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Abstract

Background Bone mass, geometry, and tissue material
properties contribute to bone structural integrity. Thus,
bone strength arises from both bone quantity and quality.
Bone quality encompasses the geometric and material
factors that contribute to fracture resistance.
Questions/purposes This review presents an overview of
the methods for assessing bone quality across multiple
length scales, their outcomes, and their relative advantages
and disadvantages.

Methods A PubMed search was conducted to identify
methods related to bone mechanical testing, imaging, and
compositional analysis. Using various exclusion criteria,
articles were selected for inclusion.

Results Methods for assessing mechanical properties
include whole-bone, bulk tissue, microbeam, and micro-
and nanoindentation testing techniques. Outcomes include
structural strength and material modulus. Advantages
include direct assessment of bone strength; disadvantages
include specimen destruction during testing. Methods for
characterizing bone geometry and microarchitecture
include quantitative CT, high-resolution peripheral quan-
titative CT, high-resolution MRI, and micro-CT. Outcomes
include three-dimensional whole-bone geometry, trabecu-
lar morphology, and tissue mineral density. The primary
advantage is the ability to image noninvasively; disad-
vantages include the lack of a direct measure of bone
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strength. Methods for measuring tissue composition
include scanning electron microscopy, vibrational spec-
troscopy, nuclear magnetic resonance imaging, and
chemical and physical analytical techniques. Outcomes
include mineral density and crystallinity, elemental com-
position, and collagen crosslink composition. Advantages
include the detailed material characterization; disadvan-
tages include the need for a biopsy.

Conclusions Although no single method can completely
characterize bone quality, current noninvasive imaging
techniques can be combined with ex vivo mechanical and
compositional techniques to provide a comprehensive
understanding of bone quality.

Introduction

Multiple factors contribute to the structural integrity of
whole bones: the total bone mass, the bone geometry, and
the properties of the constituent tissue [80]. Despite the
multiplicity of contributors to bone strength, one factor is
primarily used clinically to diagnose osteoporosis and
assess fracture risk: bone mass, characterized by bone
mineral density (BMD) assessed by dual-energy xray
absorptiometry [24]. Because BMD is a limited predictor
of fracture risk [58], clinical and scientific interest has
increased in complementary measures of bone quality that
could improve fracture risk prediction [10].

Throughout this review, the working definition of bone
quality encompasses all of the geometric and material
factors contributing to fracture resistance. Geometric fac-
tors include the macroscopic geometry of the whole bone
and the microscopic architecture of the trabeculae. Material
factors include the material properties of the constituent
tissue arising from the composition and arrangement of the
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Fig. 1 The hierarchical structure of bone is depicted schematically
on a logarithmic scale. Techniques for mechanical (dark gray bars),
geometric/microarchitectural (medium gray bars), and compositional

primary microstructural constituents, collagen and mineral,
as well as microdamage and microstructural discontinuities
such as microporosity and lamellar boundaries. Inclusion
of microarchitectural and material measures in addition to
BMD improves prediction of bone strength and fracture
risk relative to that from BMD alone [34, 35].

This review presents an overview of the techniques
available to assess bone mechanical properties, geometry
and microarchitecture, and composition across multiple
hierarchical levels (Fig. 1). Relatively new techniques are
emphasized because existing reviews cover established
histomorphometric, radiographic, densitometric, and clini-
cal imaging techniques [4, 24, 53, 65]. Many of the
techniques addressed here are presented individually in this
symposium, and this review should serve as a comparative
reference; readers are referred to other symposium articles
for more details on each method.

The following key questions are addressed: (1) What are
the techniques currently available for assessment of the
mechanical, geometric, and material components of bone
quality? (2) What are the main outcomes of each method?
(3) What are the relative advantages and limitations of
these methods?

Search Strategy and Criteria

A PubMed search of all published literature in the English
language from January 1966 to December 2009 was per-
formed for the following sets of key words: (1) “bone AND
mechanical testing methods AND (cancellous OR cortical)
NOT (screw OR plate OR implant OR prosthesis),” which

qBEIl, EDX gravimetric &

chemical analyses

(light gray bars) are shown according to their approximate length
scale of analysis.

yielded 155 articles, four of which were review articles;
(2) “bone AND microindentation,” which yielded 14 articles,
zero of which were review articles; (3) “bone AND nano-
indentation,” which yielded 153 articles, four of which
were review articles; (4) “bone AND quantitative computed
tomography AND (methodologies OR methods) AND res-
olution,” which yielded 200 articles, 26 of which were
review articles; (5) “bone AND high resolution peripheral
quantitative computed tomography AND (methodologies
OR methods),” which yielded 49 articles, five of which
were review articles; (6) “bone AND high resolution
magnetic resonance imaging AND methods NOT (cartilage
OR angiography OR tumor),” which yielded 461 articles,
66 of which were review articles; (7) “bone AND high
resolution micro computed tomography,” which yielded
170 articles, 16 of which were review articles; (8) “bone
AND NMR imaging AND (31P OR solid state OR bound
water),” which yielded 57 articles, eight of which were
review articles; (9) “bone AND FTIR imaging,” which
yielded 74 articles, five of which were review articles;
(10) “bone AND Raman imaging,” which yielded 30 articles,
five of which were review articles; (11) “bone AND
(scanning electron microscopy OR backscattered electron
OR energy dispersive x-ray) AND (methodologies OR
methods) NOT (allograft OR bone substitute OR implant
OR scaffold OR cartilage),” which yielded 1321 articles, 34
of which were review articles; (12) “bone AND gravimetric
analysis NOT (disc OR composites OR polyethylene OR
scaffold OR prosthesis),” which yielded 31 articles, zero of
which were review articles; and (13) “bone AND collagen
AND cross-links AND (HPLC OR fluorescence),” which
yielded 63 articles, one of which was a review article.
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After a review of the titles, articles were excluded if they
pertained primarily to cells in culture, tissue-engineered
constructs, bone cement, bone-implant interfaces, miner-
alized tissues other than bone, synthetic biominerals, or
geologic minerals. Articles on imaging modalities were
also excluded if their primary focus was on vasculature,
tumors, or soft tissues such as cartilage, tendon, or
meniscus. For the imaging modalities for which the
searches yielded more than 100 articles, articles focusing
on methodology were prioritized. Then the review articles
were examined, and relevant references from those articles
were identified in the specific areas of interest. This yielded
approximately 150 articles.

Assessment of Bone Mechanical Properties

Mechanical testing allows direct assessment of a range of
mechanical properties across multiple length scales
(Fig. 1), allowing characterization of multiple structural
and material properties (Table 1). At the macroscopic
level, whole-bone testing allows assessment of bone
structural properties such as structural stiffness and
strength. At smaller length scales, material testing tech-
niques enable measurement of the intrinsic properties of
the tissue such as elastic modulus and ultimate stress.

Whole-bone Mechanical Testing

At the macroscale, the structural behavior of bones is
assessed by whole-bone mechanical testing. In these tests,
a whole bone is typically loaded to failure in compression,
bending, or torsion [79, 80]. Outcomes include the struc-
tural stiffness, the failure load, and the energy absorbed to
failure. The structural stiffness represents the bone’s
resistance to elastic, or reversible, deformation. The failure
load characterizes the strength of the bone. The energy
absorbed to failure is a measure of structural toughness and
represents the energy the bone can absorb before it breaks.
Experimental assessment of bone strength requires
destructive whole-bone testing, and an inherent limitation
of testing to failure is that the specimen is broken during
testing.

Bulk Tissue Specimen Testing

Mechanical testing of bulk tissue specimens excised from
whole bones is used to assess the mechanical properties of
cortical and cancellous tissue. This type of testing has been
used to characterize the effects of a wide range of vari-
ables, including anatomic site [33, 60], porosity [27],
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apparent density [19], and tissue mineral content [15, 26],
on the mechanical properties of bone tissue. In these tests,
regularly shaped specimens (typically cylinders or cubes
with diameters or edge lengths of 5-10 mm) are machined
from cortical or cancellous tissue and tested to failure in
tension, compression, bending, or torsion [46, 68]. Out-
comes include the effective elastic modulus and ultimate
stress. The effective material properties obtained from
these tests are independent of the macroscopic bone
geometry but include the effects of porosity and geometric
anisotropy arising from osteon or trabecular orientation.

Microbeam Testing

Techniques using microbeam specimens have been devel-
oped to isolate the material properties of bone tissue
[20, 47]. In these tests, bending or tensile loads are applied
to microbeams (approximately 200 x 200 x 2000 pm)
machined from trabecular and cortical bone [20, 47, 78].
Outcomes include the elastic modulus and ultimate stress.
The elastic modulus characterizes the material’s intrinsic
resistance to elastic (reversible) deformation. The yield
stress characterizes the material’s intrinsic resistance to
plastic (permanent) deformation. The material properties
obtained from these tests are independent of the macro-
scopic bone geometry and trabecular microarchitecture yet
still include the effects of discontinuities such as lamellar
boundaries and microscale porosity due to lacunae and
resorption sites [37].

Microindentation

Alternatively, classical indentation testing can be used to
test the material properties of bone tissue at the meso- to
microscale. In an indentation test, a rigid indenter is
pressed with a known force into a flat specimen, and the
area of the resulting impression is estimated optically [89].
The hardness is defined as the force divided by the area of
the imprint and characterizes the material’s resistance to
plastic deformation. Microindentation allows character-
ization of the mechanical properties of individual
trabeculae or osteons [88, 89]. Advantages include the
relative ease of testing and the ability to make measure-
ments in multiple locations within the tissue. A drawback
of this technique is that its sole outcome is the tissue
hardness.

Although few techniques are currently available for
in vivo characterization of bone mechanical properties, an
in vivo system capable of applying loads through an
indenter within a hypodermic needle is under development
[36]. This technique is currently limited to superficial sites
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such as the tibial midshaft, and its outcomes remain to be
validated. Nevertheless, it represents a first step toward in
vivo characterization of tissue material properties.

Nanoindentation

At the microscale, nanoindentation is capable of probing
the mechanical properties of volumes of tissue as small as
individual lamellae. In this technique, an indentation test
is performed with a depth-sensing indenter tip, often
combined with a scanning probe microscope for spatially
resolved measurements. The force-displacement data are
analyzed to obtain the indentation modulus and hardness
[64]. Nanoindentation with relatively shallow indentation
depths of approximately 100 nm yields spatial resolutions
of approximately 1 pm in bone tissue [38]. Advantages of
this technique include the capability to measure the
material properties of microstructural features such as
lamellae [29, 38, 69] and to detect localized changes in
bone material properties induced by disease or drug
treatment [50]. Disadvantages include the need for rela-
tively specialized instrumentation and very smooth
specimens if the highest level of spatial resolution is
required [28].

Assessment of Bone Geometry and Microarchitecture

A variety of imaging techniques allow characterization of
bone geometry and microarchitecture from the macroscale
to the nanoscale (Fig. 1). Most imaging techniques allow
for multiple measurements within the same individual over
time, making them well suited to longitudinal studies.

Quantitative CT

Macroscopic assessment of three-dimensional (3D) bone
geometry can be performed in vivo using quantitative CT
(QCT) [32]. In QCT, an xray source produces xrays that
are attenuated by an object of interest, and a detector on the
opposite side detects the signal. The source and detector
rotate about the object, and tomographic algorithms are
used to construct a 3D image of xray attenuation. QCT
outcomes include the 3D macroscopic bone geometry in
which the cortical and trabecular bone are distinct and
apparent volumetric BMD (vBMD, mass mineral/total
volume [bone + marrow]). The ability to image vertebral
sites is a strength of this method, although its in-plane
resolution (approximately 0.5 mm) is insufficient to
resolve trabecular architecture [32]. An important draw-
back of QCT is its delivery of ionizing radiation to patients.

@ Springer

High-resolution Peripheral QCT

The advent of high-resolution peripheral QCT (HR-pQCT)
scanners with isotropic resolution of approximately 80 pm
has enabled in vivo imaging of 3D trabecular morphology
at peripheral sites such as the distal radius [9, 43]. The
primary advantage of this technique is that trabecular bone
can be resolved, and morphologic parameters such as bone
volume fraction (BV/TV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), and trabecular number
(Tb.N) can be calculated. Inclusion of calibration phantoms
also allows calculation of apparent vBMD. Because the
spatial resolution approaches the size of trabeculae, partial
volume effects affect the morphologic parameters; never-
theless, the HR-pQCT trabecular measures are correlated
with those assessed by micro-CT, the current gold standard
for quantification of trabecular morphology [55]. These
measurements are largely restricted to peripheral sites but
have the concomitant benefit of reduced radiation doses
relative to those from whole-body QCT scans.

High-resolution MRI

High-resolution MRI (HR-MRI) allows nonionizing 3D
imaging of the trabecular network at peripheral sites. During
scanning, a strong magnetic field and a series of radiofre-
quency (RF) pulses are applied to the specimen to generate
3D images of the hydrogen in the water within skeletal tis-
sues. Bone tissue generates no signal in standard MR images
as a result of the low water content of the tissue and the
chemical environment of the protons within the bone matrix.
Rather, when the marrow is imaged, the trabeculae appear as
the dark space within the bright marrow [17]. Resolutions as
small as approximately 50 x 50 x 200 pm have been
achieved ex vivo [21], and resolutions of 156 x 156 x
300 pm are typical in vivo [43]. Consequently, MRI-based
trabecular morphologic parameters are also affected by
partial volume effects [57]. The MRI-based trabecular
measures are correlated with their counterparts measured by
micro-CT, and MRI can detect age- and disease-induced
changes in trabecular morphology [56]. A critical advantage
of this technique is its ability to generate 3D images of bone
geometry and microarchitecture without ionizing radiation;
disadvantages include the long scan times required for high-
resolution images of trabecular bone.

Micro-CT

At the microscale, micro-CT provides ex vivo character-
ization of trabecular microarchitecture with isotropic
resolutions as small as 1 to 6 um. In micro-CT scanners,
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the specimen is rotated in angular increments between the
xray source and detector, and the attenuation data at each
position are reconstructed into a 3D array of xray attenu-
ation, which can be converted to mineral density values
with inclusion of appropriate calibration phantoms [73].
Outcomes include BV/TV, Tb.Th, Tb.Sp, Tb.N, trabecular
connectivity, and true tissue mineral density (TMD, mass
mineral/volume bone tissue). Limitations include a maxi-
mum specimen size of approximately 14-mm diameter x
36-mm length in older scanners and 100-mm diameter x
140-mm length in newer scanners [73]. Nevertheless,
micro-CT has become the workhorse technique for ex vivo
quantification of trabecular morphology.

The development of desktop in vivo micro-CT scanners
has enabled characterization of the macroscopic geometry
and microarchitecture of the bones of living animals. Such
scanners have enabled longitudinal studies examining
skeletal development, adaptation, and response to treat-
ment within the same animals at an isotropic resolution up
to approximately 10 um, although high resolutions require
relatively long scan times and large radiation doses
[41, 83]. Limitations of these studies include their restric-
tion to small rodents and the need to moderate the ionizing
radiation received by the study animals.

At the highest resolution, micro-CT in vivo or ex vivo
with a synchrotron source maximizes resolution of micro-
architectural features and local spatial gradients in tissue
mineral content. The tightly collimated, monochromatic
xray source provides an isotropic spatial resolution of
approximately 1 pum and eliminates the beam hardening
artifacts arising from differential attenuation of the poly-
chromatic sources in conventional desktop micro-CT
systems [42, 66]. Synchrotron micro-CT is the current gold
standard for assessment of local gradients in TMD [42] and is
capable of resolving resorption spaces [66] and microcracks
[82]. However, the relative inaccessibility of synchrotron
facilities limits the widespread use of this technique.

Assessment of Tissue Composition

Both the inorganic and the organic components of bone
tissue contribute to the structural integrity of whole bones
[3, 15, 25, 81]. Microscopic, spectroscopic, physical, and
chemical techniques are available for characterization of
the mineral and the collagenous components of bone tissue.

Nuclear Magnetic Resonance Imaging
Nuclear magnetic resonance (NMR) imaging provides

information about water content and the structure of the
mineral within the tissue. For analyses of water and mineral

in bone, the primary isotopes of interest are 'H and *'P,
respectively. As in MRI, when placed in a strong magnetic
field, the NMR-active 'H and *'P nuclei in the bone mineral
resonate at slightly different frequencies depending on their
local chemical environment, and NMR spectra are gener-
ated by varying the frequency of the applied RF field and
monitoring the absorption of the specimen [84].

Water in bone tissue, while not detected with typical
clinical MRI techniques, can be imaged with appropriate
pulse sequences [77]. The volume percent of bone water
(%BW) can be quantified from the 'H images and can
serve as a surrogate measure of cortical porosity. The
%BW is inversely correlated with effective ultimate stress
estimated from three-point bending tests of cadaveric
bones [31, 63].

Solid-state >'P NMR imaging can be used to charac-
terize the chemical structure of bone mineral, allowing
detection of temporal changes in the mineral chemistry
[48]. Furthermore, this technique can be used quantita-
tively to determine the mass of bone mineral in the tissue
[85], enabling detection of hypomineralization in osteo-
malacic rabbit tissue at an isotropic spatial resolution of
approximately 280 um [1]. Quantitative NMR analyses of
bone mineral chemistry have also been performed in vivo,
but such studies typically require long acquisition times in
specialized scanners and are currently limited to the fin-
gers, wrist, and hand [13, 22, 86]. Recent advances in
instrumentation have enabled in vivo solid state imaging of
bone mineral in a clinical scanner [87].

NMR techniques allow noninvasive, nonionizing in vivo
characterization of changes in the composition of bone
tissue. Strengths of NMR include the ability to detect
subtle changes in the chemical bonding environments of
the bone mineral, but this technique cannot provide infor-
mation about the collagenous component of the matrix.
The low signal-to-noise ratio and limited spatial resolution
remain key challenges for the *'P solid state methods [59].

Vibrational Spectroscopic Imaging: Fourier Transform
Infrared and Raman Imaging

Vibrational spectroscopy, including Fourier transform
infrared (FTIR) and Raman techniques, characterizes the
chemical composition and bonding environments of the
tissue constituents. In these techniques, incident light
focused on the specimen excites vibrations of the chemical
bonds in the mineral and protein components of the tissue.
These vibrations are excited at characteristic frequencies
corresponding to absorption peaks on an infrared (IR) or
Raman spectrum and can be analyzed to characterize tissue
composition [7, 18]. More recently, the coupling of an IR
or Raman spectrometer with an optical microscope and a
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focal plane array detector has greatly enhanced the utility
of these techniques by enabling spatial mapping of
microscale tissue composition [7]. Both FTIR imaging and
Raman imaging can be used to examine changes in tissue
properties with developmental stage, tissue age, or disease
within a bone specimen.

Outcomes of FTIR spectroscopy include measures of the
relative mineral and matrix content (mineral:matrix ratio),
carbonate substitution into the mineral lattice (carbonate:
phosphate ratio) collagen crosslink maturity (collagen
crosslink ratio), and mineral crystal size and perfection
(crystallinity); and incorporation of FTIR properties into
statistical models improves the prediction of fracture risk
over models with BMD alone [8]. The spatial distribution of
each of these properties can be characterized at a spatial
resolution of approximately 6 pm [7]. Because FTIR
imaging is conducted in transmission, relatively thin
(approximately 2-pum), dehydrated sections of undecalcified
bone are required. Strengths of this method include the rel-
atively established nature of the technique and multiple
validated outcomes that have been related to fracture risk;
limitations include the requirement for dehydrated, thin
sections of bone.

Similar to the outcomes of FTIR spectroscopy, Raman
spectroscopy has analogous measures of the mineral:matrix
ratio, carbonate:phosphate ratio, and mineral crystallinity;
and Raman imaging can be used to generate compositional
maps with spatial resolution of approximately 1 um [18].
Imaging can be performed in reflectance on thick, hydrated
specimens [18]. Although the use of Raman spectroscopy
to study bone tissue is somewhat less established than the
use of FTIR, its superior spatial resolution and ability to
image hydrated specimens make it advantageous for
examining fine gradients in tissue composition and for use
in tissues under physiologic conditions.

Indeed, although most Raman spectroscopy is conducted
ex vivo, in vivo probes capable of collecting Raman spectra
transcutaneously have been developed recently. Initial sys-
tems were able to distinguish mineralization defects in tissue
from mice with osteogenesis imperfecta versus that from
wild-type controls [30], and subsequent improvements have
resulted in improved signal intensity and power distributions
[74]. This technique is currently limited to superficial sites
with minimal overlying soft tissue, and applications to date
are limited to preclinical studies. Nevertheless, this method
remains a promising step toward noninvasive diagnostic
assessment of bone tissue composition.

Scanning Electron Microscopy

Scanning electron microscopy allows characterization of
the morphology and composition of bone surfaces. In this
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technique, an electron beam is focused and scanned across
the specimen surface, and the electrons interact with the
atoms in the sample and generate three types of signals:
secondary electrons (SEs), backscattered electrons (BSEs),
and xrays. In secondary electron imaging (SEI), SEs are
generated when an incident electron imparts some of its
energy to an atom in the specimen, causing emission of a
low-energy ionized electron from the specimen. The SE
signal arises from the specimen surface and provides
excellent topographic detail at a resolution of approxi-
mately 20 nm [11]. In quantitative backscattered electron
imaging (qBEI), BSEs are generated when an incident
electron collides with an atom in the specimen and is
scattered “backward.” Because the intensity of the BSE
signal is proportional to the atomic number of the speci-
men, the gray-level intensity values in a BSE image can
be related to TMD [5], and maps of TMD can be collected
at a spatial resolution of approximately 1 pm [72].
Energy-dispersive xray (EDX) microanalysis involves
analysis of xrays with energies characteristic of the atoms
in the specimen emitted when an incident electron hits the
specimen surface [40]. Analysis of these xrays can pro-
vide elemental maps of the distribution of important
elements such as Ca, P, F, and Sr within the specimen
[49, 71].

The excitation volumes for BSEs and xrays are larger
than those for SEs, resulting in reduced spatial resolution
for gBEI and EDX images relative to SEI images [39, 40].
However, qBEI and EDX analyses provide important
quantitative compositional information that can be used in
conjunction with SEI images to relate composition to
lamellar topography, resorption spaces, and microcracks.
Limitations of scanning electron microscopy-based quan-
titative techniques include the need to dehydrate and coat
the specimen with a conductive coating.

Gravimetric Analyses

Gravimetric analysis provides a straightforward method
for determination of the mineral content of bone tissue.
Typically, bones are dried at 110°C, weighed to determine
the dry weight of the tissue, and then heated to 600°C to
remove the organic matrix [6]. The weight of the
remaining mineral phase, the ash weight, can be normal-
ized to the dry weight of the tissue to give the ash
fraction. If the volume of the bone is known or measured
by water displacement, then the ash density can be
determined by dividing the ash weight by the bone vol-
ume. A major advantage of this technique is its relative
simplicity, but it requires homogenization of the tissue and
cannot characterize the spatial distribution of the mineral
within the bone.
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Chemical Analysis of Collagen Crosslinks

Collagen in bone tissue specimens can be analyzed quan-
titatively to determine the total quantity of collagen and the
types of crosslinks present. The total amount of collagen
and the extent of nonenzymatic glycation can be analyzed
relatively straightforwardly using fluorescence measure-
ments [75, 76]. More detailed analyses of collagen
crosslink chemistry require high-pressure liquid chroma-
tography (HPLC) techniques. Tissue specimens can be
hydrolyzed and analyzed with HPLC to determine relative
quantities of immature (hydroxylysinonorleucine and
dihydroxylysinoroleucine) and mature (hydroxylysyl-
pyridinoline and lysyl-pyridinoline) crosslinks [2]. These
chemical methods are able to detect subtle differences in
the chemistry of the organic matrix constituents, but they
require homogenization of the tissue, and the HPLC
methods require specialized expertise and equipment.

Discussion

This review summarized the techniques available to assess
bone quality (Fig. 1), their outcomes (Table 1), and their
advantages and disadvantages. The techniques described
here provide complementary data on mechanical proper-
ties, geometry/microarchitecture, and material properties.
Characterization of bone geometry and material properties
can be used in conjunction with mechanical testing to
identify the relative contributions of geometry and material
properties to bone structural integrity. While all of the
techniques described here have disadvantages, their short-
comings can be mitigated by employing multiple
techniques with complementary outcomes.

This review has several limitations. First, relatively new
techniques were emphasized over more established histo-
morphometric, radiographic, densitometric, and clinical
imaging methods; however, existing articles [4, 24, 53, 65]
provide comprehensive reviews of these methods. Second,
this review addressed only experimental methods for
assessment of bone quality and did not cover computa-
tional methods such as finite element analysis, which are
reviewed elsewhere [44, 62]. Finally, the broad scope of
the review allowed for only a brief summary of each
technique. Most of the techniques addressed in this over-
view are presented in greater depth in this symposium, and
readers are referred to these articles for more details on
each method. Limitations of the existing literature include
the widely varying depth and breadth of available infor-
mation on each technique, from the tens of thousands of
studies available on mature technologies such as CT to the
much more limited number of studies examining recent
innovations such as in vivo Raman spectroscopy [30, 74]

and in vivo indentation testing [36]. The emerging tech-
nologies discussed here require further validation before
their widespread adoption in the clinic.

The methods available for assessment of bone qual-
ity include techniques for characterization of bone
mechanical properties, geometry/microarchitecture, and
composition. Selection of experimental methods depends
on the study design and the outcomes of interest. Inves-
tigations involving an animal model or cadaveric
specimens allow for direct assessment of bone strength
with destructive mechanical testing [12, 33, 60, 61].
Studies examining bone healing, adaptation to disuse or
loading, or response to treatment benefit from imaging
methods capable of capturing longitudinal changes in
bone geometry or microarchitecture [14, 51, 52, 54, 61].
Studies of patients with altered mechanical properties, eg,
in osteogenesis imperfecta [16, 70], require compositional
analyses capable of capturing changes in tissue mineral
and matrix properties. The methods used to assess bone
quality must therefore be tailored to the study design and
the outcomes of interest.

The advantages and disadvantages of each technique
also relate to study design and the outcomes of interest; in
particular, many clinical studies require noninvasive tech-
niques, yet the current noninvasive methods available to
clinicians typically provide incomplete information about
bone quality. While most of the methods described here are
not used in routine clinical practice, many have (or have
the potential) to transition from ex vivo research techniques
to in vivo research techniques and eventually to clinical
methods. The CT- and MRI-based techniques, for example,
allow noninvasive assessment of bone geometry at all but
the smallest length scales, allowing for multiple measure-
ments within the same individual over time [43]. Micro-CT
and NMR imaging allow for simultaneous assessment of
tissue composition and bone geometry, enabling spatially
and temporally resolved measurements of tissue geometry
and mineral composition [73, 87]. In contrast, most of the
mechanical and compositional characterization methods
require a biopsy but provide a wealth of mechanical and
compositional information otherwise unavailable noninva-
sively [3, 7, 11, 79, 89]. Destructive mechanical testing is
necessary for direct assessment of bone strength and
remains essential to characterization of bone structural
performance. In cases for which destructive testing is not
possible, computational techniques, such as finite element
analysis based on QCT, HR-pQCT, or micro-CT images,
offer a nondestructive alternative for prediction of bone
structural properties [23, 45, 67]. Finally, compositional
measurements using spectroscopic or chemical techniques
provide detailed information about mineral and matrix
composition [3, 7, 18, 48] that may yield mechanistic
insights into factors affecting bone quality.
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None of the noninvasive methods can currently provide

a complete assessment of bone quality, but noninvasive
imaging techniques can be combined with compositional
and mechanical techniques requiring a biopsy to provide a
comprehensive understanding of bone quality. Further-
more, although some of the microscale methods discussed
in this article are not likely to become noninvasive diag-
nostic techniques due to inherent experimental limitations,
others methods offer promise for characterization of bone
quality in the clinic.
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