
tions from the ideal model will result in an error of unpredictable magnitude of all
indirectly derived parameters. Micro-CT measurements can overcome these limi-
tations of D morphometry (model assumptions, destructive nature, lengthy tissue
processing) and can now also be carried out in vivo as demonstrated by Kohlbrenner
and co-workers ().

The primary purpose of our study was to evaluate the ability of vivaCT to ac-
curately evaluate changes in trabecular architecture in experimental situations such
as osteoporosis in rats, arthritis in TNFα transgenic mice, and to image the tumor
osteolytic response in an athymic mouse model. We also wanted to take advantage
of the non-invasive nature of this tool to investigate bone phenotyping of transgenic
mice.

Osteoporosis

Chronic exposure to the bisphosphonate (BP) alendronate (ALN) has been shown
to blunt the bone anabolic response to PTH in rats (Gasser et al. ) and humans
(Finkelstein et al. ). We used vivaCT to investigate the potential mechanism
behind the BP–PTH interaction and to determine whether a single intravenous ALN
injection exerted a different effect to chronic ALN administration. PTH is able to
activate flat bone-lining cells into cuboid, collagen-synthesizing osteoblasts within
 h of administration (Dobnig and Turner ). This is a crucial step in the early
bone anabolic response to this peptide.We suspected that chronic-BP treatment may
be capable of interfering with the cytoskeleton of the osteoblast, similar to the well-
known effect in the osteoclast, and therefore prevents the crucial shape change in the
lining cells, which is required for the anabolic response to PTH.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic chronic inflammatory disease.Themost im-
portant and most debilitating aspect of RA is an erosive, inflammatory joint disease
which develops in one or several diarthrodial joints. The cellular pathology of the
disease is characterized by synovitis followed by the formation of fibrous pannus;
the latter forms at the junction of cartilage and synovium and is responsible for the
marginal erosion of cartilage and subchondral bone, with ultimate destruction of the
normal joint architecture. Cells within the pannus are mainly fibroblasts, monocytes,
or macrophages. In the sub-synovial tissue, diffuse infiltration of inflammatory cells
occurs. The normal adipose structure of this tissue is largely replaced by fibrous tis-
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sue. TNFα was been shown to be an important mediator of inflammatory arthritis in
mice (Herak et al. ). Increased osteoclast activity is a key factor in bone loss in
RA. This suggests that osteoclast-targeted therapies may effectively prevent skeletal
damage in patients with RA. Zoledronic acid (ZOL) is one of the most potent agents
for blocking osteoclast function. We therefore investigated whether ZOL was able to
inhibit bone loss associated with chronic inflammatory conditions.

Tumor Osteolysis

Bone is a favored location for cancer metastases, especially from the breast, prostate,
kidney, and myeloma. The mechanism that drives some tumor cell types specifically
to bone tissue remains largely unknown (Guise and Mundy ); however, tumor
cells which produce metalloproteinases, growth factors, and various cytokines may
facilitate osteoclast recruitment and enhance their resorptive activity resulting in ab-
normal bone remodeling and proliferation of bone metastases (Thomas et al. ;
Kitazawa and Kitazawa ; Mancino et al. ). The BPs are widely used for the
treatment of bonemetastases. ZOL is a nitrogen-containing BPwhich, in pre-clinical
studies, has demonstrated potent inhibition of osteoclast-mediated bone resorption.
ZOL is used in the treatment of Paget’s disease, hypercalcemia of malignancy, mul-
tiple myeloma, and documented bone metastases from solid tumors, in conjunction
with standard anticancer therapy.

Understanding themechanism of action of ZOL as well as the evaluation of novel
therapeutic agents for bone metastases is hindered by the lack of a tumor model
where bone metastases follow the growth of the primary tumor in a predictable and
reproducible fashion. This problem is partially overcome by the use of experimental
bone metastases models, e.g., induced by intra-tibial cell injections; these address is-
sues regarding colonization of tumor cells but not theirmetastatic behavior.They can,
nevertheless, provide valuable insight into the effect of tumor on bone tissue. Apart
from vivaCT, the studies described in this chapter also employ D and D bone den-
sitometry for investigating specific features of osteoporosis in an animal rat model,
RA, and bone tumor.

Materials and Methods

All in vivo studies described below were performed according to animal experimen-
tation guidelines approved by the responsible authorities of Basel, Switzerland.

BoneMineral Density and Structural Evaluation Devices

Dual-Energy X-ray Absorptiometry
Dual-energy X-ray absorptiometry (DXA) was performed ex-vivo using a Hologic
QDR- instrument (Watertown, Mass.). Ultra-high-resolution mode (line spac-
ing 0.0254cm, resolution 0.0127cm) and a 0.9-cm-diameter collimator were selected
for scanning. The excised rat tibiae were placed in 70% alcohol onto a resin platform
provided by Hologic for soft tissue calibration.
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Peripheral Quantitative Computed Tomography
Peripheral quantitative computed tomography (pQCT) was performed on anes-
thetized animals using an XCT-Research SA+ (Stratec Medizintechnik, Pforzheim,
Germany) fitted with a .-mm collimator (Gasser ). Changes in total, cortical,
and cancellous bone mass, density, and geometry of rats and mice were monitored
except in tumor osteolysis studies, where the heavy local destruction caused by the
tumor no longer allowed determination of cortical geometric parameters.

In vivomicro-CT
The vivaCT has a rotating gantry, a microfocus X-ray source (45–70kVp), and de-
tector which rotates around the object. The isotropic spatial resolution of the system
is 10–72μm. Its field of view of 20–38mm and scan length of 145mm determine
the maximal specimen size and length. For micro-CT measurements, rats or mice
were anesthetized with Forene and their hind limb firmly fixed on a special tray for
measurement using vivaCT. For osteoporosis studies in rats, a region of  slices
starting at a position of 1mm below the growth plate in the secondary spongiosa was
measured at a nominal resolution of approximately 15μm in rats, and for tumor os-
teolysis in mice a resolution of 10μm was chosen. In arthritis studies in rats, a total
of  slices of -μm thickness each was measured, and the resulting scan length of
5.2mm covered the epiphysis, growth plate, and the secondary spongiosa. One such
scan took 9min for data acquisition. Structural data was calculated from a volume
spanning over  slices (1.56mm) in arthritis studies.

Study Design

Osteoporosis Study in Rats
Our aim was to investigate the potential mechanism behind the BP–PTH interaction,
and to determine whether a single BP injection exerted a different effect than chronic
Alendronate (ALN) administration. Therapeutic dose of the BPs ALN (200μg�kg)
and zoledronic acid (ZOL; 32μg�kg) were administered as single i.v. injection. A ten
times higher dose of ZOL ( μg/kg) was also administered. Daily s.c. PTH(-)
treatment (40μg�kg, five times per week) was initiated  h later and continued for
 weeks. Changes in the mass and density of cancellous and cortical bone, as well
as in structural cortical parameters, were measured in the proximal tibial metaphysis
(4.5mm from the proximal end) at , , , and  weeks by pQCT (XCTA or XCT-
Research, Stratec Medizintechnik, Germany). For micro-CT measurements on the
vivaCT (Scanco), a region of  slices (6.75mm) was scanned at a nominal reso-
lution of 15μm starting from the proximal end of the tibia. Cancellous bone architec-
ture was determined in a region starting at a position of 3.5mm from the proximal
end and approximately 1mm below the growth plate. Structural data were calculated
from a volume spanning over  slices (3.0mm).

Arthritis in TNFα transgenic mice
Human tumor necrosis factor TNFα–transgenic (hTNFtg) mice, which developed
severe destructive arthritis as well as osteoporosis, were treated with phosphate-
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buffered saline, and single or repeated doses of ZOL at the onset of arthritis at weeks
until the age of  weeks (Herak et al. ).

Tumor Osteolysis in NudeMice

In this study, we examined the ability of Tluc mouse mammary carcinoma to
colonize the tibia of athymic nude mice and the effect of ZOL treatment (0.1mg�kg,
s.c., two times per week). Tumor cells (1 � 105) were injected into the tibia of mice.
Their growth was followed in vivo bymeans of IVIS Xenogen imaging.The osteolytic
response was monitored non-invasively in Forene anesthetized mice at baseline and
on day  after tumor cell injection by pQCT. Total BMD was measured at the site
of injection at a distance of 3mm from the proximal end of the bone. The osteolytic
damage was visualized by vivaCT. A region of  slices starting from the proximal
end of the bone including the site of tumor-cell injection was measured at a nominal
resolution of 12.5μm. The DXA measurements were performed ex vivo on excised
bones.

Statistical Analysis

Statistical analysis was carried out using RS/Client ... for Windows (RS/ ver-
sion .., Domain Manufacturing Corp., Burlington, Mass.). Data were subjected
to one-way analysis of variance (ANOVA). Equality of variances was tested by the
Levene F-test, and multiple comparisons using the Dunnett test. All statistical tests
were two-tailed. All results are expressed as mean � standard error (SEM).

Results of Above Described Studies

Osteoporosis Rat Model

Our previous data suggested that chronic BP exposure might reduce the ability of
PTH to activate bone lining cells intomatrix-secreting osteoblasts (Gasser et al. ;
Dobnig and Turner ).The response to PTH was significantly blunted in the tibia
of ALN-pretreated rats (Fig. ). The pQCT measurements indicated a -week de-
lay in the anabolic action of PTH in cortical bone (p < 0.01 vs Vehicle+PTH, all
time points). Also, ALN-pretreated rats did not develop the full anabolic response
observed in vehicle-pretreated rats over time. An -week washout period (vehicle,
green curve) did not restore the “normal” anabolic response to PTH. The blunting
of the anabolic response to PTH was also observed in lumbar vertebrae (data not
shown) including mechanical competence of vertebrae and femur. In contrast to rats
chronically exposed to BPs, a single i.v. injection of ZOL (even ten times the ther-
apeutic dose) or ALN did not impair the response to PTH in rats. Serial measure-
ments of BMD, cortical and trabecular architecture in the proximal tibia metaphysis
by pQCT, and in vivo micro-CT indicated a normal bone anabolic response in all
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Figure 1.Blunting of the bone anabolic response to 100μg�kg PTH(-) in rats pretreated for
months with daily s.c. injections 28μg�kg alendronate.The pQCTmeasurements indicated a
-week delay in the increase in cortical thickness of ALN-pretreated rats (p < 0.01 vs Vehicle+
PTH, all time points). Also, ALN-pretreated rats did not develop the full anabolic response
observed in vehicle-pretreatedrats over time. An -week washout period (vehicle, green curve)
did not restore the “normal” anabolic response to PTH. Data are in mean � SEM (n = 10)

cancellous (Fig. ) and cortical parameters after single i.v. dosing of ALN- and ZOL-
treated animals (n.s. vs vehicle+PTH, at all time points), including those given the
supra-pharmacological dose. Single i.v. and chronic BP dosing resulted in very differ-
ent exposure patterns of osteoblasts, their precursors, and of lining cells to these non-
metabolizable compounds. A direct effect of BPs on prenylation of RapA inMCT-
b cells were shown, which were treated for  h with concentrations of 30μM or
higher of ZOL and ALN. Inhibition of protein prenylation in osteoblastic cells was
seen in the absence of significant toxicity as determined by MTS assay. Cell death at
lower concentrations of BPs was the result of compound-induced apoptosis and not
necrosis as indicated by Cell Death Detection ELISA (Roche).

Arthritis in TNFα Transgenic Mice

The TNFα transgenic mice presented with multiple erosions in the talus and knee
joint. Lesions were clearly visible in the peri-articular area as well as in subchondral
bone (Fig. ), representing the site of local inflammation which triggers an increase
in osteoclast activity. Synovial inflammation was not affected by ZOL. In contrast,
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Figure 2a,b.Micro-CT measurements carried out in vivo at baseline , , and  weeks after start
of daily anabolic treatmentwith PTH(-) in rats pre-treatedwith a single i.v. injection of ZOL
or ALN).The bone anabolic response to PTH was found to be identical regardless of previous
exposure to single i.v. dose of ZOL or vehicle (all differences BP+PTH n.s. vs vehicle+PTH). a
Trabecular bone volume increased by approximately 100% after start of PTH treatment. b Tra-
becular thickness increased in all PTH-treated groups by approximately 50%. ANOVA post-
hoc Dunnett’s test (no significant difference between groups treated with hPTH(-). Data
are in mean � SEM (n = 10)

bone erosion was retarded by a single dose of ZOL (60%) and was almost completely
blocked by repeated administration of ZOL (� 95%). Cartilage damage was partly
inhibited, and synovial osteoclast counts were significantly reduced with ZOL treat-
ment. Systemic bone mass dramatically increased in hTNFtg mice after administra-
tion of ZOL. This was attributable to an increase in trabecular number and connec-
tivity. In addition, bone resorption parameters were significantly lowered after ad-
ministration of ZOL.
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Figure 3a,b. Images from the proximal tibia of a healthy (a) and a TNFα transgenic mouse (b),
respectively, acquired in vivo on the vivaCT at a nominal resolution of 26μm. Bone erosions
resulting from the inflammatory process are visible in the area of subchondral bone

Tumor Osteolysis

Injection of Tluc cells into the tibia of female athymic nude mice produced
aggressive but localized tumors. By the end of the experiments all mice developed
lung metastases and had lost between  and 15% of their body weight. The aver-
age intra-tibia tumor doubling time was 3.85 days. The ZOL treatment (0.1mg�kg,
s.c., two times per week) had no effect on the tumor growth per se as assessed by
IVISXenogen bioluminescence; however, the overall bodyweight loss in ZOL treated

Figure 4.The BMD as determined by DEXA at  weeks after intra tibial delivery of Tluc
cells. The significant decrease in BMD (p < 0.01 vs non-tumor-injected mice, Dunnett’s test)
is completely blocked after administration of ZOL. As expected, heat-inactivated cells did not
grow and did not cause osteolysis. Data are in mean � SEM (n = 6)
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Figure 5.a Image of the proximal tibia metaphysis taken at baseline on the vivaCT at a nomi-
nal resolution of 12.5μm in an anesthetizedmouse, before the inoculation of Tluc cells.
b Image of the samemouse weeks after tumor cell inoculation shows heavy osteolytic damage

animals of 6.7% was significantly less than that of vehicle-treated animals (13.4%;
p < 0.05). The pQCT measurements carried out at the site of injection indicated
that the BP completely blocked the decrease in BMD of 5.5% observed in vehicle-
treated animals (p < 0.01; Fig. ). Ex-vivo measurements of BMD in the proximal
third of the tibia by DXA indicated a 27.7% (p < 0.05) decrease in BMD, due to
tumor-induced osteolysis, which was completely prevented in ZOL-treated animals.
Micro-CT images clearly showed that in vehicle-treated mice, osteolysis occurred in
the cancellous and cortical compartments (Fig. ). In many cases the tumor broke
through the cortical shell to invade the tibia-fibular space. Bi-weekly s.c. administra-
tion of ZOL not only protected animals from cancellous and cortical bone erosions,
but it also prevented the tumor from breaking through the cortical shell in all six
mice. Injection of heat-inactivated Tluc or HBSS did not produce any tumor
growth or osteolysis.

Discussion

In our studies, we have taken advantage of the powerful measurement and imag-
ing capability of vivaCT, which allows monitoring of changes in D trabecular
micro-architecture resulting from disease processes such as osteoporosis, inflamma-
tory arthritis, and tumor invasion in small rodents. The fast data acquisition time of
typically 10–15min allows, for the first time, the incorporation of this non-invasive
technique into large experimental studies alongwith pQCTandDXAmeasurements.
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Longitudinal studies provide more precise information on the temporal changes in
disease processes and allow for detailed monitoring of the efficacy of therapeutic in-
tervention as well as providing information on the time to onset of action.

Our data in rats suggest that chronic BP exposure may reduce the ability of PTH
to activate bone lining cells into matrix-secreting osteoblasts. In contrast, a single
i.v. injection of BP (even ten times therapeutic dose) did not impair the response to
PTH in rats. Single i.v. and chronic BP dosing result in very different exposure pat-
terns of osteoblasts, their precursors, and of lining cells to these non-metabolizable
compounds. Although osteoblasts are not generally considered to be a target for BP
action, chronic i.v. dosing appears to result in BP accumulation in these cells suffi-
cient to reduce protein prenylation.

We provide evidence that, as with osteoclasts, inhibition of FPP-synthase reduces
protein prenylation in osteoblasts, disturbing cytoskeletal function and thereby pre-
venting the shape change required for the activation of bone-lining cells by PTH
(Dobnig and Turner ).This mechanism is only seen after chronic treatment and
may explain the blunting of the anabolic response to PTH observed after chronic
exposure of patients and rats to BPs (Gasser et al. ; Finkelstein et al. ).

In vivo micro-CT is an easy-to-use tool to image the subtle bony erosions in
arthritic joints which cannot be detected by any other non-invasive imaging tech-
nology (Herak et al. ). This can be nicely demonstrated in the analysis of limbs
of TNFα-overexpressing mice, in which micro-CT is capable of showing the mul-
tiple erosions produced by the osteoclasts in the joint area. At this point we have
not attempted to quantify the lesions, but it may be possible to assess the extent of
the damaged area and relate this to the total joint surface. The ZOL appears to be
an effective tool for protecting bone from arthritic damage. In addition to their role
in anti-inflammatory drug therapy, modern BPs are promising candidates for main-
taining joint integrity and reversing systemic bone loss in patients with arthritis.

Bone erosion is a central feature of RA.Clinical observations reveal that bone ero-
sion starts early in the course of disease. After a disease duration of only  months,�50% of patients with RA experience radiographically detectable skeletal damage,
and this proportion might be even higher considering the fact that small bone ero-
sions may escape detection by conventional radiography. A major aim of
antirheumatic therapies is to minimize bone damage.

The bone-destructive nature of the Tluc tumor in vehicle-treated animals
defeated our initial aim to quantify the osteolytic response and assess the protective
effects of ZOL on cancellous bone architecture in a longitudinal study. As a result, we
were forced to use DXAmeasurements for quantification, since these areal measure-
ments are less affected by the different growth patterns of the tumors and the oste-
olytic response evolving in individual animals. Despite these limitations, vivaCT
enabled us to acquire high-quality images showing the development of osteolytic
lesions over time. Overall our data indicate that ZOL, despite having no detectable
effect on tumor cell growth per se in this model, is a highly effective treatment for
the prevention of tumor-induced osteolysis caused by the intra-tibial inoculation of
Tluc mouse mammary carcinoma cells in athymic nude mice.
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Conclusion

In conclusion, the novel and advanced vivaCT has been successfully used in three
rodent models to non-invasively monitor changes in trabecular bone architecture,
namely a rat model of BP-PTH interaction, a mouse model of inflammatory bone
loss and a local tumor osteolysis model in athymic nude mice. We have seen clear
differences in the pattern of bone loss between postmenopausal osteoporosis and
arthritis, the former showing preferential removal of trabecular elements and a less-
pronounced effect on their thickness. In contrast, in TNFα-transgenic mice, the pre-
dominant effect of the local inflammatory response affected trabecular thickness
without much change in their number. These examples show that the pattern of
bone loss can differ considerably between various diseases, and that non-invasive
micro-CTmeasurements can provide the information in a rapid and non-destructive
way. Similarly, non-invasive longitudinalmeasurements provide valuable and reliable
information on how drugs, such as BPs, estradiol, or PTH, affect cancellous bone
architecture. Our study with PTH in rats clearly showed that the anabolic treatment
led to increased trabecular thickness without having any significant effect on their
number. The PTH also lowered the structure model index, indicating a morphologi-
cal change from a rod-like to a more plate-like structure.The non-destructive nature
of the measurements does not only save approximately  months that would other-
wise be required for tissue processing (histomorphometry), it also allows the bones
to be used for “destructive” mechanical testing. In addition, the parameters derived
from the model-independent D reconstruction should be more accurate than the
D-based histomorphometry parameters.

The vivaCT is able to monitor D trabecular micro-architecture accurately, re-
peatedly, reliably, and quickly in living rats and mice under anesthesia. The scanner
represents a breakthrough for non-invasive imaging and structural measurements in
small rodents.
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Abstract

Theaimof this studywas to identify the regional variations in themechanical proper-
ties of vertebral cancellous bones at both the apparent and tissue levels, and their rela-
tive differences with respect to ageing. Ninety trabecular specimens were obtained
from six normal L vertebral bodies of six male cadavers in two age groups, three
aged  years and three aged  years, and were scanned using a high-resolution
micro-computed Tomography (micro-CT) system. The obtained micro-CT recon-
struction models were then converted to micro-finite element models. Micro-finite
element analyses were done to determine the apparent Young’s moduli and tissue-
level von Mises stress distribution for each trabecular specimen in the longitudinal
direction (on-axis direction), and medial-lateral and anterior-posterior directions
(off-axis directions), respectively. Regional variations about the mechanical prop-
erties at both apparent and tissue levels in different transverse layers and verti-
cal columns within and between the two age groups were then analyzed. The re-
sults showed significant decreases in the apparent Young’s moduli and tissue level
von Mises stresses in each direction with ageing; those in the two off-axis directions
decreased more with ageing compared with the longitudinal direction, and there
were no statistically significant differences between the mechanical properties in the
two off-axis directions. The mechanical properties followed their own patterns of
regional variations within each group, suggesting both mechanical and age-related
adaptation. This study offered an insight into the distributions and variations of me-
chanical properties within a vertebral body. The mechanical properties calculated
from this study may serve as reference for gender and ethnic comparisons and may
help us to better understand the regional fracture risk and mechanisms of vertebral
fracture, and prevent osteoporotic fracture in older individuals.

Introduction
There are two types of bone in the human body: a dense, compact cortical bone
mostly existing in the middle of a long bone (diaphasis); and a porous, spongy tra-
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becular bone in the spine and near major joints such as in the ultradistal radius and
proximal femur. Trabecular bone is thought to respond faster to metabolic stimuli
and has a more frequent occurrence of fragility fractures (Lau et al. ; Qin et al.
).Osteoporosis is a systemic skeletal disease characterized by low bonemass and
microarchitectural deterioration of bone tissue, with a consequent increase in bone
fragility and susceptibility to fracture.

At tissue level, the material properties of the trabeculae, in combination with
their microarchitectures, determine the strength and stiffness of trabecular bone
under loading, i.e., the capacity to withstand load. Some studies have been conducted
to quantify changes of the D microstructures in central and peripheral trabecular
bone caused by ageing (Ding and Hvid ; Ding et al. ; Gong et al. ). To
obtain the mechanical properties of trabecular bone, researchers have done direct
mechanical tests on the trabecular specimens (Hansson et al. ; Keller et al. ;
Morgan et al. ); however, this method may be subject to large errors unless spe-
cial experimental protocols were designed to minimize the artifact errors (Keaveny
et al. , ; Morgan et al. ). Recently, with the development of computa-
tional power and imaging technique, new computer methods have been introduced
that, given certain hard tissue properties, allow for the quantification of bone me-
chanical properties either directly using micro-finite element analysis (μFEA) based
on high-resolution micro-CT computer reconstruction image (Van Rietbergen et al.
; Judex et al. ), or indirectly deriving from the constitutive relationships
of bone morphology and elastic properties (Kabel et al. ; Van Rietbergen et al.
).

It is known that osteoporotic fractures occur most frequently in trabeculae rich
skeletal sites and one of the sites most at risk is the spine, particularly in the elderly
population (Melton et al. ). Our recent study (Gong et al. ) using micro-
CT scanning technique on the regional variations in microstructural properties of
vertebral trabeculae with ageing found significant differences in microstructural pa-
rameters, such as BV/TV, Tb.N and DA between -year group and -year group,
and each microstructural parameter followed its own pattern of regional variation
within vertebral body in each group. Another computational investigation incorp-
orating finite element analysis with bone-adaptive remodeling theory also suggested
that variations existed in trabecular bone Young’s modulus within vertebral body
(Goel et al. ). Keller et al. () identified effects of disc degeneration on re-
gional variations in the compressive properties of lumbar vertebral trabeculae from
segments L–L of three human cadavers (, , and  years old) using mechanical
test; however, the age-related regional variations in the mechanical properties of ver-
tebral trabecular bone need to be investigated. It was found that the trabecular core
carried –70% of the total load placed on the vertebra, which did not differ between
healthy, osteopenic, and osteoporotic vertebrae (Homminga et al. ); hence, for
lumbar vertebral body, a thorough understanding of the regional variations in the
microstructural properties, as well as the mechanical properties, is crucial for di-
agnosis, prophylaxis, and treatment of the age-related degeneration. It will help to
explain the vertebral fracture mechanism, prevent and treat osteoporotic fracture in
elder individuals, and choose reasonable physical exercise.
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Accordingly, the aims of this study were (a) to identify regional variations in the
apparent Young’s moduli and tissue-level principal stresses of trabecular bones of
L vertebral body using high-resolution micro-CT computer reconstruction image-
based micro-finite element analysis, and (b) to investigate the effect of ageing on it.

Materials and Methods

Six L vertebral bodies were obtained from six male cadaver donors, three aged
 years (-year group) and three aged  years (-year group). Human ethics
approval was obtained from the Clinical Ethics Committee of the Chinese Univer-
sity of Hong Kong. The specimens were examined using X-ray to rule out potential
pathological changes affecting bone structural and mechanical evaluation, includ-
ing structural deformity and microcallus resulted from potential spinal fracture. For
each vertebral body with superior and inferior endplates of 8 � 8mm2 with a height

Figure 1.Themicro-CT scanning preparation procedure.The superior layer is 1mm below the
superior endplate, and the inferior layer is 1mm above the inferior endplate and middle layer
in between the superior and inferior layers.The three layers and five columns constitute  dif-
ferent regions altogether in a vertebral body. A anterior, P posterior, C central, L left, R right
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of about 25mmwere cut from the anterior, posterior, right, left and central regions of
the trabecular bone using a standard biopsy drill without damaging trabeculae. The
cortical shell was not included in each bone column. A schematic diagram of three
layers and five columns within a vertebral body is shown in Fig. .

Micro-CT Scanning

Amicro-CT system (μCT, ScancoMedical AG, Bassersdorf, Switzerland)was used
to reconstruct the microarchitectures of the trabecular columns. A detailed descrip-
tion of the preparation techniques has been described previously (Gong et al. ).
The spatial resolution for specimen scanning was set to 20μm. Each column was
scanned three times to obtain three -mm-thick transverse layers, i.e., superior layer
1mm below the superior endplate, inferior layer 1mm above the inferior endplate,
and middle layer between the superior and inferior layers (Fig. ). The three layers
and five columns constituted  different regions altogether in each vertebral body.
During each scanning, the column was scanned continuously with thickness and in-
crement of 20μm for  slices. The voxel size was 20� 20� 20μm3. After scanning,
the micro-CT images of  different regions of six vertebral bodies were obtained.
The region of interest (ROI) was chosen as a 5� 5� 5mm3 cube in the center of each
region to exclude the boundary artifacts, resulting in a total of  vertebral trabecu-
lar cubes. The microarchitectural parameters of trabecular cubes were evaluated by
the direct method in the micro-CT system for D model, which has been reported
in detail previously (Gong et al. ).

Micro-Finite Element Modeling

Scanco Medical Finite Element Software 1.02 (Scanco Medical AG, Bassersdorf,
Switzerland) was used to do μFEA to simulate axial compression tests of each tra-
becular bone cube in three orthogonal directions: longitudinal; medial-lateral; and
anterior-posterior. The  mirco-CT reconstruction models were used to construct
micro-finite element models by directly converting image voxels representing hard
tissue (20μm in size) to eight-node brick finite elements. A fixed displacement
boundary condition was chosen, i.e., all nodes at the bone-platen interface were con-
strained in the place of the platen with all other surfaces unconstrained to mimic
the boundary conditions that occurred during mechanical testing of the bone cubes
(Judex et al. ; Morgan et al. ).

Mechanical testing of the specimens was simulated under displacement control
of the platens to mimic mechanical testing conditions. To make the μFEA outcomes
of our six L vertebral bodies comparable, it was supposed that the mechanical load-
ing on the vertebral body was proportional to the body weight. The average value
of BV/TVs of the  trabecular cubes in each vertebral body was used to reflect its
body weight. A displacement of 1% strain was applied to the central and posterior
columns of the vertebral body with the maximum average BV/TV, and the mechan-
ical environments of the other central and posterior columns in the other five ver-
tebral bodies decreased linearly with their average BV/TVs. In each vertebral body,
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the mechanical loadings on the central and posterior columns were assumed to be
23% higher than those on the other three columns, based on the observations that
the stresses through the nucleus region of the disc were about 30% higher than those
through the annulus region (Adams et al. ), and that the sectioning procedure
used in this study resulted in trabecular cubes from anterior, right, and left columns
(peripheral region) that were classified as being covered by the disc annulus, and pos-
terior and central columns (postero-central region) covered by the disc nucleus. Bone
material properties at tissue level were assumed to be homogeneous and isotropic
with an elastic modulus of  GPa. This reflects a quality property of the material it-
self. The results about tissue-level stresses or strains can be scaled later for any value
of the tissuemodulus (Kabel et al. ).The isotropic Poisson’s ratio of bonematerial
was set to be 0.3 (Homminga et al. ).

Mechanical properties in the forms of apparent elastic moduli and tissue-level
von Mises stresses of the trabecular bone cubes in the three orthogonal directions
were obtained. Statistical analyses were done on the mechanical parameters for all 
trabecular cubes. In each age group, the outcomes of the trabecular cubes from the
same layers were pooled to form the layer data sets. In this case, superior, middle, and
inferior layers were obtained by grouping the trabecular cubes that formed the same
layer but come fromdifferent columns and different specimens in the same age group.
In the same way, the column data sets can be obtained in the anterior, central, right,
left and posterior columns. A single-factor analysis of variance (ANOVA) followed
by a Tamhane’s T post-hoc test was used to compare the mechanical properties be-
tween the layers or columns in each group. Student’s t-test was performed to compare
between the two groups regarding ages. The significance level of p was set to be 0.05.
All the statistical analyses were performed using SPSS 12.0 (SPSS, Chicago, Ill.).

Results

μFEA analysis

Table  lists the mechanical properties calculated from μFEA for each age group and
the differences between the two groups. Each value (mean � SD) was obtained from
 data sets grouped in  regions for three vertebral bodies in each age group. The
value (mean�SD) for tissue principal stress was calculated for the average von Mises
stresses of each trabecular cube in a group. Student’s t-test showed significant de-
creases in the apparent Young’s moduli and tissue level von Mises stresses in each
direction with ageing, and those in medial-lateral and anterior-posterior directions
decreased more with ageing compared with longitudinal direction. A single-factor
analysis of variance (ANOVA) showed that in each group, the apparent elastic mod-
uli and the average tissue principal stresses in the longitudinal direction were signifi-
cantly higher than their counterparts in the other two directions. There were no sta-
tistically significant differences in the mechanical properties between medial-lateral
and anterior-posterior directions. The trabecular specimens displayed a near trans-
versely isotropic behavior in both age groups; hence, the mechanical properties in
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Table 1.Themechanical properties (mean�SD) in two age groups. L longitudinal,AP anterior-
posterior,MLmedial-lateral

Parameter -year group -year group Difference (%) Significance
level (p)

EL(Mpa) 259.47 � 120.75a 208.19 � 101.88a −19.76 0.01
EAP(MPa) 32.15 � 42.11 12.84 � 14.32 −60.06 0.004
EML(MPa) 26.93 � 38.74 14.21 � 13.61 −47.23 0.041
σL(MPa) 38.47 � 11.19a 29.58 � 8.88a −23.12 0.000
σAP(MPa) 9.29 � 8.16 4.67 � 3.38 −49.72 0.0005
σML(MPa) 7.57 � 6.59 5.30 � 3.31 −30.00 0.041

aANOVA revealed significant difference from AP and ML directions
(p <0.001) in the same age group

medial-lateral and anterior-posterior directions were pooled together to represent as
off-axis mechanical properties of the vertebral body in the following results.

Regional Variations of the Mechanical Properties at Different Layers

Table  lists mechanical properties of the three layers in the two age groups, and the
differences between layers and between age groups.

In the longitudinal direction, no significant difference was found between any
layers within either age group for the apparent elastic modulus, as well as for the
tissue principal stress. For all three layers, the apparent elastic modulus and tissue
principal stress both decreasedwith ageing, but only the decrease in the latter reached
significance level.

In the off-axis directions, there was also no significant difference between any
layers within either age group for the apparent elastic modulus, as well as for the

Table 2.Themicrostructural parameters (mean � SD) of the three layers in two age groups

Parameter Layer -year -year Difference Significance
group group (%) level (p)

EL(MPa) Superior 235.30�110.37 190.58 � 77.65 −19.01 0.105
Middle 272.86�120.68 227.71�122.92 −16.55 0.16
Inferior 270.24�134.68 207.59�105.38 −23.18 0.08

Eoff-axis(Mpa) Superior 29.67 � 45.91 10.21 � 9.07 −65.59 0.024
Middle 29.97 � 33.26 14.31 � 15.12 −52.25 0.017
Inferior 27.91 � 35.32 15.51 � 16.30 −44.43 0.05

σL(MPa) Superior 36.93 � 10.33 29.57 � 8.17 −19.93 0.0195
Middle 40.01 � 12.43 31.99 � 10.81 −20.04 0.038
Inferior 38.48 � 11.29 27.34 � 7.46 −28.95 0.002

σoff-axis (MPa) Superior 8.22 � 7.81 4.50 � 2.80 −45.25 0.016
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tissue principal stress. The apparent elastic modulus and the tissue principal stress in
all the three layers from the -year group were significantly lower than those in the
same layers from the -year group.

For both age groups, the mechanical properties at both apparent and tissue level
in the longitudinal directions were significantly higher than those in the off-axis di-
rections in all three layers.

Regional Variations of the Mechanical Properties at Different Columns

The mechanical properties at the apparent and tissue level in the different columns
of each age group, and their relative differences are listed in Table .

In the longitudinal direction, there were no significant differences between the
five columns for the apparent elastic modulus in -year group; however, for the tis-
sue principal stress, a significant difference was found between the central and pos-
terior columns. In the -year group, ANOVA showed significant differences among
the five columns for both the apparent elastic modulus and the tissue principal stress.
The following Tamhane’s T post-hoc test found significant differences between the
central and anterior columns, the central and right columns, and the central and left

Table 3.Themechanical properties (mean � SD) of the five columns in two age groups

Parameter Column -year group -year group Difference
(%)

Significance
level (p)

EL (MPa) Central 278.65�103.22 276.59 � 62.07 −0.739 0.48
Anterior 263.65�112.33 180.84 � 68.32 −31.41 0.039
Posterior 204.44 � 98.24 254.67�143.56 24.57 0.204
Right 285.76�140.93 153.77�103.65 −46.19 0.019
Left 264.82�150.87 180.26 � 77.58 −31.93 0.077

Eoff-axis(MPa) Central 39.12 � 39.93 13.86 � 12.08 −64.57 0.015
Anterior 12.89 � 14.93 13.52 � 18.21 4.89 0.46
Posterior 37.42 � 46.20 14.06 � 14.24 −62.43 0.036
Right 21.42 � 19.29 16.26 � 14.87 −24.09 0.199
Left 37.98 � 59.13 14.17 � 13.45 −62.69 0.063

σL (MPa) Central 49.26 � 11.46 40.45 � 6.00 −17.87 0.029
Anterior 38.22 � 8.66 27.17 � 5.25a −28.91 0.003
Posterior 32.08 � 5.32a 31.29 � 8.98 −2.45 0.414
Right 37.86 � 12.56 23.13 � 8.43a −38.91 0.005
Left 34.96 � 10.27 26.05 � 3.91a −25.48 0.014

σoff-axis (MPa) Central 13.21 � 10.11 6.05 � 3.25 −54.16 0.009
Anterior 5.46 � 4.01 4.74 � 3.54 −13.30 0.302
Posterior 9.07 � 6.10 4.86 � 3.96 −46.48 0.017
Right 6.57 � 4.06 4.43 � 3.18 −32.56 0.0515
Left 8.64 � 9.34 4.74 � 2.96 −45.20 0.06

a Significantly different to central column (p = 0.05)
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columns, respectively, for the tissue principal stress; however, for the apparent elas-
tic modulus, none of the differences between any two columns reached significance
level. If the apparent elastic moduli of the posterior and central columns were fur-
ther pooled together to form a posterior-central region, and the other three columns
form a peripheral or outer region, Student’s t-test showed that the apparent elastic
moduli of the posterior-central region were significantly higher than those of the
peripheral region (p = 0.001). The tissue principal stresses in all the columns de-
creased significantly with ageing, except the posterior column.The differences in the
apparent elastic modulus between the same columns from the two age groups fol-
lowed different patterns for different columns: those of the columns in the periph-
eral/outer region decreased severely with ageing, but the difference in the left column
did not reach significance level (p = 0.077). In the posterior-central region, the ap-
parent elastic moduli of the central column only decreased slightly; on the contrary,
those of the posterior column were higher in the -year group.

In the off-axis directions, ANOVA showed no significant difference between any
columns within either age group for the apparent elastic modulus, as well as for the
tissue principal stress. For all five columns, the tissue principal stress decreased with
ageing, but only the decreases in the posterior-central region reached significance
level. The apparent elastic moduli in the anterior column were slightly higher in the
-year group, whereas those in the other four columns decreased with ageing, with
the decreases in the posterior-central region reaching significance level.

For both age groups, the apparent Young’s moduli and tissue-level von Mises
stresses in the longitudinal direction were significantly higher than those in the off-
axis direction in all five columns.

Discussion

Themechanical properties of trabecular bone are determined by the properties of its
bone tissue and its architecture.Micro-finite element analysis is a state-of-the-art nu-
merical technique used to calculate mechanical properties of trabecular bone as they
relate to its microstructure. This chapter aims at quantifying the regional variations
in the mechanical properties of L vertebral body and exploring the effect of ageing,
which may help to gain insight into possible fracture risks in the L vertebral body.

As an example, Fig.  shows a typical micro-CT reconstruction model of a tra-
becular cube, and the loading and boundary conditions of its finite element model
when compressed in the longitudinal direction and the von Mises principal stress
distribution.

A quantitative assessment of bone tissue stresses is essential for the understand-
ing of failure mechanisms associated with osteoporosis, osteoarthritis, loosening of
implants, and cell-mediated adaptive bone-remodeling processes at tissue level.With
μFEA we determined the apparent elastic moduli in the three orthogonal direc-
tions of each trabecular cube. Because of a strong relationship between stiffness and
strength (Keaveny et al. ), the elastic moduli can provide an estimate of strength
as well; thus, the computational work in this chapter may help to demonstrate the re-
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Figure2a,b.A typical micro-CT reconstructionmodel of a trabecular cube, and the loading and
boundary conditions of its finite-element (FE)model when compressed in the longitudinal di-
rection and the von Mises principal stress distribution. a A typical micro-CT reconstruction
model of a trabecular cube. Loading and boundary conditions of its FE model when com-
pressed in the longitudinal direction and the vonMises principal stress distribution. Voxels in
the D reconstruction are converted to equally shaped brick elements such that the resulting
FEmodel has exactly the same geometry as the reconstruction from which it is derived. bDis-
placements of nodes located at the face z = zmin are suppressed in all directions, those at the
face z = zmax are prescribed in the z-direction at a strain value of −1%, and are suppressed in
the other directions

gional failure mechanisms of L vertebral body at both the apparent and tissue levels
associated with ageing.

Vertebral trabecular architectures and mechanical properties were shown to be
closely related to their mechanical environment and to age, suggesting both mechan-
ical and age-related adaptation (Adams et al. ; Gong et al. ; Simpson et al.
). Keller et al. () did compressive testing of the mechanical properties of
lumbar vertebral segments from three human cadavers with the ages of , , and
 years, and found that for normal intervertebral discs, the strength of bone over-
lying the disc nucleus was 1.25 times that of bone overlying the disc annulus. In our
study, the intervertebral discs of our six L vertebral bodies did not show macro-
scopic signs of severe degeneration, and could be classified as normal or only slightly
degenerate (Ferguson and Steffen ). The data we obtained about the differences
in the mechanical properties between the two groups were thus mainly related to
different age. The sectioning procedure used in this study resulted in trabecular
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cubes from anterior, right, and left columns (peripheral region) that were classified as
being covered by the disc annulus, and posterior and central columns (postero-
central region) covered by the disc nucleus; hence, our μFEA computational results
for the regional variations of the on-axis apparent moduli in the five columns of -
year group were consistent with the experimental observations by Keller et al. ,
although their specimens were older than those of ours; however, in our -year
group, the on-axis apparent moduli in the five columns did not show significant dif-
ference. It was suggested that on-axis mechanical properties deteriorated faster for
the peripheral region with ageing and off-axis mechanical properties deteriorated
faster for the posterior-central region with ageing.

Because of the limited availability of donors, we only studied the mechanical
properties of L vertebral bodies from two age groups of  and  years. Statis-
tical analyses showed significant differences between the mechanical properties at
both apparent and tissue levels with ageing. Future studies that examine the three-
dimensional microstructural properties, as well as mechanical properties of normal
vertebral bodies, as well as osteoporotic ones, or ones with degenerated intervertebral
discs from awide age range of ages, may provide additional insight into the structural
and mechanical properties, and the changes accompanying ageing, disease, and disc
degeneration.

Conclusion

This study offers an insight into the distributions and variations of mechanical prop-
erties within a vertebral body. The mechanical properties calculated from this study
may serve as reference for gender and ethnic comparisons and may help us better
understand regional fracture risks and vertebral fracture mechanism, prevent osteo-
porotic fracture in elderly individuals, and choose appropriate physical exercise.
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Abstract

Trabecular architecture is usually studied extremely well by computed tomography
(CT) and micro-CT. The limitation of clinical CT is radiation dose. High-resolution
clinical magnetic resonance (MR) imaging is also used to study trabecular architec-
ture in the peripheral skeleton, particularly the distal radius and calcaneum. TheMR
imaging of trabecular micro-architecture has quite good precision and has demon-
strated expected changes on longitudinal in vivo study. While clinical MR imaging
may currently be limited to examination of fine bone structure only in the peri-
pheral appendicular skeleton, it also has the capacity to study other aspects of bone
physiology not readily measurable by other techniques, namely marrow fat content,
perfusion and molecular diffusion. Magnetic-resonance-based studies have shown
that as spinal bone mineral density decreases, vertebral marrow fat content increases
while vertebral marrow perfusion decreases. This reduction in marrow perfusion is
an intraosseous phenomenon and is not related to amore generalized circulatory im-
pairment. Females across all groups (normal, osteopaenia and osteoporosis) tend to
have slightly higher vertebral fat content than males. Pre-menopausal women have
on average lower MR diffusion coefficient than post-menopausal women. In post-
menopausal women, the change in fat content or perfusion indices seen with change
in bone mineral density does not have any appreciable effect on MR diffusion para-
meters.

Introduction

All of the efforts put into the screening, diagnosis and treatment of osteoporosis have
one goal in mind: to reduce fractures. Increasing incidence of falls and reduced bone
strength are the two main determinants of the increased prevalence of spinal, proxi-
mal, femoral and radial fractures in the elderly. If bone strength can be maintained,
the increased rate of falls may not necessarily translate into an increased incidence of
fracture in the elderly. Maintaining or improving bone strength in later years is im-
portant. Bone strength is ameasure of bone density and bone quality. In other words,
bone strength depends not just on bone quantity (as measured by bone density) but
also bone quality.
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Bone density can be measured accurately and precisely by dual-energy absorp-
iometry (DXA), which is especially useful in the hip region. Other methods of mea-
suring bone density include quantitative CT examination (QCT; particularly use-
ful in the spine), peripheral QCT, peripheral DXA, radiographic absorpiometry and
qualitative ultrasound (QUS).

Bone quality is dependent on the six “M’s”, i.e. macroarchitecture, microarchi-
tecture, modelling and remodelling (i.e. bone turnover), microfracture accumula-
tion, mineralization and matrix. Currently, MRI can be used to examine two of these
parameters, i.e. macroarchitecture and microarchitecture.

Macroarchitecture refers to the overall geometry of the bone and depends on
bone size and shape. At the proximal femur, for instance, the parameters studied
include hip-axis length (HAL), femoral neck cross-sectional area, femoral neckwidth
and femoral neck-shaft angle. A short hip-axis length and a wide femoral neck cross-
sectional area are considered to be protective against proximal femoral fracture.This
may explain why men, black women, Asian women and multiparous women have
a lower prevalence of proximal femoral fractures compared with Caucasian women
of comparable bone density. These macroarchitecture features could be measured
by oblique coronal and sagittal magnetic resonance (MR) imaging of the proximal
femur, although are usually evaluated by either DXA or CT examination.

Microarchitecture refers to the trabecular and cortical pattern, including the
number, arrangement and connectivity of trabecula, as well as the thickness and
porosity of the cortex. Trabecula measure from  to 400μm in width. Any imag-
ing technique must have a resolution of 100μm or less to be able to accurately re-
solve individual trabeculae. This resolution can now be achieved with high-field-
strength (1.5–3.0T), high-gradient (approximately 30mT�m) clinical MR units or
micro-MRI units (Link et al. ; Phan et al. ; Vokes et al. ). Clinical MRI
units using high-resolution gradient-echo sequences can achieve an isotropic resolu-
tion of 150μm. To acquire this high resolution, a small local coil yielding a small field
of view needs to be used; therefore, MRI is used currently to study the trabecular pat-
tern in peripheral bones such as the radius and calcaneum (Link et al. ; Wehrli
et al. ). A comparable resolution cannot currently be achieved in the axial skele-
ton. Trabecular structural measures analysed on MRI examination have been shown
to be better than bonemineral density in differentiating patients with andwithout os-
teoporotic fractures in transplant patients (Link et al. ). Reproducibility of 2–3%
can be achieved from two-dimensional structural parameters, whereas the resolution
of three-dimensional structural parameters is –9% (Newith et al. ). Compar-
ing a group of women aged – years in early menopause treated with oestrogen
against a control group showed how micro-MRI can show serial changes (Wehrli
et al. ; Bauer et al. ).

Magnetic resonance relaxometry is another MR-based method whereby trabecu-
lar structure can be indirectly assessed from studying the relaxation time of the bone
marrow (Link et al. , ; Majumdar et al. ).The principle underlying MR
relaxometry is that changes in trabecular density will affect the microenvironment of
the marrow and thereby affect relaxation times. Since high spatial resolution is not
as pre-requisite for this technique, it can be performed on clinical MRI units. T�
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(magnetic field heterogeneity relaxation time) and/or its reciprocal relaxation pa-
rameter measure, R� (rate constant for free induction decay) are used as measures
in MR relaxometry. The MR relaxometry can be performed more quickly than MR
assessment of trabecular pattern, although it has a relatively low precision limiting
its usefulness in longitudinal study. All MR-based techniques have the advantage of
not utilizing ionizing radiation (as in computed tomography) but are disadvantaged
by long examination times (about 20–30min) and the lack of bone densitometry
measurement.

Currently, all of the techniques used to evaluate osteoporosis look at the end re-
sult of osteoporosis, i.e. bone loss must be present before the disease is diagnosed.
There is no way currently of predicting which patients will develop bone loss and
diagnosing osteoporosis before bone loss occurs. Once large defects occur in tra-
beculae, they may not be able to be replaced. Whereas many risk factors for osteo-
porosis have been developed, the pathophysiology of osteoporosis remains largely
unknown. Magnetic resonance imaging, in addition to assessing bone macroarchi-
tecture and microarchitecture as described above, has the ability to investigate three
other aspects of bone physiology not measurable by other techniques, namely MR
spectroscopy, perfusion and diffusion (Kugel et al. ; Schellinger et al. ; Shih
et al. ; Yeung et al. ; Griffith et al. , Griffith et al. ). Magnetic res-
onance spectroscopy allows one to measure the relative ratio of fat vs water in bone
marrow. Magnetic resonance perfusion provides a measure of perfusion indices in
bone marrow. Marrow diffusion allows one to measure the rate of diffusion of water
molecules within bone marrow. Perfusion indices are an indirect measure of blood
flow in bone marrow. We conducted some studies in elderly males (Griffith et al.
) and post-menopausal females (Griffith et al. ), respectively, to investigate
the relationship between bone mineral density, bone marrow fat content, diffusion
and perfusion as measured by MRI examination.

Studies on Relationship between Bone Mineral Density,
Bone Marrow fat Content, Diffusion and Perfusion

Proton (1H)MR Spectroscopy

In vivo 1H MR spectroscopy is a non-invasive technique suitable for the study of
metabolic changes in disease processes. In the assessment of bone marrow fat con-
tent, a volume of interest within the bone can be selected (Fig. ) and 1H spec-
troscopy may be performed using a point-resolved spectroscopy sequence (TR/TE:
/25ms). The relative intensity of water and fat signals may be used to estimate
the fat content (FC) present in bone according to the relationship

FC = (Ifat�(Ifat + Iwater)) �  [%] , ()

where Ifat and Iwater are the peak amplitudes of fat and water, respectively (Fig. ).
Recent studies using in vivo 1H MR spectroscopy have shown both a linear in-

crease in vertebral marrow fat content with aging and a higher fat concentration in
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Figure 1. Sagittal T-weighted MR image (TR =
3500ms�TE = 120ms) of the lumbar spine shows
positioning of the voxel of interest (VOI) for spec-
troscopy within the L marrow cavity

Figure 2. 1H spectrum acquired from this VOI
shows a relatively intense lipid peak (1.3ppm)
compared with the water peak (4.65ppm), indi-
cating increased marrow fat content within the
vertebral body. Bottom trace is the original spec-
trum, whereas the middle shows the fitted spec-
trum from which peak intensity values were de-
rived and top trace is the residual spectrum

males than females of similar age group (Kugel et al. ; Shih et al. ). In a study
of  women (mean age  years), marrow fat content was significantly elevated in os-
teoporotic (mean 65.5�10%) and osteopaenic subjects (63.5�9.3%) compared with
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normal subjects (56.3�11.2%;Griffith et al. ). In another study in men (mean
age  years), vertebralmarrow fat content was significantly increased in osteoporotic
subjects (mean 58.23 � 7.83%) and osteopaenic subjects (55.68 � 10.2%) compared
with those with normal bone density (50.45 � 8.73%; Griffith et al. ). Across all
bone density groups (normal, osteopaenia and osteoporosis), vertebral marrow fat
was significantly higher in women than men.

MRDiffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) is a technique that is sensitive to the mobil-
ity or diffusion of water in biological tissues. Measuring the random motion of
watermoleculeswithin themarrowmay indirectly assess changes in the cellular com-
position of bone marrow associated with osteoporosis. Diffusion-weighted imaging
pulse sequences are derived from spin-echo single-shot echo-planar imaging which
is sensitized to incoherent motion by a pair of gradient pulses. Varying the gra-
dient amplitude while keeping the gradient duration and separation time constant
alters diffusion sensitivity parameters, or b-values. Since diffusion in bone marrow
is anisotropic, three diffusion-weighted images are usually acquired for each b-value
with the diffusion-sensitization gradient along the readout, phase-encoding and slice
directions, respectively. The resultant isotropic diffusion-weighted image can be cal-
culated on a pixel-by-pixel basis according to the following equation:

Ib = 3�Ix IyIz , ()

where Ib is the resultant isotropic signal intensity of the diffusion-weighted image
acquired with a b-value b and Ix , Iy and Iz are the original signal intensities of the
diffusion-weighted images obtained with gradient sensitization along the readout,
phase-encoding, and slice-selection directions, respectively (Fig. ).

Apparent diffusion coefficient (ADC) may be calculated according to the rela-
tionship Ib = I � exp(−b � ADC), where Ib and I0 are the mean signal intensities

Figure 3. Axial T-
weighted MR image
(TR = 2000ms�TE =
102ms) of the lumbar
spine obtained with a b-
value of 0s�mm2 shows
a manually drawn region
of interest (ROI) posi-
tioned just within the
cortical margins of the L
vertebral body
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in the ROI measured at b-value b and 0s�mm2, respectively. In a study of  women
(mean age  years) with documented bone mineral density measured by DXA, and
 normal subjects (mean age  years), mean ADC values were significantly lower
both in subjects with reduced BMD (0.41 � 0.10 � 10−3mm2�s) and normal BMD
(0.43�0.08�10−3mm2�s) compared with normal controls (0.49�0.07�10−3mm2�s)
(Yeung et al. ). Accumulation of fatty bonemarrow associated with osteoporosis
is reflected by a decrease in ADC.

MR Perfusion Imaging

Dynamic contrast-enhanced MR imaging is another imaging technique that may be
useful in the study of micro-circulation or perfusion changes associated with osteo-
porosis. Dynamic images are usually acquired using a short T-weighted gradient-
echo sequence (TR/TE: 2.9/1.1ms; pre-pulse inversion time: 400ms) with a bolus of
contrast agent injected at an injection rate of about 2.0ml�s. A region of interest (ROI;
Fig. ) may be drawn manually to obtain average signal intensity change caused by
the arrival of contrast-material within the ROI at each time point (Fig. ).

Curve fitting is performed on each time-intensity data set to obtain baseline
(Ibase) andmaximumsignal intensity values (Imax). Based on Imax and Ibase values ob-
tained from the fitted time-intensity curve, two perfusion indices may be calculated,
namely, maximum enhancement and enhancement slope. Maximum enhancement
is defined as the maximum percentage increase (Imax − Ibase) in signal intensity from
baseline (Ibase). Enhancement slope was defined as the rate of enhancement between
 and 90% of maximum signal intensity difference between Imax and Ibase. These

Figure 4. Sagittal T-weighted MR image (TR =
450ms�TE = 1ms) of the lumbar spine shows
a manually drawn ROI positioned just within the
cortical margins of the L vertebral body
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Figure 5. Time-intensity
data points based on
this ROI were measured
from all dynamic images.
Typical time-intensity
curve for subjects with
normal bone density
shows high maximum
enhancement and steep
enhancement slope

perfusion indices are calculated according to the following equations:

Maximum enhancement = (Imax − Ibase)
Ibase

� 100%

and

Enhancement slope = (Imax − Ibase) � 0.8
Ibase � (t90% − t10%) � 100% ,

where t10% and t90% are the time intervals when the rise in signal intensity reaches 
and 90% of the maximum signal intensity difference between Ibase and Imax, respec-
tively. Both parameters are derived from the first-pass phase of signal enhancement
or rapidly rising part of the time-intensity curve and are considered to represent ar-
rival of the contrast material into the arteries and capillaries of the vertebral marrow
and its diffusion into the extracellular space.

In a study of male subjects (mean age  years), perfusion indices were signifi-
cantly decreased in osteoporotic subjects (enhancement slope: 0.78� 0.33%�s) com-
pared with osteopaenic subjects (1.15� 0.59%�s) or those with normal bone density
(1.48 � 0.73%�s) []. In a similar study in  women (mean age  years) verte-
bral marrow perfusion indices were significantly decreased in osteoporotic subjects
(enhancement slope: 1.10 � 0.51%�s) compared with osteopaenic (1.45 � 0.51%�s;
p = 0.01) and normal bone density subjects (1.70 � 0.52%�s; p < 0.001; Griffith et
al. ). Erector spinae muscle perfusion indices did not decrease with decreasing
bone density, suggesting that the reduction in perfusion indices occurred only within
the vertebral body and not in the paravertebral tissues supplied by the same artery
(Fig. ; Griffith et al. ).
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Figure 6a,b.Blood supply to vertebral body and paraspinal muscle at L region. a Longitudinal
view of surface of vertebral body. Each lumbar artery passes backwards around the waist of
the vertebral body as a single trunk. Some branches (equatorial branches, E) penetrate into
the vertebral marrow, whereas others ascend and descend on the periosteum of the vertebral
body. Near the end plates, some of these arteries (metaphyseal branches, M) penetrate into
the vertebral marrow. b Axial view of mid-vertebral body and paraspinal regions. At the in-
tervertebral foramen level, the artery divides to send branches into the spinal canal and the
paraspinal muscles. The intraspinal branch gives rise to the nutrient artery, which penetrates
the posterior border of the vertebral body.Other branches run dorsally between and supply the
quadratus lumborum (QL) muscle and the erector spinae muscle complex. The erector spinae
muscle complex is composed of three columns, which are from medial to lateral, spinalis (S),
longissimus (L) and iliocostalis (IL)

Discussion

Magnetic resonance enables study of the trabecular and cortical pattern in the
peripheral parts of the appendicular skeleton. In addition, some aspects of bone phys-
iology not readily quantified by other techniques can be measured, namely fat con-
tent, perfusion and diffusion. All of the measurements provided byMR are arbitrary.
Fat content is measured as a ratio of fat:water content. Water content seems quite
constant in marrow enabling the fat:water content to be accepted as a reliable meas-
ure of relative fat content. Neither is perfusion directly measured. Instead, indices of
perfusion (usually enhancement slope and maximum enhancement) are measured.
Similarly, molecular diffusion is not directly measured, but changes in diffusion coef-
ficient are theoretically considered to represent molecular diffusion and are accepted
as such.

As bone mineral density decreases, bone marrow fat content tends to increase
while bone marrow perfusion indices decrease, and there is little or no effect on MR
diffusion parameters. An identical trend was evident in both males and females. On
average, females tended to have higher vertebral marrow fat content irrespective of
whether the bone mineral density was categorized as normal, osteopaenia or osteo-
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porosis. The decrease in MR perfusion indices observed in subjects with decreased
bone density could be caused by a systemic circulatory impairment or a local ef-
fect within bone.We therefore compared perfusion indices within the vertebral bone
marrow with that in the paravertebral muscle. Both these regions have the same ar-
terial supply, namely the lumbar arteries. If a systemic cause were to blame for the
observed reduction in perfusion indices, one would expect both the vertebral mar-
row and the paravertebral muscles to be similarly affected. This was not the case.
The reduction in perfusion indices was only observed within the vertebral marrow,
whereas perfusion indices tended to increase, rather than decrease, with decreasing
bonemineral density. Longitudinal studieswould help to showwhether this observed
alteration in perfusion is primary or secondary to the development of osteoporosis.

Premenopausal women have, on average, lower MR diffusion coefficients than
post-menopausal women. In post-menopausal women, the change in fat content or
perfusion indices seen with change in bone mineral density does not have any appre-
ciable effect on MR diffusion parameters.

Conclusion

Magnetic resonance imaging has the potential to investigate not only bone structural
detail but also other aspects of bone physiology, namely bone fat content, perfusion
and molecular diffusion. Investigation of these parameters may provide insight into
the pathophysiology of many bone conditions, including osteoporosis.
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Abstract

Recently, we extracted phytoestrogenic fraction (PF) from herbal Epimedium, which
is a kind of traditional Chinese medicine (TCM) known as a “bone-strengthening
Chinese herb.” This herb has been widely prescribed for musculoskeletal diseases
in routine clinical practice of TCM. In this chapter the authors introduce multiple
bio-imagingmodalities adopted for evaluation of therapeutic efficacy of Epimedium-
derived phytoestrogenic fraction (EPF) in two sections. Experimentally, we show that
EPF exerted its prevention of estrogen-deficiency-induced osteoporosis in both me-
chanical and bone-quality indices. Clinically, our clinical placebo-controlled trial
using bone densitometry showed that EPF was able to exert beneficial effects on
both promotion of periosteal apposition and inhibition of endocortical resorption
for improving mechanically structural geometry at osteopenic femoral neck in post-
menopausal women. Both preclinical and clinical studies did not document side ef-
fects associated with reproductive tissues or organs.

Introduction

It is well known that calcium supplement (CS, a fundamental therapy) and hormone
replacement therapy (HRT, a classical therapy) are effective to attenuate bone loss
and reduce osteoporotic fracture risks in postmenopausal women (Nieves et al. ;
Health Initiative Investigators ). A meta-analysis of clinical trials demonstrated
that the mean increase in bone mineral density (BMD) was 2.5 and 2.7 times higher
at the lumbar spine and femoral neck, respectively, whenHRTwas administrated to-
gether with CS as compared with HRT treatment alone. This suggested that HRT ex-
erted its anti-osteoporosis effect through at least one mechanism of an enhancement
in intestinal calcium absorption in postmenopausal women (Gallagher et al. ;
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Heaney et al. ; Nieves et al. ); however, long-term acceptance and/or com-
pliance rates of HRT are low due to potential side effects on reproductive tissues or
organs, which have been recently highlighted by the findings from theWomenHealth
Initiative Trial (Taylor ; Health Initiative Investigators ); therefore, research
and development (R&D) of safe therapies alternatively to HRT is highly desirable for
prevention of osteoporosis in postmenopausal women (Eisenberg et al. ).

Epimedium has been traditionally used as medicinal herb to treat fractures, bone
and joint diseases, and gonad dysfunctions in Asia for thousands of years (Qin et al.
a). Now phytoestrogenic fractions were derived from Epimedium (EPF) by a
series of standardized extraction and isolation procedures (Lee et al. ; Meng et
al. ; Qin et al. a), which consists of three main phytoestrogenic compounds,
i.e., Icariin, Genistein, and Daidzein. Now it is developed and tested as an alternative
preparation to relieve menopausal symptoms and to prevent postmenopausal osteo-
porosis yet with no reported hyperplastic effects on the reproductive tissues or organs
both clinically and experimentally (Qin et al. a).The potential mechanism of ac-
tion of EPFmight be explained by its structural similarities to estrogen conformation
and their ability to bind to estrogen receptors so as to promote calcium absorption
through proposed estrogen receptor pathway of intestinal cells (Arjmandi et al. ,
; Setchell et al. ) and/or regulate bone remodeling through proposed estro-
gen receptor pathway of bone cells (Chen et al. ; Rickard et al. ); however,
the scientific base of therapeutic efficacy of EPF for prevention of postmenopausal
osteoporosis has not been established, especially in the following three aspects:

. How could EPF protect estrogen-deficiency-induced bone structural deteriora-
tion at organ level?

. How does EPF influence bone envelop at tissue level?
. At cellular level, if EPF may act via a pathway dependent on an enhancement in

intestinal calcium absorption or more on a direct action on bone cells?

Recent epidemiological data implied envelope-dependent pathogenesis of age-
related long bone fragility in women. Compared between both sexes, periosteal area
increases more in men than in women, whereas endocortical area increases similarly
in men and women, then cortical thickness decreases more in women than in men
(Ruff and Hayes ; Seeman et al. a,b). Accordingly, long bone fragility in-
creases more in women than in men. Furthermore, less age-related periosteal than
endocortical widening produced cortical thinning, increasing the risk for structural
failure by local buckling in both sexes (Duan et al. ). Based on the implied
envelope-dependent pathogenesis, a mechanically proposed intervention stratagem
for osteopenic hip in women should not only inhibit endocortical resorption but also
promote periosteal apposition, which is aimed at improving mechanically structural
geometry (see Fig. ).

For postmenopausal women, there are two kinds of commercially available ther-
apeutics relevant to estrogen, i.e., hormone replacement therapy (HRT) and selec-
tive estrogen receptor modulator (SERM). As to HRT, anti-hip-fracture efficacy was
documented, whereas increased breast cancer risk was reported (Women’s Health
Initiative Investigators ). As to SERM, reproductive tissue safety was docu-



Bio-imaging Analysis of Anti-osteoporotic Phytomedicine 487

Figure 1.Based on the implied envelope-dependent pathogenesis, a mechanically proposed in-
tervention stratagem for osteopenic hip in women does not only inhibit endocortical resorp-
tion but also promotes periosteal apposition. This results finally in an improved mechanical
and structural property

mented, whereas anti-hip-fracture efficacy was not reported in (CORE Investiga-
tors ). In both, inhibiting bone resorption was only involved in their envelop-
dependent mechanism (Seeman et al. b; Uusi-Rasi et al. ). There is a need,
therefore, to explore therapeutic agents, which may not only inhibit endocortical re-
sorption but also promote periosteal apposition, yet with no stimulating effects to
reproductive tissues. This is particularly relevant for treatment of osteopenic hip in
postmenopausal women as hip fragility fractures associated with postmenopausal
osteoporosis have been a global health problemwith significant health and socioeco-
nomic burdens, not only to our patients but also to governments and familymembers
(Lau et al. ; Keen ; Lippuner et al. ).

The present chapter contains data from a preclinical study and clinical trial,
which investigated the therapeutic efficacy and action mechanism of EPF in post-
menopausal osteoporosis.

Preclinical Study

Study Objectives

This part of work was designed to examine the effect of separate or combined ther-
apy of EPF and CS for investigating therapeutic efficacy and action mechanism, by
evaluating end-point indices of bone using ovariectomized (OVX) rat model, which
included mechanical property, bone mineral density, bone geometry, and bone mi-
croarchitecture.

Materials andMethods

Animals, Groups, Treatment, and Sampling
Forty-five -month-old female Wistar rats (body weight 440.1 � 6.0g) were used.
During the experimental period, all the rats were fed with standard rat chow that
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contained 0.7% phosphorus, 0.9% calcium, and water ad libitum. Animals were ran-
domly assigned into the following five groups: (a) SHAM-operated rats with vehicle
(SHAM group); (b) OVX rats with vehicle (OVX group); (c) OVX rats with EPF
(EPF group, 10mg EPF/kg bw day−1; EPF contained 10mg flavonoids preparation,
including 5000μg Icariin, 250μg Genistein, 1250μg Daidzein, and 3500μg vehicle,
which was prepared by Tong Ji Tang Pharmacal Company (Gui Zhou, China; Qin
a,b). The supplemental calcium in form of citrate was from Mission Pharmacal
Company, Texas.); (d) OVX rats with both CS* and vehicle (CS group, 56mg cal-
cium/kg bw day−1); and (e) OVX rats with a combination of EPF and CS (EPF+CS
group, 10mg EPF/kg bw day−1, and 56mg calcium/kg bw day−1). According to the
Human-Rat Equivalent Dose Conversion Principle (FDAGuidance for Industry and
Reviews ; Huang et al. ), the experimental dose for EPF and CS in the
present study was equivalent to the corresponding clinical prescription dose daily
in a -kg human. Vehicle, EPF, and CS were all administered orally on day  after
OVX for  weeks. Animals were killed by overdose of Ketamine at the end of -
week treatment. The uterine was weighed. The left proximal femur was dissected for
densitometry, geometry, and envelope by pQCT, D trabecula microarchitecture by
micro-CT, and failure force by mechanical testing.

Evaluation for End-Point Indices
Mechanical Testing The left femur was tested in a loading configuration designed to
simulate a fall on the greater trochanter (Jamsa et al. ; Zhang et al. ). Briefly,
the distal end of the femur was clamped ante- or retroversion, into an attachment
system.The femur was fixed against rotation around the diaphysis axis. Compression
test was performed with a 2.5-KN load cell at a speed of 2mm�min using a material
test machine (HKS Hounsfield Test Equipment, UK). Failure force was used for
statistical analysis.

Peripheral Quantitative Computed Tomography The left proximal femur was fixed with
a custom-made plastic rat femur holder for peripheral quantitative computed tomo-
graphy (pQCT) scanning at the base of femoral neck perpendicularly to the axis of
the femoral neck with amultilayer pQCT (Densiscan , ScancoMedical, Bassers-
dorf, Switzerland). The thickness of each layer was 1mm and resolution was 220μm
(pixel size). This region was used for designed where the fractures were expected to
occur during mechanical test in a fall configuration as reported in our recent study
(Qin et al. a,b; Zhang et al. ). The contour of the periosteum and endos-
teum were both defined using the built-in software program for measuring densito-
metry parameters, including volumetric BMD of integral region inside periosteum
(iBMD, g�cm3) and trabecular region inside the endosteum (tBMD, g�cm3).The pre-
cision error in terms of coefficient variation (CV) was 1.96% for iBMD and 2.25%
for tBMD, respectively (Zhang et al. ). Cross-sectionalmoment of inertia (CSMI,
mm4) was used for defining geometrical distribution of cortical bone circumfused by
both periosteum and endosteum, Cross-sectional area circumfused with periosteum
(CSPA, mm2) and cross-sectional area circumfused with endosteum (CSEA, mm2)
were measured as bone envelope for quantitative comparisons (Figs. , ).
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Figure 2. a pQCT scanning at the base of femoral neck in rat. Line a: the region at the base of
the femoral neck. Line b: the axis of the femoral neck. b Representative cross-sectional image

Figure 3. Representative cross-sectional image analyzed by pQCT. The contour of the perios-
teum and endosteum are both defined automatically using the built-in software program
Probability Arithmetic around hand-drawn contour. Then, cortical bone (circumfused by
outer periosteum and inner endosteum) is separated from trabecula bone (circumfused by
outer endosteum). Cross-sectional moment of inertia (CSMI, mm4) of cortical bone is cal-
culated to quantify bone geometry. Cross-sectional area (CSA) circumfused with periosteum
(CSPA,mm2) and circumfusedwith endosteum (CSEA,mm2) are calculated as bone-envelope
parameters

Micro-CT One left femur from each group of animals was scanned with micro-CT
(μCT, Scanco Medical, Bassersdorf, Switzerland). The femoral neck was aligned
perpendicular to scanning axis and the total scanning length of 7.9mm at a resolu-
tion of 12mm per voxel. The selection of representative samples was based on the
median value of tBMD from respective groups (Qin et al. a,b). Segmentation
parameters for bone from background were fixed (Sigma = 1.2, Support = 2, and
Threshold = 214). The trabecular bone within the greater trochanter was extracted
with semi-automatically drawn contour at each D layer. The volume of interest in-
side the greater trochanter region was located where femoral neck just met greater
trochanter and the  continuous CT layers above were chosen for data acquisition.
The D reconstructed images were used directly to evaluate the microarchitecture
parameters (Fig. ; Qin et al. b; Siu et al. ).

Statistical Analysis
Statistical comparisons between vehicle-treated SHAM group and vehicle-treated
OVX group were made with a two-tailed t-test.The data for all four OVX subgroups
was analyzed using a two-factorial ANOVA with body weight as a covariant vari-
able for eliminating its influence on the measurement results, where the two treat-
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Figure 4.Three-dimensional reconstruction of proximal-rate femur by micro-CT. Reference
layerAwas locatedwhere femoral neck justmeets the greater trochanter and the  continuous
layers above. The region between layer A and layer C is chosen for data acquisition

ment factors were EPF (presence or absence) and CS (presence or absence). In this
way, it was determined whether the two different treatments mutually influence each
other in a synergetic interactive way (i.e., not a simply additive way). Furthermore,
a stepwise multiple regression analysis was used to assess the suitability of both the
densitometry parameters (iBMD and tBMD) and geometric parameter (CSMI) for
the prediction of the bone strength at structural level (failure force). Statistical signif-
icance was set at p < 0.05.The results were presented as mean� SD and all statistical
analyses were performed using SPSS . (Chicago, Ill.).

Results

BodyWeight and UterineWeight
TheOVX group showed significantly 15% higher body weight but 80% lower uterine
weight than the SHAM group (body weight: 497 � 19.53 vs 572 � 22.49g; uterine
weight: 1100 � 43.20 vs 220 � 8.65mg; p < 0.05 for both). Body weight and uterine
weight were influenced by neither EPF (564 � 20.34g for body weight and 222 �
8.12mg for uterine weight) nor CS (573� 22.04g for body weight and 226� 8.70mg
for uterine weight), when compared with the OVX group (p � 0.05 for both). No
interaction effect was found between EPF andCS on either body weight (560�22.46g
for EPF+CS group) or uterine weight (228� 9.16mg for EPF+CS group; p � 0.05 for
both).

Mechanical Testing
TheOVXgroup had 17% lower failure force than the SHAMgroup (83.57�11.26N vs
69.56�10.74N; p < 0.05). Comparedwith theOVXgroup, failure forcewas increased
22% by EPF treatment (84.89 � 8.04N) and 12% by CS treatment (78.00 � 15.54N;
p < 0.05 for EPF and p � 0.05 for CS). The EPF+CS group produced an increase in
failure force of only 24% (86.16 � 20.27N), which did not show interaction between
EPF and CS (p � 0.05).

pQCT Evaluation
vBMDandGeometry TheOVXgroup showed , , and 33% significantly lower iBMD,
tBMD, and CSMI, respectively, than that of the SHAM group (iBMD: 1.21 � 0.07 vs
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Figure 5a–e.Representative sample from each group: D architecture of trabecula bone within
greater trochanter region. aCalcium supplement (CS). b Epimedium-derived phytoestrogenic
fraction (EPF). c EPF+CS. d Ovariectomized group. e SHAM group

0.91 � 0.08g�cm3; tBMD: 1.20 � 0.07 vs 0.89 � 0.07g�cm3; CSMI: 21.54 � 2.38 vs
14.43 � 3.97mm4; p < 0.05 for all). All three parameters were significantly higher in
the EPF group (1.20�0.04g�cm3 for iBMD, 1.19�0.12g�cm3 for tBMD, and 19.29�
1.50mm4 for CSMI) and CS group (1.10 � 0.08g�cm3 for iBMD, 1.09 � 0.09g�cm3

for tBMD, and 18.57 � 1.21mm4 for CSMI) than those in the OVX group (p < 0.05
for all); however, no interaction was observed between EPF and CS (p � 0.05) (1.21�
0.08g�cm3 for iBMD, 1.20 � 0.07g�cm3 for tBMD, and 20.71 � 2.12mm4 for CSMI
in the EPF+CS group; Fig. ).

Femoral Neck Envelope The OVX group showed 101% higher CSEA than that of the
SHAMgroup (2.43�2.38 vs 4.90�0.10mm2; p < 0.05).TheCSPAwas slightly higher
in the OVX group than that in the SHAM group (15.90 � 1.30 vs 16.05 � 1.19mm2;
p � 0.05). Comparedwith theOVXgroup, the EPF group showed significantly higher
CSPA (17.33�0.88mm2; p < 0.05), whereas the CS group showed no change inCSPA
(15.89 � 1.17mm2; p � 0.05). There was no interaction effect on CSPA between PF
and CS (p � 0.05; 17.16 � 0.87mm2 for the EPF+CS group). For CSEA, the EPF
treatment (4.15� 0.69mm2) showed a decrease of 15% and the CS treatment (4.44�
0.10mm2) showed a decrease of 9% (p < 0.05 for both). The EPF+CS group (2.92 �
0.54mm2) produced a further decrease of 40%, which was found to be a synergetic
interaction effect on CSEA between EPF and CS (p < 0.05; Fig. D,E).

Micro-CT Evaluation
The representative samples showed that the vehicle-treated OVX rat had lower value
in bone volume / tissue volume(BV/TV), connect density (Conn.D), trabecula num-
ber (Tb.N), and trabecula thickness (Tb.Th), and higher value in structure model
index (SMI) and trabecula space (Tb.Sp), when compared with the vehicle-treated
SHAM rat. Compared with the vehicle-treated OVX rat, the EPF treatment and
EPF+CS treatment reversed the above-mentioned findings to the same degree.
Interestingly, Tb.Th in the FE rat was highest among all the representative samples,
which also exceeded that in the SHAM rat (Fig. ).
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Figure 6a–e. iBMD (a),
tBMD (b), CSPA (c),
CSEA (d), and CSMI
(e) in respective group.
Ovariectomized rats
orally received vehicle
(OVX), epimedium-
derived phytoestrogenic
fraction (EPF), element
calcium from calcium
citrate (Ca) and combi-
nation of the EPF and
CA. Statistical com-
parisons between the
vehicle-treated SHAM
and OVX groups were
made with a two-sided
t-test. The prevention
effect of EPF and CA as
well as their interaction
in ovariectomized rats
were analyzed by two-
way factorial ANOVA.
Each bar represents the
mean � SD of nine rats
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Regression Analysis
Failure force was best predicted by a stepwise regression model including a combi-
nation of tBMD and CSMI (adjusted R2 = 0.56, p < 0.05, standardized coefficient
for tBMD = 0.58, p < 0.05, standardized coefficient for CSMI = 0.51; p < 0.05).

Discussion

Thispreclinical study used both conventional destructive and advanced non-destruc-
tive techniques for evaluation of potential beneficial effects of EPF from herbal
Epimedium in prevention of OVX-induced osteoporosis. Factorial design was used
for analyzing potential synergetic interaction between EPF and CS.

In the present study, pQCT was used to measure femoral neck vBMD, geometric
distribution, and bone envelope. A lower value in iBMD, tBMD, andCSMIwas found
in the OVX group when compared with the SHAM group, suggesting that reduced
bone mass and deteriorated geometry were determinant factors of bone strength in
the osteoporotic model, whereas EPF showed its prevention efficacy, which was evi-
denced by higher value in iBMD, tBMD, and CSMI in the EPF group compared with
the OVX group.

A slightly higher value in CSTA was found in the OVX group when compared
with the SHAM group, suggesting OVX-induced moderate modeling-dependent
bone formation at periosteum aimed at maintaining bone strength for compensation
of bone loss (Akhter et al. ; Bagi et al. ; Erben et al. ). Furthermore, EPF
showed its anabolic effect on periosteum during estrogen deficiency, as evidenced by
a larger CSPA when compared with the OVX group. For CSEA, a larger value was
shown in the OVX group when compared with the SHAM group, suggesting OVX-
induced endosteum bone resorption (Erben et al. ). In contrast, EPF demon-
strated its inhibition effect on endosteum bone resorption, as evidenced by a smaller
CSEAwhen compared with the OVX group; however, the limitation of this study was
a cross-sectional one, and in vivo monitoring design would be more appreciated for
future studies if the potential technical difficulty in repositioning consistency could
be achieved with good repeatability. The current in vivo longitudinal studies, either
using pQCT or micro-CT, was aimed mainly at anatomically easily assessable proxi-
mal tibia (David et al. ).

Micro-CT evaluation suggested that D architecture of trabecular bonewasmain-
tained in the EPF sample compared with the vehicle-treated OVX sample. The Tb.Th
in the PF rat was even 22% higher than that in the SHAM rat, which was consistent
with our previous study (Qin et al. a). As -month-old female Wistar rats al-
ready reached mature statues (Alekel et al. ; Qin et al. a), the increase in the
Tb.Th in response to EPF observed in the present study could not be explained by
its anti-resorptive activity through filling remodeling space (Weinhold et al. ).
Instead, this effect may be only viewed as bone resorption exceeded by bone forma-
tion, i.e., the anabolic effect of EPF on trabecular bone. Further systemic histomor-
phometric evaluations are needed to substantiate this potential underlying mecha-
nism.
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In the present study, EPF treatment, but not CS alone, was able to prevent the
deterioration of bone mechanical property as evaluated by compression test. No
interaction was found between EPF and CS, i.e., supplemental calcium did not fur-
ther enhance the prevention effect of EPF on OVX-induced reduction in hip failure
force.This was also consistent with findings of above non-destructive pQCT indices,
suggesting that EPF administration exerted its prevention effect onOVX-induced os-
teoporosis and was independent of an enhancement in intestinal calcium absorption.
In fact, our recent evaluations on bone turnover and calcium metabolism markers
also suggested that the preventive effects of EPF were not associated with the en-
hanced intestinal calcium absorption (Zhang et al. ).

In vitro studies substantiated our in vivo findings which showed phytoestrogenic
Icariin, Genistein, and Daidzein were able to stimulate osteogenesis in osteoblast
and/or osteoprogenitor cells, and to inhibit bone resorption via direct targeting of
osteoclast progenitors through estrogen receptor pathways (Meng et al. ; Rickard
et al. ; Setchell et al. ). On the other hand, it has also been reported that es-
trogen receptor-beta pathway was linked to endosteal resorption and periosteal ap-
position of new bone, whereas estrogen receptor alfa pathway could be linked to the
preservative effects on trabecular surfaces (Ke et al. ;McCauley et al. ; Sims
et al. ; Windahl et al. ). Furthermore, estrogen receptor beta (ERβ) signal-
ing pathway has just been linked to prevention of breast cancer development (Park et
al. ). Due to diversities of EPF compounds (Icariin, Genistein, and Daidzein) in
chemical structure, metabolism and affinity for estrogen receptor (Setchell ; Ye
et al. ), EPF might be involved in a direct action on bone cells through multiple
estrogen receptor subtype pathways, and even exert its envelope-specific structural
modification with reproductive tissue safety via a novel mechanism involved in se-
lective ER-subtype signaling pathway.

In addition, the present study of regression analysis revealed a combined con-
tribution of non-destructive indices measured by pQCT to destructive failure force,
suggesting the predictive power of the non-destructive indices for the destructive
end-point in vivo monitoring in future studies.

Conclusion

Calcium supplementation combined with EPF acts not in a synergistic way, but an
additive way. The present preclinical study showed that EPF, via an implied direct
action on bone cells, was able to inhibit bone resorption at endosteum/trabecula,
stimulated bone formation at periosteum/trabeculae, and accordingly prevented os-
teoporosis without hyperplastic effect on uterus in the OVX rat model.

Clinical Trials

Study Objectives

The present study showed that EPF was able to prevent OVX-induced osteoporosis
in rat femoral neck through a unique mechanism associated with both promotion of
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periosteal apposition and inhibition of endocortical resorption, which was without
hyperplastic effect on reproductive tissues; thus, this small clinical trial, i.e., a single-
center, randomized, double-blind, placebo-controlled clinical trial, aimed to confirm
above effects and associated underlying mechanism of EPF on both promotion of pe-
riosteal apposition and inhibition of endocortical resorption for improving mechan-
ically structural geometry in postmenopausal women with osteopenic femoral neck
using a dual-energy X-ray absorptiometry (DXA)-derived hip structure analysis. The
safety issue of EPF administration was also documented for reproductive tissue.

Patients andMethods

Subjects
Two-hundred twelve postmenopausal Chinese women from “Women Healthcare
Education Club of Bone and Joint” in Shanghai were screened for eligibility. Sub-
jects were included for this study if they were postmenopausal for 8 � 12 years with
osteopenic femoral neck, i.e., with a T-score of areal BMD (aBMD) between −1SD
and −2SD (aBMD between 0.7732 � 0.8762g�cm2) measured using DXA (DPX-L,
Lunar Corp, Madison, Wis.; Wang ). Subjects were excluded if they had bone
and related metabolic diseases, drug treatment known to affect bone metabolism in
the past  months, and fracture history.

Treatment
Finally,  subjects were eligible and randomized into EPF group ( EPF capsules
daily; n = 43) and Placebo group (matching placebo capsules daily; n = 42). All
of them received 300mg element calcium daily. The investigation was double-blind.
The EPF capsule (30mg flavonoids preparation containing 15,000μg Icariin, 750μg
Genistein, 3750μg Daidzein, and 10,500μg vehicle) and placebo capsule were both
prepared by Tong Ji Tang Pharmaceutical Co. (Gui Zhou, China). The supplemental
element calcium in form of citrate was from Mission Pharmacal Company (Texas).
Body weight of each subject was recorded at baseline for covariant analysis (Bingham
). The intervention lasted  months.

Hip Structure Analysis
Structural properties of the right femoral neck were measured by Lunar DXA based
on established “Hip Structure Analysis” (HSA) at baseline, , and months (Fig. ).
Periosteal diameter of femoral neck (W , an envelopemeasure of periosteum) was ob-
tained by dividing femoral neck projection area by the constant height of the scanned
region (K = 1.5cm) (Filardi et al. ). Cross-sectional area (CSA) of femoral neck
(a measure of axial compression strength) was computed as:

CSA = BMD ċW
ρm

where Pm is the density of bonemineral in fullymineralized bone tissue (1.05g�cm3),
BMD is aBMD, andW is the periosteumdiameter.The assumption that a fullyminer-
alized bone tissue has a mineral density of 1.05g�cm3 (Martin et al. ). Estimated
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Figure7.Dual X-ray absorptiometry hip image used for hip
structure analysis

endosteum diameter of femoral neck (ED, an envelope measure of endosteum) was
computed as:

ED = 2

��W
2
�2 − fc

CSA
π

where fc = 0.6 is the assumed proportion of cortical mass in the femoral neck (Bohr
and Schaadt ; Kuiper et al. ; Bell et al. ). Cortical thickness (CT) and
Buckling ratio of femoral neck (BR, a measure of stability for tubular cortices struc-
ture) was computed as (Duan et al. ; Filardi et al. ):

CT = W − ED
2

BR = W�2
CT

Section modulus of cortical bone of femoral neck (Z, a measure of bending strength)
was computed as (Duan et al. ; Filardi et al. ):

p = 1 − ����� (1 − fc)CSA
π � ED

2 2
!""""# CSMI = π

4
$�W

2
�4 − p�ED

2
�4% Z = CSMI

W�2
where p is the trabecular porosity.

Converted Calculation of Hip Volumetric BMD
Periosteal diameter of femoral neck (W , an envelope measure of periosteum) and
the constant height of the scanned region (K = 1.5cm) was used to estimate volume
of femoral neck. Bone mineral content (BMC) is a direct measure from DXA, and
volumetric BMD (vBMD) was then converted according to Center’s formula (Center
et al. ) as:

vBMD = BMC�(π(W�2)2 k)
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Physical Examination for Reproductive Tissue Safety
At baseline and end point, endometrial thickness of each subject was measured by
a same specialist using transvaginal ultrasound (Aloka Echo Camera, model SSD-
; Aloka Co., Tokyo, Japan). Abnormal uterine case was defined as subject with
uterine endometrial thickness � 5mm. At baseline and end point, breast palpating
lump was performed by a same specialist. Abnormal breast case was defined as sub-
ject with either new lump or advanced lump.

Sample Size
Sample size (n) in each group was computed as (Qin et al. b):

. n = 2[(u(+u()s�δ]2
. S = CV(%) � baseline
. δ = Difference(%) � baseline

Accordingly, a sample of n = 41 in each group gave 1− β = 80% power (β = 20%,
uβ = 0.84) to detect a 1.8% difference from baseline with respect to the change in
DXA-derived periosteal envelope W over  months, assuming a CV of 3.3% forW
(Khoo et al. ) and setting α at 0.1 (uα = 1.64).

Statistics
The DXA-derived data were expressed as mean � SD, and then percentage changes
were calculated as -month data or -month data minus baseline data. A repeated-
measures analysis of variance was used to discern changes between groups at follow-
up using both baseline DXA measurements and baseline body weight as covariate
(Vickers et al. ; Nissen et al. ). Abnormal incidence (reproductive tissue
safety data) in each group for either breast or uterine was documented. Fisher’s exact
probability test was performed on abnormal incidence for comparing between-group
difference. All tests for significance were two-sided and p < 0.01 for DXA-derived
data and p < 0.05 for safety data was considered statistically significant, respectively.
All statistical analysis was conducted with software package SPSS 10.0 for Windows
(SPSS Inc., Chicago, Ill.).

Results
Baseline Characteristics and Compliance No anthropometrical and nutritional variations
were found between EPF group and Placebo group (p � 0.1).Three women dropped
out in both groups due to reasons other than treatment.

Hip Structural Analysis The changes from baseline are shown in Fig. . For bone enve-
lope parameters, a significant increase from baseline in W was found in EPF group
(1.11%, vs baseline, p < 0.1), whereas a moderate increase from baseline was found
in placebo group (0.85%, vs baseline; p � 0.1). The ED increased significantly from
baseline in placebo group (1.3%, vs baseline; p < 0.1), whereas that changed non-
significantly from baseline in EPF group (0.3%, vs baseline; p � 0.1). No signifi-
cant difference was found in all bone envelope parameters at end point of  months
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(0.6% difference for W and −0.6% for ED, PF vs Placebo, p � 0.1, respectively),
and repeated-measures analysis demonstrated that a significant interaction between
“Time” and “Group” was not forW (p � 0.1) but for ED (p < 0.1).

For bone geometry, a significant increase from baseline in CSA, Z, and CT was
found in EPF group (2.4% forCSA, 7.2% for Z, and 7.74% forCT, vs baseline, p < 0.1,
respectively), whereas no significant change from baseline in them was found in
Placebo group (−1.2% for CSA, −1.4% for Z, and −5.2% for CT, vs baseline, p � 0.1,
respectively). The BR decreased significantly from baseline in EPF group (−6.14%,
vs baseline, p < 0.1), whereas that increased significantly from baseline in Placebo
group (6.4%, vs baseline, p < 0.1). At end point of months, a significant difference
in all geometric parameters was shown between EPF group and Placebo group (4.1%
difference for CSA, 9.7% difference for Z, −12.1% difference for BR, and 14.3% dif-
ference for CT, PF vs Placebo, p < 0.1, respectively), and repeated-measures analysis
demonstrated that a significant interaction between “Time” and “Group” was found
for all geometric parameters (p < 0.1; Fig. ).

BMDAnalysis Repeated-measures statistical model showed that there was a significant
difference in BMD changes between two groups over time (p < 0.1). Slightly in-
creased aBMD or converted vBMD was found in EPF group as compared with their
baseline (1.6% for aBMDand 0.3% for vBMD, p � 0.1 for both), whereas a significant
decrease in either aBMD or vBMD was found in Placebo group (−1.9% for aBMD
and−2.6% for vBMD, vs baseline, p < 0.1, respectively). As comparisonwasmade for
the BMD at the end of the study (months), EPF group showed 3.5% higher aBMD
and 2.6% higher vBMD than that Placebo group (p < 0.1, respectively; Fig. ).

Reproductive Tissue Safety At the end point of  months, two abnormal breast cases
were found in EPF group, and four were found in Placebo group. For uterine, three
abnormal cases were found in EPF Group, and two were found in Placebo group.
There were, however, no significant differences between the two groups (p � 0.05 for
both).

Discussion

The present clinical trial confirmed the findings obtained from experimental study
that a -month intervention of EPF, a herb Epimedium-derived phytoestrogenic

�

Figure 8.Changes from baseline up to  months after treatment. Parameters are compared be-
tween epimedium-derived phytoestrogenic fraction group and placebo group, which are de-
rived from bonedensitometry analysis and hip-structureanalysis. Repeated-measures analysis
of variance showed significant interaction (p < 0.1) between time and group (different pat-
tern of effects over time between two groups) for aBMD, vBMD, estimated endosteum diam-
eter (ED), cross-sectional area (CSA), section modulus (Z), buckling ratio (BR), and cortical
thickness (CT), except for periosteal diameter of femoral neck (W)
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fraction, was able to prevent postmenopausal bone loss at osteopenic femoral neck,
without resulting in side effects in reproductive tissues or organs. The findings in this
controlled clinical trial supported our hypothesis that EPFwas able to exert beneficial
effects on both promotion of periosteal apposition and inhibition of endocortical re-
sorption, which implied potentially improved mechanical and structural properties.

Hip Structure Analysis-BasedMethod
This clinical trial adopted hip structure analysis (HAS)-based method for evaluation
of DXAmeasurement results. The approach provided amore insight into pharmaco-
logical treatment efficacy, i.e., information on hip envelope/geometry/densitometry
could be obtained when the same data are expressed as aBMD.

Envelope analysis showed that EPF could promote periosteal apposition, which
was evidenced by a significantly increased W from baseline in EPF group. On the
other hand, EPF was also able to attenuate endocortical bone resorption, which was
evidenced by a significantly increased ED found in Placebo group but not in EPF
group, suggesting that EPF could exert dual envelop-specific effect, i.e., beneficial
effect on both promotion of periosteal apposition and inhibition of endocortical re-
sorption. This was similar to what we found in the above-mentioned animal study.

It is known that structural geometry, which is modified by the above-mentioned
envelope-specific biological process, plays an important role in determining me-
chanical strength. For osteopenic femoral neck, CSA, Z, and BR are the three com-
monly used HSA-derived geometric parameters involved in biomechanical proper-
ties. Those three parameters have been reported to be able to reflect resistance to
axial compressive for CSA, bending loads for Z, and susceptibility due to local buck-
ling by increased ratio of W to CT for BR (Uusi-Rasi et al. ; Young et al. ),
respectively.

For geometry analysis, EPF administration could increase both CSA and Z, sug-
gesting improved resistance to both axial compressive and bending load associated
with fall configuration. This was also supported by the regression analysis mentioned
in our above-mentioned animal experiment. Our above finding was also supported
by a recent large population clinical investigation in both sexes, which showed that
less age-related periosteal than endocortical widening produced cortical thinning,
increasing the risk for structural failure by local buckling of the enlarged thin-walled
femoral neck (Duan et al. ). In our clinical trial, significantly increased BR from
baseline was found in Placebo group, which could be explained by prominent endo-
cortical resorption and moderate periosteal apposition, i.e., thinning cortices (from
0.154 to 0.146cm) and inadequate periosteal expansion (from 2.941 to 2.966cm). On
the contrary, EPF was able to maintain and even improve structural stability, which
was evidenced by significantly reduced BR as well as significantly increased cortical
thickness frombaseline.These findings indicated the potential role of EPF in promo-
tion of periosteal apposition and inhibition of bone resorption.

Limitations of the Efficacy Study
As compared with animal experimental study shown above, our clinical trial may
have a few limitations. Firstly, instead of a true D bone measurement, e.g., pQCT
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used for above-mentioned animal study, D DXA was used clinically for evaluation
of both BMD and bone structural variables. The projection-area-based HSAmethod
was involved in crude estimation using linear assumption in image plane. For HSA-
derived Z (section modulus), it only evaluates bending in one direction, and no one
can determine whether EPF would enhance bending stiffness in the other direction
(Beck et al. ). For HSA-derived BR, linear assumptions of both cross-sectional
shape and the relative fraction of the bone mass in the cortex were used for predi-
gestion of non-linear buckling; thus, EPF effects that might disproportionately influ-
ence cortical or trabecular bone would not be generally evaluated by this estimation
method, and detailed engineering analysis would require more information about
the cross section than can be extracted from a single-projection DXA scan (Schafer
et al. ).

Secondly, the sample size was small, although acceptable. The statistical signif-
icance level was just marginally significant in few cases (p < 0.05), but was more
significant in most cases (p between 0.05 and 0.1). The precision error of measure-
ment methodology is one of the major issues which is directly associated with the
sample size required. The precision error of DXA was between  and 2% for BMD
measurement, whereas it was approximately 3.3% for geometrical evaluations (Goh
et al. ; Khoo et al. ). In our clinical trial, a significant 1.1% increase in W
(P = 0.098) was found in EPF group (n = 40) as compared with its baseline. In order
to achieve statistical significance level at p < 0.05, a sample size of at least n = 140
would be required (u0.05 = 1.96, u0.8 = 0.84, CV = 3.3%).

Long-Term Safety
In our -month clinical trial, as compared with placebo controls, EPF treatment was
not found to be associated with any notable and detectable adverse effects on repro-
ductive tissues or organs, including both breast and uterus. This was also supported
by our above-mentioned animal study and previous small-scale clinical trial (Qin et
al. a). Both preclinical and clinical findings suggested a long-term compliance
with EPF administration in postmenopausal women.

Conclusion

The data obtained in our clinical trial support our hypothesis that EPF was able
to exert beneficial effects on promotion of periosteal apposition and inhibition of
endocortical resorption, which suggested pharmaceutical effects of EPF on anti-
postmenopausal osteoporosis andmaintenance of hip BMDand geometry.Thepreser-
vation of bone quality under EPF implies mechanical integrity of the hip in post-
menopausal women with osteopenic femoral neck. In addition, similar to the animal
study described previously, the -month administration of EPF was safe for the re-
productive tissues or organs. In the future, dose-dependent clinical design should
also be performed for confirmation of its efficacy and safety.
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Abstract

Osteoporosis is a devastating public health problem as it affects hundreds of millions
of people worldwide. While oestrogen-replacement therapy or anti-bone resorptive
drugs are able to prevent postmenopausal bone loss, they may have certain side ef-
fects. Physical activity is an alternative approach. Among different types of physical
activity, tai chi chuan (TCC) is a low tomoderately intense exercise that is particularly
suitable for elderly. The TCC emphasizes steady rhythm, balance, shifting of body
weight, muscle relaxation, breathing control, and mind concentration. This chapter
reviews the benefits of TCC in retarding bone loss and improving neuromuscular
coordination that had been demonstrated in our previous studies and others. The
application of bone densitometry techniques for monitoring changes in bone min-
eral density of elderly practicing TCC is also discussed. The use of pQCT, which has
lower in vivo precision error and supports separate analysis of cortical and trabecular
bone, allows more accurate and earlier detection of bone mineral changes after TCC
exercise.

Epidemiology and Consequence of Osteoporosis and Osteoporotic Fractures

Osteoporosis is a major public health problem, accounting for the association be-
tween poor bone quality and fractures. In women, bone loss begins after thirties. The
rate of decrease in bone mineral density (BMD) accelerates to its peak level in the
first decade after the onset of menopause (Kato et al. ).The rate of bone loss can
be as high as  and –2% per year in vertebral bone (Genant et al. ; Johnston et al.
; Tremollieres et al. ) and non-vertebral bone (Riis and Christiansen ),
respectively, with the decline of circulating sex hormone. It is the deterioration of
bone quality coupled with a geriatric fall that results in osteoporotic fracture which
makes osteoporosis such a devastating problem for the elderly. The morbidity and
mortality that accompany osteoporotic fractures are high. In a study in France, 21%
of a group of hip fracture patients died within  months of their fracture (Baudoin
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et al. ). Another study in the U.S. showed that 40% of patients were still unable
to walk independently and 60% had difficulty with at least one essential activity of
daily living  year after hip fracture (U.S. Department of Commerce ). After fall
or fracture, the elderly become fearful and reluctant to engage in physical activity, re-
sulting in social isolation, depression, and poor quality of life (Borgquist et al. ;
Calder et al. ; Hall et al. ; Randell et al. ).

Treatment Strategies

Theoptimal strategies for the prevention of osteoporotic fractures includemaximiza-
tion and maintenance of bone mass as well as minimization of trauma. Physical ac-
tivity, apart from diet and hormonal changes, is a key determinant of peak BMD.
There is also evidence that physical activity during childhood and adolescence mod-
ulates the external geometry and architecture of trabecular bone thereby potentially
promoting skeletal growth, whereas physical activity during adult life reduces age-
related bone loss (Henderson et al. ). A –8% increase in peak BMD, if main-
tained throughout the adult years, can be translated into a 1.5-fold reduction in frac-
ture risk (Henderson et al. ). It is obvious that the appropriate form of exercises
for health and increase or maintenance of BMD varies at different stages of life. Vig-
orous physical activities, such as weight-bearing, resistance and impact exercises, are
good for children and young adults who need to maximize their peak BMD; how-
ever, these activities may not be suitable for an aged individual who has developed
problems of joint degeneration (Henderson et al. ; Li GP et al. ; Wolf et al.
). Activity modification to limit the impact component of exercise thus becomes
necessary. In the older population, activity that is safe can increase/maintain bone
mass and improve balance, and thus reduce the risk of falls and fractures. The TCC
is a cost-effective exercise that meets these objectives.

Benefits of Tai Chi Chuan

Tai chi chuan is a low to moderately intense exercise that emphasizes steady rhythm,
mind concentration, balance, shifting of body weight, muscle relaxation and breath-
ing control (Fig. ). Numerous studies have reported the therapeutic benefits of TCC

Figure 1. Postmenopausal women practic-
ingYang-style tai chi chuan exercise, a low
to moderately intense exercise that em-
phasizes steady rhythm, mind concen-
tration, balance, shifting of body weight,
muscle relaxation and breathing control
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practice with regard to improving quality of life, physical function including activ-
ity tolerance and cardiovascular function, pain management, balance, immune re-
sponse, flexibility, strength, and kinesthetic sense (Hong et al. ; Li JX et al. ;
Li GP et al. ; Plummer ). This chapter focuses on the benefits of TCC for
the prevention of osteoporosis and osteoporotic fractures as well as the application
of imaging techniques for the monitoring of BMD and fracture risk of individuals
practicing TCC.

Retardation of Bone Loss

Thebeneficial effects of exercise largely come from studies onhigh impact or strength-
ening exercises.The highest BMD values were found in power-trained exercises such
as jumping and weight lifting, but not in endurance activities such as swimming or
long-distance running (Bass et al. ; Block and Smith ; Frost ). Results
regarding the beneficial effects of low impact exercises on bone have been inconsis-
tent (Hatori et al. ; Henderson et al. ; Kano et al.; Uusi-Rasi et al. ).
Our data demonstrate that low-impact exercise, such as TCC, also carries the benefi-
cial effects of attenuation of bone loss. In our previous study comparing the BMD of
postmenopausal women who habitually practiced TCC with another group of age-
and sex-matched healthy, sedentary controls, women who regularly practiced TCC
showed higher BMD (overall 3.4–7.2%) at the weight-bearing skeletal sites (Qin et al.
). Similar results were obtained in another case-control study (Qin et al. ).
In that study, postmenopausal women who had participated in TCC exercise reg-
ularly for an average of more than  years had a –15% higher areal BMD in the
spine and proximal femur and 14% higher volumetric BMD in the distal tibia when
compared with the inactive controls. The changes of trabecular BMD (tBMD) of ul-
tradistal tibia (−1.10 � 1.26 vs −2.18 � 1.60%) and the cortical BMD (cBMD) of the
distal tibial diaphysis (−0.90� 1.36 vs −1.86� 0.93%) were significantly lower in the

Figure 2. Areal BMD measured at both spine and hip using dual-energy X-ray densitometry
(DXA; Norland XR-)



508 Pauline Po-Yee Lui et al.

TCC group compared with the control group (Qin et al. ). Regular practice of
TCC exercise was thus associated with slower rate of bone loss.

To further prove the osteogenic nature of TCC exercise, we also conducted a -
year prospective controlled study investigating the health benefits of TCC on the rate
of bone loss and functions of postmenopausal women. Subjects in the TCC group
were assigned to perform TCC for  min per day,  days per week for  year (Fig. ),
whereas the control subjects kept their sedentary lifestyle without participating in
active physical exercises. Both dual-energy X-ray absorptiometry (DXA; Fig. ) and
multi-layer peripheral quantitative computed tomography (pQCT; Fig. ) were used
for monitoring changes in BMD. Our results showed that while there was a gener-
alized bone loss in both control and TCC group, the rate of bone loss at spine and
femoral neck was slower in TCC group than that of the control group, yet without
reaching statistical significance (Fig. ). The pQCT measurements showed that the
rate of bone loss in ultradistal tibia tBMD (−0.53 vs −1.46%) and distal tibial dia-
physis cBMD (−0.39 vs −1.40%) were lower in the TCC group compared with that
in the control group. The difference between the two groups after  months were
significant at both regions (ultradistal tibia tBMD: p = 0.005; distal tibial diaphysis
cBMD: p < 0.001).What was more interesting was that reduced rate of bone loss was

Figure 3a,b.Volumetric BMDmeasurement using a highly precise andmulti-slice pQCT (Den-
siscan ). Standard  tomographs are used to obtain volumetric from distal radius (a) and
distal tibia (b), including a scout view for setting a reference line. The first distal tomogram
is scanned at a distance from the end plate (7mm for radius and 20mm for Tibia). Ten to-
mographs in ultradistal distal tibia are used for obtaining trabecular volumetric in a core vol-
ume and the integral cortical and trabecular volumetric of the total volume. Six tomograms in
the distal tibial diaphysis are scanned /63mm (radius/tibia) proximally (towards the meta-
physis) to the tenth tomogramof the distal ones formeasuring cortical volumetric.The interval
between the individual tomograms is 1.5mm, with a thickness of 1mm
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Figure 4.The annual changes (%) of BMD at different anatomical sites measured by pQCT and
DXA in control (CON) and tai chi chuan (TCC) groups (data are mean�SE) as measured by
both DXA (spine and hip) and pQCT (distal radius and tibia). No. of subjects in CON = 86;
no. of subjects in TCC = 85

also observed in non-weight-bearing regions such as ultradistal-radius iBMD (−2.15
vs −3.41%), and the difference in BMD after  months was significant (p = 0.047;
Fig. ). The rate of tBMD loss in ultradistal radius (−2.50 vs −3.25%) and cBMD
loss in distal radius diaphysis (−1.67 vs −2.84%) were also lower in the TCC group
compared with that in the control group, although the BMD at  months was not
significant (Fig. ).

The foregoing data show that TCC might have a systematic effect on bone. The
factors leading to the systematic retardation of bone loss are not known; however,
previous study has shown that the plasma-ionized calcium and (OH)D levels de-
creased, but not bone turnover markers, immediately after strenuous exercise in
elderly (Maïmoun et al. ). Another study on rats also reported that treadmill
exercise transiently decreased the serum calcium level as a result of accumulation of
calcium in bone, resulting in an increase in serum ,-dihydroxyvitamin D() level
and a decrease in serum parathyroid hormone level (Iwamoto et al. ). Bouassida
et al. () also reported that the serum parathyroid hormone of young adults in-
creased during exercise and remained high after  h of recovery; however, another
study showed no difference in serum levels of parathyroid hormone and calcitriol
after exercise (Zittermann et al. ). This might be related to the duration and in-
tensity of exercise (Maïmoun et al. ).We did not measure the levels of hormones
and bone turnover markers in our previous studies on the effect of TCC. Future study
should include this as outcomes of the study. Muscle strengthening by TCC might
also be responsible for the maintenance of BMD in radius (Pfeifer et al. ), which
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was evidenced in our recent report on significantly improved hand-grip strength in
TCC group (Chan et al. ).

As a low-impact exercise, TCC may not be able to increase the BMD, which was
also demonstrated in our studies (Qin et al. , ; Chan et al. , ). It
might be explained by the insensitivity of cells in later life to mechanical stimulation
(Frost ). It has been reported that there was a reduction in estrogen receptor
alpha in postmenopausal women, and this would impair the response of bone to
mechanical strain (Lee and Lanyon et al. ; Tobias ); however, TCC exercise
could retard the rate of bone loss. While the outcome in terms of BMD may not be
as good as the case in high-impact exercise, TCC has the advantage of being safe and
is suitable for elderly (Li GP et al. ).

Imaging Techniques for Monitoring the Benefits of Exercises on Bone

All of the previous studies on the effects of exercise on BMD used single-photon ab-
sorptiometry (SPA), DXA, and more recently multi-slice pQCT for the assessment
and monitoring of BMD of individuals. The DXA gives D densitometric images,
whereas pQCT gives D information. TheBMDreported using DXAwas areal BMD,
which is based on bone mineral content in grams over the projected bone area (in
square centimeters); however, in the case of pQCT, it measures volumetric BMD (in
milligrams per cubic centimeter) based on the multi-slices of D image collected. In
addition, it provides separate information for the cortical and trabecular bones. To-
getherwith the lower precision error of pQCTas comparedwithDXA (0.3 vs 1%; Lau
et al. ; Qin et al. ), the use of pQCT for the assessment of the effect of exer-
cise is more sensitive and accurate.This allows earlier andmore accurate detection of
changes in BMD induced by exercise by monitoring the metabolically high-turnover
trabecular BMD.

In our studies on the efficacy of TCC in the maintenance of bone mass, we have
used both DXA and pQCT to follow the BMD of subjects longitudinally (Figs. , ).
Although both DXA and pQCT measurements revealed decelerated rates of bone
loss in the TCC group, pQCTwasmore sensitive and could detect the difference earl-
ier. On the other hand, DXAmeasurements showed inconsistent changes in BMD in
various regions (Fig. ; Chan et al. ; Qin et al. ). Longer duration of follow-
up is thus required for consistent and statistically significant difference if DXA is used
for monitoring the effects of exercise on BMD.

A recent development is the use of in vivo micro-CT (ExtremeCT) formeasuring
the bone mineral and bone microarchitecture of human. Details of this technology
are given in other chapters of this book.This technique has not been applied to study
the effect of exercise on elderly, but it is a powerful device that allows better moni-
toring of treatment effects and improves the assessment of fracture risk.

Tai chi chuan is more suitable than brisk walking as an exercise that can main-
tain the interest of elderly. In view of the benefits of exercise to health, it deserves
greater attention to develop ways to inspire people’s interest in exercising. To encour-
age people’s involvement in regular practice is an important and challenging task for
health care professionals. Our previous study comparing the benefits of TCC and
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brisk walking showed that subjects in the brisk-walking group have a higher dropout
rate, and we believe that it might be related to the uninteresting nature of brisk walk-
ing (Chan et al. ). Of our TCC subjects, 84% continued to practice TCC after the
-year prospective study, whereas less than 50% of subjects continued brisk walking.
In addition, our results showed that TCC exercise ( min/day,  days/week) was su-
perior to brisk walking in retarding bone loss and improving muscle strength. The
TCC thus might be a better exercise, compared with brisk walking, for elderly (Chan
et al. ).

Neuromuscular Function and Postural Control

Fall is common in elderly. About 30% of persons over  years of age sustain a fall
annually and 90% of osteoporotic fractures are the result of falls (Blake et al. ;
Lipsitz et al. ; Province et al. ). Improvement in postural control and pro-
prioception help to prevent osteoporotic fractures. There have been many reports
supporting that TCC could strengthen the muscles, especially those in the lower ex-
tremities (American College of SportsMedicine Position Stand ; Choi et al. ;
Fong and Ng ; Henderson et al. ; Hong et al. ; Kessenich ; Li et al.
; Li JX et al. ; Qin et al. ; Song et al. ;Wolf et al. ;Wolfson et al.
; Wu et al. ; Xu et al. , ). Results from our cross-sectional study
demonstrated that postmenopausal women regularly practicing TCC had signifi-
cantly greater quadriceps strength (20.2� 4.6 vs 14.1 � 4.6kgf−1) and longer single-
stance time (114.3 � 68.1 vs 68.1 � 75.5s) compared with the age- and sex-matched
physical inactive controls (Qin et al. ). The muscles of lower limbs responded
faster to unexpected ankle inversion perturbations in regular TCC practitioners, and
it was important for the timely correction of postural disturbances during fall (Xu
et al. ). Analysis of human biomechanics showed that the duration of each one-
leg stance was longer in TCC exercise, and the plantar pressure distribution during
the single-leg stance in TCC exercise was different from that during normal walking
(Mao et al. a).The research group further demonstrated that the short duration
of each step and the frequent change in direction in TCC could simulate the gait
challenges that might be encountered in daily activities (Mao et al. b).

As proprioception is significantly and positively associated with posture stability
of an individual, it is important to understand whether TCC had any effect on joint
proprioception. Fong and Ng () reported that TCC exercise could improve the
knee joint position sense of elderly. Moreover, the knee joint proprioceptive acuity
of these experienced elderly TCC practitioners was comparable to that of the young
controls, indicating that TCC could reverse the effects of aging on proprioception
(Tsang and Hui-Chan ). Results from our group also demonstrated that elderly
people who regularly practiced TCC not only showed better proprioception at the
ankle and knee joints than the sedentary controls, but also better ankle kinesthesis
than swimmers/runners (Xu et al. ).The TCC exercise thus has the advantage of
not only retarding bone loss, but also in decreasing the risks of fall. As compared with
high-impact exercise, low-weight-bearing TCC exercise has an additional advantage
of training the neuromuscular coordination of practitioners.
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Directions for Future Research on TCC for Prevention of Osteoporotic Fractures

Although there have been studies on the effect of TCC on bone mass, there are
no well-designed, controlled longitudinal studies that include fracture as the pri-
mary outcome. Our study recorded higher incidences of fractures in the control
group compared with that in the TCC group (Chan et al. ); however, it was not
a planned outcome of the study. Less fracture in the TCC group might be attributed
to skeletal, non-skeletal or environmental factors. Whether the increase in BMD by
TCC can be effectively translated into reduced osteoporotic fractures needs to be
proved. Future studies should focus on studying the intensity, frequency and dura-
tion of TCC on bone and neuromuscular control. There are different styles of TCC,
Chen (quick and slow large movements), Yang (slow, large movements; Fig. ), Wu
(mid-paced, compact) and Sun (quick, compact; Jou ). It would be important to
understand the health benefits of different styles of TCC to the maintenance of bone
mass and improvement of neuromuscular coordination. The results of both studies
can guide the precise prescription of TCC exercise for different individuals. In vivo
micro-CT (ExtremeCT) shall be used in the future as a sensitive and accurate evalu-
ation tool for monitoring the BMD, bone microarchitecture and for predicting bone
strength of individuals engaged in different exercise regimes.
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Abstract

Osteoporotic fracture is very common in aged population, with an average of –3%
increase per year in most areas of the world because of increase in aging population.
Fixation of osteoporotic fracture is difficult, often with implant loosening or backout.
Fixation enhancement with various biomaterials and implants is investigated before
clinical application. This chapter describes a study investigating the effect of an op-
timized injectable hydroxyapatite (HA) on enhancing screw fixation in osteoporotic
bones. By using radiography, pQCT and micro-CT, the development of osteoporosis
in ovariectomizedChinese goats was confirmed.Therewas an averaged 25%decrease
of bone mineral density in the goats after -month ovariectomy as well as a signifi-
cant reduction of trabecular thickness and connectivity. The established osteoporotic
goat model was then used for evaluating the efficacy of an optimized injectable HA
in screw fixation. With the application of micro-CT and histomorphometry, it was
confirmed that the injectable HA was distributed evenly along the screw threads and
new bone formation was detected on HA surface without fibrous tissues. The HA
increased the contact area between implants and trabecular bones, and hence the
holding power to screws. Mechanical test further confirmed the significant increase
of screw pull-out force by HA. This study demonstrated the application of multiple
non-invasive bioimaging technologies in biomaterial research.

Osteoporosis and Related Fracture

“Osteoporosis is a systemic skeletal disease characterized by low bone mass and mi-
croarchitectural deterioration of bone tissue, with a consequent increase in bone
fragility and susceptibility to fracture” (Anonymous ; WHO ), which read-
ily leads to fractures (WHO ). Osteoporosis is a known major risk factor of os-
teoporotic fractures, and of all fractures, hip fracture is particularly serious as it af-
fects mobility and causes severe pain. The frequency of hip fractures is increasing by
–3% per year in most areas of the world (Cummings and Melton ). In Asia it
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was reported that the numbers of hip fractures will increase from  million in 
to  million in  (Cummings and Melton ).There is also a report showing
 elderly suffering hip fractures in Hong Kong annually, which is the fourthmajor
cause of bed occupancy of about , bed days (Ho and Chan ). With longer
life expectance and increasing aging population, osteoporosis and related fractures
will become a major socio-medical challenge in societies all over the world.

Current Surgical Treatment and Problems

The authors’ hospital is a referral centre for treatment of osteoporosis and osteo-
porotic fractures. We treat over  osteoporotic fractures each year. Many of these
fractures need surgery for fixation. Implant loosening or backout is commonly ob-
served, e.g. �30% femoral neck fractures fixed with hip screws had backout and loss
of stable fixation. This is duemainly to the poor holding power of osteoporotic bones
with significant bone loss in terms of decrease in bone mineral density (BMD) and
deterioration in bonemicroarchitecture.Many of these cases needed revision surgery
and delayed patient rehabilitation. Using different biomaterials to enhance implant-
holding properties is therefore clinically indicated, including calcium phosphate
compounds, hydroxyapatite (HA) and polymethylmethacrylate (PMMA; Breusch
and Kuhn ; Larsson and Bauer ). Early clinical results of these materials
have shown reduced time to full weight-bearing (Larsson et al. ). Among these
materials, calcium phosphate compounds (CPC) and HA are widely accepted with
good pre-clinical (Elder et al. ) and clinical (Goodman et al. ) results. The
manufacturers provide these products in form of blocks, granules or cylinder, etc.,
which are, however, inconvenient for clinical applications.

Injectable Hydroxyapatite Developed for Enhancement of Osteoportic Fracture Fixation

Injectable HA has been developed recently (Blattert et al. ; Larsson and Bauer
), and the key advantage is its physical properties to spread evenly along the
trabecular space around the screw, which is expected to provide enhanced holding
power of implants. With the use of the state-of-the-art densitometric systems, this
chapter introduces the evaluations of potential enhancement of an in vitro optimized
injectable HA on osteoporotic bone fixation using osteoporotic goat model.

Research Program in Authors’ Center with Relation
to Studying Osteoporotic Fracture Fixation

Establishment of Osteoporotic Goat Model

To verify the applicability of injectable HA in osteoporotic bones, an osteoporotic
large animal model with bone structure similar to human is preferable, as bone size
should be large enough to fit the implants used clinically. High similarity of bones
between sheep and humans has been reported in terms of anatomical and biome-
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Figure 1. Aluminum step wedge as calibra-
tor in place during radiography taking for
downstream photodensitometric analysis

chanical aspects (Wilke et al. ). Chinese mountain goat is therefore used for es-
tablishing osteoporotic model as subtropical climate in Hong Kong is not suitable for
sheep keeping.

Sixteen skeletallymature goats (27–32kg)were bilaterally ovariectomized (OVX)
and fedwith low-calciumdiet (Glen Forrest Stockfeeders, Glen Forrest, Australia) for
 months (Leung et al. ). The development of osteoporosis was monitored and
confirmed by using various densitometric approaches: radiography (photodensito-
metry), and BMD measurement of bone specimens taken at baseline and  months
after OVX by peripheral quantitative computed tomography (pQCT) and micro-CT.

Photodensitometric Analysis
Development of osteoporosis was monitored on left proximal tibial metaphysic and
calcaneus by monthly radiography (X-ray machine SFR-; Shower X-ray Co.,
Tokyo, Japan) in the presence of aluminum step wedge (ASW) calibrator (Fig. ).
Radiographs were then digitized using an X-ray imaging system (diagnostix ;
PACE system, PACEMedical, Freiberg, Germany) for analysis and the outcomeswere
presented as equivalent thickness of the known ASW calibrator (Leung et al. ;
Qin et al. ). Precision error of the method interpreted by the coefficient of vari-
ation (CV) of the repeated measurements of the photodensitometry was about 15%.

In our model establishment, the results showed that the standardized bone den-
sity of both regions of interest decreased gradually after the OVX with significant
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decrease of 18.9% in proximal tibial metaphyses and 21.9% in calcanei (p = 0.003
and p = 0.023, respectively, n = 16).

Peripheral Quantitative Computed Tomography
Similar to currently popular dual-energy absorptiometry (DXA), photodensitomet-
ric analysis is a D approach by evaluating BMD in a projectional image, which is, af-
fected by the size of the bone (Qin et al. ; Cheng et al. ).
Peripheral quantitative computed tomography (pQCT) installed in the authors’ cen-
tre is, a D technology that provides true volumetric BMD (in milligrams per cu-
bic centimeter) of both cortical and metabolically more active trabecular of bone
(Ruegsegger et al. ; Qin et al. ). We used a multilayer pQCT (Densiscan
, Scanco, Bassersdorf, Switzerland) to scan the iliac crest biopsy specimens with
a tomography thickness of 1mm at a scan resolution of 300μm. Mean volumetric
BMD of five consecutive slices was measured for the central 50% core volume within
the entire cross-sectional area (CSA) of the bicortical scan using a built-in software
(Leung et al. ; Siu et al. ).

On average, the median percentage change in metabolically high turnover part,
i.e. trabecular BMD, was 25.0% lower in  months after OVX as compared with its
baseline (p = 0.006; Leung et al. ). Such decrease in trabecular BMD was caused
mainly by the thinning of trabecular bone, but not trabecular matrix mineral density,
as measured by micro-computed tomography (micro-CT) as described below.

Micro-Computed Tomography
Themicroarchitecture of the iliac crest biopsies at baseline and  months after OVX
were also assessed by using a corn-beam micro-CT system (μCT, Scanco Medi-
cal AG, Bassersdorf, Switzerland; Siu et al. ). The spatial resolution was set to
20μm for scanning and D reconstruction. Each biopsy was scanned continuously
with thickness and increment of 20μm for  slices.Threshold was set at  to gain
the best coverage of all trabecular bone and the cortical bone was excluded manu-
ally for evaluation (Fig. ).The evaluation was conducted automatically by the direct
method provided by the system for (a) D model, including mean trabecular sur-
face area fraction (BS/TV), and (b) Dmodel, trabecular number (Tb.N), trabecular
thickness (Tb.Th), intertrabecular space (Tb.Sp), trabecular bone tissue volume den-
sity (BV/TV), trabecular connectivity (Conn.D), structure model (SMI) and degree
of antisotrophy (DA). Moreover, trabecular matrix mineral density of the specimens
[defined as BMC/(TV-Tb.Sp), where BMC is bone mineral content, TV is tissue vol-
ume, Tb.Sp is intertrabecular space ormarrow volume] was also evaluated. A density
phantom was used to calibrate the hydroxyapatite (HA) density with correspond-
ing X-ray attenuation value of the material. A linear regression was generated by the
workstation for the calculation of mineral density of the materials and the mineral
density was expressed as milligrams of HA�cm3.

The results revealed that BV/TV, BS/TV, Tb.N and Conn.D of the iliac crest
biopsy of  months after OVX decreased significantly on average by 8.34, 8.01, 8.51
and 18.52%, respectively (p < 0.05 each; Siu et al. ). The Tb.Sp was 8.26% sig-
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Figure2a,b.Osteoporosis wasmonitored bymicro-CTon the iliac crest biopsies of goats. aNor-
mal bone. b Osteoporotic bone

nificantly greater than baseline after OVX but no significant difference was detected
for Tb.Th, SMI and DA values. Also, there was a non-significant 2.3% decrease in
trabecular matrix mineral density, suggesting no significant alterations in bone ma-
trix mineral density, but instead mainly trabecular bone thinning as a result of high
turnover induced more bone resorption than bone formation. The changes in these
structural parameters in the OVX goat model measured by using micro-CT were
within the range of the other micro-CT studies from osteoporotic patients or from
cadaveric trabecular bone obtained from spine, femur and hip (Ito et al. ;Müller
et al. ; Rauch and Schoenau ) to OVX sheep model (Lill et al. ). The
BV/TV, Tb.N and Conn.D might be the more sensitive variables for early detection
of alteration in trabecular structure.This osteoporotic goat modelmay therefore pro-
vide orthopaedic researchers good opportunities to study new techniques and to test
newfixationdevices and/or biomaterials developed for osteoporotic fracture fixation.

Application of Optimized Injectable Hydroxyapatite in Osteoporotic Bones

We optimized an injectable hydroxyapatite (HA) by dissolving 5g of bone cement
powder (a mixture of tetracalcium phosphate and dicalcium phosphate anhydrous;
Ca/P ratio: 1.65–.; Stryker Leibinger, Freiburg, Germany) in 0.45ml�g of 0.25M
Na2HPO4 at room temperature (22�C; Leung et al. ). This HA mixture was
added into a syringe and mixed inside a shaker (Stryker Leibinger, Freiburg, Ger-
many) at 1000rpm for 13s. Both the femoral condyles and the lumbar vertebrae L–
L of the established osteoporotic goats were the regions of interest. Two randomly
selected lumbar vertebrae of each goat served as HA group with screw insertion and
HA injection, whereas the other two lumbar vertebrae acted as controls with screw
insertion only. Briefly, 0.15ml of well-mixed HA was injected into the predrilled
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holes (2.7mm in diameter � 12mm in depth) of the bone in treatment group. Small
stainless steel-titanium cancellous screws (4mm in diameter) were then inserted into
the predrilled holes in both HA and control groups. The goats were euthanized after
 week,  months and  months of screw insertion. Bone specimens were collected
for micro-CT analysis, histomorphometry and screw pull-out test.

UsingMicro-CT

Thedistribution of injectable HA in bone was assessed bymicro-CT system.The spa-
tial resolutionwas set to 20μm.Each biopsywas scanned continuouslywith thickness
and increment of 20μm for  slices. The threshold was set at  to distinguish the
injectable HA and trabecular bone.

The results showed that the injectable HA distributed evenly along the screw
threads (Fig. ), indicating that the viscosity of the injectable HA had been optimized
for clinical application and might help to enhance the holding power of implants by
increasing the contact area between implants and trabecular bones.

Histomorphometric Analysis

The specimens, with the screw left in situ, were dehydrated and embedded with
MMA according to our established protocol (Qin et al. , , ). The em-
bedded specimens were sectioned in a longitudinal fashion parallel to the axis of the
implant to a thickness of 500μm using a saw microtome (Leica SP, Leica In-
struments, Nussloch, Germany), and were further grinded and polished to a thick-
ness of 200μm using a grinder/polisher (RotoPo-, Struers, Denmark). The sec-
tions were processed for routine histology and examined with a light microscope
(Leica DMRXA, LeicaMicrosystems, Wetzlar, Germany) and polarized microscope
(Leica DMRB, Leica Microsystems, Wetzlar, Germany).

Figure 3.Micro-CT D image shows the even dis-
tribution of injectable hydroxyapatite around the
screw threads
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Figure 4.Fibrous tissues were present to hinder the
growth of new bone towards the screw threads

Histology showed that in HA group at week , the HA filled most of the void
space around the screw thread of implants and appeared homogeneous. Meanwhile,
a layer of bone was observed on most of the HA surface without intervening fibrous
tissue. Atmonth more bone covering theHAwas detectedwith better alignment. At
month more properly aligned bonewas observed andwoven bone completely filled
the space without fibrous tissue. In contrast, in control group, much empty space was
present at week , whereas fibrous tissue was shown to infiltrate the screw and bone
interface atmonth . Bonewas detectedwithout a good attachmentwith the screw. At
month  additional bone was found, but the growth towards the screw was hindered
by the fibrous layer (Fig. ; Leung et al. ).

Using Screw Pull-Out Test

Screw pull-out test was performed to determine the pull-out force required for failure
using mechanical testing machine (HK-S, Hounsfield Test Equipment, Salfords,
Redhill, UK; Leung et al. ).The bone specimen was embedded in a performance
polymer (UREOL , Ciba, Hong Kong) with exposing the screw head. A custom-
made jig was used to grasp the screw head while the specimen was held rigidly at
the other end of the jig. The screw was pulled at 10mm�min until failure. Force and
displacement were recorded in real time at sampling rate of 10Hz.

There was an immediate increase of screw pull-out force by 54.7% (p = 0.005) at
baseline (week ) in HA group, as compared with the control. This revealed an im-
provement in screw-holding power immediately after HA application. But the differ-
ences between HA group and control group were less at  and months after implan-
tation (9.8%, p = 0.069, and 20.5%, p = 0.008, respectively). Failure mode usually
occurred in the bone layer in both groups at all time points with more bone attached
to the implant of the HA group (Leung et al. ).
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General Discussion and Clinical Significance

This chapter describes applications of various densitometric assessment techniques
for confirming the establishment of osteoporotic goat model and studying the appli-
cation of the newly optimized bone cement on implant fixation. Those non-invasive
densitometric assessments showed their strength in continuous bone density moni-
toring while micro-CT supplements the bone microarchitectural data for end-point
assessment. They are very useful research assessment tools for animal and bone ce-
ment research.

In this study, both D and Ddensitometric findings confirmed that osteoporotic
goat model was successfully established in terms of BMD and microarchitecture by
bilateral ovariectomy and low-calcium diet. Due to its similarity of skeletal physi-
ology of goat to human (Qin et al. ; Wilke et al. ), Chinese mountain goat
is a good animal model for osteoporosis research. Optimized bone cement was also
verified to significantly augment screw fixation in osteoporotic bones.

In the animal model development, both D photodensitometric analysis and D
pQCT were used for continuous monitoring of bone quality in the OVX goats. The
sensitivity of photodensitometry is, however, lower than that of pQCT. The pQCT
measurements are more accurate in indicating the BMD changes after OVX. The
pQCT is a more accurate technique in osteoporosis studies because it measures the
BMD of cancellous bone (Siu et al. ). As cancellous bone is eight times metabol-
ically more active than cortical bone (Sheldon ), trabecular bone loss in can-
cellous bone is faster during osteoporosis development (Qin et al. ; Chan et al.
). Using pQCT to evaluate BMD is amore sensitive and accurate approach to de-
tect BMD change in the animal model as well. The precision error of bone specimen
measurements was 0.30–0.35% in our in vitro (Lai et al. ) or in vivo study (Qin
et al. ; Chan et al. ); therefore, pQCT should be a recommended method to
monitor BMD changes in osteoporotic animal model development, wherever avail-
able.

Micro-CT is also used to confirm the deterioration of trabecular microarchitec-
ture in the osteoporotic goat model, as osteoporosis is characterized by low bone
density as well as structural deterioration in our series and also others (Anonymous
).Themicro-CT data correlated to the BMD findings at the same region of inter-
est very well. These results were comparable to those in another clinical study done
by Ito et al. () using iliac crest biopsies of osteoporotic patients, which reported
a decrease of �12 − 22% in structural parameters. This implied that our established
goat model has similar microarchitectural deterioration during the development of
osteoporosis as human. Micro-CT, however, allows measurement of small samples
only and cannot serve as a longitudinal monitoring technique, which limits its poten-
tial clinical application in follow-up evaluation of bone microarchitectural changes;
thus, a non-invasive in vivo micro-CT, such as XtremeCT, may become the trend
for such kind of purpose in the near future (Dambacher et al. , ; Neff et al.
).

Compared with conventional histomorphometry, micro-CT has the advantage
of being non-destructive, less time-consuming and highly reproducible. Micro-CT is
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amethod that can provide reliable Dor Dmorphometric data on bonemicroarchi-
tecture and bonematrix ormaterial density in a short time. Despite these advantages,
conventional histomorphometry is still a useful assessment technique in which cell
distribution or dynamic histomorphometry to assessmineral apposition rate and cel-
lular events can be quantified (He et al. ; Parfitt et al. ). Also, histomorpho-
metry can help to analyze bone samples with implants (Leung et al. ), whereas
micro-CT images may generate artefacts interfered by metallic materials; therefore,
micro-CT and conventional histomorphometry are supplementary but not exclusive.
The choice of which technique to use depends on the objectives of the studies.

Screw pull-out test was used to evaluate the mechanical properties of the bone
cement in screw fixation, which serves as a functional test to confirm the efficacy
of bone cement in enhancing screw fixation in osteoporotic bones. The results of
enhanced screw pull-out force in bone cement group echoes the micro-CT analysis
that bone cement increases the holding power of osteoporotic bone to implants by in-
creasing the contact surface area. The fact that the failure mode occurred in the bone
layer also indicates that the weak link did not lie in the screw-cement and cement-
bone interfaces. This might be explained by the high osteoconductivity of the bone
cement and reduction in porosity at the screw-cement interface. In this context, to de-
velop non-destructive imaging methods without limitation of the presence of metal
implants to monitor quality of bone-biomaterials-implant complex in in vivo fixa-
tion, is a useful approach clinically.

Conclusion

This chapter presents a serial of experimental studies usingmultiple bioimaging tech-
nologies and various densitometric approaches to verify the establishment of osteo-
porotic animal model and the efficacy of bone cement in screw fixation. These assess-
ment techniques provide useful data on BMD, bone microarchitecture, and bone-
cement locations within the osteoporotic bone, which can be adapted effectively into
many research areas, including studying biomaterials developed for enhancement of
osteoporotic fractures. As non-invasive biomedical imaging or densitometric meas-
urements are valuable for longitudinal evaluation of bone quality, in vivo micro-CT
may be the trend for further development and clinical application in the near future,
which is the focus of other chapters in this book.
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Abstract

The major clinical consequence of osteoporosis in older people is osteoporotic frac-
ture, which is difficult for fixation and poorer prognosis. Quality of life of patients
after surgical intervention is largely affected. How the osteoporotic fracture heal-
ing differs from those of normal fracture healing or the nature of the character-
istics of healing mechanism of osteoporotic fracture and its healing mode, have
not been fully understood. In addition, there are no standards available to eval-
uate the quality of osteoporotic fracture repair, and the present clinical treatment
for osteoporotic fracture is generally the same as that used for general traumatic
fracture. Our research focused on studying healing mechanism and quality of os-
teoporotic fracture systemically at cellular, matrix, tissue, and organ levels com-
pared between osteoporotic fracture rats and non-osteoporotic rats. These studies
included evaluations of material property, geometrical morphology, microstructure,
bone mineral metabolism, bone density, and mechanical strength of callus evalu-
ated at different fracture healing stages. In order to provide above comprehensive
information, we employed evaluation technologies, including transmit and polar-
ized microscopy for histomorphometry, dual-energy X-ray absorptiometry (DXA)
for bone mineral density (BMD), and mechanical testing. In addition, the results
of our histological evaluations indicated both endochondral bone formation and
intramembrane bone formation in osteoporotic fracture repair, yet endochondral
bone formation and its ossification played a major role in the repair process. As
compared with normal fracture healing, osteogenesis and endochondral ossifica-
tion were delayed, whereas hard callus remodeling was accelerated, i.e., a faster
bone turnover resulting in more bone resorption and less bone formation. In ad-
dition, the collagen fibers in the hard callus appeared loosely disorganized and ir-
regular with regard to the direction of the principal stress. The abnormal change of
the organizational constitution, microstructure, bonemineral metabolism, and bone
mass in osteoporotic fracture repair could result in the decrease of its mechanical
strength.
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Microscopic Assessment of Osteoporotic Fracture Healing

Experimental Design

Eighty -month-old female SD rats were randomized into two groups with  in
each: the osteoporotic fracture model (OFM) and non-osteoporotic controls, i.e., the
traumatic fracture model (TFM). All rats of OPFM group were ovariectomized and
all rats of TEM group had sham operation. All rats were operated on once again
 months later to establish fracture model. The right femur was incised to approach
the femur via the septum between the anterior and lateral femoral muscle groups.
The femur was cut to broken with scalpels in the mid-shaft and was intramedullary
reverse fixed with Kirnische needle 1mm in diameter (Fig. ; Hao and Dai ,
). The callus of each rat was examined by both light and/or polarized micro-
scope (Olympus BH-, Japan) in  days and , , , , , , and  weeks postopera-
tively.

Microscopic Observations

The histological process of the fracture healing in both OFM and TFM groups all
shared the common and typical repair processes, including inflammatory stage, re-
pair stage, and the remodeling stage. There was some extent of inter-overlapping in
the three developmental stages in both groups; among them, the repair stage evolved
from the fibrous callus, the cartilaginous callus to the osseous callus.

Five to seven days after fracture, a huge member of cells aggregated around the
fracture site and formed the fibrous callus; among them were mesenchymal cells,
fibroblasts, granulocytes, and mononuclear macrophages. At this stage, large num-
bers of neogenetic capillaries appeared. Around the sub-periosteum of the frac-
ture site, the mesenchymal cells proliferated from periosteum and differentiated into

Figure 1a,b. X-ray of the
femur fracture model in
rat. a  weeks. b  weeks
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Figure2a,b.Representative micrograph of fracture callus at week  after fracture (H&E staining:
� for both a and b). a From normal fracture group (TFM group): woven bone or immature
trabecular bone found around the cartilaginous callus, with numerous osteoblasts lining the
surface of the primary trabecular bone (arrows). b From osteoporotic fracture group (OFM
group): immature trabecular bone found around the cartilaginous callus, with less osteoblasts
lining on the surface of the primary trabecular bone (arrow)

the chondrocytes and the osteoblasts to form woven bone. Comparing with TFM
group, the fibrous callus in OFM group was sparse with limited angiogenesis, and
the hematoma at the fracture site resorbed slowly.

Two weeks after fracture, the cartilaginous callus formation superseded the fi-
brous callus and the cartilaginous island appeared in the previous fibrous callus and
expended continuously. The chondrocytes around the vessels were of small size and
mostly were identified as the round juvenile chondrocytes. With healing over time
the chondrocytes around the cartilaginous callus enlarged and part of the cells under-
went apoptosis accompanied by formation of woven bone or the primary trabecular

Figure 3a,b.Representative micrographs of fracture callus at week  after fracture (H&E stain-
ing: a: �; b: �). a From normal fracture group (TFM group): hypertrophic chondrocytes
found around the cartilaginous callus (thick arrow).The cartilaginous callus underwent endo-
chondral ossification and formed woven bone with numerous lining osteoblasts on its surface
(thin arrows). b From osteoporotic fracture group (OFM group): more advanced remodeling
of woven bone with widening marrow cavity filled with marrow elements, including more fat
cells (arrow)
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Figure 4a,b.Representative micrographs of fracture callus at week  after fracture observed un-
der polarized microscopy (both a and b: �). a Normal fracture group (TFM group): the
bonematrix collagens found better aligned. b Fromosteoporotic fracture group (OFMgroup):
less organized than the bone matrix collagens

bone.There were a large number of osteoblasts aligned on the surface of the primary
trabecular bone in TFM group (Fig. a), whereas in OFMgroup, less osteoblasts were
observed on the surface of the primary trabecular bone (Fig. b). Bone marrow ele-
ments formed within the marrow cavity within the woven bone or the primary tra-
becular bone. The observation with the polarized microscope showed that the colla-
gen alignment within the trabecular bone was adapted gradually to the direction of
the principal stress in TFM group and the optical refraction was stronger than that
found in OFM group. Both the pattern of the trabecular bone and the alignment of
collagen fibers within the trabecular matrix in OFM group were irregular.

Six weeks after fracture, the surroundings of the cartilaginous callus were contin-
uously mineralized and replaced by the trabecular bone (woven bone).The chondro-
cytes previously formed in the primary trabecular bone underwent apoptosis or dif-
ferentiated and transformed into osteocytes. At the same time, osteoclasts were found
to be attaching to the bony surface and “coupled” with the osteoblasts. Both partic-
ipated in remodeling of the primary bone trabecula into mature trabecula (Fig. a).
Compared with the TFM group, the bone trabecula resorption in OFM group was
faster and more extensive, and bone marrow cavity was formed, which was char-
acterized with trabecular thickening and filled with marrow elements, including a
large amount of the marrow fat cells (Fig. b). Observation from the polarizer: com-
pared with the OFM group, the thickness of the trabecular bone was uniform in the
TFM group and the arrangement direction was identical. The trabecular junction ap-
peared arch and smooth with strong refraction (Fig. a). InOFMgroup, however, the
trabecular arrangement was in disorder, i.e., unequal in thickness and in refraction
intensity (Fig. b).

Sixteen weeks after operation, the soft or cartilaginous callus in the TFM group
was gradually replaced by hard or bony callus with woven bone; the latter was then
remodeled towards lamellar trabecular bone with collagens aligned to the direction
of the principal stress. On the contrary, both the transformation from the cartilagi-
nous callus to the bony callus and from the primary trabecular bone (woven bone)
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to the mature trabecular bone (lamellar bone) in OFM group was slower.Themature
trabecular bone that had previously formed was mostly resorbed and disappeared.

Discussion

In this study we compared histological differences in healing between normal and
osteoporotic fractures. Overall, the repair of osteoporotic fracture was slower but
shared the common pathways as normal fracture repair. Similar to a previous study
(Sandberg et al. ), we also found two main sources of chondrocytes in the car-
tilaginous callus, one was differentiated from mesenchymal cell linage, and another
was the continuous proliferation of the existing chondrocytes. At present, it is usu-
ally thought that the former plays the key role in endochondral formation (Sandberg
et al. ).

The marrow and the periosteum are the important sources of the undifferenti-
ating MSCs. The decrease of estrogen can promote the proliferation of the MSCs
between the hematopoietic system in the marrow and the periosteum (Shevde et al.
; Jilka et al. ; Carl et al. ). The “shock effect” of fracture may attract the
undifferentiated MSCs to be present around the fracture site and then differentiated
into osteoblasts or chondrocytes.The differentiation mode depends on the condition
of the local blood supply and themechanical environment (Anders et al. ). In the
region close to the fracture ends with poor local blood supply and great stress, the
MSCs through the committed chondroprogenitor differentiated as the chondrocyte
and formed the cartilaginous callus. After the capillary vessel from the intramem-
brane callus entering the cartilaginous callus in the periosteum, the cartilaginous
osteogenesis was activated (Henricson et al. ).

It is noteworthy that during the healing process of the osteoporotic fracture, the
bone resorption of the trabecular bone formed from the intra-periosteal osteogenesis
and endochondral ossification was remarkably faster than that found in the normal
fracture healing, however, with slower and incomplete bone remodeling. After the
callus becamemature, thewoven bone remodeled in away to adapt the localmechan-
ical requirement. This process was trigged by the osteoclast activation and its “coup-
ling” with the osteoblasts. The osteoclasts are differentiated from the colony forming
unit-granulocyte macrophage (CFU-GM), which is produced by the hematopoietic
stem cell with the multiple potentialities (CFU-S). In the differentiating process, the
uncommitted progenitors proliferated and differentiated and produced the commit-
ted osteoclast progenitors; then, it differentiated along the special differentiating way
of osteoclast and entered the bone tissue with the vessel movement. Estrogen has
been reported to regulate this process through its receptors (Fiorelli et al. ) and
directly inhibits the functional activity and induces apoptosis (Hughes et al. ).
The decrease in estrogen can therefore lead to an increase in the osteoclast numbers
and enhancement of its functional activity (Shevde et al. ). On the other hand,
this can also inhibit the proliferation and differentiation of the osteoblasts and the
synthesis of the stromatin (Majeska et al. ). All these changes may induce bone
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loss and the relative deficit of the neogenic bone in the region of the bone absorption,
thereby causing poorer healing of the osteoporotic fracture.

In addition, the results of our histological evaluations indicated both endochon-
dral bone formation and intramembrane bone formation in osteoporotic fracture re-
pair, yet the endochondral bone formation and its ossification played a major role in
the repair process. As compared with normal fracture healing, the osteogenesis and
endochondral ossification were delayed, whereas the hard callus remodeling was ac-
celerated, i.e., a faster bone turnover resulting in more bone resorption and less bone
formation. In addition, the collagen fibers in the hard callus appeared loosely disor-
ganized and irregular with regard to the direction of the principal stress.

Histomorphometric Assessment of Osteoporotic Fracture Healing

Static Parameter Measurements and Results

Five rats in each group were killed randomly at postoperative weeks , , , , , and
.The callus on the median femur was dissected for fixation in 4% of poly-methanal
solution after splashed with natural saline and decalcified in 10% of EDTA solution
at pH 7.4 for -weeks.The solution was then refreshed at - to -day intervals before
dehydration with alcohol and embedding in wax. The specimens were then cut into
-μm-thick slices and stained with hematoxylon-eosin (H&E) for histomorphomet-
ric evaluations of healing callus with VIDAS automatic histomorphometry according
to Parfitt’s protocol (Parfitt et al. ), including (a) trabecular bone volume (TBV),
which represents the rate of trabecular bone in overall metaphysical percentage, (b)
mean trabecular spacing (Tb.sp) in microns, and (c) mean trabecular plate thickness
(MTPT) in microns.

Our measurements showed that the trabecular bone volume (TBV) calculated in
group OFM was lower than that calculated in group TFM at all healing time points,
with the greatest difference at  weeks (p < 0.05). The mean trabecular spacing

Table 1.Histomorphometry of fracture callus compared between normal (TFM) and osteo-
porotic bone (OFM; n = 5; data are mean � SD)

Healing TBV (μm) Tb.sp (μm) MTPT (μm)
time (weeks) TFM OFM TFM OFM TFM OFM

 48.7 � 7.5 50.9 � 8.8 89.8 � 23.5 123.0 � 55.1 58.1 � 11.3 56.5 � 18.0
 46.8 � 8.8 54.1 � 7.6 153.6 � 94.1 157.3 � 80.0 73.2 � 33.1 87.4 � 29.4
 48.1 � 2.6 42.3 � 1.4 133.9 � 45.4 153.3 � 44.9 68.6 � 31.0 78.2 � 9.2
 38.7 � 3.7 24.5 � 0.4 180.8 � 41.8 173.2 � 64.9 94.5 � 35.5 99.6 � 33.0
 37.8 � 5.3 21.2 � 5.6 157.4 � 57.3 180.1 � 57.2 94.1 � 24.5 83.0 � 87.3
 46.1 � 5.6� 16.1 � 10.7 126.2 � 76.4 186.4�111.9 103.2 � 32.9 82.6 � 29.5

�p < 0.05 compared between TFM and OFM at the same healing time point
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(Tb.sp) and the mean trabecular plate thickness (MTPT) in the OFM group was also
lower than that at the latter time point as shown in Table .

Bone Dynamic Remodeling and Apposition

For evaluation of bone dynamic remodeling, tetracycline 50mg�kg and calcein green
20mg�kg were injected intraperitoneally at  and  days before killing, respectively.
Five rats of each group were killed at , , , and  months, postoperatively. The cal-
lus specimens were dissected from the adjacent tissues, rinsed with normal saline,
and fixed in acetone of 100% for  days at °. The specimens were then rinsed with
running water over night before hydration and de-esterification with increased con-
centration of ethanol. The specimens were then cleared using dimethylbenzin before
sequentially immersion in solution no.  composed of 75% of methyl methacrylate
and 25% of dimethyl benzine (DBP) for  h, and then changes to solution no. ,
which was a combination of solution no.  and 2.5g of benzoyl peroxide (BPO) for
 h, and finally in solution no.  with a combination of solution no.  and 6.25g of
BPO for - days. The embedded specimens were then kept at 50�C over night. After
trimming, all the embedded specimens were cut into slices at  and 5μm in thick-
ness with Leica hard tissue microtome. The un-decalcified sections were coated on
chromic alum gelatin-coated slides, covered with plastic film and pressed flat, and
then kept in an oven at 60�C for  h.

The dynamic parameters for bone formation and remodeling were measured by
VIDAS histomorphometry under fluorescent microscopy, including the following:

. Mineral apposition rate (MAR). The ratio of the distance between the twice-
marked lines and their time interval (in microns per day). Five visual fields were
picked at random under a � object glass. The average of three measurements for
each pair of marking was used.

. Fluorescent labeling percentage (LS). By the same method, the percentage rate
of the surface length of the double labeling in the overall length of bone surface was
measured and calculated. Our findings showed that the MAR of OFM group was
higher than that of TFM group at all selected time points (p < 0.05 for all), with the

Table 2.Mineral apposition rate (MAR) and percentage fluorescent labeling (LS) of fracture
callus compared between normal (TFM) and osteoporotic bone (OFM; n = 5; data are mean�
SD)

Healing MAR (μm/day) LS (%)
time (weeks) TFM OFM TFM OFM

 1.605 � 0.815 2.303 � 0.565 0.564 � 0.0619 0.457 � 0.0801
 2.211 � 0.239 3.525 � 1.057 0.558 � 0.098 0.536 � 0.0819
 2.74 � 0.347� 3.846 � 0.439 0.623 � 0.0719 0.527 � 0.0452

�p < 0.05 compared between TEM and OFM at the same healing time point
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greatest difference found at  weeks. On the contrary, the LS was lower in the OFM
group than in the TFM group (Table ).

Bone Mineral Status Assessment of Osteoporotic Fracture Healing
Using Dual-Energy X-ray Absorptiometry

Experimental Protocol

Forty female -month-old SD rats were randomized into osteoporotic fracturemodel
(OFM) group and traumatic fracture model (TFM) group, with  for each group.
The same surgical intervention was performed as described above. The callus of each
rat was then examined by DXA (DPX-L, Lunars) , , , and  weeks postopera-
tively.The energy spectrumofDXAwas 38�7keV with a high voltage stable at�0.05%
and a precision error of 1%.

Five rats in each group were killed at the end of postoperative weeks , , , and
. The femur specimens were obtained for DXA scanning at 2cm per stage with the
callus as the center and BMD was calculated using a built-in software.

Measurement Results

The BMD values reached peak at  weeks and descended thereafter in both groups,
faster in group OFM than in group TFM. As compared with week  BMD values, the
one measured at week  was significantly lower (p < 0.05; Table ).

Discussion

The BMD of callus, a quantitative indicator for bone mass in the mineralization of
callus, is closely related to its mechanical properties (Alho ; Aro et al. ).
The BMD is decided by the ratio between cartilaginous callus and mature trabecular
bone, the degree of mineralization, and the conversion rate of the bone. In the course
of the fracture healing, much more cartilaginous callus is produced in rats than in
humans (Aro et al. ).The extent and degree of the mineralization and absorption
of cartilaginous callus have a greater impact on the bone mass in rats. Histologically,

Table 3.Bone mineral density (BMD) of fracture callus compared between normal (TFM) and
osteoporotic bone (OFM; n = 5; data are mean � SD, g�cm2)

Healing time (weeks) TFM OFM

 0.295 � 0.019� 0.287 � 0.020
 0.337 � 0.010 0.338 � 0.223
 0.306 � 0.018� 0.272 � 0.022

�p < 0.5 compared between TEM and OFM at the same healing time point
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the specimens at postoperative week  showed an increase of hypertrophic chon-
drocytes with maximal extended outer diameter. This indicated that extensively and
more mineralized cartilaginous callus was the determinant for the increase in BMD.
This accounted for the decrease of BMD later at week  with absorption and remod-
eling of themature andmineralized cartilaginous callus, the lamellar trabecular bone
formed, which led to the rapid diminution in its outer diameter. Meanwhile, the de-
crease in estrogen resulted in an elevated bone turnover (negative balance) and the
absorption or removal of mature trabecular bone in great quantity, which was also
a factor of decrease in BMD.

Mechanical Properties of Osteoporotic Fracture Healing Callus

Study Design

Forty female -month-old SD rats were randomized into two groups osteoporotic
fracture model (OFM) group and traumatic fracture model (TFM) group, with 
rats for each group. Details of the surgical interventions are described above. Animals
were killed at postoperative weeks , , , , and , postoperatively, with a sample
size n = 5.

Both length and axial or transversal diameters of the femoral fracture callus spe-
cimens were measured with a fine caliper. A bone surface of 3 � 4-cm size on the
edge of callus was smoothed with raw sand paper and de-esterified with 100% ace-
tone.When dried, resistance strain gauge (size 1mm, sensitivity coefficient 2.19�1%,
resistance 120�0.2Ω, BF -AA) were stuck on the specimen with contact cement
and placed in a universal material strength test machine for torsional tests. The me-
chanical properties of callus were recorded for analysis.

Findings

Our findings showed that the maximum torsional moment and the modulus of elas-
ticity were higher in the TFM group at both weeks  and , whereas the maximum
angle of torsion was lower at week ; however, as compared with theOFM group, the
modulus of elasticity was lower in the TFM group, whereas the maximum moment
of torsion and the maximum angle of torsion was higher (Table ).

Table 4.Mechanical properties of bone compared between normal (TFM) and osteoporotic
bone (OFM; n = 5; data are mean � SD)

Healing Modulus of elasticity Maximummoment Maximum angle
time (g�cm2/deg) of torsion (g�cm) of torsion (deg/cm)
(weeks) TFM OFM TFM OFM TFM OFM

 700�239 323� 119 3200 � 346 3150�1140 3.1 � 0.9 8.4 � 5.6
 445�132 156� 3600 � 759 2800 � 346 9.5 � 3.4 11.9 � 9.1
 203 � 40 281 � 26 5400�1201 3400 � 572 14.8�5.7 9.7 � 6.6
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Discussion

The poorer mechanical properties found in the osteoporotic healing callus may be
well explained by both BMD data and histological findings, i.e., inferior composition
in organic matrix, especially collagens in callus. In fibrous callus, the early stage in
fracture healing, the collagen in the callus is predominantly type III (Ashhurst ;
Stephen et al. ; Sandberg et al. ). In the cartilaginous callus stage follow-
ing the fibrous callus formation, however, the collagen was reported predominantly
type II (Ashhurst ; Stephen et al. ), secreted by chondrocytes, which later
became hypertrophic and secreted type-X collagen that was closely related to the
mineralization of cartilage (Hiltunen et al. ).With the progress of endochondro-
ossification, type-II collagen decreased and type-I collagen secreted by osteoblasts
became the predominant structural protein and about 90% of overall organic compo-
nents in the new bone, which demonstrated stronger resistance to mechanical load-
ing with healing over time (Ashhurst ; Stephen et al. ). This also suggested
that the maturity of the callus could be evaluated by determining the ratio of the dif-
ferent types of collagens. In addition, the orientation of collagen fiber arrangement is
also important, which defines a position for hydroxyapatite to deposit. The ideal me-
chanical properties of bone depend on the highly organic combination of the types
of collagens and the orientation of collagen fiber arrangement (Ashhurst ).

Conclusion

Thepresent study employed comprehensive and objective evaluation on osteoporotic
fracture repair using both conventional and polarized microscope for study bone his-
tomorphology, The DXA for evaluating bone mineral statues, and mechanical test
for investigating integral healing properties of healing callus. Our study results indi-
cated that both endochondral bone formation and intramembrane bone formation
acted in the osteoporotic fracture healing, with the former playing a major role. But
during osteoporotic fracture healing process, endochondral bone formation deceler-
ated, and simultaneously, bone callus tissue remodeling (bone resorption more than
bone formation) accelerated and resulted in decline of callus quality. The abnormal
change of the organizational constitution, microstructure, bonemineral metabolism,
and bone mass in osteoporotic fracture repair could result in the decrease of its me-
chanical strength.
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Abstract

Non-invasive imaging of fracture healing is a crucial step in making clinical deci-
sions for optimal outcomes and minimizing risks of fixator removal. Although or-
thogonal routine radiography remains the most cost effective imaging technique to
follow all aspects of fracture healing, it is not reliable to predict bony union or the
quality or quantity of the regenerating bone, since an estimated 40% increase in ra-
diodensity is needed to visualize a radiological change, and radiographic changes
do not always correlate to mechanical stiffness. Supplemental techniques, including
digital radiography, mechanical testing for bone strength and stiffness, dual-energy
X-ray absorptiometry (DXA) for bone mineral density (BMD), quantitative com-
puted tomography (QCT) for density and cortical continuity, ultrasound for cyst de-
tection and Doppler or angiography for assessing local blood flow and vascularity,
have all been used clinically. Among the methods, digital radiography is a useful,
cost-effective and relatively accurate means in the evaluation of new bone forma-
tion with time during fracture healing. In animal models of fracture healing, histo-
logical data, not themechanical stiffness of the fracture, showed a positive correlation
with the digital radiographic assessment data (relative bone density). The advantages
of using digital radiography are the minimal expense and dynamic observation of
the healing process through sequential radiographies.The bone-healing qualities can
be assessed through the estimated relative bone (mineral) density using phantoms.
There is a burning need for a quantitative measure of fracture healing in long bone
fractures treated by intramedullary nailing. As there is no prospect of a mechanical
measure due to the load-sharing design of the fracture/nail construct, radiological
imaging has to be the starting point. After normalization, calibration and registra-
tion of serial images, a combination of functional images are be used to monitor the
changing mineral content of the tissues in and around the fracture; however, due to
its D nature, the digital radiographies need to be taken in a standard fashion to al-
low sequential comparison, and it should be used as a complementary, rather than
an absolute, measurement for fracture healing.



544 Gang Li, Mark Murnaghan

Fracture Healing Animal Model

A fracturemodel is a system employed to study fracture healing, which is of relevance
to human fracture healing as encountered in medical practice. The most representa-
tive (valid) model would therefore be a human fracture; however, the high validity
of a human fracture model must be balanced against poor reliability due to exten-
sive variation between cases in clinical practice. At the opposite extreme, cell cul-
ture models are much more reliable but are deficient in validity as a representation
of the whole fracture-healing process. Between these extremes lie models in various
species and sizes of animal, which offer the possibility of adequate numbers of rea-
sonably similar cases of fracture healing occurring in a whole-organism context, in
other words, a balance between reliability and validity.

Model reproducibility is essential for valid investigation and comparison of frac-
ture healing. Several small and large animal models are reported for the investigation
of fracture repair in mice (Bunn et al. ; Connolly et al. ; Li et al. ), rats
(Bonnarens and Einhorn ; Greiff ; Olmedo ), rabbits (Critchlow ),
sheep (Claes et al. ), dogs (Wu et al. ) and goats (Welch et al. ). All in-
vestigations included variation of important influences on bone repair such as the
nature of the fracture, its stability, mechanical stress environment, the fixation de-
vice applied and success of fracture reduction. Small animals, such as the mouse, are
attractive candidates for investigating bone healing, particularly for studies focused
onmolecular questions, because of the availability of gene knockouts, antibodies and
gene probes (Metsaranta et al. ). An externally fixated murine femoral osteotomy
model has been developed, validated and used to study various aspects of fracture
healing (Bunn et al. ; Connolly et al. ; Li et al. ;Murnaghan et al. ).

Monitor Digital Radiographies in Animal Model of Fracture Healing

Standardization of Taking Digital Radiographies

In order to obtain standardized digital radiography, a standardized protocol has to
be set up for each study. For instance, we used Faxitron MX- digital radiography
system for the purposes of taking all X-rays of our animal studies (Fig. ). Before a day
surgery was begun, the machine was turned on and calibrated by taking a series of

Figure 1. Faxitron
M digital radiogra-
phy system
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eight X-rays (26kV, 10ms) to ensure normalization of exposure of radiation. At the
end of the surgical procedure (or following induction of a light general anaesthesia
for X-rays taken from day  onwards), an X-ray jig (Fig. ) was attached to the cross
bar through the two perpendicular portals. This jig contained an aluminium step
phantom and allowed for normalization of X-ray penetration between animals and
across time points. It also controlled for rotation in all planes, therefore enabling
comparison of changes at the fracture within animals.

For taking the X-ray, the animal is carefully placed prone inside the X-ray com-
partment with its left leg held flexed and in external rotation such that a lateral
radiograph of the femur can be taken. The phantom and jig are held flat to the plate
using an overlying weight and a crosshair laser is used to centre the area of interest
such that a repeatable film may be obtained and comparisons between subsequent
pictures can be possible (Fig. ). The distance from the beam to the plate remains
the same throughout the experiment (e.g. 12cm), and X-rays are taken using a fixed
set of exposure setting, such as 24KPa for 3s for the mouse. Digital X-rays are then
saved in the source computer in the operating theatre as raw data files (*.dat).

Figure 2. a X-ray jig for mouse fracture model. bMouse with external fixator and the X-ray jig
immediately before digital radiography being taken

Figure 3. Standardization of the
X-ray position. The phantom and
jig is held flat to the plate using an
overlying weight and a crosshair
laser is used to centre the area
of interest such that a repeat-
able film may be obtained and
comparisons between subsequent
pictures is possible



546 Gang Li, Mark Murnaghan

Analysing Digital Radiographies

The raw data files of the digital radiographies are subsequently analysed using the
freely available image analysis software from the University of Texas Health Science
Centre San Antonio Dental School (http://ddsdx.uthscsa.edu/). Following several
pilot studies into methods of analysis of the data, two standardized techniques are
employed for analysing all X-rays. Both methods use the assumption that increas-
ing bone density equates to an increase in pixel density on the radiographs. In each
method the bone density at the fracture gap is measured and changes at the site com-
pared across time points and also across drug groups.

The first method is referred to as the “line method”. Three parallel lines, 75pixels
in length and centred on the fracture gap, are drawn parallel to the axis of the femoral
shaft (Fig. ). A mean value for each of the  points along the femur is calculated
from the three lines (Fig. a,b). The variances in pixel density of the femur as you
pass proximally to distally can then be assessed and plotted as a line graph of pixel
density against distance. The -pixel length is then divided into three equal -pixel
sections comprising areas of “normal” bone adjacent to the fracture both proximally
and distally alongside a -pixel length comprising the fracture gap itself (Fig. c).
Themean pixel density of the adjacent areas of bone is calculated (solid line) and the
difference to this mean (dotted line) for the central section comprising the fracture
gap is then calculated from the AUC (shaded area) in Fig. d. A comparison can be
made as to how the bone content at the fracture gap changes over time. Initially, there
is relatively less bone content at the fracture gap, but this becomes positive as callus
is laid down during the repair process.

The second method of density assessment is referred to as the “area method” and
is performed by measuring the mean pixel density of bone at the fracture gap itself
(Fig. ). Using the image analysis software the mean pixel density of a standardized
rectangle centred over the fracture gap approximately 0.5mm in diameter and ex-
tending to the inner edge of the cortices is measured. Alterations in bone density
due to variances in X-ray exposure are accounted for by standardization to the alu-

Figure 4a,b.Mouse femoral fracture digital X-rays shows lines for density analysis at day  (a)
and day  (b) following fracture
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Figure 5a–d. Line plots of density measurement from a raw data file of digital radiography
at day  of fracture (a) and at day  post-fracture (b). c The -pixel length is then di-
vided into three equal -pixel sections comprising the areas of “normal” bone adjacent to
the fracture both proximally and distally alongside a -pixel length comprising the frac-
ture gap itself (arrow). d The mean pixel density of the adjacent areas of bone is calcu-
lated (solid line) and the difference to this mean (dotted line) for the central section com-
prising the fracture gap is then calculated from the area under the curve (shaded area, ar-
row)

Figure 6a,b. Density assessment is referred to as the “area method”. a Boxed area represents
fracture gap at day  of fracture. bThe boxed area represents fracture gap at day  following
fracture

minium phantom attached to the X-ray jig. The line method also utilizes an internal
method of standardization as changes in density are presented as a ratio to the nor-
mal femur such that any changes in X-ray exposure will affect both the fracture gap
and adjacent normal bone equally.
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Reliability of the Digital RadiographyMeasurement

The intra-observer correlation analysis for the digital radiographic analysis has sug-
gested that the mechanisms of deriving data values and the subsequent analysis of
those values are highly repeatable with very low levels of intra-observer errors being
observed. By using two independently derived variables across each of the outcome
measures [digital X-ray, AUC and region of interest (ROI)]; biomechanical testing,
peak loads and stiffness), we have been able to correlate the results both within each
outcome measure (i.e. peak load with stiffness; AUC with ROI; Fig. a) and across
outcome measures (i.e. AUC with histology, AUC with rigidity, etc.; Fig. b,c). It has
demonstrated that these outcomes correlate very well with strong positive correla-
tions seen both within each of the outcomes (illustrated are ROI with AUC; Fig. a);
however, there are no significant associations between the day- X-ray and biome-
chanical data. At day , however, interestingly there is a strong negative associa-
tion between the AUC X-ray data and the stiffness of the femurs (Spearman test:
R = −0.687; p = 0.010). The validity of the radiological outcomes used in demon-
strating real changes across the fracture gap density between the control and experi-
mental fracture animals (Fig. ). The technique is capable of differentiating between
the changes in the fracture gap density between the two groups of animals, it is also
sensitive enough to identify the more subtle decrease in the sham-group density pro-
file (Fig. ).

Clinical Considerations of Digital Radiography Analysis

Clinical Needs

Orthopaedic surgery has great need of objective and quantitative measures of frac-
ture healing, especially in the reputedly unsolved tibial shaft fracture (Aronson and
Shin ). In intramedullary nailed fractures stiffness measurements are not pos-
sible, which leaves radiological assessment as the only realistic way to monitor the
progress of healing. Our pilot study has evaluated the bone mineral density (BMD)
of test samples by using digital X-ray images which have been calibrated with a hy-
droxyapatite reference phantom. Our results compare favourably to results on the
same test samples evaluated by DXA, the current gold standard of BMD evaluation.
We have also performed preliminary analysis of serial images of nailed tibial frac-
tures that have progressed to union (Fig. ). The use of imaging phantoms is a com-
monmethod of evaluating image quality in the clinical setting.These evaluations rely
on a subjective decision by a human observer with respect to the faintest detectable
signal(s) in the image. Because of the variable and subjective nature of the human-
observer scores, the evaluations manifest a lack of precision and a potential for bias.
The advantage of digital imaging systems with their inherent digital data provides
the opportunity to use techniques that do not rely on human-observer decisions and
thresholds (Gagne et al. , ).
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Figure 7a–c. a Comparisons made
between the two methods of
radiological assessments, i.e. the
area under the curve (AUC)
and region of interest (ROI)
modalities. To assess this, the
maximum change in pixel den-
sity from day  for eachmodality
is used. Scatter plot of data from
AUC and ROI analysis shows
a strong correlation between
the two methods. b At day ,
there is a significant correlation
noted between the histology
scores and relative fracture den-
sity measured from the digital
radiographies (Spearman’s cor-
relation;R = 0.626; p = 0.013 ). c
Correlations across radiological
and biomechanical data pro-
duced few statistically significant
results. There are no significant
associations between the day-
 X-ray and biomechanical
data. At day , however, there
is a strong negative association
between the AUC X-ray data
and the stiffness of the femurs
(Spearman test: R = −0.687;
p = 0.010)
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Figure 8.Digital radio-
graphy analysis shows
changes in the fracture
gap density in the two
groups (control is the
fracture group and sham
is the group with fixator
but no fracture). The
measurement is sensitive
enough to identify the
more subtle decrease in
the sham-group density
profile. In the fracture
group, the density of the
fracture gap at day 
reaches its peak

Figure 9a–c. Serial digital radiographies obtained from a tibial fracture patient with standard-
ised X-ray jig over a -month period (a–c), showing the progress of fracture healing. a–c
close-ups of the fracture gap in a–c

Considerations for Clinical Applications

In clinical practice, before the serial digital radiographies can be used for compar-
ison purposes, the digital images have to be calibrated, normalized and registered.
Image registration may be achieved firstly by standardizing the geometry during ac-
quisition of the image using a position control device (Fig. ), and subsequently by
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Figure 10.X-ray jig (solid arrow)
is applied to control the standard
position of the limb for taking
X-ray, and settings on the jig (for
the limb position and angles) are
recorded for each patient and
used at subsequent visits. Hy-
droxyapatite phantoms (shaded
arrow) are placed on the digital
X-ray cassette for measuring rel-
ative density

using computer algorithms to match the images to subpixel accuracy. There are still
some technical challenges ahead, such as scatter removal via deconvolution and soft
tissue removal with beam-hardening correction. Deconvolution is the mathematical
process that allows reconstruction of the desired image from the actual radiograph.
Once the registration of the image series is completed, the resultant serial images are
analysed using functional imaging, morphological description, and D reconstruc-
tion from two orthogonal views. There is ongoing work in this filed to perfect and
standardize the techniques before they can be applied reliably (Gagne et al. ;
Hazelwood and Burton ; Siewerdsen et al. ). Nevertheless, animal work has
proved that digital radiography can be used as a tool for monitoring fracture healing.
Due to the D nature of radiography, digital radiographies need to be taken in a stan-
dard fashion to allow meaningful sequential comparison, and the facilities for digital
radiography follow-up of human fracture healing must be developed with an expe-
rienced radiologist, and it is only recommended where this possibility exists. Finally,
in animal models of fracture healing, histological data, not the mechanical stiffness
of the fracture, show a positive correlation with the digital radiographic assessment
data (relative bone density), suggesting that the radiographies shall always be used as
a complementary tool in conjunction with clinical and other means of assessment of
fracture healing.

Conclusion

Digital radiography is a useful, cost-effective and relatively accurate means of evalu-
ating and following new bone formation during fracture healing. It allows continu-
ous assessment of the healing process through sequential radiographies. In animal
models of fracture healing, histological data, but not the mechanical stiffness of the
fracture, showed a positive correlation with the digital radiographic assessment data
such as relative bone density. The bone-healing qualities can be assessed through
the estimated relative bone (mineral) density using phantoms; however, due to its
D nature, the digital radiographies need to be taken in a standard fashion to allow
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sequential comparison, and it should be used as a complementary? Rather than an
absolute-measurement for fracture healing.
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Abstract

Effects of estrogen, raloxifene, and alendronate on fracture healing were evaluated
by a peripheral quantitative computed tomography (pQCT) in an osteoporotic frac-
ture rat model. Three-month-old ovariectomized (OVX; except sham-operated con-
trols) Sprague-Dawley rats were pretreated with vehicle (sham and OVX controls),
0.1mg�kg day−1 estrogen (α-ethynyl estradiol), 1mg�kg day−1 raloxifene, or
0.01mg�kg day−1 alendronate for  weeks before fracture induction. At this point,
the pre-fracture groups were killed while transverse osteotomy was performed at the
midshaft of both femora in the remaining animals and kept for  weeks with drug
treatment, and then killed weeks after fracture induction. Excised femora and frac-
ture calluses were analyzed by high-resolution pQCT. At  weeks after fracture, the
alendronate and OVX groups showed larger calluses at a larger cross-sectional mo-
ment of inertia (CSMI) than that of other groups. At  weeks after fracture, the cal-
luses in OVX rats were significantly smaller than those observed at  weeks, whereas
the calluses treated with alendronate did not change in size; therefore, calluses in
OVX rats without drug treatment remodeled towards the original geometry in the
femoral midshaft faster than drug-treated rats, and on the contrary, the fracture cal-
luses in rats treated with alendronate were the slowest. In conclusion, OVX-induced
higher bone turnover and resulted in the fastest remodeling of fracture callus, which
was, however, delayed under alendronate treatment. Estrogen and raloxifene treat-
ment showed intermediate callus remodeling between OVX and sham.

Introduction

Osteoporosis is a relatively common disease of postmenopausal women. Antiresorp-
tive agents (estrogen, selective estrogen receptor modulators known as SERMs, and
bisphosphonates) are currently available therapies used in the treatment of post-
menopausal osteoporosis (Delmas et al. ; Grese and Dodge ; Ettinger et al.
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; Sato et al. ). They all have a role in preventing the loss of bone by rapidly
suppressing the osteoclastic resorption of bone (Bergstrom et al. ); however, in-
hibition of bone resorption has been shown to be followed by a secondary, but power-
ful, suppression of bone formation activity in rats and women (Fisher et al. ; Ro-
dan and Fleisch ; Russell and Rogers ). The dual suppression of both bone
resorption and formation activity results in a substantial reduction in bone turnover.

In the past, emphasis has been largely on the inhibition of fracture incidence;
however, with the wide use of anti-resorptive agents, recent attention has been fo-
cusing on whether these drugs are deleterious to fracture healing (Hyvonen et al.
; Lenehan et al. ; Odvina et al. ; Pizones et al. ). Since osteoporotic
patients are prone to fracture, and bone resorption and callus remodeling play an
important role in the process of fracture repair, the objective of this study was to
ascertain what effect they might have on the ability of the skeleton to repair frac-
tures that might occur during osteoporotic treatment. These data may help to answer
the question as to whether or not osteoporotic patients undergoing antiresorptive
therapy should consider discontinuing treatment after sustaining a non-traumatic or
osteoporotic fracture.

Previous studies showed complex effects of bisphosphonates on fracture repair.
A study of the effects of alendronate on fracture healing in dogs (Peter et al. ) re-
vealed that fracture calluses were approximately two to three times larger in alendro-
nate-treated dogs compared with controls  weeks after a surgically induced mid-
diaphyseal fracture of the right radius.The authors concluded that alendronate treat-
ment before or during fracture healing, or both, resulted in no adverse effects on the
union, strength, or mineralization of the callus in mature beagle dogs.

A fracture repair study in humans with Colles’ fracture (Van der Poest Clement
et al. ) showed that bone loss was induced by immobilization of the fracture and
adjacent sites. The authors concluded that the bone mineral density (BMD) of the
distal radius decreased significantly in the  months after fracture and the resulting
deficit remained evident at least  year after fracture. They found that this bone loss
could be prevented by administration of alendronate. The authors stated that frac-
ture healing was excellent during alendronate treatment, but they did not explicitly
evaluate and discuss the effects of alendronate on the fracture callus.

Recently, another bisphosphonate, incadronate, was shown to induce enlarged
callus but also caused a significant delay in the remodeling process in the fractured
femora in rats (Li et al. , , ). This delay persisted  weeks after frac-
ture. The controversial implications of these studies are that incadronate inhibits the
latter stages of the repair process. Fleisch () suggested that strength of the callus
was of paramount importance, and that the delay in resorption of the callus was of
little consequence, as the organism was able to compensate for any negative effect of
the drug on callus composition by alteration of the geometry; however, other inves-
tigators (Nyman et al. ; Nakamura et al. ; Chao et al. ) suggested that
the process of fracture healing might be considered complete when the fracture line
was no longer visible radiologically, and the anatomical architecture and mechanical
strength was restored. Li et al. (, , ) showed that incadronate did not
hamper callus strength but did delay radiographic reunion and restoration of nor-



Fracture Callus Under Anti-resorptive Agent Treatment Evaluated by pQCT 555

mal architecture. Because incadronate is not currently available, the clinical relevance
of these studies is unknown. For this reason, we elected to evaluate the influence of
alendronate on fracture callus in the current study.

The role of estrogen in fracture healing is not well understood. A study in New
Zealand rabbits (Monaghan et al. ) noted the presence of estrogen receptors in
the callus. A bimodal distribution of receptors was noted with peaks at days  and 
after fracture.Thehighest concentration of receptorswas noted during endochondral
ossification, suggesting a beneficial role for estrogen-stimulated osteoblast differenti-
ation and endochondral ossification in bone regeneration after fracture. To date, the
effect of SERMs on the process of fracture healing has not been studied. In the cur-
rent study, the effects of raloxifene on fracture healing were also evaluated to ascer-
tain possible effects on fracture repair compared with two other currently available
osteoporosis therapies.

Materials and Methods

Our study was conducted in -month-old OVX Sprague-Dawley rats which were
pretreated for  weeks prior to establishment of fracture model at both femora and
then allowed to heal under treatment for  or  weeks prior to killing. In this chapter
we show the results of fracture callus evaluated by pQCT at the fracture plane and
extension region (half callus).

Grouping and Dosing Regimens

Virgin Sprague-Dawley rats (n = 66.2 months of age; Japan SLC, Hamamatsu,
Japan) were acclimated for  month and housed in rooms at 20�C on a -h light/
-h dark cycle and free access to lab rat chow (Oriental Yeast, Tokyo, Japan) and
water. The rats were randomly allocated into three groups based on their body
weight: sham group (sham-operated rats); OVX group (ovariectomized rats); and
alendronate group (ovariectomized rats with alendronate). Rats were pretreated sub-
cutaneously for  weeks with 0.9% saline vehicle (OVX and sham groups), or
alendronate (0.01mg�kg, Lilly, Indianapolis, Ind.), respectively. At  months of age,
transverse osteotomies were performed at the midshafts of both femora in all ani-
mals. Surgery was performed under general anesthesia with pentobarbital sodium
(50mg�kg, intraperitoneally; Abbott Laboratories, Chicago, Ill.). A fine-toothed cir-
cular saw mounted on an electrical drill (Kiso Power Co, Osaka, Japan) was used
to perform the osteotomies. A stainless steel intramedullary wire (diameter 1.5mm;
Zimmer,Warsaw, Ind.) was inserted into themedullary cavity to stabilize the fracture
site. The wire was cut on the surface on the intercondylar groove to make sure that
the movement of the knee was not affected. Unrestricted ambulation was allowed
after recovery from anesthesia. Body weights were measured weekly and injection
dosages were adjusted accordingly. The same dosing regimen was continued post-
fracture.
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High-Resolution Quantitative Computed Tomography

Computed tomography (CT) was performed using a CT system from Enhanced Vi-
sion Systems (EVS, London, Ontario, Canada). Fracture calluses were imaged with
22.6-μm isotropic voxels (the resolution was the same in all three orthogonal direc-
tions). The region from just above the fracture plane to the distal end of the femoral
shaft was imaged (about 1cm total). The same anatomical region was scanned in the
non-fractured bones. Excised femorawere imaged in 70�30% ethanol/water and cali-
brated using the gray-level values for ethanol-water and an SB block (SB is a cor-
tical bonemimicking material; Gammex RMI,Middleton, Wis.). Analyses were con-
ducted on the fracture plane and on a region extending from 1.5 to 6mm below the
fracture plane.The reason for conducting both analyses was that biomechanical test-
ing revealed that the bones did not always break in the original fracture plane. Since
the fracture plane was not necessarily the weakest point, it was important to quan-
tify the geometry and properties of the half callus in addition to parameters for the
fracture plane.

Within the fracture plane, the image was thresholded into bone and non-bone
voxels for CSMI calculations. The threshold level was set half way between the gray
level values of ethanol/water and SB.The bone voxels were used to calculate the fol-
lowing parameters: CSMI; bone area; total bonemineral content (BMC); and average
BMD.

An accurate measurement of the CSMI is required for the calculation of material
properties from biomechanical data. Due to the non-uniformity and variability of
the mineral composition of fracture calluses, we calculated a weighted CSMI, taking
into account the BMD distribution within the callus. An equation was developed in
which the CSMI was normalized by the average BMD within the fracture plane:

I = &BMDiAy2i
BMD

,

where I is the CSMI, BMDi is the BMD of each voxel, A is the area of each voxel, yi is
the perpendicular distance of the each voxel from the central axis, and is the average
BMD value.

The region extending from 1.5 to 6mm below the fracture plane ( slices) for
half calluses was analyzed using a semi-automated deformable boundary technique,
slice by slice. The region analyzed was the volume inside the outer boundary of the
fracture callus. The parameters extracted were average cross-sectional area (CSA),
total BMC, and average BMD. In addition, the area profiles were plotted as a function
of distance from the fracture plane.

A subjective parameter was utilized for the -week fracture calluses, called the
fracture healing index (FHI).This parameter, whichmeasures progression of healing,
can have only two arbitrary values,  in cases where the fracture plane was not
clearly identifiable in theCT image and  in cases where the fracture planewas clearly
visible in the CT image; therefore, FHI is a subjective parameter that describes the
progress of fracture healing.
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Statistics

Group differences were assessed by analysis of variance (ANOVA) with pair-wise
contrasts examined using Fisher’s protected least significant difference (PLSD)where
the significance for the overall ANOVA was p < 0.05. Statistical analysis was per-
formed using Statview forWindows, version 4.57 (AbacusConcepts, Berkeley, Calif.).

Results

Weeks After OVX But Before Establishing Fracture Model

TheQCT parameters for the femoral diaphysis were evaluated at about the site of the
fracture for femora from animals  weeks post-OVX but just before fracture (Fig. ;
Table ). The OVX had no effect on bone area, BMC, BMD, or CSMI at the mid-
shaft relative to sham controls. Similarly, treatment with estrogen, raloxifene, or al-
endronate had no effect on the QCT parameters of the femoral diaphysis relative to
sham or OVX controls.

Table  summarizes QCT parameters measured in the extended region of the
diaphysis and Fig.  shows the area profiles. TheOVX did not change average area or
BMC relative to sham controls but did cause a significant reduction in BMD, which
resulted from slight periostial expansion coupled with slight endocortical resorption.
Estrogen or raloxifene had no effect on area or BMC relative to shamorOVX controls
but did prevent the reduction in BMD due to OVX. Treatment with alendronate did
not cause significant changes in average area, BMC, or BMD relative to sham or OVX
controls, with the BMD value being intermediate between sham and OVX. The area

Figure 1.Representative CT images from the pre-fracture groups. The top images show vertical
slices through the bottom half of the femur. The bottom images show the transverse slices that
were analyzed corresponding to the approximate location of fracture in the fracture groups.
These planes are near the bottom of the vertical slices. Visually, all groups appeared similar at
this time point
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Figure 2a–c. Area profiles for a pre-fracture, b -week post-fracture, and c -week post-
fracture. This figure illustrates that the calluses in OVX group were large initially but were
then remodeled, whereas that of the alendronate group remained

profiles (Fig. ) suggested an approximately 10% pre-fracture increase in area for the
OVX and alendronate groups, even though the average areas were not significantly
different at this time point.

Six Weeks After Fracture

The fracture-planeQCT analysis (Fig. ; Table ) revealed that OVX bone area, BMC,
BMD, and CSMI were not significantly different from sham. Treatment with estro-
gen had no significant effect on bone area, BMC, BMD, or CSMI relative to sham
or OVX controls. Treatment with raloxifene had no effect on bone area, BMC, or
BMD, but CSMI was significantly reduced relative to OVX.This was due primarily to
geometry, as the raloxifene calluses tended to be smaller than OVX. Treatment with
alendronate caused larger calluses to form, as evidenced by the bone area and BMC
values, which were both significantly larger than for all other groups. Alendronate
BMD was not significantly different from the other groups, but CSMI was signifi-
cantly larger than all but the OVX controls; therefore, calluses from the alendronate
group were larger than estrogen or raloxifene calluses at  weeks post-fracture, be-
cause the latter treatments tended to form smaller calluses that were more similar to
sham than OVX, whereas alendronate calluses tended to be geometrically more like
OVX, but with more mineral.

The extended region QCT analysis (Table ) showed that ovariectomy induced
the formation of a callus that was larger than sham. Average area was significantly
greater than for sham controls, whereas BMC was not significantly different, and so
BMD was significantly reduced relative to sham. Treatment with estrogen reversed
ovariectomy effects towards sham levels. Estrogen average area, BMC, and BMD
were not different from sham controls, whereas average area was significantly re-
duced relative to OVX controls, and BMD was significantly greater than for OVX
controls. Raloxifene had effects similar to those of estrogen with average area less
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Figure 3.Representative CT images from the -week post-fracture groups. The top images show
vertical slices through the bottom half of the femur. The bottom images show the transverse
slices that were analyzed corresponding to the fracture plane. Fracture calluses in OVX and
alendronate groupwere larger than that of sham, estrogen, and raloxifene group. It also appears
as though the calluses in the other groups had started to remodelmore than the calluses in the
alendronate group

than OVX and BMD greater than OVX and sham controls. Treatment with alen-
dronate caused the formation of the largest calluses. Alendronate average area was
significantly greater than all but OVX controls, whereas both BMC and BMD were
significantly greater than all other groups, showing that alendronate induced greater
mineralization around the fracture site at  weeks post-fracture. The area profiles
(Fig. ) showed a similarity in outer callus geometry between the alendronate and
OVX groups, as well as between the raloxifene, estrogen, and sham groups after
 weeks of fracture healing.

SixteenWeeks Post-fracture

At  weeks post-fracture, the fracture plane was not always discernible at 22.6-μm
resolution, especially for the OVX calluses (Fig. ), so the fracture plane was esti-
mated in cases in which the fracture had healed. This estimation was performed
by placing the bones in the imaging fixture the same way every time, assuming
that the fractures were all in approximately the same anatomical location. Visu-
ally, it appeared that the fracture-healing process consisted of a new cortical shell
being formed on the periphery of the fracture callus with the original cortical shell
being resorbed. At the -week time point, this process appeared to bemost advanced
in the OVX group and least advanced in the alendronate group where the original
cortical shell remained intact but porous. This explains why the fracture plane was
still evident in the majority of the alendronate specimens.

At this time point, OVX had no effects on bone area, BMC, BMD, or CSMI rela-
tive to sham (Table ). Estrogen had no effect on bone area, BMC, or CSMI relative to
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Figure 4a–c.Representa-
tive CT images from the
-week post-fracture
groups. The top im-
ages show vertical slices
through the bottom half
of the femur. The bot-
tom images show the
transverse slices that
were analyzed corre-
sponding to the fracture
plane. Calluses in al-
endronate group were
much larger than that
of other groups. Also,
the original cortex was
still clearly visible in
the alendronate calluses,
whereas it had been
resorbed to varying de-
grees in other groups.
In the OVX group, cal-
luses around the original
cortex were almost com-
pletely remodeled. It
was also much easier to
see the original plane of
fracture calluses in the
alendronate group



Fracture Callus Under Anti-resorptive Agent Treatment Evaluated by pQCT 563

sham or OVX but did increase BMD relative to sham and OVX. Raloxifene had no
effect on bone area, BMC, BMD, or CSMI relative to sham and OVX. Alendronate
increased bone area, BMC, and CSMI above all other groups, whereas BMDwas sig-
nificantly reduced relative to estrogen.

The -week post-fracture extended-region analysis showed that OVX had lower
BMC and BMD compared with sham (Table ), but OVX had no effect on average
area. Estrogen reversed the effect of OVX on BMD. In fact, BMD was significantly
greater than that in sham and OVX group; however, BMC was still significantly less
than sham, and average area was also significantly reduced for estrogen relative to
sham. Raloxifene treatment had average area, BMC, and BMD that were not different
from sham, whereas BMD was significantly greater than OVX. For the alendronate
group, average area and BMC were significantly greater than for all other groups,
whereas BMD was significantly greater than OVX. The area profiles (Fig. ) showed
that the calluses in alendronate group had greater dimensions andmoremineral than
that of all other groups, whereas callus geometry of OVX group decreased back into
the range of that of the sham, estrogen, and raloxifene groups. Interestingly, alen-
dronate treatment resulted in the worst FHI (Fig. ), whereas the fracture plane could
not be observed in any of the calluses in OVX group, suggesting that fracture repair
progressed the farthest in the OVX group followed by the estrogen, raloxifene, and
sham groups.

Discussion

It was reported that alendronate (10mg) improved dual-energy X-ray absorptiom-
etry (DXA) BMD in the vertebra and femoral necks of postmenopausal women by

Figure5.Fracture healing index evaluated at weeks post-fracture.Error bars indicate standard
errors
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9% and 6%, respectively, in  years relative to placebo controls (Devogelaer et al.
; Black et al. ). Also, a 50% reduction in fracture incidence was observed
for the spine with reductions of up to 90% for osteoporotic women with multiple
spinal fractures (Liberman et al. ). Clinical studies with the SERM raloxifene
(60mg) increased DXA BMD by 2.4% in the spine compared with placebo controls
after  years, which was associated with a 50% reduction in the incidence of vertebral
fractures (Delmas et al. ; Ettinger et al. ).These data suggested a non-linear
relationship between BMD and reduction in fracture incidence for the spine.

However, fewer data are available to understand the effects of bisphosphonates or
SERMs on the incidence of non-vertebral fractures and what happens to the fracture-
repair process of non-vertebral fractures; therefore, we evaluated the effects of estro-
gen, raloxifene, and alendronate on the fracture-repair process in femora in an effort
to model what may happen in women on osteoporosis therapy who sustained osteo-
porotic fractures.

The QCT data of the present study showed the formation of large calluses in the
alendronate and OVX groups at  weeks post-fracture. By  weeks post-fracture, the
calluses in theOVXgroup had dwindled to the range of the other groups, whereas the
calluses in the alendronate group had not changed. In this sense, the OVX group was
the fastest to approach the original geometry of the bone, whereas the alendronate
group was the slowest. The estrogen and raloxifene calluses were similar in size to
the sham calluses at  weeks. By  weeks, the calluses in estrogen group were sig-
nificantly smaller than those of sham group, whereas the calluses in raloxifene group
were intermediate between that of the sham and estrogen group.The large increase in
CSA of the alendronate-treated bones also translated into large increases in the total
amount of bone mineral and in the CSMI. The BMC increase was even significant
relative to the OVX group at  weeks, despite the large CSA of the calluses in OVX
group at  weeks; however, increases in CSA and BMC did not correlate with a visual
determination of fracture healing.

We also reported results of radiography, mechanical testing, and histomorpho-
metry previously (Cao et al. ). Interestingly, the -week calluses tended to break
in the fracture plane, but this was frequently not the case for the -week calluses as
predicted by the FHI. This parameter was only evaluated at  weeks post-fracture
with the alendronate group faring the worst. Estrogen and raloxifene were compa-
rable to sham in FHI of the fracture callus. This subjective parameter indicated that
treatment with alendronate induced a delay in fracture callus remodeling as the frac-
ture site persisted radiologically in rats treated with alendronate.

The OVX and treatment with compounds induced significant geometrical, com-
positional, and biomechanical differences among groups; however, the whole callus
appeared to be able to compensate for any negative effects of OVX or treatment by
morphological adaptation, as shown previously in fracture studies in intact animals
with incadronate (Li et al. ).

A fracture repair study in humans with Colles’ fracture (Van der Poest Clement
et al. ) showed that bone loss induced by fracture and immobilization at the
fracture and at adjacent sites could be prevented by alendronate. This study differed
from the current study in that it evaluated the effects of alendronate on bone loss
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due to immobilization of a fractured bone at a non-weight-bearing site, rather than
evaluating the effects of treatment on the fracture-healing process at a weight-bearing
site.The authors did not discuss the effects of alendronate on the fracture callus in this
study. For this reason, the implications of these two studies may be quite different.

Conclusion

The OVX-stimulated bone turnover actually seemed to result in the fastest progres-
sion of fracture repair in terms of radiographic reunion and the return of normal
geometry. Treatment with estrogen or raloxifene did not significantly impair the pro-
gression towards radiographic reunion and the return of normal geometry. Alen-
dronate resulted in the large calluses with stiffness significantly greater than sham
after  weeks of healing; however, there was a significant delay in radiographic re-
union and the return of normal geometry highlighting the delay in callus remodeling
induced by alendronate.
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Abstract

Our study investigated the location and accuracy of osteonecrotic lesions measured
by a computed magnetic resonance imaging (MRI, T-weighted) and coronal data
sets in patients with femoral osteonecrosis (ON). A total of  patients ( hips)
with ON at the femoral head, who underwent total hip arthroplasty, were recruited
into this study. All patients were subjected to MR imaging acquisition before oper-
ation. The MRI (T-weighted) coronal data sets were transferred to a computer in
DICOM format using import and export images software (Mimics). A D model of
ON of the femoral head was restructured. The volume of both femoral heads and
the necrotic lesions was calculated. The risk of collapse in patients with different os-
teonecrotic volume of the femoral head was evaluated using D finite element analy-
sis (FEA). Our measurement results showed that the necrotic lesions were located
at the anterolateral and superior portion of the femoral head in the restructured
D model, which matched well with the anatomical location of the osteonecrotic
lesions. Our results also revealed that if the necrotic volume was more than 30% of
the entire femoral head, there was also a larger collapsed region. Our study suggested
that the D ON model at the femoral head can be restructured precisely using com-
puted MRI technique. This will be helpful for orthopedic surgeons to understand
the shape and location of the necrotic lesion at the femoral head of patients non-
destructively.

Introduction

Osteonecrosis of the femoral head (ONFH) is a common disease of the hip joint. Ac-
cording to the nature history, collapse of the femoral head occurs within – years
in 80% patients with ONFH who did not receive any treatment (Ohzona et al. ;
Sakamoto et al. ). Although non-traumatic ONFH occurs in patients of all ages,
it tends to occur predominantly in young and middle-aged adults. Hip-replacement
surgery is an effective means for releasing pain and restoration of joint function.
Long-term outcomes are, however, not known in these patients. This implies that
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it is necessary to seek an effective joint-preserving treatment, as not all ONFH will
progress to joint collapse.

For patients in early stages of ONFH, it is important and also cost-effective to
predict the risk of collapse accurately and to identify patients who may benefit from
joint-preserving or conservative treatment. To date, magnetic resonance imaging
(MRI) is the most sensitive non-invasive examination for detecting ONFH.The size
and location of the necrotic lesion are the main factors related to the risk of ONFH
collapse.

Materials and Methods

Patients with ONFH

Thirty-eight hips in a consecutive series of  patients with ONFH were recruited
into this study. There were  men and  women with an age range of – years
(mean age 45.5 years). Nine patients had bilateral involvement, and  patients were
unilateral. The etiology of ONFH was associated with use of steroid use in  hips
( patients), with use of ethanol in  hips ( patients), and idiopathic in  hips
( patients). Among  hips,  were at stage III and  were at stage IV confirmed ra-
diographically, according to the Association Research Circulation Osseous (ARCO)
international staging system proposed in  (Gardenlers ). Total hip arthro-
plasty (THA) was then performed for all  hips.

MRI Analysis

MR Imaging
All patientswere subjected toMR imaging beforeTHA.TheMRIwas performedwith
extremity coils on a 1.5-TMR imaging apparatus (Gyroscan, Philips, Eindhoven,The
Netherlands) and consisted of T-weighted SE imaging [repetition time (TR)/echo
time (TE) /18ms, matrix size 400 � 400, slice thickness 2mm without interslice
gaps, field of view (FOV) 375mm, imaging time 5min 24s]. DuringMR imaging, the
position of the hip was standardized in neutral abduction-adduction at ° of flexion
and internal rotation of °. All imaging data was transferred digitally to a personal
computer by DICOM format.

MRI Osteonecrotic Lesion VolumeMeasurement
The MR imaging data was transferred into a Mimics project document which was
then exported to a bitmap paper (Figs. , ). Outlines of the necrotic lesion defined
as the sector demarcated by the serpiginous line corresponding to the band-like
hypointensemargin on serialMRI images, as well as an outline encircling the femoral
head, were traced manually or automatically with the magical stick using image anal-
ysis software (Adobe Photoshop; Fig. ). A D model of ONFH was restructured
using style sculpt software (Magics; Fig. ). The volume of the femoral head and the
volume of the necrotic lesion were calculated using built-in software. Lesion size was
expressed as a percentage of the volume of the entire femoral head.
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Figure 1.Hip MRI with
osteonecrotic bilateral
femoral heads (mimics
version transferred from
DICOM formal)

Figure 2.Hip MRI with
osteonecrotic bilateral
femoral heads (exported
BMP version)

Establishment of MRI Finite Element Model
A D finite element model was constructed using MRI data of a normal hip joint.
The interface between the femoral head and the acetabulum was treated as a direct
contact. The acetabulum was regarded as a rigid body. A load of  N was applied
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Figure 3.Outline of the necrotic margin tracedmanually using image-analysis software (Adobe
Photoshop)

Figure 4. A D reconstructed hip model (STL version) with bilateral osteonecrotic femoral
heads
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° away from the direction of gravitational force towards the femoral side.The stress
index was defined as probability of fracture. The physiological level of the stress in-
dex in the necrotic portion was not more than 0.1. If the stress index was above the
physiological level at the deep necrotic portion and subchondral region, the femoral
head was regarded as being at risk of collapse (Yang et al. ).The ratios of the vol-
umes between the necrotic lesion in anterolateral part and the entire femoral head
were categorized as , , , , and 50%. The risk of collapse in ONFH with dif-
ferent osteonecrotic volumes was evaluated using D finite element analysis (FEA).

Anatomic Measurement of ON Lesion

After surgical removal of ONFH, the juncture of the femoral head and neckwas iden-
tified. The femoral head was then parted from the neck by a hand-motion hacksaw.
The remainder of the femoral head was placed into a glass and filled with 300ml 0.9%
sodium chloride solution. The femoral head was then taken out and the fluid volume
remaining in the glass was measured. The volume of the entire femoral head (cm3)
was , i.e., the remaining fluid volume. Three repeated measurements were done
and the mean value was obtained for statistical analysis. The femoral head was then
cut into five to six slices and the separated ON areas and cartilage were removed in
each cut. The volume of the necrotic lesion was measured using this fluid displace-
ment method.We compared the different volumes using twomethods, i.e., computer
and anatomical measurement.

Statistical Data Analysis

The SPSS . software (SPSS, Chicago, Ill.) was used for paired t-test and regression
test for studying coefficient correlation between the two different methods of ON
lesion volume measurements.

Results

Figure  shows the restructured ONFH D mode. The necrotic region was labeled,
which was located at the anterolateral and superior portion of the femoral head and
anatomically anterior to the teres ligament.

The volume of the entire femoral head in  hips calculated using built-in soft-
ware and anatomical methods was 49.0 � 4.6cm3, (35.6 � 60.6cm3) and 49.3 �
4.5cm3 (35 � 60cm3), respectively; and the difference in volume measured by these
two approaches was 0.59 � 0.9cm3(−1.56 � 2.16cm3, −3.6 to 4.5% of the whole
volume of the FH using anatomical methods), which was not statistically significant
(paired t-test = −1.592; P = 0.120). The necrotic volume of the femoral head meas-
ured from MRI and direct anatomical method was 20.1 � 6.6cm3 (10.7 � 38.9cm3)
and 20.2 � 6.5cm3 (11 � 38cm3), respectively; and the difference in volume was
0.31 � 0.53cm3(−0.96 to 0.99cm3, −1.8 to 2.1% of the whole volume of the FH us-
ing anatomical methods), which did not show significant difference (paired t-test =
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Figure 5.A D reconstructed model with osteonecrotic femoral head

−0.965; P = 0.341). The mean volume of the entire femoral head and necrotic le-
sion measured by anatomical method was 1.19 and 1.53%, respectively, which was
greater than that measured by MRI. Regression analysis showed linear relationship
or agreement between these two methods for both the entire and necrotic volume of
the femoral head (r = 0.976, P = 0.000, and r = 0.996, P = 0.000, respectively). The
volume fraction of the necrotic lesion was 40.8�11.6% (range 21.6–66.7%) of the en-
tire femoral head using anatomical and measurement in  hips (and 41.5 � 11.3%
(range –68%) onMRI measurement, including  (17%) hips with a volume of the
necrotic lesion larger than 40%,  (15%) hips with a volume of the necrotic lesion
between  and 40%, and only  (6%) hips less than 30% necrotic.

The FEA revealed that the fracture or collapse was located in the deep necrotic
portion near the necrotic-viable interface, rather than at the surface of the necrotic
portion.Thiswas identical to collapse found in the femoral head in pathological spec-
imens. The larger the necrotic volume, the greater the stress index (�0.1), implying
higher probability of the femoral head collapse. When the necrotic volume wasmore
than 30% of the entire femoral head, a large area of collapse resulted.

Discussion

Magnetic resonance imaging is widely used in the diagnosis of ONFHwith high sen-
sitivity and specificity. Manymethods have been developed to estimate the size of ON
lesion on radiographs or MR scans, yet the difference in agreement of measurement
methods was has been (Sugano et al. ; Nishii et al. ; Cherian et al. ).
Much of the current dilemma on selection of the treatment options for ONFH is
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caused by the lack of an agreed efficient quantitative system for evaluation and stag-
ing; hence, to develop or identify a method or to establish criteria for accurate quan-
tification of the necrotic volumes in ONFH and to assess its prediction power for
later collapse of individual patients was the objective of this study.

In the past, several studies used MR imaging or radiographs to assess the extent
of ON using different quantitative methods. In , Steinberg et al. () included
the size of the necrotic lesion in their system for staging ON of the femoral head.
Later, ARCO proposed to quantify the extent of ONFN by categorizing the severity
of ONFN into three groups based on the volume of necrosis, i.e., <15, 15% � 30,
and �30% (Gardenlers ). Early studies used the percentage size of the necrotic
lesion presented in the entire femoral head on radiography to quantify the severity
of ONFH (Sugano et al. ; Aaron et al. ). Although this radiographic method
was simple and useful, it was not an accurate one, as the anterior and posterior parts
of the necrotic lesions were overlapped on the anteroposterior radiographs. Once
ONFH is demonstrable on radiography, it has already entered a late stage, i.e., col-
lapse of the femoral head, which predisposes to osteoarthritis of the hip (Nishii et al.
). It is therefore not sensitive to use a radiography for predicting collapse of the
femoral head. When the extent of lesion size and its relation to weight-bearing area
of the necrotic involvement were estimated on coronal T-weighted images of MRI,
Shimizu et al. () reported that  of  hips progressed to collapse after a follow-
up of an average of  months, and the femoral heads with mixed signals on coronal
T-weighted images of MRI showed a high tendency to collapse; the next were those
with high signal and with low signal, respectively.

Li et al. () followed  patients ( hips) with ONFH who accepted joint-
preserving treatment and presumed that the femoral headwith less than 30%necrotic
lesion in the entire head had a low risk of collapse, as compared with a moderate or
high risk of collapse if the necrotic lesion was 30 � 60% or over 60%. On the mid-
coronal and midsagittal T-weighted images, the lesion size was estimated by meas-
uring the angle of the arc of the necrotic segment from the center of the femoral
head, which was defined as the necrotic arc angle.The necrotic arc angle on the mid-
coronal and midsagittal images were designated A and B, respectively. The index of
necrotic extent was calculated as (A/) � (B/) �. But the reproducibility of
this method was poor because of inconsistency found among observers (Cherian et
al ). Cherian et al () modified this method by measuring the necrotic arc
angles on the images that area of maximal involvement in the sagittal (A) and cor-
onal (B) planes. This method was confirmed to be able to estimate the true necrotic
lesion in ONFH better than the previous method.

Although the methods mentioned above are useful and allow indirect estimation
of the volume of ON, they are still not a precise quantitative approach. Hernigou and
Lambotte () transferred electronic data to a multiprocessing computer and the
area of the necrotic area was outlined on each slice using an imaging-analysis pro-
gram and the total necrotic volume was then calculated by summarizing the necrotic
volume of each slice calculated by multiplying the necrotic area of each slice and its
thickness. The area of necrosis was considered to be the sector demarcated by the
serpiginous line histologically corresponding to the band-like hypointense margin,
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and the inner border of this low intensity was assumed to represent the edge of the
necrotic area.This formed an adequate basis for a precise volumemeasurement of the
necrotic bone, which was adopted for the present study. Using this method, minor
inter-observer variation or intra-observer variation (measurement done by a single
person at different times) was reported, with an average 5% difference, i.e., <1.5 and
1.7mm3, respectively, in measurement of the necrotic volume. The volume of ON
quantified by MR imaging method with -mm slices was only 0.98% smaller than
that measured by anatomical method.

In our study, a D model of ON lesion in the femoral head was reconstructed by
special medical software from MRI (T-weighted) coronal data sets. This available
function will be helpful for orthopedic surgeons to understand the shape and loca-
tion of necrotic lesion of the femoral head. The volume of ON can be determined
accurately by the computer program, which matches well with the anatomic volume
of ON lesion. The volume of the ON lesion in the femoral head was reported to be
strongly correlated with the risk of collapse by Nishii et al. (), who found that
hips with ON lesion volume greater than 30% of the femoral head showed a high in-
cidence of collapse among 80% of the cases. In our series of  hips with late ONFH
of stage III and above, there were  hips (84%) with ON lesion volume �30% and
 hips (16%)with ON lesion volume <30%. Some of the hips collapsed despite having
ON lesion volume <30% of the femoral head; therefore, defining the location of the
ON lesion is essential. When the ON lesion developed in the anterosuperior portion
of the femoral head, the risk of collapse was high, regardless of the size of ON lesion.
In ONFH with greater ON lesion volume, no significant relationship was observed
betweenON lesion location and risk of its collapse.One possible explanationwas that
the ON lesion occurring in anterosuperior portion of the femoral head was mostly
large in size; thus, to define ON lesion location from the reconstructed DMR imag-
ing may increase the power to predict the risk of femoral head collapse in patients
with small- or medium-size ON lesions.

The relevance of ON lesion size and its location for prognosis of ON treatment
has also been documented in biomechanical studies using D FEA. The FEA model
of ONFH designed for the present study was simple and optimized. If the necrotic
volume of the ONFH was �30%, the risk of later collapse was high. In the near fu-
ture, development of special software that allows automatic image processing of the
ON pattern recognition and segmentation, rather than the current manual approach
(Zoroofi et al. ), is highly desirable for both reducing the time for image analysis
and increasing measurement accuracy. These two factors are essential for facilitating
routine clinical application of D ON lesion reconstruction and FEA in risk predic-
tion of collapse resulting from development of ON lesions in the femoral head.

Conclusion

We investigated the location and accuracy of ON lesions measured by MRI. The
measurement results showed that the necrotic lesions were located at the anterolat-
eral and superior portion of the femoral head in the restructured D model, which
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matched well with the anatomical location of the ON lesions. Our study suggested
that the D ON model at the femoral head can be restructured precisely using com-
puted MRI technique. This will be helpful for orthopedic surgeons to understand
the shape and location of the necrotic lesion at the femoral head of patients non-
destructively.
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Abstract

We fabricated biomimetic biphasic calcium phosphate (BCP) for tissue engineer-
ing in repair of avascular necrosis (AVN) or osteonecrosis (ON) and observed its
outcome of reconstructiion in ON femoral head of dogs. Firstly, BCP ceramic scaf-
folds were fabricated with three-dimensional (D) gel-lamination technique accord-
ing to the two-dimensional (D) images of trabecular structure of dog femoral head.
Then, the D structure of the scaffolds was scanned and reconstructed using micro-
CT for characterization of D patterns of its material structure related to trabecular
parameters, including bone volume fraction (BVF-BV/TV), bone surface/bone vol-
ume (BS/BV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular
spacing (Tb.Sp), structure model index (SMI), and trabecular pattern factor (Tb.Pf).
After coatingmarrow stromal cells (MSCs) as seed cells onto biomimetic porous BCP
constructed in vitro, the tissue-engineered bones were implanted into the bony de-
fects of dog femoral head through trap-door procedure for  weeks. The femoral
heads in control group were compacted with autograft bone chips for comparison.
Results showed similar micro-CT data between control samples and experimental
group implanted with BCP scaffolds, except that a more plate-like “trabecular” was
pattern found in BCP scaffolds. Thirty weeks after operation, the contour and in-
tegrity of the femoral heads were basically maintained and the BCP scaffold showed
trabecular bone formation and integration. On the other hand, the femoral heads
in control group collapsed and presented osteoarthritic changes. These findings sug-
gested that the biomimetic porous BCP scaffolds developed for this study coated with
MSCsmight be an effective approach in repair of the bony defect inONof the femoral
head.

Introduction

Avascular necrosis of the femoral head (ANFH) is a refractory disease that may
progress to collapse of the subchondral and articular cartilage of the joint. Despite
all efforts made in the past, there are still no effective methods developed for preven-
tion of collapse of the femoral head in many patients. With the development of tissue
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engineering and biotechnologies, we are able to adopt these techniques into research
and development of methods for potential effective treatment of difficult ANFH.

The bone scaffolds are indicated for implantation in bone defects of critical size,
such as the bone defect in the loading area of femoral head, which sustains substan-
tial mechanical loading in daily life. A fundamental issue in designing the tissue-
engineered scaffold materials is to provide a biomimetic environment to facilitate
functional and sufficient porosity for cell migration and cell/gene delivery (Lin et al.
). Accordingly, many variables must be taken into consideration in designing
biomimetic scaffold materials. For example, in order to mimic tissue stiffness, espe-
cially in design of bone substitute for repair of bone defect, material stiffness and
porosity similar to bone is required for both load bearing and cell migration or de-
livery material (Bruder et al. ). In other words, apart from the biomechanical
properties, scaffolds in bone tissue engineering must have other characteristics such
as pore size, pore interconnectivity, pore volume fraction, permeability, and material
surface chemistry, which may, however, influence strength and tissue regeneration.
Many investigators have suggested principles for designing tissue-engineered scaf-
folds for bone application. Yaszemski et al. () stated that scaffolds developed for
bone tissue engineering should possess mechanical stiffness matching the low range
of trabecular bone stiffness of 50–100MPa. Hutmacher () proposed that scaf-
fold shouldmatch the native tissue stiffness which for trabecular bone ranged from 
to 1500MPa. Van Cleynenbreugel et al. () proposed a lattice-structured scaffold
to replace trabecular bone. Although this approach may help construct bone scaffold
with ideal porosity, it is uncertain if the constructed materials may provide an in-
ner structure of the scaffold, whichmeets the demand of the local stress distribution.
Although a number of researchers have postulated scaffold design principles, and
numerous fabrication techniques have been also developed, few methods have been
specifically developed for bone scaffold design for application in treatment of ANFN.

This chapter describes a new and novel approach for constructing the scaffold for
bone tissue engineering in treatment of ANFN. A high-resolution micro-CT is used
for designing and production of a biomimetic porous scaffold. The usefulness of this
material is validated in a femoral head bone defect model in dogs.

Materials and Methods

This study comprised (a) scaffold material development and fabrication, (b) charac-
terization of the fabricated scaffold, (c) in vitro tissue engineering, and (d) in vivo
efficacy study using the tissue-engineered scaffold material for implantation into the
femoral head bone defect in dogs.

Preparation of Porous Hydroxyapatite Bioceramic Scaffolds

We selected BCP (biphasic calcium phosplate) powder as the ceramic phase, which
was synthesized via chemical precipitation technique from the aqueous solutions of
triammonium phosphate trihydrate and calcium nitrate tetrahydrate. D- (Bei-
jing Eastern Rohm and Haas Co., China) was used as dispersant. Sodium alginate
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(Beijing Xudong Chemical Plant, China) was adopted as the gelling polymer, and
calcium chloride as initiator (Tianjin Tanggu Dengzhong Chemical Plant, China).
Sodium lauryl sulfate (Tianjin Chemical Plant, China) was used as foaming agent
and lauryl (Beijing Yili Fine Chemical Ltd., China) as foaming stabilizing agent. The
BCP powder was mixed together with deionized water, D-, sodium lauryl sul-
fate, lauryl, and sodium alginate solution to form a foamy ceramic slurry by means
of ball milling within a polyethylene jar.

Porous biphasic calcium phosphate (BCP) ceramic scaffolds were fabricated us-
ing D gel-lamination technology with sodium lauryl sulfate as foaming agent and
lauryl as foaming stabilizing agent (Van Cleynenbreugel et al. ). With gelling
system of sodium alginate and calcium chloride, the foamy hydroxyapatite (HA)
and β-tricalcium phosphate (β-TCP) slurry were gelled layer by layer on the D gel-
lamination machine (Institute of Nuclear Energy Technology, Tsinghua University,
China) to fabricate the porous ceramic scaffolds with proper speed and compound-
ing according to the D images of canine femoral head. Then the D gel-lamination
specimenswere dried under room temperature and high humidity. After drying, they
were burned out at 300–500�C at a reasonably slow heating rate to drive off the
volatiles, followed by sintering at 1250�C for  h.

Scaffold Structure Evaluation

Eight trabecular bone specimens were obtained from healthy hybrid dog femoral
heads along the longitudinal axis of the femur with a trephine of 10mm in diameter
under water-cooling condition. Then these bone specimen and eight BCP scaffolds
(diameter�height: �10mm) were scanned using a desktopMicroCT system (μCT-
, Scanco Medical, Bassersdorf, Switzerland). Serial cross-section images were ob-
tained along the longitudinal axis of femur with an isotropic voxel dimension of
 μm. The D structure of these specimens were reconstructed by computer ac-
cording to the series micro-CT images of these specimens and evaluated using built-
in software. A semi-automatic contouring method was used to select a volume of
interest exclusively containing the cylindrical core. The resulting image was then
segmented using a low-pass Gaussian filter to remove noise, and a fixed threshold
to extract the mineralized bone phase as described by others (Tian et al. ; Laib
et al. ; Ding et al. ). From the binary images, structural indices were as-
sessed with D techniques that do not rely on model assumptions of the trabecular
structure (Laib et al. ; Muller et al. ). All structural parameters were calcu-
lated for consecutive millimeter increments and they included bone volume fraction
(BVF,BV/TV), bone surface/bone volume (BS/BV), trabecular thickness (Tb.Th), tra-
becular number (Tb.N), trabecular spacing (Tb.Sp), structure model index (SMI),
and trabecular pattern factor (Tb.Pf).

Mechanical Testing

Five specimens of porous scaffolds were cylindrical (diameter�height: 12mm �
10mm) in shape with a length to diameter ratio of 1.2:. An mechanical tester
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(MTS,  Mini Bionix) with 2kN load cells was used for the compression test. The
crosshead speed was set at 0.4mm�min, and the load was applied until the scaffold
was crushed completely. The elastic modulus was calculated as the slope of the initial
linear portion of the stress-strain curve. The yield strength was determined from the
cross point of two tangents on the stress-strain curve at themaximum stress (Callister
et al. ).

Preparation and Seeding of Marrow Stromal Cells

The MSC were derived from iliac wing aspiration and expanded in tissue culture
flasks according to related method (Maniatopoulos et al. ). Briefly, 2ml of each
canine bone marrow in experimental group was collected from the humerus using
a bone marrow needle connected to a heparinized -ml syringe. A .-ml portion
of the aspirate was cultured in an -cm2 flask with 20ml of Dulbecco’s modified
Eagle’s medium with a low glucose concentration (DMEM-LG) and 10% fetal bovine
serum (FBS). The cells were cultivated at 37�C under 5% CO2. The medium was
changed twice a week until the cells were 80% confluent. Non-adherent cells, such as
hematopoietic cells, were removed by the medium change procedure. Subsequently,
adherent cellswere collected. Cellswere released from the flasks by exposure to 0.05%
trypsin and were passaged in other flasks. Before surgery, the cells were harvested
and centrifuged at 100g for 10min and after washing with culture medium at a con-
centration of 6 � 106 cells�ml in medium containing 15% FBS. The scaffolds were
then statically seeded by dropping 0.5ml of cell suspension on each side of the scaf-
folds. The constructs were incubated at 37�C for 2h to allow cell attachment. These
scaffolds were cultured for  days in FBS medium with 10nM dexamethasone and
10mM b-glycerophosphate (DEX and BGP, Sigma) that showed to stimulate MSCs
to differentiate into osteogenic linage in both rat and human (Maniatopoulos et al.
; Mendes et al. ).

Animals and Implantation

Twenty adult hybrid canines (12 � 24 months, 14 � 16kg), obtained at least  weeks
prior to surgery, were randomly divided into experimental group (n = 10) and con-
trol group (n = 10). The surgical procedures were performed under standard condi-
tions. After shaving and disinfection of the hip area, a central skin incision from iliac
crest to upper leg was made to expose the muscle fascia and femoral head through
an anterolateral approach, in which the lateral circumflex branch of the profunda
femoris was preserved. At the top of the femoral head, a -mm-diameter trap-door
composed of articular cartilage and its underlaying subchondral bone was removed
with a thin chisel. The size of the trap-door corresponded to the size (40% of the
femoral head in volume and 80% of the main loading region of the femoral head) that
has been observed in human clinical studies (Ohzono et al ;Nishii et al ; Laf-
forgue et al ; Shimizu et al. ; Koo et al. ). Under constant saline cooling,
central guide hole was drilled before -mm trephine bone defect in the femoral head
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was made to mimic trap-door technique (Mont et al. ).The femoral heads in ex-
perimental group were implanted with the scaffolds coated with differentiated MSCs,
and the femoral heads in control group were packed with autograft bone chips taken
from the ilium through the same incision. The implants were press-fit placed into
the bone defect (see Fig. a). Then the cartilage-bone flap was replaced flush with
surrounding articular surface and held in place by three - sutures. After closing
the capsule, the hip abductors were sutured tight to the greater trochanter. The fascia
was closed with a non-resorbable suture. The skin was closed in two layers. All ani-
mals were observed daily for wound healing and received one preoperation dose and
three postoperative doses of antibiotics (gentamicin, 4mg�kg). Animals were killed
by an overdose of pentobarbital after weeks. Femoral heads were obtained for hist-
ology and histomorphometry, which were fixated in 4% formaldehyde, dehydrated
by graded ethanol series, and embedded in polymethylmethacrylate. Semi-thin sec-
tions were made with a sawing microtome (Leica , Nussloch, Germany). The
coronal midsection of each sample was used for histomorphometry.

Results

Ceramic Scaffold Structure Evaluations

Micro-CTmeasurements showed that the ceramic scaffold contained 62% of macro-
porous porosity. Mechanically, the average compressive modulus and ultimate
strength reached 464 � 36.03and 5.62 � 0.78MPa, respectively. On the contrary, the
average compressive modulus and ultimate strength of the trabecular samples of ca-
nine femoral heads was 566.10 � 56.84 and 12.06 � 3.24MPa, respectively.

When micro-CT measurements were compared between trabecular bone sam-
ples of canine femoral heads and BCP scaffolds, no significant differencewas revealed
in BV/TV, Tb.Th, Tb.N, and Tb.Pf (Figs. , ; Table ).

Table 1.Micro-CT measurements compared between BCP scaffold and trabecular bone of dog
femoral head

Groups
Micro-CT measurements
BV/TV BS/BV Tb.Th Tb.N Tb.Sp SMI Tb.Pf

(mm−1) (μm) (mm−1) (μm) (mm−1)

BCP
scaffold

38.77�
3.66

15.68�
0.99

167.3�
25.3

1.88�
0.31

405.7�
47.7

0.38�
0.33

−2.27�
1.06

Trabecular 40.25�
12.81

21.70�
0.46

191.1�
12.5

2.06�
0.05

308.1�
37.23

0.91�
0.11

−2.52�
0.38

bone
T 2.094 13.42 2.297 1.373 4.949 3.735 0.548
p-value 0.086 0.000� 0.069 0.225 0.004� 0.009� 0.603

�p < 0.01
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Figure 1a–d.Micro-CT image of biomimetic BCP scaffold and dog trabecular bone specimen.
Compared with trabecular bone, the biomimetic BCP scaffold (a,b) shows that the “trabec-
ula” of the scaffold have uniform distribution with homogeneous thickness similar to that of
trabecular bone (c,d). a,c The original micro-CT images. b,d Binary image of the micro-CT
images

Preparation and Seeding of Marrow Stromal Cell

Cell biocompactibility test indicated MSCs survival and cell attachment onto the sur-
face of the BCP trabecular was good (Fig. ).

Animals and Implantation

Thirty weeks after operation, the contour of the femoral head in the experimental
group maintained, whereas joint collapse was found in the control group (Figs. , ).
New bone (trabecular bone) was formed on the cavity surface of the implanted BCP
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Figure 2a,b. A D micro-CT reconstructed BCP scaffold (a) and trabecular bone of the dog
femoral head (b). The SMI of BCP scaffold and femoral head are, on average, 0.38 and 0.91,
respectively, suggesting more plate-like model in BCP scaffold

Figure 3a,b. Scanning electron microscopy images with BMCs loaded onto the BCP scaffolds
and grow well. a The scaffold’s surface was covered by a layer of MSCs (arrow). c The MSCs
(arrowhead) are growing on the pore surface in the scaffold (arrow)

scaffold and excellent tissue integration was found at the BCP scaffold and host bone,
characterized with trabecular bone ingrowth (Fig. ).

Discussion

Femoral Headwith Bone Grafting

Bone grafting as a treatment way for the bone defect of the femoral head combined
with osteonecrosis had been adopted by many investigators. These grafting methods
included iliac-crest (Rosenwasser et al ), strut bone graft (Mont et al. ), and
tibial bone-grafting (Smith et al. ); however, these methods do not provide ef-
fective support for the femoral head loading, so patients with femoral head ONmust
be restricted weight-bearing for a long time in order to facilitate the graft integration
after operation (Mont et al. ).This suggests the needs structural tissue engineer-
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Figure 4. a Representative radiograph of femoral head in experimental group after  weeks
show that the contour of the femoral head kept integrity. b A general view of the femoral
head in experimental group ( weeks). c A representative histological section of the femoral
head in experimental group  weeks after surgery with well-preserved femoral head. d The
magnified region of the implanted BCP scaffold from one framed area of c (arrows) shows
new bone (trabecular bone) formation on the cavity surface of the implanted BCP scaffold.
e The conjugate region between the scaffold and bone-cartilage flap region was not good as
expected. f Excellent healing between the scaffold and trabecular bone

ing for bone grafting. Accordingly, we fabricated a tissue-engineering scaffold in our
research group which meets the local stress and strain distribution in the femoral
head as shown the present study.
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Figure 5. a General view of the femoral head (arrow) in experimental group ( weeks). b Rep-
resentative radiograph of femoral head (arrow) in control group after  weeks shows that
the contour of the femoral head has lost integrity. c Representative histological section of the
femoral head (red arrow) in control group  weeks after surgery. d Good healing within the
inner femoral head (arrow spanning c to d). e Poor integration in the conjugate region (arrow
spanning c to e) between the scaffold and bone-cartilage flap region

ONModels

Numerous studies have been devoted to develop relevant ON models. The efforts
made to date have achieved partial success recently (Conzemius et al. ). Apart
from emus, no animal model has shown joint collapse, which was the end stage of
ON in patients (Gold et al. ; Malizos et al. ; Kawai et al. ). On the con-
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trary, the defect model is useful in study of femoral-head ON in simulating the defect
created for evaluation of treatment effects at the late stage of ON. In the femoral head
defect model, the trabecular bone in the femoral head was removed, which is like
the trap-door procedure or its modifications tested by many studies (Buckley et al.
; Itoman et al. ; Meyers et al. ; Mont et al. ; Rosenwasser et al. ).
Mont et al. () summarized the essentials in establishment of ON model as (a)
femoral head as the region of interests, (b) model with subchondral defect, (c) to
have structural compromise, and (d) similar to defects made for treatment involv-
ing vascularized bone grafting. As a result, we chose the bone defect model for our
experiment.

Scaffold Production, Evaluation, and Experimental Results

Therepair of the bone defect in loading area of the femoral head is a puzzling problem
for many researchers. Tissue-engineering technique may be an effective way to tar-
get this problem. In the development of scaffold materials for tissue engineering, the
scaffold should pursue the following characters: Apart frommaintaining the porosity
of the scaffold, we must improve scaffold strength, which appeared sometimes more
important for the bone defect of the loading place in the femoral head. Over the past
decades, considerable effort has beenmade and focused on fabricating bone scaffolds
into a D interconnectedmacroporous scaffold to guide bone reconstruction through
rapid vascularization, bone growth and remodeling (Ohgushi et al. ; Yoshikawa
et al. ; Li et al. ). Scaffolds developed for bone regeneration should have
a homogenous interconnected porous structure with good mechanical properties to
withstand loading during bone formation. There are two ways to achieve or improve
the strength of the scaffolds. Firstly, we can improve the original intensity of the scaf-
fold with newmaterial (Ramay and Zhang ). Secondly, we can improve the inner
structure of the scaffold to fit the local stress distribution of the affected place. The
latter way may be much more effective for bone scaffold fabricating. According to
Wolff ’s trajectorial hypothesis (Van Rietbergen et al. ), the trabecular architec-
ture should be adopted tomeet the tissue stresses.This paradigmat least suggests that,
normally, stresses and strains should be distributed rather evenly over the trabecular
network. This has been partly certified in finite element analysis by Van Rietbergen
et al. (), which was developed to calculate stresses and strains in complex 3D
structures based on micro-CT images.

A biomimetic scaffold should meet the demands of local stress and strain dis-
tribution, rapid vascularization, and bone growth. Wolff ’s trajectorial principle may
also apply to bone scaffold production. In our study, we adopted the approach by
improving the inner structure of the scaffold, for experimental studies. Through D
gel-lamination techniques, we fabricated porous biomimetic BCP ceramic scaffolds
with oriented trabecular structure, which was verified by the D data set from the
micro-CT images.Themacro-porous porosity of the BCP scaffold is 62%, which sat-
isfies the need ofmaking bone scaffold in tissue engineering.The average compressive
modulus and ultimate strength along the axis of the scaffolds reached 464�36.03 and
5.62�0.78MPa, respectively. Although the strength of BCP scaffold is lower than that
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of trabecular bone from the femoral head, the compressive modulus of BCP scaffold
is close to that of the femoral head, which is good for healing of bone defects and
implants. Compared with trabecular bone specimens, the BCP scaffolds in our study
have a similar appearance and similar value in BV/TV, Tb.Th, Tb.N, and Tb.Pf, but we
need further study to certificate that stress and strain distribution in the femoral head
is uniform in the inner scaffold after planting. This can be proved by finite-element
analysis based on micro-CT images, which our group is doing.

Overall, the animal experiment results show that the bone formation in the scaf-
fold is very good. The trabeculae of the entire BCP scaffold were covered by a layer
of new bone. The femoral heads in the experimental group had kept integrity by the
time of harvest. In comparison, cartilage repair was less than satisfactory in our study.

Conclusion

We adopted BCP scaffold, prepared by D gel-lamination technology incorporated
with a foaming method. The MSCs were loaded onto the BCP to fill the bone de-
fect in the canine femoral head in order to prevent collapse of the femoral head.
Radiographic and biomechanical studies indicated that the healing of bone region
was excellent in the bone–cartilage defect of the femoral head. The conjugate region
between bone–cartilage and scaffold was not as good as expected. Further study, in-
cluding tissue engineering bone–cartilage complex grafting, may be an effective way
to meet the related demands and applications.
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Abstract

We developed an alternative steroid-associated osteonecrosis (ON) rabbit model us-
ing a combination of a single injection of low-dose lipopolysaccharide (LPS) and
three subsequent injections of pulsed high-dosemethylprednisolone (MPS).Theuse-
fulness of this experimental ON model was evaluated using both conventional and
advanced bio-imaging techniques, including contrast-enhanced dynamic MRI and
a high-resolution micro-CT. Details on establishment of methodology are described,
which were adopted into an efficacy study on a herbal Epimedium-derived phyto-
estrogenic extract (HEPE) developed for prevention of steroid-associated ON using
an established rabbit model.The underlying mechanisms of HEPE for prevention of
steroid-associated ON were found to be associated with inhibition of both intravas-
cular thrombosis and extravascular bone marrow lipid deposition, the two known
mechanistic pathways in pathogenesis of ON. Our experimental results provide for
potential clinical trials or applications of HEPE in the prevention of ON among high-
risk patients undergoing steroid treatment.

Introduction

Indications of Steroids and Its Side Effects Related to Osteonecrosis

Osteonecrosis (ON) is a severe skeletal disease that can result from trauma, alcohol
abuse, and life-saving pulsed steroid. Steroids are routinely indicated for treatment
of many medical conditions such as rheumatoid arthritis (RA), infectious diseases,



594 Ling Qin et al.

organ transplantation, and hemodialysis (Assouline-Dayan et al. ). Epidemio-
logic survey shows that there are approximately , new ON patients diagnosed
per year in U.S., and the prevalence of ON in Asia is even two to three times higher
(National Osteonecrosis Foundation; Wang et al. ). Steroid-associated ON has
even become a socio-economic problem in Hong Kong and mainland China since
the outbreak of several virus infectious diseases, including severe acute respiratory
syndrome (SARS; Griffith et al. ; Li et al. ; Hong and Du ; Koller et al.
; Miller et al. ; Scribner et al. ; Shen et al. ; So et al. ).

The pathogenesis of steroid-induced ON is thought to be intravascular throm-
bosis-induced occlusion and extravascular lipid-deposit-induced compression, lead-
ing to an impaired structure-function of intraosseous blood supply system. The im-
paired intraosseous blood supply induces ischemia, necrosis lesion, and subchondral
bone collapse. Some patients may end up with total joint replacement (Aaron et al.
; Assouline et al. ; Lieberman et al. ; Qin et al. ; Wang et al. ).
Unfortunately, the prognosis of total joint replacement is not satisfactory, especially
in patients with steroid-induced ON (Aaron et al. ; Saito et al. ). This im-
plies that prevention of ON development is essential for high-risk patients, including
those undergoing steroid treatment (Qin et al. ; Wang et al. ).

Research and Development in Prevention of Steroid-Associated ON

Based on the pathogenesis of steroid-associated ON, anti-thrombosis agents, such
as warfarin, and lipid-lowering agents, such as statins, have been clinically used to
prevent steroid-associated ON; however, due to side effects (bleeding for warfarin
and abnormalities in liver for statins) occurring during long-term administration,
their routine clinical use for prevention of steroid-associated ON among risk patients
is limited (Expert Panel ; Glueck et al. ; Martin et al. ; Motomura et al.
; Pritchett et al. ; Wortmann et al. ; Schulman et al. ; Wang et al.
). It is therefore highly desirable to develop therapeutic agents for long-term use
that may target both intravascular thrombosis and extravascular lipid deposition,
with fewer no side effects for preventing steroid-induced ON.

The SARS outbreak in China in  provided a unique opportunity where a re-
markable difference in incidence of steroid-associated ONwas diagnosed usingMRI,
with up to 32.7% ON (23% ON at hip alone) found in SARS patients in Beijing (Li
et al. ), whereas only –6% in Hong Kong and Guang Zhou (Griffith et al. ;
Shen et al. ). Apart from potential dose variations in steroid use, frequency of
herb preparation used for SARS patients during pulsed steroid treatment was much
higher in southern China (Hong Kong and Guang Zhou) than in North China (Bei-
jing); thus, we speculate that themuch lower ON incidence inHong Kong andGuang
Zhou might be attributed to potential preventive effects of herbs involved in conven-
tional anti-inflammatory traditional herbal medicine including phytoestrogenic ex-
traction from herbal Epimedium during life-saving standard pulsed steroid for treat-
ment of SARS patients (Lau and Leung ; Liu et al. ), whereas no such con-
ventional approach was introduced for treatment of SARS patients in Beijing (Li et al.
).
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Herbal Epimedium is known as a kidney-tonifying “bone-strengthening” herb.
An Epimedium-derived phytoestrogenic extract (HEPE) has been developed as an
alternative preparation for long-term and safe administration to prevent postmeno-
pausal osteoporosis (Qin et al. a,b; Zhang et al. ). To date, a group of phy-
toestrogen fractions have been derived from Epimedium by a series of standardized
extraction and isolation procedures, which mainly consist of three phytoestrogenic
compounds (Icariin, Genistein and Daidzein; Lee et al. ; Meng et al. ; Qin
et al. a).

Interestingly, phytoestrogen has also been shown to be able to decrease low-
density lipoprotein and increase high-density lipoprotein (Anderson et al. ;
Clifton-Bligh et al. ; Lamon-Fava et al. ). This may imply potential benefi-
cial effects on reversing cholesterol transport, i.e., a potential capability in inhibiting
lipid deposition in peripheral tissues. In fact, studies have shown that phytoestrogen
also has potential anti-thrombotic activity through maintaining a balance between
coagulation and fibrinolysis (Choo et al. ; Wang et al. ). These observa-
tions motivated the investigators of this chapter to establish the following hypothesis
that HEPE might prevent steroid-associated ON through a unique mechanism as-
sociated with inhibition of both thrombosis and lipid deposition. In order to con-
firm this hypothesis, animal experiments are essential to investigate whether HEPE
is able to prevent steroid-associated ON development experimentally, as no clinical
trials with controlled conditions are ethically possible to confirm the above-men-
tioned epidemiologic observations.

Current Available Osteonecrosis Animal Models and Their Limitations

The steroid-associated ON animal models developed in the past include both quad-
rupeds (mice, rats, rabbits, dogs, pigs, dogs, and horses, etc.) and bipeds (chicken and
emeses). All these models may not be able to produce joint collapse, which has been
found in ON patients; however, they are still useful for studying the pathogenesis of
steroid-associated ON and evaluation of pharmaceutical agents or biophysical means
developed for prevention of ON development. Among the above-mentioned animal
models, the rabbit ON model is the most frequently used model (Expert Panel ;
Glueck et al. ; Lang et al. ;Martin et al. ;Motomura et al. ; Pritchett
et al. ; Schulman et al. ; Qin et al. ; Wortmann et al. ; Wang et al.
).

Steroid-Associated ON in Rabbit Model

There are twoprotocols commonly used for establishing steroid-associatedONmodel
in rabbits. One protocol is to use a single injection of high-dose methylprednisolone
(MPS; i.e., H-MPS � 1); however, this has a low incidence of ON (43%; Yamamoto
et al. ). The other protocol is to use two injections of high-dose lippolysac-
charide (LPS) combined with subsequent three injections of high dose MPS (i.e.,
H-LPS�2−H-MPS�3), but this carries a highmortality (50%;Yamamoto et al. ).
For developing intervention strategies for steroid-associated ON, there is a need to
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develop protocols for establishing animal model with a high incidence but low mor-
tality. Recently, a steroid-independent ON rabbit model was successfully established
with a single injection of low-dose LPS, which showed a higher incidence of ON le-
sion (77%) and lowermortality (11%) as comparedwith the protocol (i.e., H-LPS�2−
H-MPS�3) due to avoidance of severe LPS-induced shock by lowering the given dose
(Irisa et al. ). The authors of this chapter recently confirmed that a single low-
dose LPS injection combined with three subsequent injections of pulsed high-dose
MPS did induce a high incidence of ON but low or even no mortality in rabbits (Qin
et al. ).The first part of the chapter reviews the development of imagingmethods
for studying alterations of blood circulation under the influence of steroid treatment.

Development of a Steroid-Associated ON Rabbit Model

Animals and Inductive Protocols

Twenty-eight-week-old male New Zealand white rabbits with body weight of 45kg
were used. Fourteen rabbits were assigned to the treatment group and received LPS
injection (i.v. 10μ g/kg) (Escherichia coli :B, Sigma-Aldrich). Twenty-four hours
later, three MPS injections (i.m. 20mg�kg; Pharmacia and Upjohn) were given intra-
muscularly at a time interval of 24h. Six rabbits were used as control and injected
with 0.9% normal saline. The rabbits in both groups were killed  weeks after the last
MPS injection (Qin et al. ).

ImagingMethods Established for Monitoring and Confirmation of ON Development

Contrast-EnhancedMRI for Monitoring Blood Perfusion In Vivo
Contrast-enhanced dynamic MRI was performed for bilateral proximal and distal
femora before LPS injection and  weeks after the last injection of MPS, using a
1.5-T superconducting system (ACS-NT Intera; Philips, The Netherlands). An ex-
tremity coil (transmit-receive surface coil) was used on the target site of the rabbits
under sedation with Katamin (i.m. 0.25ml�kg). T-weighted MRI images [repetition
time (TR) / echo time (TE)=/13ms] were used for analysis of the target side with
a section thickness of 3mm. A total of  dynamic images were obtained in 90s.
A bolus of dimeglumine gadopentetate (0.8mmol�kg; Magnevist, Schering, Berlin,
Germany) was rapidly administered manually via a previously placed -gauge in-
travenous catheter in the right ear vein, immediately followed by a -ml saline flush
at the same injection rate. The dynamic scan started as soon as the injection of the
contrast medium commenced. Signal intensity (SI) was then measured in operator-
defined ellipse-like regions of interest (ROIs) over the target site beneath the joint
space in the mid-coronal T-weighted images (Fig. ) using a cursor and graphic dis-
play device. The SI values derived from the ROIs were plotted against time as time-
intensity curve (TIC). The baseline value (SIbase) of the SI in a TIC was calculated as
the mean SI value in the first three images. The maximum SI (SImax) was defined as
the peak enhancement value at a given time interval of 90s after contrast injection
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Figure 1.AT-weighted coronal MRI image of rab-
bit proximal femur (TR�TE = 425�13ms) after
Gd-DTPA administration. The region of interest
in the central part of femoral head with a size of
8 � 10 pixels (64 � 80mm2) was defined for anal-
ysis of local intraosseous perfusion

during the early phase of the first pass. Perfusion index “maximum enhancement”
was calculated as:

Maximum enhancement = SImaxSIbase
SIbase

� 100%

The mean of the maximum enhancement values measured at bilateral proximal
femur of each rabbit was used for data analysis (Lang et al. ; Qin et al. ).

Development of a Micro-CT-BasedMicroangiography for Intraosseous Vessels
Under general anesthesia with sodium pentobarbital the abdomen cavity of the
animals was opened and a scurf-needle with -mm syringe was inserted in the ab-

Figure 2a,b.Comparison of two perfusion mediums for in vivo angiography. a Perfusion with
clinically used barium sulfate only reached vessels in diaphysis larger than 251μm (arrow) as
measured bymicro-CT. b Perfusion with Microfil lead chromate reached small vessels (arrow)
in proximal femur as measured by micro-CT used for this study
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Figure 3. a Representative dynamic MRI time-intensity curves of a rabbit with osteonecrotic
proximal femur. Significant decrease in the perfusion index “maximum contrast enhance-
ment” found at the end of the experiment as compared with its baseline. b Significant decrease
in perfusion index maximum contrast enhancement found at proximal femur of the necrotic
rabbits as compared with that of the controls. Asterisk: p < 0.05, compared with baseline and
control rabbits, respectively

dominal aorta distal to the heart with ligation of that proximal to the heart. The vas-
culature was flushed with 50U�ml heparinized normal saline at 37�C and at a flow
speed of 20mm�min via an automatic pump apparatus (PHD /, Harvard Ap-
paratus). As soon as the outflow from an incision of the abdominal vein was limpid,
10% neutral buffered formalin (37�C) was pumped into the vasculature to fix the
nourished skeletal specimen (Bentley et al. ; Duvall et al. ; Jorgensen et al.
; Qin et al. ; Simopoulos et al. ). The formalin was then flushed from
the vasculature using the heparinized normal saline, and the vasculature was injected
with clinically used barium sulfate in our pilot study, which was only able to demon-
strate diaphysial vessels (Fig. a) and was not able tomeet our requirement for study-
ing intraosseous vessels at both proximal and distal femura of rabbtis; therefore, we
adopted themethod of others (Bentley et al. ;Duvall et al. ; Simopoulos et al.
) using a lead chromate-containing confected radiopaque silicone rubber com-
pound based on the manufacturer’s protocol (Microfil MV-, Flow Tech; Carver,
Mass.; http://www.flowtech-inc.com/microfil.htm), which demonstrated much bet-
ter perfusion results for micro-CT scanning of the vessels presented at the meta-
physial regions (Fig. b).

After completion of perfusion, animals were killed and stored at ° for 1h to en-
sure polymerization of the contrast agent beforemicroangiography. Bilateral femoral
samples were then harvested and fixed in paraformaldehyde (4%) for decalcifation
with Ethylenediaminetetraacetic Acid (EDTA, 10%, pH 7.4). Then, both proximal
third and distal third of both femoral samples, i.e., four dissected parts for each rabbit,
were obtained for micro-CT scanning and evaluation using μCT- (Scanco Medi-
cal, Bassersdorf, Switzerland).
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Themicro-CT scan was performed perpendicular to the shaft and initiated from
a reference line 10mm away from the bottom with an entire scan length of 10mm
(refer to the X-ray images of Fig. a). The scan resolution selected was 36μm per
voxel with 1024 � 1024 pixel image matrix. For segmentation of blood vessels from
background, noise was removed using a low pass Gaussian filter (Sigma = 1.2,
Support = 2) and blood vessels was then defined at a threshold of . In order to
reconstruct D architecture of vasculature, the blood vessels filled with Microsfil was
included with semi-automatically drawn contour at each D section. A histogram
was subsequently generated to display the distribution of vessel size and a color-
coded scale was mapped to the surface of the D images to produce a visual rep-
resentation of the vessel size distribution (Duvall et al. ).

Results of Blood Perfusion Imaging Analysis

Pathophysiologic Pathway for Intraosseous Blood Supply
A significant decrease (p < 0.05) in the “maximum enhancement” of both proximal
and distal femur was found in the ON+ rabbits as compared with baseline, whereas
no significant change (p � 0.05) was found in the control rabbits (Fig. ).

Micro-CT-Based Evaluation on Intravascular Pathogenic Events
The control samples showed normal vascular network, whereas the ON+ samples
showed a blocked stem vessel surrounded by small disconnected vessels and dis-
seminated leakage substance (Microfil; Fig. a).Quantitatively, histogramswere com-
piled to show the blood vessel size frequency distribution in both ON+ samples and
the controls. As compared with the control samples, the necrotic ones showed an
increase in small, collateral-sized-like vessels (200–400μm), reduced perfusion to
conduit vessels (400–600μm), and dilated vessels (800–1000μm; Fig. b).

Discussion and Conclusion

We used advanced bio-imaging methods (dynamic contrast-enhanced MRI and
micro-CT-based microangiography) to demonstrate that pathogenic events and
pathophysiologic pathways responsible for intraosseous ischemia.

In a pilot study, we also explored if clinical angiography using radiopaque sub-
stance barium sulfate would be a better approach to monitor steroid-associated em-
boli in the intraosseous vascular network; however, due to its larger particle size with
lower solubility in solution, only blood vessels larger than 250μmwere visualized to
be perfused radiographically. Microfil (lead chromate) is a radiopaque solution with
a smaller particle size, which was recently used for quantitative micro-CT analysis of
collateral vessel development after ischemic injury (Duvall et al. ), and success-
fully adopted into the present micro-CT angiographic study. Our findings showed
that the formation or presence of intravascular thrombosis was well demonstrated
by micro-CT-based microangiography, where the thrombi blocked the vasculature
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Figure 4. a Representative images of micro-CT-reconstructed D micro-angiography of proxi-
mal femur from a necrotic (upper) and control rabbit (lower), which were evaluated from the
region of interest (ROI) within the white frame, respectively (refer to Fig.  for the definition
of ROI). As compared with control specimen, the necrotic one demonstrated blocked stem
vessels with numerous disconnected small vessels and disseminated formless radiopaque sub-
stances by leaking in downriver region. Note that the two left images were generated from the
corresponding left ones after removing the disconnected small blood vessels by removing the
vessels with diameter smaller than 252μm for better visualization of the blocked stem ves-
sels in necrotic specimen. b Representative histogram with distribution of blood vessel sizes
in both control and necrotic samples. The necrotic sample shows more small, collateral-sized
vessels (200–400μm), reduced perfusion to conduit vessels (400–600μm), and dilated vessels
(800–1000μm)

�

as revealed by both upstream-dilated stem vessels and downstream-reduced conduit
vessels localized to the necrotic lesions in decalcified Dmicro-CT intraosseous vas-
cular network.

The above-mentioned perfusion techniques were validated by our previous in-
travascular hematology and histopathology study, which showed intravascular
thrombosis using the same inductive protocol. In ON+ rabbits, a significant decrease
from baseline (p < 0.05) induced by LPS was found in the ratio of t-PA/PAI-I be-
fore the first MPS injection. Twenty-four hours after the last MPS injection, the de-
creasing tendency for activated partial thromboplatin time (APTT) was maintained,
whereas a rapid decreasing tendency for ratio of t-PA/PAI-I became apparent. It im-
plied imbalance between coagulation and fibrinolysis, such that thrombi occurred
histopathologically (Qin et al. ).

Structural changes of vasculature were also found to be associated with time-
course changes in plasma ratio of low-density lipoprotein to high-density lipopro-
tein (LDL/HDL ratio) in ON+ rabbits, which showed a significantly increased ratio
from the baseline 24h later after LPS injection, a tendency which was further signifi-
cantly enhanced 24h after the last MPS injection. This was evidenced in histopatho-
logic findings, which demonstrated increased fat cell size in the necrotic marrow,
accompanied by substantially reducedmarrow space (Qin et al. ). In fact, higher
LDL/HDL ratio was considered to reflect the prominent lipid transport to the
peripheral tissues, which might result in extravascular marrow compression from
lipid deposition (Glueck et al. ).

Both intravascular and extravascular events contributed to the impaired perfu-
sion of intraosseous blood supply. This was evidenced by the significantly decreased
“maximum enhancement,” an index of blood perfusion measured by dynamic MRI
in ON+ rabbits in the present study.

The high incidence (93%), and even no mortality, using this protocol might be
attributed to both the combined administration of LPS-MPS and a single low-dose
LPS. The histopathologic features of ON in this rabbit model were similar to those
observed in human ON specimens we obtained from SARS patients (see Fig. ). The
significance of the protocol used in this study with high ON incidence but low or no
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Figure 5a–d.Osteonecrotic femoral head from a severe acute respiratory syndrome (SARS) pa-
tient. a Specimen from necrotic femoral head of a patient recovered from SARS. bA D recon-
struction of subchondral necrotic lesion with resorption cavity by micro-CT. c Histopatho-
logic section with fibrotic scar formation around the necrotic bone within the dotted circle
(H&E staining, �). d Histopathological section with granulation tissue penetration into
the necrotic bone with resorption cavity within the dotted circles (H&E staining, �). RC
resorption cavity

mortality was obvious, at least in terms of reducing the number of experimental ani-
mals required for intervention at studies and increasing the validity of the evaluation
results (Motomura et al. ).

In conclusion, static and dynamic bio-imaging modalities, including advanced
contrast-enhanced dynamic MRI and micro-CT-based angiography, were unique
and non-destructive for studying local blood perfusion. The present experimental
study showed that our experimental protocol with a single injection of low-dose LPS
and subsequent pulsed high-dose MPS injections were an effective way to induce
ON in rabbits with a high incidence and no mortality. The ON model established in
the present study therefore forms a solid foundation for investigating the efficacy of
potential intervention strategies for prevention of steroid-associated ON.



Bio-imaging Analysis of Anti-osteonecrotic Phytomedicine 603

Figure 6a–c. Chemical structures of three main phytoestrogenic components in herbal
Epimedium-derived phytoestrogen extraction (HEPE). a Icariin (50%). b Genistein (2.5%).
c Daidzein (12.5%)

HEPE Developed for Prevention of Steroid-Associated ON in Rabbit Model

Materials andMethods

Grouping and Treatment
Thirty -week-old male New Zealand white rabbits received an established steroid-
associated ON inductive protocol as described and also as published recently (Qin
et al. ). Animals were then divided into control group (CO; n = 14) and HEPE
group (n = 16). Rabbits in HEPE group received HEPE (5mg�kg�bw day−1) at the
first day of intervetion. The known bioactive compounds in HEPE in 5mg HEPE
contained 2500μg Icariin, 125μg Genistein, 625μg Daidzein, and 1750μg vehicle;
Fig. ) was commercially available (Tong Ji Tang Pharmacal Company, Gui Zhou,
China; Zhang et al. ).

Evaluations on Intravascular and Extravascular Events of Intraosseous Pathogenesis
Local Blood Perfusion In Vivo Contrast-enhanced dynamic MRI was performed on both
femora for local intraosseous perfusion before LPS injection and  weeks after the
last injection of MPS. (Details of the method are mentioned above in section on ON
model evaluation.)

Micro-CT-BasedMicroangiography Six weeks after inductive injection, both femora were
dissected after decalcification.

Histopathology After microangiography, all the decalcified samples were embedded
in paraffin, then cut into -mm-thick sections along the coronal plane for the prox-
imal parts and the axial plane for the distal parts. The ON lesions and intravas-
cular/extravascular pathologic evidence was evaluated. Sections were stained with
hematoxylin/eosin (H&E) for evaluation of osteonecrosis and calculation of fat cell
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size. Phosphotungstic acid hematoxylin (PTAH) was the staining specifically em-
ployed for examination of fibrin thrombus (Prophet et al. ).

Regarding evaluation of ON, entire areas of each dissected part of femoral sam-
ples, including epiphysis and metaphysis, were examined for the presence of ON,
whichwere judged blindly by twopathologists based on the characteristic histopatho-
logic features with empty lacunae or pyknotic nuclei of osteocytes in the trabeculae,
accompanied by surrounding necrotic bone marrow (Yamamoto et al. , ).
All rabbits that had at least one ON lesion in the examined sections were defined as
ON+, whereas those with no ON lesions were ON−.

Regarding calculation of extravascular marrow fat cell size, the fat cell size of each
rabbit was calculated as the average of the Feret’s diameter of all bonemarrow fat cells
with clearly defined profile of each dissected part of the femur samples.Thehistologic
sections were digitized into a microscope imaging system (Zeiss Aixoplan with Spot
RT digital camera, Zeiss, Germany) for quantification using image analysis software
(ImageJ 1.32j, National Institutes of Health, Bethesda, Md.).

Hematology A -ml blood sample was collected in a fasting state from each rabbit
through the auricular arteries immediately before injection of LPS, and at weeks 
and  after LPS injection. Half was stored at −70�C for evaluating intravascular
thrombotic status, including t-PA/PAI-I (ratio of tissue-type plasminogen activator
to plasminogen activator inhibitor) as intravascular fibrinolysis indicator by enzyme-
linked immunosorbent assay technique using corresponding mouse monoclonal
anti-human antibodies (Manufacturer’s Datasheet, Xitang Biotechnology, Shanghai,
China) and APTT as intravascular coagulation indicator by Automatic Blood Coag-
ulation Analysis Apparatus (SysmexCA-, Japan).

Statistics Comparison of the incidence of ON between the control group and the
HEPE group was performed using Fisher’s exact probability test. Student’s t-test was
used to compare the difference in all the histopathologic measurement data between
the control group and the HEPE group. The longitudinal data of dynamic MRI per-
fusion parameter from each group were analyzed by the program “General Linear
Model Based Repeated Measures.” All data were expressed as the mean � SD and
statistical significance was set at p < 0.05.

Results

End-Point Evaluations for Safety and Efficacy
Safety No rabbits died in either group throughout the experimental period. Rabbits
in the HEPE group were found to be physically more active compared with control
rabbits.

Treatment Efficacy The incidence of ON in the HEPE group was 31% ( of ), which
was significantly lower than 93% ( of ) in the CO group (p < 0.05). The ON
lesions with typical features were found in all the ON+rabbits (Fig. ).
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Figure7a,b.Histopathologic features compared between representativeON+sample in the non-
treatment ON group and representative ON+sample in the HEPE group. a Representative
ON+sample in the non-treatment control group characterized by more empty lacunae in the
trabecular matrix, which were surrounded by more and larger marrow fat cells. b Representa-
tive ON−sample in the HEPE group showed vital bone with normal osteocytes. Considerable
space was preserved for marrow hematopoietic cells and vessels containing radiopaque sub-
stance (Microfil), indicated by arrows

Pathophysiologic Pathway for Intraosseous Blood Supply Dynamic MRI-based perfusion
study showed that the maximum enhancement at both proximal and distal femur
decreased significantly from baseline in the CO group, whereas no change was found
at those sites in the HEPE group (p < 0.05; Fig. ).

Regarding the micro-CT-based vascular network, the ON+ samples in the CO
group showed a blocked stem vessel surrounded by many small disconnected ves-

Figure 8a,b.Representative time-intensity curves (arbitrary unit) by dynamic MRI on proximal
femur. a Maximum enhancement showed a significant decrease in perfusion function in the
non-treatment control group. b No significant alteration in perfusion function was found in
the HEPE group
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sels and disseminated leakage of contrast material (Microfil), whereas there was no
blocked stem vessel in the ON− samples of the HEPE group.

Intravascular/Extravascular Pathogenic Events
IntravascularHematologic Indicators For coagulation, theAPTT in theCO group showed
a significant decrease from baseline at week  after LPS injection and increased to-
wards baseline later, whereas a prominently attenuated tendency was found in the
PE group than the CO group throughout the experimental period (p < 0.05). For
fibrinolysis, the tPA/PAI-I in the CO group significantly declined from baseline at
week  after LPS injection and increased towards baseline later, whereas an evidently
attenuated tendency was found in the PE group throughout the experimental period
(p < 0.05; Fig. ).

Extravascular Histopathologic Indicators Histopathologically, the Feret’s diameter of mar-
row fat cell in the HEPE group (48.17�3.54μm) was significantly smaller (p < 0.05)
than that in the control group (63.71 � 6.41μm). In the HEPE group, considerable
space was preserved formarrow hematopoietic cells and vessels inON- rabbits; how-
ever, little space was left for marrow elements due to enlarged fat cell size in the ON+
rabbits of the control group (Figs. , ).

Discussion and Conclusion

The present study shows, for the first time, that the herbal Epimedium-derived
phytoestrogenic extract (HEPE) was able to prevent steroid-associated ON through

Figure 9a,b.Hematologic data compared between both non-treatment control group and the
HEPEgroup. a Significant decrease inAPTT found in non-treatmentONgroup (ON) atweek 
after LPS injection and restored back to the baseline level afterwards, whereas no significant
fluctuation was shown in the HEPE group. b The tPA/PAI-I in the non-treatment ON group
significantly declined from baseline after LPS injection, whereas there were no measurable
changes in HEPE treated group.Asterisk: significant difference compared between two groups



Bio-imaging Analysis of Anti-osteonecrotic Phytomedicine 607

Figure10.Size of the fat cell was significantly larger
in the non-treatment ON group than that of the
HEPE group (p < 0.05)

a unique mechanism associated with inhibition of both thrombosis and lipid de-
position.

In the present study, a single daily oral administration of HEPE effectively re-
duced threefold the ON incidence (31%) as compared with the control group (93%).
Neither animal death nor bleeding event were documented in the HEPE-treated rab-
bits throughout the experimental period.Thismay suggest a potential long-term clin-
ical application with more required safety than the available anticoagulants tested
clinically (Motomura et al. ). Our results may also support, or partially explain,
the clinical observations of significantly lower ON incidence in SARS patients in the
two cities (Hong Kong and Guang Zhou) in southern China (–6%; Griffith et al.
; Shen et al. ) as compared with that in a northern city (Beijing) in China
(32.7%; Li ZR et al. ), as herb preparations were much more frequently given to
SARS patients during pulsed steroid treatment in southern than in northern China
(Lau et al. ; Liu et al. ), apart from steroid dose variations.

The effects of HEPE on the final pathophysiologic pathway to ON, i.e., an im-
paired structure-function of intraosseous blood supply system, were confirmed by
contrast-enhanced dynamic MRI and micro-CT-based angiography. Our findings
indicate the potential of HEPE in maintaining local blood circulation and vascula-
ture integrity, functionality, and structure. Functionally, MRI intraosseous perfusion
parameter time/intensity-curve-derived maximum enhancement showed a higher
value in the examined sites of the ON− rabbits in the HEPE group than those of the
ON+rabbits in the control group. Structurally, microangiography showed the capa-
bility of HEPE tomaintain intraosseous vasculature, as evidenced by no blocked stem
vessels in ON− samples of the HEPE group compared with ON+ samples in the CO
group.

The mechanistic pathway of HEPE was also indicated by its effects on both in-
travascular and extravascular events. Histopathologically, fat cell size has been com-
monly defined as a direct indicator of local lipid deposition (Miyanishi K et al. ).
In the present study, HEPE was shown to be able to inhibit local lipid deposition,
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which was evidenced by smaller fat cell size in the HEPE group than the CO group
(p < 0.05). Hematologically, it suggested that intravascular indicators (both APTT
and tPA/PAI-I) implied that HEPE prevented ON development partially via a po-
tential pathway maintaining balance between coagulation and fibrinolysis. Recent
experimental findings indicate that pulsed steroids stimulate adipocytic pathway in
marrow (Li X et al. ), and phytoestrogen showed potential inhibition effects on
adipogenesis (Cooke and Naaz ; Dang et al. ; Dang and Lowik ). Our
unpublished preliminary in vitro data has also demonstrated significantly decreased
adipogenic PPARγ2 gene expression inmarrow cells from steroid-associatedON rab-
bits with HEPE prevention.

In this study, HEPE decreased ON incidence to 31%, whereas a combination of
anticoagulant plus a lipid-lowering agent decreased ON incidence to 5% in an ex-
perimental study (Motomura et al. ); however, the combination of therapeutics
in Motomura’s study started - weeks before inductive injection, and HEPE in our
study started immediately before inductive injection. So, direct comparisons between
those two experimental studies could not be made. The first limitation of our study
was that it was without a dose-effect design, and the prevention efficacy profile of
HEPE, thus far, remains unclear.

In conclusion, we provide evidence supporting our hypothesis that HEPE was
able to prevent steroid-associated ON in rabbits through a unique mechanism asso-
ciated with inhibition of both thrombosis and lipid deposition.

Conclusion

We developed a steroid-associated ON rabbit model with high ON incidence and
no mortality. This experimental ON model was adopted for efficacy study on an
herbal Epimedium-derived phytoestrogenic extract (HEPE) developed for preven-
tion of steroid-associated ON. The underlying mechanisms of HEPE for prevention
of steroid-associated ON were found to be inhibition of both intravascular throm-
bosis and extravascular bone marrow lipid deposition, evaluated using both conven-
tional and advanced bio-imaging techniques, including contrast-enhanced dynamic
MRI and a high-resolution micro-CT. Our experimental results support further clin-
ical study and the potential application of HEPE in the prevention of ON develop-
ment in high-risk patients undergoing steroid treatment.
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Abstract

Nanoindentation is an ideal technique to investigate mechanical behaviour at the
bone/implant interface. A viscoelasticity correction method was developed and vali-
dated for use on biological specimens. Using this new technique the nanomechanics
of the interface between strontium-containing hydroxyapatite (Sr–HA) bone cement
with cancellous and cortical bone were investigated under weight-bearing condi-
tions. At  months after implantation, Young’s modulus and hardness at the interface
between cancellous bone and Sr–HA cement were significantly higher than those
at the cancellous bone and Sr–HA cement, whereas Young’s modulus and hardness
at interface between cortical bone and Sr–HA cement were significantly lower than
those at cortical bone, but significantly higher than Sr–HA cementThese results were
supported by histological observation and chemical composition. Osseointegration
of Sr–HA cement with cancellous bone was observed. An apatite layer with a high
content of calcium and phosphorus was found between cancellous bone and Sr–HA
cement; however, no such apatite layer was observed at the interface between cortical
bone and Sr–HA cement. And the contents of calcium and phosphorus of the inter-
face were lower than those of cortical bone.Themechanical properties indicated that
these two interfaces were diffused interfaces, and cancellous bone or cortical bone
was grown into Sr–HA cement  months after the implantation.

Bioactive Bone-Cement and Bone-Bonding Behaviour

Since Charnley () introduced polymethylmethacrylate (PMMA) bone cement
for prosthetic fixation, it has been widely used in orthopedic surgery. Although it
is clinically successful, there are several problems associated with the use of this ce-
ment. The most serious one is its non-adhesiveness to bone, namely, the formation
of a fibrous layer between the bone surface and the cement (Freeman et al. ; Jasty
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Table 1.Types of biomaterial-tissue attachment and their classifications

Type of implant Type of attachment Example

Nearly inert Mechanical interlock
(morphological fixation)

Metals, alumina, zirconia,
polyethylene (PE)

Porous Ingrowth of tissues into pores
(biological fixation)

Hydroxyapatite (HA),
HA-coated porous metals

Bioactive Interfacial boding with tissue
(bioactive fixation)

Bioactive glasses, HA,
Bioactive glass-ceramics

Resorbable Replacement with tissues TCP, polyactic acid

et al. ).This is a major contributory factor to the loosening of cemented femoral
components.ThePMMA cement relies onmechanical interlocking with bone, rather
than adhesive chemical bonding to form a stable cement-bone union (Freeman et al.
).

A solution to overcome this problem at the interface is to use bioactive bone ce-
ment. Various types of bioactive fillers, based on calcium phosphates, hydroxyapatite
(HA) powders and bioactive glass or glass–ceramic powder,may be used (Dalby et al.
; Kenny and Buggy ; Dickens et al. ;Walsh et al. ).These fillers can
be combined with a resin such as bisphenol-a-glycidyl methacrylate (Bis-GMA), or
PMMA, to produce bioactive cements.

Biomaterials can be classified according to the different types of implant-tissue
attachment, which are summarised in Table . A bioactive material (see Table ) is
one that elicits a specific biological response at the interface of the material, result-
ing in the formation of a bond between the tissues and the material. Since direct
bone bonding to bioactive glasses was first observed (Hench et al. ), considerable
progress has been made in understanding the basic mechanisms of bone-biomaterial
bonding and its effect on bone formation. This progress resulted mainly from two ap-
proaches. One approach focused on studying the bone-biomaterial interface in vivo.
Examination of the bonding zone revealed the consistent presence of an interfa-
cial hydroxyapatite layer (Hench et al. ; Neo et al. b). The other approach
used in vitro immersions in simulated physiological fluids or cell-containing media
(Kokubo et al. ; El-Ghannam et al. ).These analyses revealed that reactions
occurred at the implant material surfaces such as dissolution, precipitation and ion
exchange. These reactions were accompanied by adsorption and incorporation of bi-
ological molecules (Hyakuna et al. ; El-Ghannam et al. ).This combination
of in vivo and in vitro studies led to a better understanding of surface reactions of
bioactive ceramics and their effect on bone formation and cell function.

Although various bioactive bone cements show the capability of bone bonding
under both non-weight-bearing conditions and weight-bearing conditions (Senaha
et al. ; Matsuda et al. ; Fujita et al. ; Fujita et al. ), different types of
biomaterials exhibit different bone-bonding behaviours due to differences in chem-
ical composition, crystallisation and solubility (Kotani et al. ; Neo et al. a,b,
a; Tamura et al. ; Davies and Baldan ; Okada et al. ; Fujita et al.
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). Bioactive glass/glass-ceramics bone cement was reported to bond with bone
through a so-called Ca-P rich layer (Kobayashi et al. , ; Okada et al. ),
whereas an apatite layer did not form on β-TCP particles (Okada et al. ). The
intervening apatite layer in hydroxyapitite (HA) specimen was indistinct and some-
times absent depending on the size of HA particles (Okada et al. ; Neo et al.
a).

Strontium-Containing Hydroxyapatite Bone Cement

Strontium-containing hydroxyapatite (Sr–HA) bone cement consists mainly of Sr–
HA (97.5 wt%) and fumed silica (2.5 wt%) as the inorganic filler and bisphenol-a-
glycidyl methacrylate (Bis-GMA; Bis-GMA/TEGDMA) resin as the organic matrix

Figure 1a–c. Undecalcified specimen with Giemsa and eosin staining. a An intervening soft
tissue layer approximately 10μm thick was consistently observed at the bone-PMMA cement
interface. b Intimate contact between the Sr-HA cement and cancellous bone without fibrous
layer interveningwaswidespread.Manymultinucleus cells (white arrow) covered the surface of
the cement, and resorbed the superficial layer of the cement. Cement void is seen. Osteoblast
cells are also nearby to form new bone (black arrow). New bone infiltrated into the Sr-HA
cement. c Intimate contact was found between cortical bone and Sr-HA cement, without any
fibrous layer intervening. No multinucleus cell was observed at the surface of Sr-HA cement
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Figure 2a–c.The SEM micro-
graphs and EDX mapping anal-
ysis of an area containing can-
cellous bone and Sr-HA cement
from an undecalcified meta-
physeal section (a). b,c The
calcium and phosphorus con-
tents, respectively, from the EDX
mapping analysis. The calcium
and phosphorus contents at the
interface were similar to those of
cancellous bone, and were higher
than those of the Sr-HA cement

(Li et al. ; Lu et al. ). The uniqueness of this bone cement is that 10% of the
calcium ions in HA are substituted by strontium. Strontium (Sr) belongs to the same
element group as barium and calcium, is radiopaque and has been shown to stimulate
bone formation (Canalis et al. ) and inhibit bone resorption in vitro (Matsumoto
et al. ) and in vivo (Marie andHott ; Grynpas et al. ). Recently, stronium
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salts have been shown in clinical trials to be an effective in osteoporosis, being are one
of the few drugs that act by promoting bone formation (Boivin et al. ; Reginster
;Meunier et al. ). On the other hand, increased HA solubility and decreased
crystal growth in the presence of stronium was confirmed by Christoffersen et al.
() and Okayama et al. (). It has been suggested that substitution of calcium
(Ca) by strontium causes crystal lattice expansion due to the larger atomic radius of
strontium, which in turn alters the mineral solubility.

An in vivo study by Chen et al. () using high-resolution transmission elec-
tron microscopy (HRTEM) investigated how Sr–HA cement bonds to cancellous
bone after implantation into rabbit ilium. The results indicated the following dissol-
ution–precipitation process:

. The crystalline HA transforms into amorphous HA.
. The amorphous HA dissolves into the surrounding solution, resulting in over-

saturation.
. The nanocrystallites are precipitated from the over-saturated solution in the

presence of collagen fibres.

Ni et al. () further evaluated Sr–HA bone cement in a rabbit hip hemi-
arthroplasty model. Six months after surgery, unlike PMMA bone cement with a fi-
brous tissue layer intervening with bone (Fig. a), Sr–HA bone cement was found
to bond directly with both cancellous bone and cortical bone, although in a differ-
ent manner for each type of bone.The Sr–HA cement–cancellous bone interface was
examined from metaphyseal sections. At the surface of the Sr–HA cement, giant,
multi-nucleated cells were found to have absorbed the cement, leading to irregular
surface pitting (“moth-eaten appearance”; Figs. .B). Osteoblast cells were found
nearby forming new bone, which might infiltrate into the Sr–HA cement; however,
this phenomenon was not observed at the Sr–HA cement–cortical bone interface
(Fig. c).

Scanning electron microscopy (SEM) revealed that the surface of Sr–HA cement
was covered with an apatite layer (Fig. a). High content of calcium (Ca) and phos-

Figure 3.The SEM micrographs
and line-scan EDX analysis of
an undecalcified diaphyseal sec-
tion. The EDX scan direction
is indicated by the straight line.
The contents of calcium and
phosphorus decreased from the
cortical bone to the Sr-HA ce-
ment, through the interface. Ca
calcium, P phosphorus
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phorus (P) at the Sr–HA cement-cancellous bone interface was suggested by calcium
and phosphorusmapping energy-dispersiveX-ray (EDX) analysis (Fig. a). Figure b
and c shows that the contents of calcium (Ca) and phosphorus (P) at the interface
are comparable to those of bone, but are much higher than those of Sr–HA cement.
A relatively radiolucent layer was observed between Sr–HA cement and cortical bone
on SEM. Line-scan EDX analyses revealed that the contents of calcium and phospho-
rus at the interface were lower than those of bone, but higher than Sr–HA cement
(Fig. ).

Nanoindentation and Data Analysis

The cement-bone interface is crucial to the stability of the cemented femoral com-
ponent. The mechanical properties and chemical composition of the newly formed
tissues at the interface under load-bearing conditions significantly influence the
quality of the bone/bone cement union; however, the mechanical properties of the
bone/bone cement interface are not fully understood, because of technical difficul-
ties associated with preparing an intact interface and performing quantitative ana-
lyses (Masuda et al. ). Traditional mechanical tests, such as bend testing, tension,
and compressive testing, are not suitable for evaluating bone/bone cement interface
because of specimen size requirements (Keaveny et al. ).

Nanoindentation, also known as depth-sensing or instrumental indentation, is
a very important technique for themeasurement of themechanical properties in sub-
micron or nanometer length scales (Doerner and Nix ; Oliver and Pharr ;
Pharr ). Recently, this technique has been employed to measure the mechanical
properties of bone (Rho et al. ; Hengsbergers et al. ; Fan and Rho ). Be-
cause of its unique ability tomeasure themechanical properties in very smallmaterial
volumes, the high-spatial resolution of nanoindentation makes it an ideal technique
to investigate mechanical behaviours at the bone/implant interface. Guo et al. ()
successfully used nanoindentation to evaluate the mechanical properties of the inter-
face between bone and calcium phosphate in a rabbit spinal fusionmodel.The results
of nanoindentation of the tissue and the implants were supported by differences in
chemical composition.

In the nanoindentation technique, the most commonly used method for data
analysis is the Oliver-Pharr method (Oliver and Pharr ), which assumes that
the tip-sample contact is purely elastic during unloading. In this method, the elastic
modulus E is calculated from

1
Er

= (1 − ν2)
E

+ (1 − ν2i )
Ei

, ()

where Ei is the elastic modulus of the indenter tip, v and vi are the Poisson ratio of the
sample and the indenter tip, respectively, and Er is the reduced modulus calculated
from

Er = '
π
2

S'
Ac

, ()
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where the S is the tip-sample contact stiffness measured at the onset of an unload-
ing step, Ac is the contact area calculated from a pre-calibrated tip calibration area
function Ac = f (hc). The hc is the contact depth, which can be obtained by

hc = hm − ε
Pm
S

, ()

where hm and Pm are the depth and load at the onset of unloading, and ε is a constant,
which for a Beckovich tip is 0.75. The nanohardness H is obtained as

H = Pm
Ac

. ()

When applied to soft samples, such as biological tissues, the Oliver-Pharr method is
known to suffer from one major limitation, namely, the viscoelastic effect during un-
loading may severely influence measurement accuracy (Tang and Ngan ; Ngan
et al. ). In this study, a method developed by Ngan et al. () was employed to
correct for viscoelastic effect during nanoindentation measurements. In this method,
the real tip-sample contact stiffness Se is obtained by

1
Se

= $ 1
S
− ḣh

Ṗu
% 1(1 − Ṗh�Ṗu) , ()

where S is the observed or apparent contact stiffness at the onset of unloading, and
Ṗh and ḣh are, respectively, the loading rate and displacement rate just before the
unloading, and Ṗu is the unloading rate just after the onset of unloading. The Se
obtained from Eq. () is to replace S in Eqs. () and () in the calculation of the
reduced modulus and the hardness.

Viscoelasticity correction has been demonstrated to be important on soft mate-
rials or biomaterials including polypropylene, amorphous selenium or bone tissues.
In another experiment (Tang et al. ), we used Oliver-Pharr and our correction
method to calculate the mechanical properties of bone samples from two species of
mice, C and ICR, respectively. Large variations were found when we used Oliver-
Pharr method (non-correction method) under different loading rates (see Fig. a);
however, the mechanical properties measured from the correction method showed
reliable outcomes (see Fig. b).

Nanomechanics of Interfaces between Sr-HA Bone Cement and Bone

Using this viscoelastic correction method, the mechanical properties of the inter-
faces between Sr-HA cement with cancellous and cortical bone were determined
(Tables , ). Different nanomechanics profiles were observed between the two in-
terfaces. For the Sr-HAcement-cancellous bone interface, both Young’smodulus and
hardness values increased at the interface compared with cancellous bone values, and
then declined tomuch lower levels for Sr-HA cement. For the Sr-HA cement-cortical
bone interface, both Young’s modulus and hardness values decreased at the interface
compared with cortical bone, but remained higher than those for Sr-HA cement.
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Figure 4. a Elastic moduli of the fe-
mur samples calculated from the
Oliver-Pharr (non-correction)
method. When loading rate
changes, large variations are
found. b Elastic moduli of the fe-
mur samples calculated from the
viscoelasticity correction method
(data from Tang et al. )

The different mechanical properties between Sr-HA bone cement/cancellous
bone interface and Sr-HA cement/cortical bone interface may be explained by the
different responses of cancellous bone and cortical bone to Sr-HA cement, as well
as the different chemical composition of the newly formed tissue at the interfaces.

Table 2.Young’s modulus and hardness compared among cancellous bone, interface and Sr-HA
cement

Cancellous bone Interface Sr-HA cement
(n = 32) (n = 20) (n = 28)

Young’s modulus (GPa) 12.7 � 1.7 17.6 � 4.2�a 5.2 � 0.5
Hardness (MPa) 632.7 � 108.4 987.6 � 329.2�a 265.5 � 39.2

�p < 0.05: cancellous bone vs interface
a Interface vs cement
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Table 3. Young’s modulus and hardness compared among cortical bone, interface and Sr-HA
cement

Cortical bone Interface Sr-HA cement
(n = 49) (n = 7) (n = 44)

Young’s modulus (GPa) 12.9 � 2.2 6.3 � 2.8�a 3.6 � 0.3
Hardness (MPa) 887.9 � 162.0 417.4 � 164.5�a 239.1 � 30.4

�p < 0.05: cancellous bone vs interface
aInterface vs cement

For the interface between Sr-HA cement and cancellous bone, multinucleated cells
covered the surface of the cement and resorbed the superficial layer of the cement.
This phenomenon was also reported by Ooms et al. () after calcium phosphate
cement was injected into rabbit’s cancellous bone. New bone infiltrated into Sr-HA
cement, leading to osseointegration with Sr–HA cement.The SEM and EDX analysis
revealed that Sr-HA bone cement bonded with cancellous bone through an apatite
layer with high content of calcium and phosphorus. This chemical bonding of an
apatite layer, with high content of calcium and phosphorus, as well as biological in-
terdigitation (or incorporation) of collagen fibres with Sr-HA cement, demonstrated
by Chen et al. (), may contribute to the higher mechanical properties of the in-
terface shown in this study. Combined with the results from histological observation
and chemical composition, the results from nanoindentation could provide further
evidence to show that the interface between Sr-HA cement and cancellous bone was
a well-integrated interface.

Due to its low solubility, the mechanism of formation of the intervening ap-
atite layer of HA may be different from that of other surface-active materials (Neo
et al. a). The HA sometimes bonds to bone directly and sometimes through an
intervening apatite layer that is very thin and indistinct (Okada et al. ; Neo et al.
a); however, the solubility of HAmay be different with the change of its structure.
Porter et al. (a,b) demonstrated that the dissolution rate of HA in vivo increases
if silicate ions are incorporated into the HA lattice, and the change in solubility would
lead to a difference in morphology of the deposits apposed to implants. Also, the
substitution of Ca by stronium could cause crystal lattice expansion due to the larger
atomic radius of Sr, which in turn alters solubility (Christoffersen et al. ). For Sr-
HA cement, 10% of the calcium ions in HA are substituted by stronium. It is believed
that a bioactive material’s bonding to bone depends not only on thematerial, but also
on the type of bone to which it bonds. Cancellous bone differs from cortical bone in
many respects, including vascularity and density (Black and Hastings ; Lu et al.
).The apatite precipitation onHAdoes not begin until the surrounding environ-
ment becomes appropriate for bone mineralization or apatite formation (Neo et al.
a). It is assumed that when bonded with cancellous bone, Sr–HA bone cement
may dissolve and the high ion intensity should therefore favour apatite formation.
Conversely, relatively little Sr-HA cement may dissolve when opposing cortical bone.
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Differences in bone-bonding mechanism of Sr-HA bone cement to cancellous bone
and cortical bone lead to different interfaces, a relatively radiopaque layer with high
calcium level (with cancelllous bone) and a relatively radiolucent layer with low cal-
cium level (with cortical bone), contributing to the difference in nanomechanics for
these two interfaces.

Summary and Conclusion
A number of bioactive bone cements have been developed to substitute for conven-
tional bone cement. Different types of biomaterials exhibit different bone-bonding
behaviours due to differences in chemical composition, crystallisation and solubility
of materials used. Due to its low solubility, the mechanism of formation of the inter-
vening apatite layer of HA is indistinct and sometimes absent depending on the size
of HA particles (Okada et al. ; Neo et al. a).The substitution of calcium (Ca)
by Sr causes a crystal lattice expansion and in turn alters the solubility of the mineral.
Dissolution of Sr-HA cement was indicated after implanted into rabbit ilium (Chen
et al. ).

Bonding behaviour of Sr-HA bone cement also depends on the type of bone
to which it bonds. The nanomechanics of Sr-HA cement-cancellous bone interface
are quite different from that of Sr-HA cement-cortical bone, indicating a different
response of Sr-HA cement to cancellous bone and cortical bone. Nanoindentation
with the viscoelastic correction method described may provide an insight into the
mechanical properties of the bone-cement interfaces as well as the bone-bonding
behaviour of bioactive bone cement. The results of nanoindentation of the inter-
faces are supported by differences in histological observation and chemical compo-
sition.
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Abstract

Animal models of osteoarthritis (OA) and rheumatoid arthritis (RA) are used to
study the pathogenesis of joint degeneration and evaluate potential antiarthritic
drugs for clinical use. Subchondral bone change in arthritis plays an important role
in the development of the disease. The study of the subchondral bone change in hu-
man arthritis is limited by the access of human tissues especially in the earlier stage.
Animal models provide the possibility of studying the pathogenesis of the disease at
different stages and with easier usage of tissues. The development of high-resolution
micro-computed tomography (micro-CT) scanner, capable of D reconstruction at
a resolution of –μm, enables researchers to evaluate the changes in trabecular
subchondral bone in animal models of arthritis. This chapter reviews the D mi-
crostructure changes in OA and RA animal models, as well as describing the ap-
plication of micro-CT in evaluation of subchondral bone changes using D and D
methods.

Introduction

Arthritis actually consists of more than  different conditions. Osteoarthritis (OA)
is the most common form of arthritis, and rheumatoid arthritis (RA) is the second
most common form. Osteoarthritis is one of the most frequent causes of physical
disability among adults. More than  million people in the United States have OA.
Some younger people suffer fromOAas a result of joint injuries, but this disease most
often occurs in older people. In fact, more than half of the population aged  years
and above may show X-ray evidence of OA in at least one joint.

Osteoarthritis is characterized by the progressive destruction of articular carti-
lage and concomitant changes in subchondral bone. Clinical research onOAhas been
limited because it often presents at a late stage of the disease and there is a lack of
markers indicative of disease progression. The etiology of primary OA is unknown,
but secondary OA has multiple causes such as trauma, synovial disease, etc. The
pathological mechanisms of OA are poorly understood and current therapy is not
directed at the origin of the disease and is mostly symptomatic.



630 Susanne X. Wang

Rheumatoid arthritis is an autoimmune disease that causes chronic inflamma-
tion of the joints. It affects up to 1% of the world population. Rheumatoid arthritis
can also cause inflammation of the tissue around the joints, as well as other organs
in the body. Bone change in RA affects the periarticular and axial skeleton and is
a major cause of disability. Osteoporosis of the skeleton has long been recognized
in RA patients (Suzuki and Mizushima ).The localized osteopenia/osteoporosis
seen around inflamed joints is the earliest sign of RA seen on radiographs and is
used in RA diagnostics. The presence of focal marginal joint erosions have been re-
garded as the radiographic hallmark of RA (Sharp et al. ; Goldring and Polisson
;Goldring andGravallese ). Standard radiographic techniques have demon-
strated that these focal bone changes tend to progress throughout the course of the
disease, and in general, the presence of extensive erosions tends to correlate with
more severe disease activity (Sharp et al. ; van Zeben et al. ).

A variety of animal models of arthritis have been developed to study disease
pathogenesis and to evaluate potential anti-arthritis drugs for clinical use. Ani-
mal models of OA include spontaneous OA in guinea pigs (Bendele and Hulman
; Meacock et al. ; Jimenez et al. ) and cynomolgus macaques (Carl-
son et al. ), meniscectomy and ligament transection in guinea pigs (Bendele
et al. ), meniscectomy in rabbits (Colombo et al. ), and anterior cruciate
ligament (ACL) transection in rabbits (Yoshioka et al. ) and dogs (Manicourt
et al. ). Animal models of RA include collagen-induced arthritis (CIA) models
in mouse and rat, adjuvant-induced arthritis (AIA), antigen-induced arthritis, and
transgenic/knockout mice.

Bone Changes in Human Arthritis

It has long been debated whether initiating OA changes occur primarily in the car-
tilage or first in the underlying bone, with subsequent cartilage pathology. Unfortu-
nately, studies that addressOA changes in a kineticway in both tissues are limited. Al-
though significant changes in the subchondral cancellous bone, such as sclerosis and
cyst formation, are frequently observed in patients with OA, little attention has been
paid to changes in the subchondral bone, because they have always been considered
to be secondary. More than  years ago Johnson () suggested that bone remod-
eling, a natural accompaniment of aging, could lead to irregularities of the articular
surface, and consequently, cartilage degeneration. Hutton et al. () showed that in
hand OA the increase in isotope concentration was identified in joints with OA prior
to the onset of radiographic changes and was predictive of subsequent radiographic
abnormalities of joint space loss and osteophyte formation. In human osteoarthritis
increased subchondral bone activity, as judged by enhanced uptake of technetium-
labeled diphosphonate, was shown to predict cartilage loss (Dieppe et al. ).These
results suggest that cartilage lesions did not progress in the absence of significant sub-
chondral activity. More recent studies have shown that increased subchondral bone
remodeling results in thicker subchondral bone (Grynpas et al. ) and increased
stiffness (Burr and Schaffler ); however, these newly formed arthritic bones are



Subchondral Bone Microarchitecture Changes in Animal Models of Arthritis 631

under-mineralized (Grynpas et al. ; Li andAspden ).Theweaker bonewithin
thickened subchondral cortical plate and trabeculae of OA joints causes subarticular
osteoporosis (Buckland-Wright ). These concepts gained credence from histo-
logical and histomorphometric analysis of tibial condyles that showed cartilage de-
generation to be influenced by remodeling of underlying subchondral bone (Matsui
et al. ).

Rheumatoid arthritis is a progressive illness that has the potential to cause joint
destruction and functional disability. It exhibits significant bone change, including
bone erosion and remodeling.The relationships between subchondral bone changes,
cartilage damage, and synovium inflammation are not yet fully understood; however,
the bone and joint destruction in RA have been confirmed by biochemical mark-
ers and gene expression alterations during RA progression (Goldring ; Anastas-
siades and Rees-Milton ; Tchetina et al. ).

Bone Changes in OA Animal Models

It is evident that changes in the bone occur both in instability and spontaneous OA
models. After ACL transection in dogs, the regions of pronounced periarticular can-
cellous bone mineral density (BMD) adaptation (Boyd et al. a) and microstruc-
tural changes (Boyd et al. b) corresponding to focal cartilage defects were al-
ready observed at week  and appeared more prominent at week . Similar studies
in rabbits identified a correlation between enhanced blood flow and bone adaptation
(Shymkiw et al. ). In contrast, studies in meniscectomized guinea pigs demon-
strated early bone loss at the subchondral level at  month, but increased bone density
at  months, after meniscectomy (Pastoureau et al. ).

The consequences of altered subchondral bone for the overlaying cartilage layer
remain unclear. It has been suggested that only the bone density close to the cartilage
surface is a major determinant in altered impact loading of the cartilage, and more
detailed analysis of focal bone changes, close to expected cartilage lesion sites, is war-
ranted. Interestingly, an increase of ossification is noted in the medial meniscus and
not in the lateral meniscus of aging Hartley guinea pigs (Kapadia et al. ). Since
bone remodeling and cartilage degeneration in this strain is evident with aging in the
medial joint compartment, it is suggested that increased ossification of the meniscus
alters joint biomechanics and underlies OA joint destruction.

Several animal experiments (Bailey and Mansell ; Dedrick et al. ) and
human biopsy (Grynpas et al. ) studies have reported that thickening of the sub-
chondral bone plate correlates to articular cartilage degradation. Simon et al. ()
promoted the notion that OA begins in the bone by demonstrating that stiffening of
subchondral bone preceded cartilage damage in guinea pigs.

In other OA animal models, changes in both bone and cartilage occur as a result
of mechanical or surgical alteration of joint loading. For example, impulsive load-
ing of rabbit knees, resulting in increased bone volume, is followed by progressive
changes in articular cartilage during the following  months (Radin et al. ).
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Taken together, these results demonstrate that subchondral bone remodeling is
linked to cartilage destruction in both humans and animals; however, themechanism
by which changes in subchondral bone result in damage to articular cartilage is not
readily apparent.

Micro-CT Imaging in Arthritis

There are increasing demands on arthritis imaging to identify early bone change
and erosive joint damage, and to predict future structural and functional deteri-
oration. Unfortunately, conventional radiography has been shown to be insensitive
for insignificant bone change and erosions, particularly in early stages of the dis-
ease. Computed tomography (CT) offers advantages over projectional radiography.
Micro-CT is a fast, accurate, and powerful method for studying skeletal structures.
Micro-CT provides superior signal contrast between bone and soft tissue, making
it especially appropriate for applications involving measurements of bone density
(Genant et al. ).High-resolutionmicro-CT allows the quality spatial view of can-
cellous and cortical bone. A number of studies have applied micro-CT techniques to
non-destructive evaluation of trabecular bone (Borah et al. ; Gross et al. ;
Kapadia et al. ), and it has been confirmed to be an accurate tool to precisely
measure changes in bone stereology (Kuhn et al. ; Feldkamp et al. ; Goulet
et al. ; Odgaard and Gundersen ) as well as bone volume and microarchitec-
ture (Goulet et al. ; Buchman et al. ).

Three-dimensional imaging of human OA is still limited to late stages of the dis-
ease. The strength of X-ray-based techniques, such as micro-CT, is that they offer an
excellent visualization of bone and exciting features for diagnosis of disease stages
and for disease monitoring. Micro-CT provides spatial resolution better than 10μm,
but the size of the objects that can be scanned is only a maximum of –15cm; there-
fore, the main application of micro-CT in arthritis has been the measurements of
bone density and the analysis of D microstructure of the bone in animal models,
in vivo animal total body scanning (small rodents), human peripheral scanning, and
human bone biopsies.

The arthritis animal models mentioned in the previous section developed arthri-
tic pathological changes that carry many characteristics of human arthritis. With ap-
plication of micro-CT, it is possible to monitor the prominent bony alterations such
as volumetric BMD(vBMD), Dmicrostructure, bone erosion, osteophyte formation
trabecular remodeling (BV/TV), subchondral bone plate thickness, and subchondral
sclerosis (Dedrick et al. ; Wachsmuth and Engelke ; Batiste et al. ).

In addition to applications involving measurements of vBMD, BV/TV, and joint
space, micro-CT data sets can be rendered and reconstructed into D isosurfaces and
subsequently used for examination of bone surface irregularities such as osteophyte
formation and bone erosions. Batiste et al. () developed amethod for volumetric
quantification of osteophyte. Briefly, the osteophytes were manually outlined within
each contiguous coronal image section. The total volume of osteophytic tissue was
then determined in cubic millimeters, based on the known voxel volume.
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Methodology of Using Micro-CT in Arthritis Research

In our experiments mentioned below we used GEmicro-CT scanner (Explore Locus
SP micro-CT Scanner, GE Healthcare, London, ON, Canada).

Sample Preparation

For in vitro scanning, specimens (usually the hind legs) were dislocated from the
animal (rabbit, guinea pig, rat, and mouse) body; soft tissue could be intact to scan
the whole joint, or be dissected off to scan a single bone. Specimens were prefixed
with 10% natural buffered formalin or other fixatives, or freshly dissected and im-
mersed in fixative when scanning. (Freezing of the sample should be avoided since
the ice crystals can alter the fine microstructure within the bone, causing inaccurate
measurement.)

Scanning Procedures

Samples should be firmly fixed in a water-filled specimen tube in a position such
that the main axis is kept as parallel as possible to the Z-axis of the micro-CT image
coordinate system.Thisminimizes any beam-hardening effects, since theX-ray beam
crosses a minimal volume of bone tissue. It is suggested that a sufficient space remain
between the edges of the sample to the cylinder wall in order to avoid interference to
the scanned image from the test tubes.

The eXplore CT acquisition software (GEMedical Systems) was used in our stud-
ies to create different protocols according to animal size. For example, mouse and
rat bones were scanned at -μm isotropic voxel size, with  projections, and a to-
tal scanning time of 150min. Rabbit and guinea pig bones were scanned at -μm
isotropic voxel size, with  projections, and a total scanning time of 45min.

The scan was corrected following image acquisition using data acquired from an
empty scan in which bright and dark images were gathered. Correction accounts for
variations in temperature and attenuation of the X-rays (Feldkamp et al. ). The
reconstructed tibia images were analyzed with MicroView 2.0 software (GE Health-
care, London, ON, Canada) in two and three dimensions.

Reconstruction

A volumetric data set of 3 voxels was reconstructed from the  (or ) pro-
jections using the reconstruction software. Three-dimensional bone analyses were
conducted in the reconstructed images. Using MicroView 2.0 analysis software, dif-
ferent regions of interest (ROIs) were selected according to the study purpose. In our
guinea pig spontaneous OA model, two of the ROIs were rectangular, with dimen-
sions of 1.85 � 1.85 � 0.6mm, and were positioned in the middle of the lateral and
medial epiphysis to measure the D microarchitecture of the secondary spongiosa.
Figures a and b illustrate the location of the epiphyseal ROIs. A third ROI (Fig. c),
a cylinder 2 � 2 � 1mm in size, was placed 1mm below the growth plate to measure
the D microarchitecture of the primary spongiosa.
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Figure 1a–c.Locations of the regions of interest analyzed using the bone analysis application of
MicroView. Regions highlighted in a and b have dimensions of 1.85 � 1.85 � 0.6mm and are
placed in themedial and lateral proximal epiphysis, respectively.The line in c is 1mm in length
and marks the start of the cylindrical metaphyseal ROI analyzed. This ROI has dimensions of
2 � 2 � 1mm

Three-Dimensional Analysis

Micro-CT images were viewed and analyzed using MicroView software. In D ana-
lysis, the tissue volume (D-TV, mm3) and trabecular bone volume (D-BV, mm3)

Table 1.Micro-CT analysis of D structure changes during the development of spontaneous
OA in two strains of guinea pigs. The DH strain showed significantly lower bone mass than
the GOHI strain

Medial Lateral
STRAIN Anterior Posterior Anterior Posterior Average

Volume of GOHI 0.46 � 0.02 0.50 � 0.03 0.46 � 0.03 0.44 � 0.03 0.46 � 0.02
Bone (mm3) DH 0.36 � 0.02 0.45 � 0.02 0.43 � 0.02 0.44 � 0.02 0.42 � 0.01
P-value 0.005 0.228 0.498 0.845 0.042
Bone mineral GOHI 504 � 13.6 541 � 12.1 497 � 21.6 494 � 17.5 509 � 9.7
density (mg�cc) DH 439 � 24.9 501 � 13.0 481 � 16.3 487 � 15.8 477 � 12.5
P-value 0.033 0.033 0.566 0.761 0.055
Bone volume GOHI 0.47 � 0.03 0.51 � 0.03 0.46 � 0.03 0.45 � 0.02 0.47 � 0.02
fraction DH 0.37 � 0.02 0.47 � 0.02 0.44 � 0.02 0.45 � 0.02 0.43 � 0.01
P-value 0.009 0.251 0.674 0.915 0.077
Surface area GOHI 6.88 � 0.22 6.51 � 0.19 6.78 � 0.18 6.93 � 0.13 6.77 � 0.10
(mm2) DH 5.19 � 0.23 5.68 � 0.13 5.95 � 0.17 5.55 � 0.13 5.59 � 0.07
P-value 0.000 0.002 0.002 0.000 0.000
Trabecular GOHI 3.42 � 0.24 3.97 � 0.25 3.50 � 0.28 3.22 � 0.20 3.53 � 0.16
thickness (pixels) DH 3.67 � 0.23 4.07 � 0.23 3.78 � 0.29 4.11 � 0.26 3.91 � 0.09
P-value 0.470 0.774 0.494 0.013 0.048
Trabecular GOHI 5.5 � 0.4 5.2 � 0.4 6.0 � 0.6 5.7 � 0.4 5.6 � 0.3
seperation (pixels) DH 10.2 � 1.1 6.7 � 0.4 6.9 � 0.4 7.4 � 0.5 7.8 � 0.3
P-value 0.000 0.024 0.197 0.012 0.000
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were measured directly, and the fractional trabecular bone volume (D-BV/TV, %)
was calculated. The trabecular thickness (D-Tb.Th, μm), trabecular number (D-
Tb.N, N/mm), and bone mineral density (v-BMD) were measured directly on D
images (Hildebrand et al. ). Another parameter obtainedwas the structuremodel
index (SMI) established by Hildebrand and Ruegsegger (). The SMI represents
the plate-rod characteristics of trabecular structure. A negative number is indica-
tive of a plate-like structure containing holes,  represents an ideal plate-like struc-
ture, and  represents the ideal rod (cylindrical) structure. Larger SMI values indi-
cate that trabecular structure contains a more rod-like structure in older or diseased
bone.

Table  is a micro-CT analysis from our spontaneous OA study using two strains
of guinea pigs. Three-dimensional analysis revealed the DH strain to have a signif-
icantly lower bone mass than the GOHI strain: lower bone mineral density, smaller
bone volume fraction, and bone surface area; however, the subchondral bone trabec-
ulae were thicker and more distinctly separated in the DH than in the GOHI strain.
Each of the aforementioned changes was most severe on the medial side of the joint,
particularly in the anterior region.

Three-Dimensional Isosurfaces

A D isosurface image of the specimen was obtained by rendering of image data and
reconstructed into a D surface view. This isosurface’s function facilitated visualiza-
tion of bone surface irregularities, assisting with early detection of morphological
changes related to disease progression. Osteohpyte volume can be quantified using
the method described previously (Batiste et al. ).

Figure a is a D reconstructed isosurface of a -month-old guinea pig femur
from our research. Spontaneous OA was developed in the knee joint of this animal,

Figure 2. a Three-dimensional reconstructed isosurface of a -month-old guinea pig femur to
show the out growth of bonny osteophyte (highlighted in color). b A rabbit femur at  weeks
after anterior cruciate ligament transaction shows massive osteophyte formation
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and typical osteophyteswere formed (highlighted in color). Figure b is a month old
rabbit femur at  weeks after ACLT, showing massive osteophyte formation. Figure 
shows horizontal (Fig. a) and vertical (Fig. b) views of rabbit distal femur segmen-
tations. Osteophytes were also segmented. The osteophyte located at the upper left
site of Fig. b reveals thinner cortical shell and much less trabeculae.

We studied bone changes in a cell wall antigen-induced rat rheumatoid arthritis
model. Figure a shows a D reconstructed isosurface of a rat proximal tibia. Com-
pared with the normal control tibia (Fig. b), the erosions of tibia plateau are clearly
visualized. The method mentioned previously (Batiste et al. ) can also be used
to quantify the volume of erosion by calculating the necessary volume needed to fill
the eroded space.

Figure3a,b.Segmentations of distal femur horizontal (a) and vertical (b). Osteophytes were also
segmented.The osteophyte located at the upper left side of b revealed thinner cortical shell and
much less trabeculae

Figure 4.a Isosurfaces of proximal rat tibiae show the erosions at articular bone of the epiphysis
in the arthritis-induced rat. b A smooth intact surface in a healthy rat tibia
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Figure 5a,b.The area of cancellous bone analyzed by strut analysis (a) defines strut connectivity
parameters (b)

Two-Dimensional Subchondral Bone Analysis

Three coronal sections of proximal tibia were obtained from each D reconstructed
tibia image: anterior; central; and posterior (mm apart for rat and guinea pig tibiae).
The subchondral trabecular bone structure and connectivity in the epiphyseal region
of the proximal tibia were analyzed using an image processing and analysis system
(Quantimet , Leica, Germany) on the D micro-CT images. After thresholding,
a binary image was obtained at the medial and lateral side of the epiphyseal region
to analyze the structure parameters according to the ASBMR guidelines (Parfitt et al.
): fractional trabecular bone volume (D-BV/TV, %); trabecular thickness (D-
Tb.Th); and trabecular number (D-Tb.N, N/mm).

The subchondral bone plate thickness (Sb.Pl.Th, mm) was also measured on the
central section of the Dmicro-CT proximal tibia images using individual point-to-
point distance measures.The thickness was calculated by averaging measurements
per tibia. All measurements were made in a standardized viewing area by a single
observer who was blinded to the experiment.

Cartilage Imaging Using Micro-CT and Micro-MRI
Cartilage cannot be seen directly on micro-CT images; however, it can be calculated
indirectly from the joint space between the two bony edges.The use of contrast agents
may help in some circumstance to image cartilage and other soft tissues, but this still
limits the application of micro-CT in evaluating cartilage in vivo.

As compared with X-ray-based imaging devices, MRI provides better soft tissue
contrast and the ability to directly visualize articular cartilage, synovium, menisci,
and other non-osseous structures both in vivo and ex vivo. Despite its theoretical
advantages, due to the inadequacy of the MRI spatial resolution (no better than
100μm), the current commercially available high-resolution micro-MRI cannot pro-
vide sufficient tissue contrast in order to accurately quantify the cartilage damage in
animal models (rodents), especially for smaller lesions (Hutton and Vennart ).

The Future of Micro-CT in Arthritis Research

SkyScan (Aartselaar, Belgium) is a company specialized in the development and
manufacturing of systems for D non-destructive investigation of an object’s internal
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microstructure.Theyhave put effort into developing high-resolutionmicro-CT scan-
ners. The Skyscan  nano-CT scanner obtained a spot size of 0.3μm, which could
reduce the pixel size to 150nm. This instrument enables the observation of small
osteocytes and microcracks in bone. This dedicated technique gives better quality to
micro-CT in studying detailed bone microarchitecture and material quality.

Scanco Medical AG (Bassersdorf, Switzerland) has advanced the in vivo appli-
cation of the micro-CT system. Its in vivo micro-CT measurements provide infor-
mation in a rapid and non-destructive way, which also gives a good resolution up
to 12.5μm. One has to consider the negative effects of the radiation dose of in vivo
micro-CT and potential contraindication in clinical and preclinical applications. The
effective radiation dose for a standard measurement with the “XtremeCT” (in vivo
CT for humans) is  mSv, which is the same dose as the natural background radi-
ation per year, and is much lower than the exposure of one-time intercontinental
flight ( mSv); however, the applied dose to the animals during in vivo CT is much
higher due to the high resolution; therefore, it is important tominimize the radiation
dose without sacrificing the image-quality requirements prior to an animal study.
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Abstract

Interest in the concept of bone quality has increased recently, with new imaging
techniques and computer modeling abilities capable of assessing bone microarchi-
tecture and bone strength. These novel imaging methods have enabled a detailed
and versatile quantification of three-dimensional microarchitecture of bone tissue.
Osteoarthrosis (OA) has an unclear pathogenesis and is one of the commonest age-
related degenerative joint disease. Little is known about microarchitectural changes
in human early OA.Difficulty in obtaining cartilage-bone samples for research in hu-
man OA has stimulated the development of animal models. In this chapter, an inten-
sive investigation of the subchondral microarchitectural adaptations of human early
OA and primary guinea pig OA is presented. Human early OA subchondral cancel-
lous bone was shown to be significantly thicker and markedly plate-like, but weaker
in mechanical properties. The increased trabecular thickness and density but rela-
tively decreased connectivity indicated a mechanism of early-stage OA bone remod-
eling: a process of filling trabecular remodeling cavities. This process led to a progres-
sive change of trabeculae from rod-like to more plate-like, opposite to that of normal
aging. Guinea pig OA subchondral plate was shown to have a markedly increased
volume fraction and thickness prior to OA initiation. Subchondral cancellous bone
displayed a significant decreased volume fraction in the early stage, but increased
volume fraction and trabecular thickness with age, and changing from a rod-like to
typical plate-like structure with advancing OA. Subchondral cortical bone had an
increased cross-sectional area in severe stage OA. This suggested that a significant
microarchitectural adaptation followed by bone matrix density changes resulted in
changed mechanical properties and hence decreased bone quality.

Current Understanding of Osteoarthrotic Subchondral Bone Microarchitecture

Osteoarthrosis (OA) stands alongside cancer and heart disease as one of the major
causes of suffering and disability amongst the elderly. Changes related to OA occur
in all elements of the joint, in particular articular cartilage and subchondral bone



642 Ming Ding

tissues. These changes are thought to be important etiological elements in the patho-
genesis of OA. Most previous investigations have focused on human moderate and
late OA, whereas little is known about the changes in subchondral cancellous bone
quality in human early OA.

Osteoarthrosis is a long-term disease with unclear pathogenesis. It is barely pos-
sible to follow the entire process of human OA. Difficulty in obtaining articular
cartilage-bone samples for research in human OA has stimulated the development
of animal models that resemble human condition. Some experimentally induced
arthropathies involve intraarticular intervention which leads to rapidly progressive
joint diseases similar to secondary or post-traumatic OA. There are also several nat-
urally occurring animalOAmodels.MaleDunkin-Hartley strain guinea pig has been
well documented to develop spontaneous primary age-related knee joint OA (Ben-
dele and Hulman ; Watson et al. ).The knee joint arthropathy of this guinea
pig OA model closely resembles primary OA in human; however, little is known
about the naturally occurring mechanism of the microarchitectural and mechanical
adaptations of subchondral bone tissues in this OA model.

Bone quality includes important factors such as the rate of remodeling (bone
turnover), degree of mineralization, microarchitecture, bone size, bone geometry,
andmicrodamage accumulation. Interest in the concept of bone quality has increased
recently, with new imaging techniques and computer modeling abilities capable of
assessing bone microarchitecture and bone strength. These methods have enabled
a detailed and versatile quantification of D architecture of bone tissue (Odgaard
; Hildebrand and Rüegsegger ).

Assessment of Human OA Cancellous Bone Microarchitecture

Human Early OA Cancellous Bone Sample

We obtained human cancellous bone specimens from ten early-stage OA proximal
tibiae (sevenmen, threewomen;mean age  years), and ten normal age- and gender-
matched proximal tibiae (mean age  years). A total of  specimens, three from
eachmedial and lateral condyle, were produced.The specimenswere allocated to four
groups ( in each group): medial OA; lateral control; normal medial; and normal
lateral controls. The degree of OA was defined according to Mankin’s criteria and
confirmed histologically (Mankin et al. ). Early OA was defined by the presence
of macroscopically fibrillated cartilage. Normal tibiae had nomacroscopic pathology
or history of musculoskeletal disease (Ding et al. ).

Micro-CT Scanning andMicroarchitectural Analysis

A high-resolution micro-CT system (μCT , Scanco Medical, Bassersdorf, Switzer-
land) was used to scan the specimens resulting in a cubic voxel size of 22 � 22 �
22μm3. Each D image data set consisted of approximately  micro-CT slide
images (512 � 512 pixels) with -bit-gray-levels. To obtain accurate D data sets,
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Figure1a–c.Studydesign for humanproximal tibial cancellous bone. aAplastic template,which
was available in different scales.Theywere used for obtaining specimens from the standardized
locations of tibial condyles.Three cylindrical cancellous bones were randomly produced from
each medial and lateral condyle. b Bone samples were micro-CT scanned to quantify their
microarchitectural properties. cAfter scanning, bone sampleswere tested in axial compression
to determine their mechanical properties
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micro-CT images were segmented using optimal thresholds so that the bone volume
fraction of the data sets corresponded to Archimedes’-based volume fraction (Ding
et al. ). From the segmented accurate Dmicro-CT data sets, microarchitectural
properties were calculated based on true, direct, unbiased, and assumption-free D
methods (Fig. ). These microarchitectural parameters include bone volume frac-
tion (BV/TV), structure model index (SMI), trabecular thickness (TbTh, micron),
bone surface-to-volume ratio (BS/BV, mm−1), bone surface density (BS/TV, mm−1),
architectural anisotropy (DA), connectivity density (mm−3), mean trabecular vol-
ume (μm3), mean marrow space volume (μm3), and trabecular spacing (micron).

CompressionMechanical Test

After scanning compressive mechanical tests were performed on a  Bionix MTS
hydraulic material testing machine (MTS Systems Corp., Minneapolis, Minn.).
A -kN load cell was used and a static strain gauge extensometer (Model 632.11F-,
MTS) was attached to the upper and lower testing columns close to the specimen.
After  pre-conditioning cycles, the specimens were tested destructively in com-
pression with a strain rate of 0.002/s to calculate ultimate stress (strength), Young’s
modulus (stiffness), and failure energy (energy absorption to failure; Fig. ; Ding et al.
).

Computation of Elastic Modulus Using Finite Element Analysis

One cylindrical samplewas chosen at random from themedial and the lateral condyle
of human proximal tibia, and was scanned by micro-CT.The tissue modulus of each
specimen was calculated using a combination of finite element modeling and me-
chanical testing (van Rietbergen et al. ). This method was used because it en-
ables one to evaluate the tissue modulus separately from the trabecular architecture.
All voxel micro-CT data were coarsened first then converted to cubic elements with
an edge length of 66μm. A bone volume-preserving algorithm was used during the
coarsening procedure (Ulrich et al. ). After the coarsening procedure, the data
was converted to a finite element mesh of -node cubic elements. All elements were
assigned an arbitrary tissue elastic modulus of 1GPa and a Poisson ratio of 0.3 (Day
et al. ), and boundary values were assigned to simulate an unconstrained com-
pressive test with no friction at the platens. The apparent modulus obtained from the
finite element model could be simply scaled to match the apparent modulus from
mechanical testing, since the finite element analysis was linear elastic. The resulting
scaling factor was considered the effective bone tissue modulus of the sample (van
Rietbergen et al. ).

Assessment of Guinea Pig Subchondral Bone Microarchitecture

Guinea Pig Bone Samples

We investigated age-related progressive changes in Dmicroarchitecture of subchon-
dral plate, cancellous and cortical bone tissues in a guinea pig osteoarthrotic model
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that covered the entire range of OA, progressing from initiation to severe stage OA
(Ding et al. ). The proximal tibiae of male Dunkin-Hartley Charles River strain
guinea pigs were harvested at the age of  (child),  (young),  (adult),  (middle),
and  (old age) months, ten in each group. The degree of OA was defined accord-
ing to Mankin’s criteria and confirmed histologically (Mankin et al. ).The proxi-
mal tibiae were examined bymicro-CT.Unbiased, assumption-free Dmethodswere
used to quantify the microarchitectural properties of bone tissue (Fig. ).

Figure 2.Study design for guinea pig proximal bone samples. The proximal tibiae of the guinea
pigs were harvested. After removing soft tissue carefully, the -mm-thick proximal tibiae were
micro-CT scanned for quantification of Dmicroarchitectureof subchondral bone plate.Then
a first cutwasmade 0.5mmbeneath subchondral bone plate and a further cut at distal part was
made to produce -mm-thick cancellous-cortical bone complex specimen. This complex was
micro-CT scanned to quantify the microarchitecture of subchondral cancellous and cortical
bones. The cartilage-bone complex, including subchondral plate, was embedded for histol-
ogy analysis for assessment of cartilage damages. Reduced platen test was first performed on
cancellous bone only using an individual testing anvil (diameter 1.2–4.5mm) that fitted to in-
dividual cross-sectional area of cancellous bone, then compression test was done on remaining
cortical bone to determine their mechanical properties
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Micro-CT Scanning andMicroarchitectural Analysis

A high-resolution micro-CT system (μCT , Scanco Medical AG, Bassersdorf,
Switzerland) was used to scan proximal tibial specimens, resulting in D recon-
struction of cubic voxel sizes 16 � 16 � 16μm3. Each D image data set consisted
of approximately  micro-CT slide images of proximal tibia and  slice im-
ages of subchondral bone tissue (1024 � 1024 pixels) with -bit-gray levels. Two
scans were performed.The first scan was performed on the 4mm of proximal tibia to
quantify the D microarchitecture of the subchondral plate. The proximal tibia was
then sawed 0.5mm beneath the subchondral bone plate and a further cut was made
distally to produce a 3mm thick cancellous-cortical bone specimen using a Leitz
Microtome  (Ernst Leitz Wetzlar Gmbh, Wetzlar, Germany). The second scan
was performed on this specimen to quantify the D microarchitecture of cancellous
and cortical bone (Fig. ; Ding et al. ).

Three-Dimensional Microarchitectural Properties of Subchondral Bone Plate
Subchondral bone plate was defined as starting from the calcified cartilage-bone
junction and ending at the marrow space (Carlson et al. ). To obtain accurate
D data sets of subchondral bone plate, micro-CT images were segmented using op-
timal thresholds (Ding et al. ). The meaningful microarchitectural parameters

Figure3a–c.Quantification of subchondral bone tissues. aThe-mm thick proximal tibiae were
micro-CT scanned for quantification of Dmicroarchitectureof subchondral bone plate.Then
the -mm-thick cancellous-cortical bone complex specimen produced 0.5mm beneath sub-
chondral bone plate wasmicro-CT scanned for quantification of Dmicroarchitectureof both
cancellous bone (b) and cortical bone (c)



Microarchitectural Adaptations of Primary Osteoarthrotic Subchondral Bone 647

for the subchondral bone plate, i.e., plate volume fraction (%), plate thickness (mi-
cron), surface density (mm−1), and plate perforation (mean pore size, in micron)
were calculated. These calculations were done first on total subchondral plate, then
on the medial and lateral condyles (Fig. a; Ding et al. ). A detailed description
for quantification D microarchitecture of cortical bone has been presented (Ding
et al. ).

Three-Dimensional Microarchitectural Properties of Subchondral Cancellous Bone
Subchondral cancellous bone was defined as the epiphyseal cancellous bone region
beneath the thin layer of the subchondral plate. The subchondral cancellous bone
was segmented using the optimal threshold described above to get accurate D data
sets. The cancellous bone was defined and separated from the cortical shell. The
microarchitectural properties were calculated using the same methods as for human
cancellous bone. These calculations were done first on total subchondral cancellous
bone, then on medial and lateral condyles (Fig. b; Ding et al. ).

Three-Dimensional Microarchitectural Properties of Subchondral Cortical Bone
The meaningful microarchitectural parameters of subchondral cortical bone were
determined from segmented D data sets. The cortical thickness (μm), bone vol-
ume fraction (%), bone surface density (mm−1), and cortical bone porosity (cav-
ity/perforation, %) were calculated. The cross-sectional area (mm2) of cortex was
the mean value obtained from subchondral cortical bone (Fig. c; Ding et al. ).

Compression Testing of Guinea Pig Proximal Tibial Metaphysis

Themechanical tests of proximal tibial bone tissues were performed on a  Bionix
MTS hydraulic material testing machine (MTS Systems, Minneapolis, Minn.),
using a -kN load cell. Proximal tibia -mmbone specimenwas isolated that included
whole bone tissue (cortical and cancellous bone). The mechanical testing of proxi-
mal cortex was first performed using a so-called reduced platen testing that com-
pressed to 5% on the central cancellous bone only leaving the cortex intact (Hogan
et al. ). After this testing, compression test was performed again on the cortical
bone mainly (including partial cancellous bone) between testing columns and bone
specimen (Fig. ; Ding et al. ).

Microarchitectural Adaptation of Human OA Subchondral Bone

Microarchitectural Adaptation of Early OA Subchondral Bone in Humans

Examples of Dmicro-CT image reconstruction of cancellous bone for OA and three
controls are shown in Fig. . The microarchitectural properties and statistical analy-
sis were presented in Fig. . Significant microarchitectural changes in the cancellous
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Figure4.A D rendering of human tibial cylindrical cancellous bone specimens frommicro-CT
scans. The sample selection was based on themedian value of bone volume fraction. Compar-
ing the four specimens, themedial osteoarthrosis (OA; upper left) had the highest bone volume
fraction and trabecular thickness, typical plate-like structure and the lowest bone strength;
and the lateral control (upper right) had higher bone volume fraction and trabecular thick-
ness, more plate-like structure, and lower bone strength. The normal medial (lower left) had
lower bone volume fraction and trabecular thickness, more rod-like structure, and the highest
bone strength, and the normal lateral (lower right) had the lowest bone volume fraction and
trabecular thickness, typical rod-like structure, and relative higher bone strength

bone of OA specimens have been observed. The OA cancellous bone was signifi-
cantly thicker and markedly plate-like but lower in mechanical properties. Similar
microstructural changes were also observed for the lateral control with no sign of
cartilage damage suggesting early alteration in the subchondral bone prior to carti-
lage damage.
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Figure 5.Microarchitectural properties of human early OA cancellous bone and the three con-
trol groups, and significant differences betweenOA and the three controls, are indicated. Com-
pared with OA group, �p < 0.05 and ��p < 0.01. LC lateral control, NM normal medial, NL
normal lateral
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Structure model index was the best predictor of the mechanical properties of OA
cancellous bone; however, only –24% of the variance of the mechanical properties
could be explained in the OA group. In normal controls, –71% of the variance of
the mechanical properties could be explained by the structure model index alone
(Ding et al. ).

Using finite element analysis of micro-CT data, we have demonstrated that effec-
tive bone tissue stiffness is decreased and bone quantity is increased in the presence
of mild cartilage damage. The reduction of tissue stiffness caused greater tissue de-
formation than was compensated for by increased bone volume. It is likely that this
process leads to a loss of the normal mechanical equilibrium between cartilage and
bone (Ding et al. ; Day et al. ).

Microarchitectural Adaptation of Moderate and Severe OA Subchondral Bone in Humans

Subchondral cancellous bone structural changes in moderate and severe OA have
also been described as differences in trabecular surface and shape compared with
normal control groups (Fazzalari and Parkinson ). Osteoarthrosis is known to
be associated with an increased cancellous bone density (Burr and Schaffler ).
Horizontal trabecular thickness increased earlier followed by changes in the vertical
trabeculae (Buckland-Wright et al. ). Bone mineral density increases in both the
axial and peripheral skeleton with progression of OA (Dequeker ). Osteoarthro-
sis may have an abnormal low mineralization pattern at the late stage, even though
OA is associated with a thickening of the subchondral bone plate (Grynpas et al.
). The stiffness of OA subchondral cancellous bone increases more slowly as
density increases than does the stiffness of normal cancellous bone (Li and Aspden
).

Microarchitectural Adaptation of Guinea Pig OA Subchondral Bone

Examples of D micro-CT image reconstruction of guinea pig proximal tibial can-
cellous bone and cortical bone are shown in Fig. .

Our study demonstrated a significant bone remodeling-adaptation mechanism
and property changes and quality deterioration in OA bone tissues. For subchondral
bone plate, plate thickness remained relatively unchanged after  months of age.This
result suggested that subchondral bone plate was not a major contributor in this OA
model (Fig. ). For subchondral cancellous bone, trabeculae changed from rod-like
towards more plate-like which was opposite to that seen in human aging (Figs. , ).

Assessment of OA Subchondral Bone Microarchitecture and Bone Quality

Assessment of Human OA Cancellous BoneMicroarchitecture and Bone Quality

Our investigations demonstrated that the mechanical properties of early-stage OA
cancellous bone were significantly decreased, despite a significant increase in bone
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Figure 6.A D reconstruction of micro-CT images for guinea pig left proximal tibial cancellous
bone and cortical bone 0.5mm beneath subchondral bone plate in five age groups.The sample
selection was based on the median value of bone volume fraction. Significant differences in
microarchitecture are seen

density. The increase in the amount of defective bone tissue in early-stage OA could
not compensate leading to a loss in mechanical properties (Ding et al. ).

Our data support the hypothesis that significant mechanical property and qual-
ity deterioration occur in early OA subchondral cancellous bone.TheOA cancellous
bone is mechanically inferior to normal medial control, despite higher density in
OA bone tissue. Structure model index, rather than density, is the best predictor for
the mechanical properties in OA and three controls; however, the ability of struc-
ture model index to explain mechanical properties in OA cancellous bone is largely
reduced (Ding et al. ).

Cancellous bone was unusually plate-like in the OA group, whereas a combi-
nation of plate and rod structure was observed in the control groups. Interestingly,
OA cancellous bone had a lower degree of anisotropy and connectivity. These results
suggested that OA cancellous bone was less well organized than normal cancellous
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Figure 7.Microarchitectural properties of guinea pig subchondral plate and subchondral corti-
cal bone. Significant differences in properties are indicated

bone (Ding et al. ). We have also observed a significant deterioration in elastic
modulus of early OA cancellous bone at both apparent and tissue levels (Ding et al.,
; Day et al. ). The decreased correlation between mechanical properties and
density-microstructure indicated bone quality deterioration in early OA cancellous
bone.

Assessment of Animal OA Cancellous BoneMicroarchitecture and Bone Quality

Using micro-CT imaging and mechanical testing, we were able to quantify the sub-
chondral bone microarchitectural adaptation over time that covered the entire range
of guinea pig OA initiation and progression.

Volume fraction and thickness of the subchondral plate were markedly increased
from  to  months prior to OA initiation, indicating early involvement of the sub-
chondral plate. Volume fraction of the subchondral cancellous bone was significantly
decreased at months suggesting accelerated bone remodeling (absorption). Volume
fraction and trabecular thickness increased with age, and changed from rod-like to
plate-like structure with advancing OA, reflecting an important role of cancellous
bone in OA initiation and development. In severe OA, the cross-sectional area of
the subchondral cortical bone was increased, possibly due to osteophyte formation.
Young’s modulus was maximal at  months, whereas ultimate stress and failure en-
ergy increased with age with maximal values at months. Bone collagen to mineral
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Figure 8.Microarchitectural properties of guinea pig cancellous bone. Significant differences in
properties are indicated

ratio was significantly increased after OA initiation, reflecting undermineralization
of bone tissues. These findings suggest different mechanisms of microarchitectural
adaptation in the subchondral bone. The primary mechanism might be microarchi-
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tectural alternation followed by changes in bone matrix density resulting in a change
in mechanical properties and hence decreased bone quality (Ding et al. , ,
).
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Abstract

This chapter introduces ultrasonic characterization of dynamic depth-dependent
biomechanical properties of articular cartilage. The ultrasound-swelling and ultra-
sound-elastomicroscopy systems are used, which show potentials for the investiga-
tion of the transient deformations of articular cartilage at different depths under dy-
namic loading. Ultrasound approaches inherently provide non-destructive assess-
ment of articular cartilage. With the miniaturization of the ultrasound probes, these
ultrasound techniques can be potentially used together with arthroscopes for in vivo
assessment of articular cartilage. Studies suggest that these ultrasound approaches
can also be potentially applied for dynamicmechanical assessment of other biological
tissues, tissue engineered tissues, biomaterials and non-biomaterials.

Introduction

Articular cartilage is the thin layer of connective tissue that covers the articulating
bony ends in diarthrodial joints. Because of the spatial variations of the water con-
tent, the proteoglycan concentration and the orientation of the collagen fibrils, the
mechanical properties of articular cartilage are different at different depths (Mankin
et al. ;Mow et al. ). Tomeasure the depth-dependent properties of the articu-
lar cartilage is important not only for the investigation of the multilayered structure
of the articular cartilage, but also for the study of cartilage degeneration, such as
osteoarthritis, as well as for cartilage tissue engineering.

The zonal variations of the mechanical properties of articular cartilage have been
measured in tension (Guilak et al. ; Roth and Mow ; Woo et al. ) and in
compression (Chen et al. ; Setton et al. ) using carefully excised tissue slides
at different depths. It is noted that the overall integrity of articular cartilage could not
be protected during thesemeasurements.Thenon-homogeneous deformation distri-
butionwithin the full-thickness cartilage layerwas theoretically predicted (Mowet al.
; Wang et al. ). In the s the inhomogeneity of the mechanical proper-
ties of articular cartilage was directly measured using a confocal microscope (Guilak
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et al. ) and a video microscope (Schigagl et al. , ). A new optical method
was developed for investigation of the non-uniform strain distribution with the car-
tilage layer during free-swelling induced by varying the concentration of the bathing
saline solution (Narmoneva et al. ).These opticalmethods demonstrated that the
strain distribution of cartilage was significantly depth dependent; however, the strain
map was measured along one side of the excised specimen in the optical methods.
It is not clear whether the depth-dependent material properties of articular cartilage
obtained in such a “destructive” way would be the same as those in its natural intact
state.

Ultrasound has been used to characterize the acoustical parameters of cartilage
including ultrasound speed, attenuation, frequency spectrum, reflection coefficient,
etc. It has been demonstrated that the sound speed varies in articular cartilage due
its heterogeneous structure along the depth direction using a scanning laser acoustic
microscope (Agemura et al. ) and a non-contact ultrasound method (Patil et al.
). Associated with compression or indentation, ultrasound has been used to fa-
cilitate the direct measurement of the depth-dependent mechanical properties of ar-
ticular cartilage, such as the transient Poisson’s ratio (Fortin et al. ), and the com-
pressive strain (Zheng et al. ). Cohn et al. (a,b) extended the elastography
technique (Ophir et al. , ) to an elastic ultrasound microscope system. A D
ultrasound elastomicroscopy systemwas developed tomap deformations of articular
cartilage (Zheng et al. b). During the past few decades, the swelling behaviour
of articular cartilage has attracted a tremendous amount of interest from researchers
because of its important role in the unique biomechanical behaviour of articular car-
tilage. It has been found that the zonal distributions of proteoglycan concentration,
water volume fraction and collagen fibrils govern the inhomogeneous swelling strain
distribution (Lai et al. ; Maroudas ; Narmovena et al. ). Recently, ultra-
sound has also been used to investigate the depth dependence of swelling behaviour
of articular cartilage in situ (Wang and Zheng et al. ; Zheng et al. b).

In this chapter we describe specimen preparation, experimental setups of ultra-
sound-swelling system andultrasound-elastomicroscopy system, data acquisition for
ultrasound A-mode signals, ultrasound B-mode and M-mode image, and data pro-
cessing used for the measurement of the echo displacement and the extraction of
biomechanical parameters and images for articular cartilage.

Specimens and Methods

Specimen Preparation

Cylindrical cartilage-bone plugs approximately 3mm thick were cored from fresh
mature bovine patellae without obvious lesions using a metal punch with a diameter
of 6.35mm as shown in Fig. a. Specimens were wrapped in wet gauze soaked with
physiological saline, and stored in a refrigerator at −20�C until testing. It has been
previously reported that cryopreservation, freezing and thawing of the specimenmay
not affect its biomechanical and acoustic properties (Agemura et al. ; D’Astous
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Figure 1. a Cylindrical cartilage-bone plugs with thickness of approximately 3mm (	 6.35mm)
were cored from fresh mature bovine patellae for the ultrasound-swelling test. b The bone
layer of the plug was prepared to be 0.1–0.2mm thick for the ultrasound-compression test.
cThe full-thickness cartilage layer was cut into the superficial, middle and deep slices for the
measurement of the depth dependence of the sound speed

and Forster ; Dhillon et al. ; Kiefer et al. ; Kim et al. ; Kwan et al.
).The specimens were thawed in physiological saline for 1h before testing.

Specimens with a bone layer approximately 0.1–0.2mm thick (Fig. b) were pre-
pared from the cartilage-bone plugs using a lower speed diamond saw in the ultra-
sound-compression test. The reason for leaving this thin layer of bone was to main-
tain the integrity of cartilage tissue and to prevent the soft cartilage tissue from being
squeezed into the slit in the specimen platform during compression.The slit was used
to transmit an ultrasound beam into the articular cartilage specimen.

To measure the depth dependence of the sound speed, a thin surgical blade was
used to cut the cartilage layer into three horizontal slices parallel to the cartilage sur-
face, i.e. the superficial, middle and deep slices with approximately equal thickness
as shown in Fig. c.

Experimental Setups

Ultrasound-Swelling System
The ultrasound swelling measurement system was developed to monitor and com-
pare the normal and degenerated articular cartilage specimens in terms of the tran-
sient depth-dependent swelling behaviour induced by changing the concentration
of bathing saline (Fig. a). A D translating stage with a specimen container and
micrometers (Fig. b; Model RMMX/MMXY, Ball Slide Positioning Stages,
Deltron Precision) was designed to align the focused ultrasound beam into the car-
tilage specimen to obtain the maximum echo amplitude. During the swelling test,
the cartilage-bone plug was fixed on the bottom of the container, surrounded by
rubber gel (Blu-Tack, Australia) and submerged in the saline solution. An ultra-
sound pulser/receiver (model A, Panametrics, Waltham, Mass.) was used to
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drive a -MHz focused ultrasound transducer (focal length 12.3mm and−6dB focal
zone approximately 1mm in length and 0.1mm in diameter; Panametrics, Waltham,
Mass.). Ultrasound waves propagated through the tissue and the generated ultra-
sound echoes were received and amplified by the ultrasound pulser/receiver. The re-
ceived ultrasound signals were digitized by an -bit A/D converter card with a sam-
pling rate of 500MHz (CompuScope PCI, Gage, Ontario, Canada) installed in
a computer. The ultrasound signals were displayed on the monitor in real time and
automatically saved into the hard disk for offline data analysis.

Ultrasound-Elastomicroscopy System
The ultrasound elastomicroscopy system consisted of a compression system and
a backscatter ultrasound biomicroscope system. As shown in Fig. c, the specimen

Figure 2. a Block diagram of the experiment setups. b The ultrasound-swelling system (Wang
and Zheng ). The specimen was fixed in the bottom of the container. c The ultrasound-
elastomicroscopy system (Zheng et al. b).The specimenwas installed between the loading
plate and the platform, and loadwas applied from the bottom.The specimenwas scanned along
the slit (1mm in width and 12mm in length). To measure the ultrasound speed in the super-
ficial, middle and deep cartilage layers, the container in a is replaced with a special designed
container to facilitate the installation of the specimen slices
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platform, in-series with a load cell (25N,Model ELFS-T, Entran Devices) on its bot-
tom, could be manually moved up and down.The specimen was installed on the top
of the specimen platform, and covered by a rigidly fixed plate. As the specimen was
pressed against the plate, the load applied to the specimen was measured using the
load cell.

A custom-built computer-controlled stepper-motor system (Sofratest, Ecquevilly,
France) allowed the movement of the transducer along the length of the slit. The
scan began at one lateral edge of the specimen and continued across the specimen to
the opposite edge. At each compression level and scan site, the backscattered radio-
frequency (RF) signal was digitized at 500MHz and  bits using a digital oscilloscope
(AL, LeCroy) and transferred to a computer for offline processing. After a scan
was completed at one compression level, the specimen platform was moved upwards
to compress the tissue specimen further, and a -min delay was applied before con-
tinuing data acquisition to allow the tissue to achieve equilibrium state. The echoes
from the specimen surface and from the compressing platform beneath the specimen
were acquired using the computer-controlled ultrasound system as described above.

Data Acquisition

Ultrasound A-mode Signals
Figure a shows a typical histological image of the central portion of a cartilage spe-
cimenwith a Safranin-O stain.Theultrasound echoes (A-mode signals) that reflected
from the surface of the cartilage tissue and from the cartilage-bone interface and
scattered inside the cartilage layer were continuously recorded using the ultrasound
biomicroscopy system. Figure b shows a frame of typical ultrasound RF signals col-
lected from a cartilage specimen.

UltrasoundM-mode Images
TheultrasoundM-mode image (Fig. c) was formed by theA-modeRF signals to rep-
resent transient information. The echoes at different measurement times were drawn
line by line to form an image with the grey levels indicating the amplitude of the
ultrasound signals. Each horizontal trace in the M-mode image indicated the tran-
sient displacement of the cartilage tissues at different depths, induced by the com-
pression or the osmotic pressure.

Ultrasound B-mode Images
The ultrasound signals were also displayed in a B-mode image to represent informa-
tion of a section of the specimen at different depths. In the experiment, the trans-
ducer scanned the cartilage specimen along the length of the slit. The A-mode RF
signals at different measurement positions along the slit were drawn line by line to
the B-mode ultrasound image (Fig. ).The grey levels of the image linearly represent
the amplitudes of the RF signals, i.e. uniform grey level () is baseline while black
() and white () are maximum negative and maximum positive amplitudes in the
recorded range.
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Figure 3.aHistological image of a typical articular cartilage specimenwith the red colour (dark-
ness in the grey image) indicating the concentration of proteoglycan stained with Safranin-O.
b A-mode ultrasound signal obtained from a specimen. c M-mode representation of the ul-
trasound signals collected during swelling. The grey levels along the vertical dotted line in c in-
dicate the signal amplitude shown in b. Each horizontal trace in the M-mode image indicates
the transient deformations of the cartilage tissues at different depths, induced by the change in
saline concentration. Solid triangle indicates the first positive half cycle of the reflection signal
from the cartilage surface; open triangle indicates that from the cartilage-bone interface. (From
Zheng et al. a)

Data Processing

Measurement of Echo Displacement
The time of flight (T) of the ultrasound signal transmitted from the cartilage surface
to the cartilage-bone interface and back to the cartilage surface can be obtained from
the recorded ultrasound echoes. If the average ultrasound speed in the tissue is c, the
thickness h of the entire cartilage layer can be calculated using the equation:

h = c � T�2 . ()

The displacement of echo signals at different depths during compression or swelling
was derived using a cross-correlation echo-tracking method. The cross-correlation
technique is generally used for the study of the similarity between two signals. The
normalised correlation coefficient of two series of discrete values
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Figure4.a B-mode ultrasound image (10mm inwidth and 3mm in height) of a typical cartilage
specimen.The ultrasound transducer was moved along the length of the slit (the y direction).
The ultrasound beam propagated through articular cartilage along the z direction. The grey
levels of the image linearly represent the amplitudes of the radio-frequency (RF) signals. The
RF signals in b correspond to the position indicated by the solid line in a.The pairs of horizontal
dashed lines in b formed tracking windows to follow the movements of the corresponding
ultrasound echoes during the compression procedure.The values beside the tracking windows
indicate the correlation coefficients of the cross-correlation operations for the corresponding
echoes before and after the compression was applied. (From Zheng et al. b)

X = �x(0), x(1), . . . , x(N − 1)�
Y = �y(0), y(1), . . . , y(N − 1)�

can be written as

R =
N−1&
i=0

[x(i) − X][y(i) − Y]*,,-N−1&
j=0

[x( j) − X]2 N−1&
k=0

[y(k) − Y]2 , ()

where X is the mean of X, and Y is the mean of Y .The normalised correlation coeffi-
cient R indicates the similarity between the two signals. If they are exactly the same,
then R = 1, and, if they have no similarity, then R = 0. R = −1 indicated that the
two signals are exactly inverted about the amplitude. The cross-correlation method
provides the time shift value of the selected echoes. Then displacement is equal to
the product of the sound speed and the time shift value. This method has been used
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for the ultrasound elastography of soft tissues (Ophir et al. ; Zheng et al. b)
and tracking the movements of the selected tissue portions at different depths within
the cartilage layer induced by mechanical force (Zheng et al. , , a) or
osmotic pressure (Zheng et al. a, b; Wang and Zheng ).

Calculation of Ultrasound Speed in Saline and Cartilage
An in vitro non-contact ultrasound method was developed to measure the sound
speed in the cartilage (Patil et al. ). Figure  shows the representation of the
calculation of the ultrasound speed in cartilage and saline solution. T1, T2, and T3
represent the time of flight of the round trips of ultrasound echoes from the trans-
ducer to the upper surface of the cartilage slice, the lower surface of cartilage slice,
and the bottom of the container through the specimen, respectively. T4 and T5 rep-
resent the time of flight of the round trip from the transducer to the bottom of the
container without the presence of the specimenwhile the transducer is at the original
position and the transducer is moved vertically down by the distance of dT , respec-
tively. The difference between the flight times obtained at the two positions was used
to calculate the ultrasound speed in the saline solution (cS) as follows:

cS = 2dT(T4 − T5) . ()

Based on a series ofmathematic calculations (refer to Patil et al. ), the ultrasound
speed in the cartilage tissue (cAC) is obtained from

cAC = T4 − T3 + T2 − T1
T2 − T1

. cS . ()

Calculation of the Osmosis-Induced Swelling Strain
In the free-swelling experiment, the Donnan osmotic loading was induced by the al-
ternation of the concentration of the bathing saline solution fromphysiological saline

Figure5.The elements involved in the calculation of the sound speed in cartilage and saline. dAC

is the thickness of articular cartilage slice; a represents the original position of the transducer.
T1 − T5 are the flight times of the round trips of ultrasound from the transducer to different
interfaces. (From Patil et al. )
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(0.15MNaCl) to hypertonic saline (2MNaCl) and back to physiological saline. Due
to the electrochemomechanics of articular cartilage, the tissue swells and shrinks
while the concentration of the external solution is reduced and increased, respec-
tively. The time shift of the interested ultrasound echo can also be obtained using the
cross-correlation algorithm. Consequently, the displacement of the cartilage surface
(d) was given by

d = c′S � T′1�2 − cS � T1�2 , ()

where cS and c′S are the sound speeds in the saline before and after the concentration
was changed, and T1 and T′1 are the time of flight from the transducer to the cartilage
surface before and after changing the saline solution. The swelling and shrinkage
strain of the full-thickness cartilage layer (ε) is calculated as

ε = d
h
, ()

where h is the thickness of the cartilage layer. The equilibrium strains of different
layers at different depths are given by

εi = di
hi
, ()

where di is the deformation of the i th sub-layer and hi is the original thickness of the
i th sub-layer.

Extraction of Ultrasound Elastomicroscopic Image
During the compression test, the cartilage surface was covered using a rigidly fixed
plate. As the specimen was pressed at a compression rate of 0.1mm�min for two
steps, the applied load and the movement of the tissue were recorded using a load
cell and an LVDT load sensor, respectively. It was assumed that the speed of ultra-
sound in cartilage did not change after a small compression (Zheng et al. b).This
ultrasound-compression method is similar to the ultrasound-indentation approach
(Suh et al. ). The ultrasound speed in cartilage is given by

cAC = T3 − T3a
T0 − T0a

. cS , ()

where T0 and T0a are the time of flight from the upper surface to the specimen-
platform interface before and after the compression, respectively, and T3 and T3a
represent the time of flight between the specimen upper surface and the surface of the
specimen platform in saline before and after the compression, respectively. After the
sound speed was estimated for a specimen, the deformation induced by compression
could be achieved. A D auto-segmentation and displacement measurement using
the cross-correlation algorithm were applied in the region of interest (ROI; Zheng
et al. b).The displacement image was mapped.The local strains of the tissues at
intermediate depths were then calculated from the displacements of the tissue at two
adjacent depths. A strain image was formed from the local strain profiles along each
ultrasound signal. The grey levels of the strain image indicate the local strain values
(Zheng et al. b).
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Results and Discussion

Depth-Dependent Swelling Behaviour of Articular Cartilage

During the swelling and shrinkage processes, the cartilage surface tended to deform
rapidly and then moved upwards or downwards gradually close to equilibrium in
approximately  h after changing the concentration of the saline solution. We called
this interesting phenomenon as “overshoot-relaxation” phenomenon (Fig. ). The
absolute peak value of the shrinkage strain and swelling strain were 1.01 � 0.62%
(mean � SD) and 0.40 � 0.33%, respectively. This phenomenon might be caused by
the anisotropic mechanical properties and ion diffusion rates of articular cartilage;
however, it has not been clarified. Further explanation to this finding requires more
theoretical and experimental study.

In the previous studies, the equilibrium swelling strain of cartilage ranged from
3% (using the water-weight-gain method; Mow and Schoonbeck ) to less than
1% (using a uniaxial confined compressionmethod; Eisenberg andGrodzinsky ).
The inconsistency of the swelling strains reported in the literature could be due to
individual variation of the specimen location, joint, species, age, degeneration status,
specimen configuration, and measurement technique.

From the M-mode image (Fig. c), it is clearly shown that the ultrasound sig-
nals at different depths shift differently. The averaged values of the swelling strains
for deep (30% of the total thickness), middle (55%), and surface (15%) zones (Mow
et al. ) were successfully measured using ultrasound (Fig. ).The non-uniformity
of the swelling strains at different zones was observed, which was similar to the study
by Narmoneva et al. (). It has been known that most of the proteoglycans are lo-
cated in the middle zone of cartilage and the fixed negative charges along proteogly-
cans play a primary role in swelling (Maroudas ; Mow et al. ); therefore, the
swollen middle layer may cause a compressive stress on the deep zone. In addition,
the in situ configuration with the deep zone attached to the bone might give a rigid
support to place the cartilage matrix in a state of compression. It is also known that

Figure 6. Shrinkage strain and the swelling strain vs the measurement time.The error bars rep-
resent the standard deviations of the results of  specimens. (FromWang and Zheng )
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Figure7.Non-uniform swelling-induced strains in cartilage grouped into three zones.The error
bars represent the standard deviations of the results of  specimens. (FromZheng et al. b)

collagen fiber organization in cartilage is highly non-uniform and anisotropic. Fibers
are oriented tangential to the surface at the superficial zone to confine the swelling
stress (Eisenberg andGrodzinsky ; Lai et al. ;Maroudas et al. ).Thismay
be a reason why the tensile strain of the surface layer is lower than that of the middle
zone. Further studies are definitely needed to better understand the reasons for the
compressive strains in the deep zone while the full-thickness cartilage experienced
an overall tensile strain during the free swelling test.

Depth-Dependent Ultrasound Speed in Articular Cartilage

The ultrasound speeds in the superficial, middle and deep cartilage layers in physio-
logical saline were measured to be 1574 � 29, 1621 � 34 and 1701 � 36m�s, respec-
tively (Fig. ). It was found that the sound speed of cartilage significantly increased
with depth (p < 0.001), similar to the results reported previously (Agemura et al.
). The anisotropic behaviour of the sound speed in the cartilage tissue may be
due to the anisotropic mechanical properties and microstructures of articular carti-
lage (Kempson et al. ; Mankin et al. ; Mow et al. ); however, the excision
of the cartilage layers caused the swelling and curling of the specimen (Myers et al.
; Setton et al. ) and might affect the measurement of the sound speeds in the
different cartilage layers. The in vivo depth dependence of the ultrasound speed in
cartilage is not yet evident and requires further investigation.

Depth-Dependent Mechanical Properties of Articular Cartilage

The mean equilibrium strains of sublayers at different depths after two incremen-
tal compressions and subsequent relaxations are shown in Fig. . It was noted that
the average compressive strain at the superficial 0.2-mm-thick layer was 0.35 � 0.09
significantly larger (p < 0.05) than that at the deeper layers (0.01 � 0.02) after the
first compression. The superficial layer incurred most of the deformation applied on
the specimen, whereas the strains in the middle zones were relatively much smaller.
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Figure 8.Sound speeds of the horizontal slices and full-thickness layer were measured with the
ultrasound beam perpendicular to the cartilage surface.The error bars represent the standard
deviations of the results of  specimens. (From Patil et al. )

Figure 9.The mean equilibrium strains of sub-layers at different depths after two incremental
compressions and subsequent relaxations were applied. The error bars represent the standard
deviations of the results of ten specimens. (From Zheng et al. )

These findings were similar to those reported using optical microscopic methods
(Guilak et al. ; Schinagl et al. , ).

The region of interest was selected in B-mode ultrasound image (Fig. a). Two
conjunctive frames of image before and after compression (with a compression of
0.042mm and average stress changed from 17.4 to 24.1kPa) were used for cross-
correlation calculation. In the corresponding local strain image (Fig. c), the grey
level indicates the value of strain. Brighter pixels in the lower portion of the image
(near the cartilage-platform interface, i.e. the superficial portion of the tissue) indi-
cate that larger strain occurred near the articular surface in comparison with zones
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Figure 10. a B-mode ultrasound image (10mm in width and 3mm in height).The dashed rect-
angle indicates the ROI for the displacement and strain images (6.2mm in width and 1.0mm
in height). bThe image formed by the local displacements within the ROI. Brighter pixels in
b represent larger tissue movements in the upward direction. cThe corresponding local strain
images of the ROI. Brighter pixels in c represent larger strains in the upward direction. (From
Zheng et al. b)

near the bone layer. This finding agrees with the results of the D transient measure-
ment previously reported (Zheng et al. ). It should be paid attention that the
material placed between the scanning transducer and the compressed tissue must
be kept to a minimum because of the elevated attenuation of ultrasound at high fre-
quencies.

Conclusion

This chapter introduces our studies on the ultrasonic characterization of dynamic
depth-dependent biomechanical properties of articular cartilage. The ultrasound-
swelling and ultrasound-elastomicroscopy systems have potential for investigation
of the transient deformation of articular cartilage at different depths under dynamic
loading. Ultrasound approaches can inherently provide non-destructive assessment
of articular cartilage. With miniaturization of the ultrasound probes, these ultra-
sound techniques can be potentially used together with arthroscopes for in vivo as-
sessment of articular cartilage. It is also expected that these ultrasound approaches
can be potentially applied to dynamic mechanical assessment of other biological tis-
sues, tissue engineered tissues, biomaterials and non-biomaterials.
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Abstract

Osteoarthritis (OA) and osteoporosis (OP) are the twomost commonmusculoskele-
tal diseases in the elder population. This study was designed to (a) compare the me-
chanical properties of trabecular bone of femoral head in OA and OP patients, (b)
investigate the effect of the geometry and material properties changes on trabecular
tissue by finite element analysis, and (c) study the influence of mechanical property
changes of the subchondral plate, the femoral head, and the femoral neck on stress
distribution at the articular cartilage from the patients with OA and OP using finite
element analysis (FEA). Our analysis showed that parameter of the trabecular num-
ber (density and volume) were sensitive for bone strength. The material properties
were sensitive for bone strength compared with index parameters. Stronger material
properties resulted in a low proportion of elements exceeding yield strain, suggesting
stronger trabecular bone tissue.The results revealed that inOApatients, bone density
was much higher than in OP patients, and supported the observation that OAmight
be more likely to occur in those people with stiffer bone in the proximal femur.

Introduction

Osteoarthritis (OA) and osteoporosis (OP) are the twomost commonmusculoskele-
tal diseases in the elder population. Many studies have reported that these two dis-
eases do not coexist (Cooper et al. ; Schnitzler et al. ; Wand et al. ).
Despite numerous data showing that OA protects against or retards the development
of OP, the biological explanation for this correlation is not clear. Osteoarthritis is
often considered to be a disease of cartilage failure with secondary bone changes,
such as marginal osteophytes and subchondral sclerosis, whereas OP is considered
as an age-related disease characterized by a reduced amount of bone mass, leading
to diminished strength of the bone and an increased risk of fracture.
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Presently, evidence is being accumulated that primary OA might primarily be
a bone disease rather than a cartilage disease. The OA cases have better preserved
bone mass (Moore et al. ); however, the relationship between the OA and OP
disease remains unclear. Normal bone undergoes a functional adaptation response
(bone remodeling) due to physical stimulation and the bony structuremay change. In
addition, the bone’s biomechanical characteristicsmay be altered due to the change in
the bone’s internal microstructure influenced by aging. Articular cartilage wear and
OAwere not frequently observed in the femoral head in elderly patients with femoral
neck fracture (FNF) caused by falling that underwent hip replacement. On the other
hand, the elderly people with no FNF had a higher incidence of OA (Dretakis et al.
). From the biomechanical point of view, the thicker bone in femoral head could
result in greater mechanical stress to both bone and articular cartilage, or vice versa.

A few researches have determined the bone property of the femoral head through
biomechanical methods (Li and Aspden ); however, it is difficult to determine
bone properties quantitatively due to the complicated nature of human tissue and er-
rors are often encountered. Li and Aspden () used ultrasound to perform a me-
chanical analysis on femoral neck fracture induced by osteoporosis in osteoarthrosic
compared with normal femoral heads by taking the subchondral plates from the su-
perior, inferior, anterior, posterior, medial, lateral, and central regions of the femoral
head. Bone samples were taken from three sections of the femoral head for testing.
They were situated (a) well within the main infarct, (b) at the fibrotic/sclerotic mar-
gin of the infarct, and (c) immediately subjacent to the margin. A -mm cube testing
sample was taken from each section for analysis. Even though the above two stud-
ies evaluated the biomechanical properties of the femoral head taken from different
sections, due to the non-isotropic and non-homogeneous of human bone, analysis
results would be influenced by location and direction of the force applied during
testing, whichmight produce different outcomes. Besides, the above studies also con-
centrated on the retrieved subchondral bone plates. We know that energy absorption
does not occur solely in this region, as trabecular bone also has been shown to have
absorption properties (Dequeker and Johnell ). Due to the complicated mater-
ial property of the human bone, a rational methodology is needed to establish bone
mechanical properties. Here we hypothesize that a direct relationship exists between
cartilage wear and the principal compressive group.

It has been widely suggested that health and integrity of the overlying articular
cartilage is influenced by the mechanical properties of its bony bed (Radin and Rose
). If the bone becameunable to attenuate loads, for example by beingmuch stiffer,
the articular cartilage would be subject to greater stress, particularly from a load im-
pact, leading to overloading and tissue breakdown. Conversely, an increase in bone
compliance may offer a protective effect for the cartilage, such as in OP cases, where
compliance comes from bone loss. Epidemiological surveys suggest a negative corre-
lation between OA and OP incidences (Dequeker et al. ) and support the argu-
ment that OA and OP are two distinct diseases which are not solely related to aging.
In other words, cartilage degeneration could be affected by change in the mechanical
properties of the underlying bone.
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Some finite element models studies assessed juxtaarticular stress distribution due
to subchondral plate stiffening and thickening (Anderson et al. ). These finite
element models, which investigated either the overall stress within the cartilage or
the shear stress within the deepest layer of the articular cartilage, showed a slight in-
crease in the stress values when the subchondral bone modulus was elevated. Also,
increase in subchondral plate thickness had minimal effect on elevation of the stress.
Proliferation of the underlying trabecular bonemay lead to increase in stiffness of the
bulk material; therefore, it is not sensible to analyze bone performance based solely
on the subchondral plate.The contact at the articular surface is a highly dynamic and
non-linear phenomenon. Some finite element models studied dynamic juxtaarticu-
lar stress transmission, but none addressed the influence of the modulus on a large
amount of bone material, including the subchondral plate, the femoral head, and the
femoral neck of the proximal femur.We hypothesized that stiffness change in the un-
derlying bones would play an important role on dynamic stress distribution in the
articular cartilage.

In order to test above-mentioned hypothesis, we conducted three tests. The first
test was to compare themechanical properties of trabecular bone of the femoral head
in OA and OP patients. The second test was to investigate the effect of geometry and
material properties changes on trabecular tissue by finite element analysis (FEA).The
third test was to use FEA to study the influence of mechanical property change in the
subchondral plate, the femoral head and the femoral neck on stress at the articular
cartilage in patients with OA and OP.

Materials and Methods

TheMechanical Property of the Femoral Head Evaluated Using Compression Test

The femoral heads used for this study were divided into two groups, i.e.,  speci-
mens with primary OA and  specimens with OP.These specimens were all retrieved
from patients who underwent total hip arthroplasty. Diseases such as osteonecrosis,
rheumatoid arthritis, infection, and developmental dysplasia of hip were excluded
from the two groups. Patients’ data for each femoral head specimen including age,

Table 1.Details of groups from which femoral heads were removed. OA osteoarthritis, OP os-
teoporosis

Group No. of
femoral
heads

Gender
(F/M)

Age
(years)

Body
height
(cm)

Body
weight
(kg)

Head
diameter
(mm)

OA  / 
(62–89)

163.1 � 6.1
(156–175)

74.9� 9.4
(58–79)

50.3� 2.5
(47–52)

OP  / 
(55–85)

159.4 � 5.8
(152–168)

78.7� 8.6
(48–78)

46.1� 2.0
(44–49)

p = 0.26 p = 0.22 p < 0.05
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sex, body height, weight, as well as femoral head diameter were recorded (Table ).
Dual-energy X-ray absorptiometry (DXA; Hologic QDR-, Bedford, Mass.) was
used for determining the bone mineral density (BMD) for each femoral head before
biomechanical testing. The specimens were then frozen and stored at −10�C and de-
frosted  h before the biomechanical testing. A linear precision saw (Ismet ,
Buehler) was used for obtaining a -cm cube from the principal compressive region
in the femoral head (Fig. ).

Two testing samples were cut from each femoral head. The material testing ma-
chine (Bionix , MTS System) was used for compression test. All specimens were
loaded in the superior-inferior direction which coincides with the principal stress di-
rection and two parallel plates were confirmed contacting on the upper-lower surface
of the testing sample (Fig. c). The strain rate of 0.04mm�s was set for the loading
condition (Brown et al. ). The stress-strain curve was analyzed to obtain both
Young’s modulus and yielding stress. An average of the Young’s modulus and yield-
ing stress was calculated for each specimen to compare the difference between OA
and OP groups. Since human bone is classified as a viscoelastic material with an
anisotropic and non-homogenous nature, it is very difficult to incorporate the in-
fluence of Poisson’s ratio after compression; therefore, the influence was ignored in
this study. The slope of the straight segment of the stress-strain curve was taken as

Figure 1a–c.The illustration of the testing sample. aThe site from which samples of trabecular
bone were removed on the femoral head. bOne-centimeter-cube testing sample was taken for
testing. cThe setup of mechanical test
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Figure 2.The stress-strain
relationship. The slope
of the straight segment
of the stress-strain curve
is taken as the Young’s
modulus and the maxi-
mum value of the curve
was defined as the yield-
ing stress. All the analyt-
ical data were defined as
the same criteria

the Young’s modulus (elastic modulus, E) and the yielding stress (σy) was taken as
the largest value on the curve (Fig. ). For normalization analysis, all the values, in-
cluding BMD, E, and σy , were normalized to body height, body weight, and femoral
head diameter, respectively, to determine which parameter was the major influenc-
ing factor of mechanical property. In addition, a linear regression analysis between
BMD and the Young’s modulus in all samples was done to determine its relationship
between the two testing methods.The Student’s t-test was used for statistical analysis
and a level of significance was set at p = 0.05.

The Mechanical Property of the Femoral Head Evaluated Using FEA

Before mechanical testing, all specimens were scanned with high-resolution micro-
computed tomography (micro-CT) with a similar cutting face and scan direction to
reduce scan error. The conditions set for radiography were as follows: (a) projection
resolutionwas 50μm(Max); (b) reconstruction resolutionwas 150μm; (c) energy in-
tensity was 40kVp (max); (d) photon values were 17–20kV; (e) current was 0.6mA;
and (f) the radiography time was 0.5s. The three-dimensional (D) image was re-
constructed from three directions (x, y, and z axes), as shown in Fig. a.

The radiographs were judged by an orthopedic surgeon to determine the bound-
ary between bone marrow and bone. Using this standard to define the gray-scale
threshold, images with higher gray level than the threshold were cortical bone,
whereas images with lower gray level than the threshold were deemed as bone mar-
row. By this method, the images were divided into two portions (Fig. b).

Many studies indicated have shown the relationship between the mechanical
property and density of trabecular bone (Wirtz et al. ; Carter et al. ; Knauss
et al. ). They used dry weight and volume of trabecular bone derived from
Archimedes’ principle to obtain the density and then used a formulate to estimate
the stiffness of each block. According to the estimation method published by Wirtz
et al. (), the formula of longitudinal and transverse Young’s modulus were
E = 1904ρ1.64 and E = 1157ρ1.78 (ρ: bone density), respectively. Longitudinal and
transverse compression strength were σ = 40.8ρ1.89 and σ = 21.4ρ1.37, respectively.
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Figure 3. a The D image of trabecular bone was recombined from three directions (x, y, and
z axes). bThe processed image with higher gray level than the threshold was bone and lower
gray level than the threshold was bonemarrow. cTheD trabecular bonemodel and boundary
conditions

Referring to the estimation method published byCarter et al. (), the correspond-
ing tensile strength was 315MPa within 0.2–0.5g�cm3 and the shear modulus was
8–40MPa according to Knauss et al. () within 0.1–0.8g�cm3.The latter two val-
ues were derived from linear regression method.

The FEA was conducted with the general-purpose finite element software AN-
SYS 8.0 (Ansys, Canonsburg, Pa.). In order to eliminate errors, only medial portion
of the images were used. The Dmodel was established by the contour of CT images
(Fig. c).The bottom plane of the model was fixed in z-direction and given 1% strain
(Rietbergen et al. ) to simulation the compression condition. Trabecular bone
was simplified as homogenous linear-elastic and isotropic material. Young’s modulus
and shear modulus were both assumed as 1000MPa and Poisson’s ratio was assumed
as 0.3. Young’s modulus derived from finite element method was compared with that
derived from the previous formula.

The following parameters were used to describe the shape of trabecular bone
because of its irregular shape (Table ): TV, BV, and BS were measured and esti-
mated from micro-CT images. BV/TV and BS/TV were derived from the above-

Table 2.Related parameters of trabecular bone

TV Tissue volume
BV Bone volume
BS Bone surface
BV/TV Bone volume fraction
BS/TV Relative bone surface
Tb.Th Trabecular thickness
Tb.N Trabecular number
Tb.Sp Trabecular spacing
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mentioned values. Tb.Th, Tb.N and tb.Sp were derived from the following formulas:
Tb.Th =  / (BS / BV); Tb.N = (BV / TV) / Tb.Th; and Tb.Sp = ( / Tb.N) – Tb.Th.

The Influence of Mechanical Property Changes of the Subchondral Plate Evaluated by FEA

A D finite element model (Wei et al. ) was constructed to simulate the hip and
supporting tissues for contact analyses withAbaqus/Standard .- software (Abaqus,
Pawtucket, Rhode Island; Fig. ). The D hip joint model, composed of a part of the
pelvis and a proximal part of the femur, was generated based on a roentgenogram
of a normal hip, representing a projection of the joint onto a vertical plane. Each
region was assumed to be homogeneous, isotropic, and linearly elastic. The material
properties of the various tissue regions of a normal hip joint are given in Table .The
thickness of the femoral cartilage was set at 2.0mm and the thickness of subchondral
platewas set at 0.6mm as for a normal hip jointmodel (Shepherd and Seedhom ).

This finite element model contained  four-node bilinear elements and 
three-node bilinear elements. Two two-node linear truss elements were used to
model the abductor and the adductor. The loads of -N body weight, -N ab-
ductor muscle force, and -N adductor muscle force were loaded to the model.
(Note that the -N body weight is the sum of the five -N loads, respectively, ap-
plied along the five upper boundary nodes on themid-plane of the symmetrical body
as shown in Fig. ; Ueo et al. ). Regarding the boundary conditions, the pelvis
component was allowed to displace in the sagittal plane only and the distal end of the
femur was allowed to displace in the transverse plane only.

Dynamic analysis was performed by ABAQUS/Explicit .-. In dynamic ana-
lyses, the overall underlying bones are defined as the combination of the subchondral

Table 3.Material properties of the finite element model (shown in Fig. )

Region Elastic modulus Poisson’s Density
(MPa) ratio (kg/m3)

Cortical bone
 Pelvis cortex 17,000 0.3 1800
 Femoral neck cortex 2000 0.3 1800
 Femoral cortex 17,000 0.28 1800
Subchondral plate
 Subchondral bone of acetabulum 700 0.3 1068
 Subchondral bone of femoral head 1100 0.3 1068
Trabecular bone
 Pelvic trabecular bone 600 0.3 1000
 Femoral head 600 0.3 1000
 Femoral neck 1000 0.3 1000
 Femoral trabecular bone 600 0.3 1000
Articular cartilage
 Acetabulum 15 0.45 1000
 Femoral head 15 0.45 1000
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Figure 4.Material property regions of the finite element model. (See Table  for their corre-
sponding moduli.)

plate, the femoral head, and the femoral neck, with their elastic moduli denoted, re-
spectively, as Es , Eh , and En . In addition to the normal case, denoted as Modelnormal ,
using original Es , Eh , and Envalues as given in Table ,  other cases of parametric
analyses with varying elastic moduli in the FE model were performed. Each case of
the FE model is denoted with a pertinent subscript as given below:

. ModelEsx2: stiffening of the subchondral plate. Only Es was doubled and denoted
as Esx2.

. ModelEs ,hx2: stiffening of both the subchondral plate and the femoral head. Both
Es and Eh were doubled.

. ModelEnx2: stiffening of the femoral neck: only En was double. Note that both the
cortex bone (En .c t) and the trabecular bone (En .cn) in the neck were doubled.

. ModelEs ,h ,nx2: stiffening of the overall underlying bones. All three moduli in the
cases discussed above, Es , Eh , and En(both En .c t and En .cn) were doubled.
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. ModelEs ,h ,nx0.5: softening of the overall underlying bones. All three moduli in
the cases discussed above, Es , Eh , and En(both En .c t and En .cn) were reduced by
half.

The stress distributions along a path including  nodes on the cartilage surface
and along a corresponding path at the bone/cartilage interface were both evaluated.
The damping in ABAQUS for the cartilage was assigned with such a value that the
transient oscillatory response of the articular cartilage on the femoral head in the sec-
ond cycle decayed to about 60% of that of the first cycle, which was considered rea-
sonable in view of the normal body response to an impact (Bader andKempson ).
The peak of the first oscillation was used to analyze the stress distribution on the car-
tilage surface and at the bone/cartilage interface.The strain energy up to 0.1s, typical
heel-strike duration, in each model was analyzed for comparison among these cases.

Results

The Mechanical Property of the Femoral Head Evaluated Using Compression Text

The results showed the average BMD of the OA group was 1.064 � 0.127g�cm2,
whereas for the OP group the average was 0.559 � 0.116g�cm2. The BMD of the
OA group is significantly higher than that of the OP group (p < 0.05). From me-
chanical testing, comparing the E value of the two specimens taken from each OA
femoral head (OAI-top; OAII-bottom; Fig. a,b), it was found that the E value of OAI
was 791.4� 3.9Mpa, whereas OAII had a slightly higher value of 865.7� 259.9Mpa;
however, there was no significant difference between OAI and OAII (p � 0.05).
The σy also had no significant difference between OAI (17.2 � 3.9MPa) and OAII
(17.2�4.8MPa).TheE-value and σy value for OPI and OPII groups did not show any
significant difference (p � 0.05 for both cases). The E values were 338.5 � 178.0MPa
(OPI) and 387.5�136.3MPa (OPII).The σy values weremeasured to be 5.3�2.3MPa
(OPI) and 6.2 � 2.4MPa (OPII).

In order to investigate the influence of individual factors in this study, the ob-
tained BMD, E values, and σy values which were normalized to the body height,
weight, and femoral head diameter, themajor influential factorwas found by compar-
ing the ratio ofOA/OP.TheoriginalOA/OP ratios of BMD, E value, and σy valuewere
1.9, 2.28, and 3.01, respectively (Fig. c). The OA/OP ratios (normalizing to body
height) of BMD, E value, and σy value decreased to 1.85, 2.23, and 2.93, respectively.
While normalizing to body weight, the OA/OP ratios were 1.76, 2.12, and 2.77, re-
spectively. While normalizing to femoral head diameter, the OA/OP ratios were 17.3,
2.08, and 2.77, respectively. The results showed that normalizing to femoral head di-
ameter had the strongest influencewhen comparing other individual factors (Fig. c).
The femoral head diameter was the most important factor that influenced the result,
and the body height had the lowest effect. In the linear regression analysis, the OA
specimens (square points) had higher BMD value and higher Young’s modulus when
compared with OP specimens (rhombus points) that had relatively lower BMD value
and Young’smodulus (Fig. ). Taking all ofOA andOP specimens into consideration,
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the correlation coefficient was R2 = 0.72. This showed that the relationship between
BMD value and Young’s modulus had a tendency of linear correlation.

TheMechanical Property of the Femoral Head Evaluated by FEA

The BMD of OA group was 1.064g�cm3 and of OP group was 0.559g�cm3, and the
material properties of blocks were estimated by the experience formula (Table ).
The Young’s modulus of block was determined by finite element software (Table ).
The real Young’s modulus of trabecular bone was determined by the character of

Figure 5a,b.The mechanical properties of various sites from the OA and OP femoral heads.
a Young’s modulus (MPa). b Yielding stress (MPa). Asterisk: Statistically different between
OA group and OP group (p < 0.05). Note that the OA I and OA II indicate the result of the
upper and lower specimens inOA femoral head, respectively.The samemeanings are indicated
in OP I and OP II. c All the data including BMD, E value, and σy value were normalized by
individual factor and then shown asOA/OP ratio.The femoral head diameter had the strongest
influence
Table 4.The material properties of blocks (MPa)

OA-I OA-II OP-I OP-II

Axial Young’s modulus 775.6 881.7 798.9 282.7
Lateral Young’s modulus 436.1 501.2 98.1 145.5
Axial compress strength 14.8 16.7 3.0 4.5
Lateral compress strength 10.1 11.2 3.2 4.3
Tension strength 15.1 17.0 2.0 4.5
Shear modulus 21.8 24.0 6.9 9.7
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linear elastic. The linear relationship of those two values was determined by compar-
ing the values obtained by finite element software and recognized formula. Figure 
shows the proportion of elements that exceeded yield strain in the four models af-
ter finite element analysis when subjected to compression fracture.The proportion of
elements in group OA-I was 76.78%, OA-II was 72.97%,OP-I was 87.84%, and OP-II
was 84.76%.

Figure 6. a A contour plot
of the von Mises stress in
the region including the
cartilage, the subchon-
dral plate, the femoral
head, and the neck
for the normal model.
bA roentgenogram taken
at a femoral head shows
patterns similar to those
seen in the stress distri-
bution as shown in a
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Table 5.Values of index parameters in different blocks

OA-I OA-II OP-I OP-II

TV (mm3) 0.062500 0.062500 0.062500 0.065200
BV (mm3) 0.039766 0.047016 0.020906 0.028859
BS (mm2) 5.796250 6.566875 3.386250 4.433125
BV/TV 0.636 0.752 0.335 0.462
BS/TV (mm−1) 92.74 47.12 54.18 70.93
Tb.Th (mm) 0.0137 0.0143 0.0123 0.0131
Tb.N (mm−1) 46.42 52.59 27.24 35.54
Tb.Sp (mm) 0.0078 0.0047 0.0244 0.0151

The Influence of Mechanical Property Changes of the Subchondral Plate Evaluated by FEA

Figure a shows the von Mises stress contour plot of the region including the car-
tilage, the subchondral plate, the femoral head, and the neck. It is noted that the
pattern of the stress distribution is similar to that observed on the roentgenogram,
which can show to some extent the approximate structural orientation of bone ma-
terials (Fig. ).The roentgenogram shows brighter (lighter) lines in Fig.  running in
the similar direction as the high stress zone of Fig. a, i.e., at a small angle clockwise
from the vertical direction. The brighter lines indicate higher bone density in the
roentgenogram. Weight-bearing function of the primary trabeculation system of the
femoral head is clearly demonstrated with the high (compressive) stress lying in the
direction from the cartilage surface distally toward the medial neck cortex. The level
of the compressive stress developed laterally in the lateral neck cortex due to bending
effects of the joint reaction force was found to be mild because of the counteraction
exerted by the abductor muscle.

The effects of the underlying bone stiffening on the Tresca (maximum shear)
stress distribution on the cartilage surface of the femoral head are shown in Fig. .
The contact region is defined along a path shown in the explanatory thumbnail. The
largest stress values aswell as the percentage of changewith respect to the normal case
(Modelnormal ) on the cartilage surface and at the bone/cartilage interface for cases
of dynamic analyses are shown in Table . Generally, the underlying bone stiffening
produced a slight increase in the largest Tresca stress in the cartilage surface. The re-
sults of ModelEsx2 show that doubling the modulus in the subchondral plate led to
an increase of 2.2% in the largest Tresca stress. ModelEs ,hx2, doubling the modulus in
the subchondral plate and the femoral head, led to 2.0% increase. ModelEnx2, doub-
ling the modulus in the femoral neck, led to 1.4% increase. ModelEs ,h ,nx2, doubling
the modulus in the overall underlying bones, led to 4.7% increase. ModelEs ,h ,nx0.5,
reducing the modulus by 50% in the overall underlying bones, led to 3.9% decrease.
These results demonstrated that the largest maximum shear stress was more sensi-
tive to subchondral plate stiffening than to a combination of the subchondral plate,
femoral head stiffening, and femoral neck stiffening.
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Table 6.The largest stress in each model and percentage increase (in parentheses) of the largest
stress relative to Modelnormal on the cartilage surface and at the bone/cartilage interface

Largest stress (Pa)
On cartilage surface At bone/cartilage

Model Tresca
stress

Max. prin-
cipal stress

Min. princi-
pal stress

interface, Tresca
stress

Modelnormal 1.373 �106 0.01 �106 −0.754�106 1.361 �106

ModelEsx2 1.403 �106

(2.2)
0.022 �106

(57.1)
−0.774�106

(2.7)
1.396 �106 (2.6)

ModelEs ,hx2 1.401 �106

(2.0)
0.016 �106

(14.3)
−0.784�106

(4.0)
1.391 �106 (2.2)

ModelEnx2 1.392 �106

(1.4)
0.023 �106

(64.3)
−0.768�106

(1.9)
1.384 �106 (1.7)

ModelEs ,h ,nx2 1.438 �106

(4.7)
0.024 �106

(71.4)
−0.807�106

(7.0)
1.433 �106 (5.3)

ModelEs ,h ,nx0.5 1.319 �106

(−3.9)
0.013 �106

(−7.1)
−0.698�106

(−7.4)
1.301 �106 (−4.4)

ModelEsx2: Stiffening of the subchondral plate only
ModelEs ,hx2: Stiffening of both the subchondral plate and femoral head
ModelEnx2: Stiffening of the femoral neck
ModelEs ,h ,nx2: Stiffening of the overall underlying bones
ModelEs ,h ,nx0.5 : Softening of the overall underlying bones

Discussion

TheMechanical Property of the Femoral Head Using Compression Test

Osteoarthritis and OP are the two main musculoskeletal diseases among the aged
population, but the occurrence of a patient suffering from both diseases is very rare.
Bone mass in OA patients is higher than that of normal subjects. Cartilage wear is
commonly seen in these patients. This observation is opposite to that seen in OP
patients: cartilage wear is usually rare and bone mass is lower to increase suscep-
tibility to femoral neck fractures. At present, the exact physiological mechanism is
not known.This study provides a new standpoint to investigate this phenomenon by
material testing methods.

FromWolff ’s lawwe know that the arrangement of trabecular bone in the femoral
head is dependent on the direction of the force sustained; thus, the mechanical prop-
erties of the specimens are also influenced by the direction of the force sustained or
the region of femoral head. Due to this dependent relationship, there is a significant
difference between various origins of the testing specimens. In order to avoid this
discrepancy, testing samples were cut from the principal compressive group of the
femoral head for mechanical testing in this study. As compared with the results of Li
et al. (), there was a 56% increase in Young’s modulus in OA group compared
with OP group in our results, but only a 28% increase in their results. In addition,
there was a 67% increase in the yielding stress in our results, but a 42% increase in
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their results. Consequently, there is a more significant difference of material proper-
ties betweenOAandOP femoral head, especially in the principal compressive region.
Moreover, there are no studies that further estimate which individual factors influ-
ence bone mechanical property. In the current study, we performed normalization
analysis to individual factors. We found that femoral head diameter strongly influ-
enced mechanical property between OA and OP group when compared with body
weight and body height.

Our results showed a significantly larger BMD, Young’s modulus, and yielding
stress value for the OA group when compared with the OP group, with a respective
OA/OP ratio of 1.9, 2.28, and 3.01. If the bone becomes stiffer, it may be less able to
absorb impact loads, which may lead to more peak stress and wear in the cartilage.
On the contrary, the femoral heads of OP patients are more able to absorb the energy
due to the decreased bone strength. Consequently, the stress on cartilage is reduced,
decreasing its extent of wear; however, the chance for femoral neck fracture is also
elevated because of this decreased bone strength.

TheMechanical Property of the Femoral Head Evaluated by FEA

According to the results of this study, OA patients’ BMD was much higher than that
of OP patients. The FEA showed that the trabecular stiffness of femoral neck in OA
patients was also much higher than in OP. This result not only could represent the
reliability of this study, but also showed the dependability in verifying the experiment
bymeasuring bone density. In addition, the difference in size of femoral head between
OA and OP patients was not significant in this study. From the biomechanical point
of view, larger femoral heads could bear more stress than smaller ones, if only size is
considered; however, errors occur when size of the femoral head is ignored.

The results also showed that the higher the numbers and density of the trabecula,
the lower the proportion of trabecular bone that exceeded yielding strain. Larger
porosity of trabecular decreased the structure strength of trabecular bone.Therewere
no relationships between the index parameters of area ratio, thickness, etc., and struc-
ture strength. With regard to material property, the proportion of trabecular bone
that exceeded yielding strain decreased, regardless of the values of the stiffness of
structure, shear modulus, and Young’s modulus of trabecular bone.

The BMD of OA (1.064g�cm3) was twice as high as those of OP (0.559g�cm3).
The results showed that the bone quality of OA was stronger than that of OP in both
biomechanical and BMD analysis. The bone strength was too strong compared with
articular cartilage in OA patients; therefore, the force was loaded primarily on car-
tilage. The high load caused cartilage wear. On the contrary, the bone strength was
weak in OP patients: the force loaded on the cartilage was low enough to damage
cartilage.

The parameters of the trabecular number (density and volume) were sensitive for
bone strength; the others were not. The material properties were sensitive for bone
strength comparedwith index parameters, and the result presented a positive correla-
tion. Stronger material properties meant that a low proportion of elements exceeded
yield strain. This means that the strength of trabecular bone tissue was greater.
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The Influence of Mechanical Property Changes of the Subchondral Plate Evaluated by FEA

The subchondral plate plays two roles in the joint under loading. Primarily, the plate
acts as a cartilage support, i.e., as an underlying semi-rigid bed onwhich the articular
cartilage sits. Secondarily, it acts as a weight-distributing arch, transferring the joint
loading from the central contact area to the boundary. Increasing the modulus in the
subchondral plate may reduce its ability to absorb energy, which could in turn lead
to high risk of cartilage breakdown. Our analysis showed that the largest maximum
shear stress on the cartilage surface or at the bone/cartilage interface in the cartilage
were all more sensitive to the subchondral plate stiffening alone than to the stiffen-
ing of both the subchondral plate and femoral head stiffening or to the stiffening of
only the femoral neck. These results indicate that, mechanically, subchondral plate
stiffness is a major factor in the initial degeneration of the cartilage in OA.

A relatively high percentage of patients with OAhave been found to be associated
with a higher bonemass.Werner et al. () developed the formulas appropriate for
such cases, where the loss of BMD was closely connected to the loss of a structure,
e.g., the loss of stiffness was due to trabecular thinning. Our results showed that rise
in the overall underlying bone modulus had a mild increase in the largest maximum
shear stress in the cartilage, and vice versa. These findings supported the observation
that OA might be more likely to occur in those people with stiffer underlying bones
in the proximal femur.

The femoral neck is cantilevered when under loads, resulting in substantial bend-
ing in the neck. Our results showed that there was a significant increase of the largest
maximum tensile stress at the bone/cartilage interface as the modulus of the femoral
neck doubled. In addition to shear stress, tensile stress was suggested as a possible
cause of surface injuries in articular cartilage under impact loading (Li et al. ).
Our study corroborates the explanation that the etiology of OA was related to the
changes in the mechanical properties of the femoral neck.

Limitations of the Study

There are some limitations to this study. In compression testing, while obtaining the
values of the Young’s modulus, it was difficult to incorporate the effect of increased
cross-sectional area of the specimen due to compression into the analysis; therefore,
the influence of Poisson’s ratio was ignored, and thus errors might arise from this
assumption. Moreover, normal specimens are very difficult to obtain among Asian
countries, especially in Taiwan.

In the mechanical property of the femoral head evaluated using FEA, we could
not precisely take the sample which was the site of compressed region in the femoral
head. This might cause an error. In addition, this study measured the bone density
in every patient, and analyzed the relationship between biomechanical properties
and bone density. We analyzed the bone biomechanical properties of two diseases
but did not consider the condition in vivo. We also ignored the difference that the
transportation during the test might induce the sample weakness.
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In the influence of mechanical property using FEA, we performed D analysis
instead of full D. Although D analysis gives more accurate results, the D anal-
ysis provides the benefit of having a clear and straightforward comparison of the
parametric analyses of the dynamic contact model due to modulus change along the
interface. Another simplification that all materials were assumed linear elastic, ho-
mogeneous, and isotropic, instead of non-linear viscoelastic tissue properties, limits
the resulting interpretation only to the modulus effect. Also, the resulting interpre-
tation was limited by simplification of the loading and boundary conditions, which
did not represent complicated physical activity. Although the D results could not be
directly extrapolated for D general predictions, they served to provide quantitative
trends by capturing the primary biomechanical interactions between bones.

Conclusion

Our analysis showed that the parameters of the trabecular number (density and vol-
ume)were sensitive for bone strength.Thematerial propertieswere sensitive for bone
strength compared with index parameters. Stronger material properties led to low
proportion of elements exceeding yield strain, suggesting better strength of trabecu-
lar bone tissue. The results revealed that OA patients’ bone density was much higher
than that of OP patients and supported the observation that OAmight bemore likely
to occur in people with stiffer underlying bones in the proximal femur.
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cortex porosity 
cortical 
cortical BMD (cBMD) 
cortical bone , , 
cortical shell 
cortical-defect repair 
cosmonauts 
cost-effective 
crack , 
cross-sectional , , 
cross-sectional area (CSA) , 
cross-sectional moment of inertia , 
cross-sectional-moments of inertia (CSMI)


crystalline 
crystallography 
CT , , , , , 
cynomolgus macaques 

dark-field 
data stack 
deconvolution 
deformation 

non-linear deformation 
deformation gradient 
degeneration 
degree of anisotropy (DA) 
degree of anisotropy and connectivity 
degree of mineralisation 
Delaunay tetrahedralization 

boundary-preserved delaunay
tetrahedralization 

densitometry , 
dentine slices 
diagnosis 
diaphysis 
diarthrodial joints 
diffraction contrast 
digital analog 
digital photography 
digital radiography 
digital volumetric imaging (DVI) 
digital X-rays 
dimeglumine gadopentetate 
direction , 

longitudinal 
off-axis 
orthogonal 

disc degeneration 
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discontinuing treatment 
discrete element analysis 
displacements 
distal femur 
distal growth plate 
distal radius 
double-blind 
dual-energy X-ray absorptiometry (DXA)

, , , –, , 
dynamic loading 

early neovascularization 
early-stage OA 
efficacy , 
Eigenvalue Buckling (instability) Analysis


elastic modulus , , , 
elastic ultrasound microscope system 
Elcatonin 
electron diffraction , 
electrons 
endochondral bone formation 
endocortical resorption 
energy dispersive spectrometer (EDS) 
energy-dispersive X-ray (EDX) 
enlarged callus 
EPIC-μCT 
epimedium 
equilibrium , 
eroded space 
erosion 
estrogen , 
estrogen receptors 
estrogen replacement therapy 
Euler number 
excitation light 
exocytosis 
extended region 
extracellular matrix 
extravascular bone marrow lipid deposition



factor of safety 
failure , 
fall 
fast bone loss 
FEM 

hybrid FEM 
femoral 

axis 
neck 

femoral condyles 
femoral head 
femoral head collapse 
femoral head diameter 
femoral neck , 
femoral segmental defect 
femur 
femur mid-shaft 
FHI 
fiberoptic confocal microscopy 

cell shadows 
confocal pinhole 

fibrils 
fibrous callus 
fibula , , 
finite element analysis (FEA) , , ,

, , 
finite element model , , 
finite element modeling 
fixator 
fluid flow , –
fluorescent beads 
fluorescent confocal microscopy 

confocal pinhole 
photo multiplier tube (PMT) 
photodetector 
signal-to-noise (s/n) ratio 

fluorescent imaging 
evanescent waves 
excitation light , , , 
near-field imaging 
Raman scattering 

fluorescent microscopy 
fluorochrome 
fluorophore , 
focal adhesions 
focal plane 
force feedback 
forearms 
forward model 
fracture 
fracture healing , , 
fracture model 
fracture plane , 
fracture repair 
fracture-repair process 
fractures , 
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cervical 
fragility 
incidence 
loads 
osteoporotic 
risk 
trochanteric 

fragility , 
functional anatomy 
functionality 

gait cycle 
gelatin 
gene expression 
geometry 
Giemsa and eosin staining 
glass-ceramics 
glucocorticoid 
graphical user interface 
graphics processing unit 
gray level 
green fluorescent protein (GFP) , 
ground reaction force 
growth , 
growth plate 
guinea pig , 
guinea pig OA 

habitual loading 
half callus 
hardness 
hardware 
Haversian –
helical volumetric quantitative CT 
herbal 
heterozygotes 
hexabrix 
high-field magnets 
high-resolution 
high-resolution D imaging 
hip 
hip fracture , 
hip structure analysis 
histograms 
histomorphometric analysis , , 
histomorphometry , , , , ,

, , , , , 
homogeneity 
hormone receptors 

hormone replacement therapy 
human OA 
hydroxyapatite (HA) , , , , ,

, , , , , –, 
hyperparathyroidism 
hypersensitivity 

Ibandronate 
iliac crest , , 
image-analysis software 
imaging , , –
Immobilization , –, 

avidin-biotin binding 
covalent binding , 

immunofluorescence 
implantation 
in situ , 
in vitro , 
in vivo , , 
incremental insertion algorithm 
indentation 
inhomogeneity 
inhomogeneous , 
instability 
instrumented implants 
insufficiency 
integrin 
inter-skeletal 
interface , , 
interpolation 
Interrelationships 
interval volume tetrahedralization 
intra-observer 
intra-skeletal 
intracellular measurement , 
intramedullary canal 
intravascular thrombosis 
iodine 
iodixanol 
irregularities 
ischemia 
isosurface 
isotropic , 

joint collapse 
joint contact area and pressure 
joint contact pressure 
joint degeneration 
joint reaction force 



696 Index

joint simulators 

knee 

lacunae , , , , 
lacunae-canaliculi 
lamellae 
lamellar bone 
landmark 
laser Doppler perfusion imaging 
lead chromate , 
lesions 

osteonecrotic 
level set 
life span 
ligament transection 
load cell 
long bones 
longitudinal growth 
longitudinal measurements 
loosening 
low bone mass 
lung , 

macroarchitecture 
macrophage colony-stimulating factor

M-CSF 
macropores , , , 
magnetic resonance 

diffusion 
fat 
perfusion 
relaxometry 
spectroscopy 

magnetic resonance imaging (MRI) ,
, 

manual palpation 
marrow 

diffusion 
fat 
perfusion 

marrow star volume 
marrow stromal cells 
mass-thickness contrast 
material organization 
material properties 
material property 
matrix metalloproteinases (MMPs) 

matrix-induced autologous chondrocyte
implantation (MACI) , 

maximum enhancement 
mechanical 
mechanical competence 
mechanical property , , , ,


mechanical strength 
mechanical testing 
mechanical tests 
mechanically structural geometry 
mechanotransduction 
medullary space 
meniscectomy 
menopausal status 
mesenchymal stem cells (MSCs) 
mesh 

surface meshes 
volume meshes 

metalloproteinase 
micro-angiography 
micro-computed tomography (micro-CT)

, 
micro-CT , , , , , , ,

–, , 
BS/TV 
BV/TV , 
Conn.D , 
DA , 
OVX , –, 
SMI , 
Tb.N , 
Tb.Sp , 
Tb.Th , 

micro-CT scanner 
micro-damage 
micro-finite element analyses 
micro-finite element modeling 
micro-focus 
micro-MRI 
microarchitectural adaptation 
microarchitectural properties 
microarchitecture , 
microbiomechanical 
microcrack , , 

formation 
resorption 

microfil , 
microgravity 
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microindentation 
micropores , , , 
microradiological methods 
microscopic imaging (MRI) , 
microstructure 
microtomography 
mineral nodules 
mineralization , , 
mineralized tissue 
minimum strain energy principle 
μMR 
model-independent assessment 
modelling 
modulus 
monkeys 
monochromaticity 
mononuclear colony-stimulating factor

(M-CSF) 
morphological adaptation 
morphometry 
mouse , 
multi-detector row CT (MDCT) 
multi-modality visualization 
multidetector-row CT 
multinucleated giant cells 
musculoskeletal system 
myosin 

nano-CT 
nanocrystallites 
Nanoindentation , 
nanometers 
nerve tissue regeneration 
node-strut 
non-destructive , , 
non-homogenous 
non-invasive 
non-ionizing 
non-vertebral fractures 
noninvasive 
nucleation 
nutrient foramen 

oestrogen deficiency 
optical coherence tomography 
optical flow 
optical image spectrum analysis 
optical sections 
optimal thresholds 

orientation 
orthopaedic implant/device 
orthopaedics 
ossification , , –
osteoarthritis (OA) , , , , 
osteoarthrosis (OA) 
osteoblast cytoplasm 
osteoblasts 
osteoclast apoptosis 
osteoclast cytoplasm 
osteoclasts 
osteoconductive 
osteocyte , , , –, 
osteogenesis 
osteogenic 
osteohpyte 
osteoinductive 
osteon morphometry 
osteonecrosis , 
osteopenia 
osteoporosis , , , , ,

–, , , 
secondary 

osteoporotic fracture , , , –,
, , , , , , , , 

osteotomies 
osteporosis 
ovariectomy (OVX) , , , 

Paget’s disease 
paraplegics 
parathyroid hormone (PTH) , , 
partial-volume effects , , 
patella 
pathogenesis 
pathophysiology 
patient-specific models 
PCL-TCP 
peak bone mass 
peak contact pressure 
pelvis-proximal 
perfused vasculature 
perfusion techniques 
perimenopause , 
periosteal apposition , 
peripheral quantitative computed

tomography (pQCT) , , , ,
, , , , , 

peripheral skeleton 
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permeability 
phantom , 
phase contrast 
photon flux 
physical activity , 
physical model 
phytoestrogenic 
pixel sizes 
platelet rich plasma 
platelet-shaped 
PMMA cement 
point-spread function (PSF) 
Poisson’s ratio , , , 
polar moment of inertia 
polarized light microscopy 
poly-dimethylsiloxane 
polyacrylamide gel (PG) 
polythene spheres 
pore , , , –

connectivity , –, , 
distribution , , , , , 
functional , , , , , ,


interconnection –, , –
size , , , , , , ,


porosity , –, , –
Porous biphasic calcium phosphate (BCP)

ceramic scaffolds 
postmenopausal osteoporosis 
pQCT , , 
precision , 
precision errors 
prediction of biomechanical properties 
preference 
primary 
principal compressive region 
principal stresses 
probe fabrication 

chemical etching 
multistage heating-pulling process 
tip coating 

progressive cutting 
proliferation rate 
propagation 
properties 

material 
proteinases 
proteoglycan concentration , 

Proteoglycans 
proximal femur , 
Proximity maps 
psteoporotic 
PTH (1–84) 

quality deterioration 
quantitative computed tomography (QCT)


quantitative CT , 
Quantitative ultrasound (QUS) , 
quencher 

rabbit , 
radiation dose , 
radiographs 
radiopaque 
radiopaque silicone rubber compound 
radius or calcaneus 
raloxifene , 
RANK 
RANKL 
receptors 
reconstructed model 
reconstruction 
region 
region of interest (ROI) 
regional adaptation of cortical Bone 
reliability 
remodeling surface 
remodelling 
reproducibility , 
reproducibility of μCT 
resolution , , 

submicron , 
resorption

lacunae 
revascularization 
rheumatoid arthritis (RA) , 
risedronate 
risk 
rods and plates 
Role and Principles 

scaffold , 
scaffold materials 
scanning acoustic microscopic (SEM) 
scanning confocal acoustic diagnostic

(SCAD) 
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scanning confocal acoustic navigation
(SCAN) 

scanning electron microscope 
scanning electron microscopy (SEM) ,


scoliosis 

curve progression 
risk factors 

screw pull-out test , , 
secondary spongiosa 
segmentation , 
selective estrogen receptor modulator 
Sham 
shape , 
shear modulus , 
silicone rubber 
single- or dual-photon densitometry 
single-molecule detection 
sodium diatrizoate , 
sodium meglumine ioxaglate 
soft tissue 
soft tissue composition 
solubility 
sound-energy attenuation (ATT) 
spaceflight 
spatial resolution , 
speed function 
speed of sound (SOS) 
spinal fusion 
spine , 
spontaneous 
stance 
static and dynamic histomorphometric data


steroids 
stiffness , 
strain 
strain distribution 
strain energy gradient 
strain mode 
strain rate 
strength , , 

bending 
compressive 

stress distribution , 
stress-shielding 
stress-strain curve 
stronium 
strontium ranelate (SR) 

strontium-containing hydroxyapatite
(Sr–HA) 

structure model index (SMI) , 
subchondral bone 
subchondral bone plate 
subchondral plate , , 
surface imaging microscopy 
surface preparation 
surface topography 

atomic force microscopy 
intermolecular force , 
tip-sample separation 

surgery planning and execution 
surgical simulation 
synchrotron micro-CT 
synchrotron radiation (SR) , , 
synthetic bone 

T-score 
Tai Chi Chuan 
tartrate-resistant acid adenosine

triphosphatase (TrATPase) 
tartrate-resistant acid phophatase (TRAP)


Tb number 
tBMD 
β-TCP 
tensile strain , 
tensile strength 
teriparatide (PTH 1–34) 
textural parameters 
three-dimensional (D) 
three-dimensional (D) imaging 
three-dimensional printing 
threshold 
threshold and image processing algorithm


time-intensity curves 
tissue engineering 
tissue engineering construct 
tissue material properties 
tissue modulus 
titanium (Ti) 
titanium implants 
titanium prosthesis 
toluidine blue 
tomograms 
torsional stiffness 
toughness 
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trabecular BMD (tBMD) , , 
trabecular bone , , , 
trabecular microstructure 
trabecular number 
trabecular separation 
trabecular textural analysis 
trabecular thickness (Tb.Th) 
tracking 
traditional Chinese medicine 
transducer 
transgenic/knockout mice 
transmission electron microscopy (TEM)

, 
TRAP 
α-tricalcium phosphate 
β-tricalcium phosphate 
tumor osteolysis , , 
two-photon microscopy (TPM) 

confocal pinhole 
photobleaching 

ultimate strength , 
ultrasonic characterization 
ultrasonic wave propagating velocity (UV)


ultrasound-elastomicroscopy 
ultrasound-llastomicroscopy system 
ultrasound-swelling system 
undecalcified sections 
undermineralization 
universal testing machines 

variations 
regional 

vascular corrosion casting method 
vascular imaging 
vascular network , , , , 
vasculature 
vertebral fracture , 
vertebral rotation 
vertebral-fracture discrimination 
vessel size 

vessel volume 
video microscope 
virtual biomechanics 
virtual endoscope 
virtual interactive musculoskeletal system

(VIMS) 
virtual laboratory 
virtual section 
virtual-reality environment 
viscoelastic 
viscoelasticity 
visible human 
visible human project 
visualization 
visualization capability 
Volkmann’s capillaries , 
volume fraction , 
volume visualization 
volumetric analysis 
volumetric BMD , , , , 
Volumetric QCT of the hip 
Volumetric QCT of the spine 
von Mises stress 
Voxel Size 

water content 
weighted mean grey-scale level 
Wolff ’s law 
woven bone 

X-ray 
X-ray photoelectron spectroscopy (XPS)


Xtreme-CT , 

yield strength 
yielding stress , , 
Young’s modulus , , , , , ,


apparent 

Z-score 
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