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abstract | with recent advances in molecular medicine and disease treatment in osteoporosis, quantitative 
image processing of three-dimensional bone structures is critical in the context of bone quality assessment. 
Biomedical imaging technology such as Mri or CT is readily available, but few attempts have been made to 
expand the capabilities of these systems by integrating quantitative analysis tools and by exploring structure–
function relationships in a hierarchical fashion. Nevertheless, such quantitative end points are an important 
factor for success in basic research and in the development of novel therapeutic strategies. CT is key to 
these developments, as it images and quantifies bone in three dimensions and provides multiscale biological 
imaging capabilities with isotropic resolutions of a few millimeters (clinical CT), a few tens of micrometers 
(microCT) and even as high as 100 nanometers (nanoCT). The technology enables the assessment of the 
relationship between microstructural and ultrastructural measures of bone quality and certain diseases or 
therapies. This review focuses on presenting strategies for three-dimensional approaches to hierarchical 
biomechanical imaging in the study of microstructural and ultrastructural bone failure. From this review, it can 
be concluded that biomechanical imaging is extremely valuable for the study of bone failure mechanisms at 
different hierarchical levels.

Müller, r. Nat. Rev. Rheumatol. 5, 373–381 (2009); doi:10.1038/nrrheum.2009.107

Introduction
Quantitative end points have become an important factor 
for success in basic research and in the development of 
novel therapeutic strategies in biology and medicine. 
Biomedical imaging of three-dimensional (3D) biological 
structures has, therefore, received increasing attention, 
for it is often the basis on which both qualitative (that is, 
visualization) and quantitative (that is, morpho metry) 
images are processed. For the assessment of micro-
structural tissue properties, in particular, a number of 
new imaging modalities have been introduced. these 
techniques can typically be used to visualize a variety 
of biological materials, including both soft and hard 
tissues. whereas soft-tissue imaging is actually a much 
larger market, with respect to both its demand and com-
mercial availability, and is nowadays regularly used as a 
standard procedure for imaging biological structures,1–5 
hard- tissue (that is, bone) imaging has made great pro-
gress with respect not only to qualitative imaging but also 
structural and functional assessment of microstructural 
images in both human and animal bone.6–15

Bone is one of the most frequently investigated bio-
logical materials, owing to its primary function of pro-
viding skeletal stability. Bone is susceptible to different 
local stimuli, including mechanical forces, and has 
great capabilities to adapt its mechanical properties to 
environ mental changes. nevertheless, aging or hormonal 
changes can lead bone to lose this capacity to remodel 

appropriately, resulting in loss of strength and increased 
fracture risk. with the emergence of accurate and precise 
bone densitometry over the last two decades, bone mass 
has become a primary end point in the diagnosis and 
monitoring of osteoporosis. strong correlations between 
bone mass and the mechanical properties of trabecular 
bone have been demonstrated in large populations.16–22 
However, changes in mass can explain only part of the 
variation in trabecular bone strength between indivi-
duals, leaving up to 90% unexplained.23 thus, the 
accurate assessment of bone fracture risk in a clinical 
environment solely on the basis of bone densitometry is 
difficult to achieve. with so much variation unexplained 
by bone mass changes, other factors, such as bone micro-
architecture, bone cell distribution, bone remodeling, 
the distribution of microcracks or microdamage and the 
properties of bone matrix material, must also have impor-
tant roles. although attention in recent years has been 
focused on the mechanical analysis of trabecular bone, 
it is necessary to understand that the fracture behav-
ior of cortical bone is also very important and cannot 
be neglected for accurate prediction of fracture risk in 
whole bones.24 the factors discussed above, together with 
bone mineral density, are often collectively referred to as 
‘bone quality’.25–27 However, the relative contribution of 
each of these different factors to the overall mechanical 
competence of bone is still poorly understood.

the ‘gold standard’ method for determining bone com-
petence is mechanical testing. Classic mechanical testing28 
provides detailed information on whole-bone mechanical 
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and bone matrix material properties, but does not reveal 
local failure properties. Bone failure is a time-dependent, 
nonlinear event that involves high local deformations 
and local fractures that build up to macroscopic failure 
in the final stage.29 although some work has been done 
to clarify the characteristics of bone failure, basic know-
ledge of how failure originates within both trabecular 
and cortical bone is still lacking. However, to estimate an 
individual patient’s risk of fracture, an extended under-
standing of the failure behavior of trabecular and cortical 
bone is essential. For this reason, imaging techniques that 
enable the study of bone tissue in a nondestructive and 
time-lapsed fashion in situ are very important. the incor-
poration of such bio mechanical or functional imaging 
methods with mechanical testing will provide insight into 
bone deformation and failure charac teristics at various 
levels of structural organization.

Hierarchical imaging of microarchitecture
Hierarchical imaging is the ability to resolve anatomical 
features at various resolutions and size scales using essen-
tially the same imaging modality, and ideally covering a 
few orders of magnitude in resolution. this ability would 
enable the measurement of features at resolutions from 
organ level (500 μm) to structural level (50 μm), tissue 
level (5 μm), and even cellular level (0.5 μm) using the 
same technology.

Ct is such an approach to imaging and quantifying 
both trabecular and cortical bone in 3D: it provides 
multiscale biological imaging with isotropic resolutions 
ranging from a few millimeters (clinical Ct), to a few 
tens of micrometers (microCt), down to 100 nano-
meters (nanoCt) (Figure 1). the application of lower-
resolution imaging technologies in clinical practice have 
been reviewed extensively in the last few years,9,12,14,15,30,31 
whereas very few reviews exist of high-resolution 
microCt and nanoCt; this review, therefore, focuses 
on these technologies.

early implementations of 3D microCt focused on 
methodological aspects, and required equipment that 
was not widely available;32 a more recent develop-
ment has emphasized the practical aspects of microCt 
imaging.33 this and other similar commercially-available 

Key points

Over the last decade, microCT has been established as a quantitative  ■
microscope, especially for the assessment of hard tissues

MicroCT is fast, reliable and yields accurate and precise morphometric indices  ■
that are used for the diagnosis of disease and the monitoring of treatment 
regimens in both preclinical and clinical research

Biomechanical imaging (i.e. the combination of time-lapsed microCT imaging  ■
and concomitant mechanical testing) enables the study of bone failure 
initiation and propagation in a hierarchical fashion

synchrotron radiation and advanced desktop nanoCT systems facilitate  ■
exploring the bone ultrastructure with submicrometer resolutions, enabling 
static quantitative morphometry of cortical bone canals and cell lacunae as 
well as biomechanical imaging of microcrack initiation and propagation

systems can be routinely used in basic research and clini-
cal laboratories. also referred to as ‘desktop microCt’, 
they provide nominal resolutions in the approximate 
range of 5–100 μm, and can measure specimens with dia-
meters of a few millimeters to 100 mm. Desktop microCt 
is a precise and validated imaging technique,34–40 and 
has been used extensively in the assessment of micro-
architectural bone (Figure 2) in the context of investi-
gating different diseases and their treatment, such as 
osteoporosis41–49 and osteoarthritis;50–53 genetics and 
gene therapy,54–57 dental research and implants,58–61 tissue 
engineering and biomaterials,13,62–66 and the validation 
of other techniques aimed at investigating bone micro-
structure in a more clinical setting.67–69 this list is by no 
means complete: more than 1,800 papers on microCt 
imaging of bone had been published by april 2009. thus, 
the isi citation index was often considered to select those 
articles best representing the use of microCt in the dif-
ferent fields discussed. this was done on the assumption 
that highly cited articles represent the most important 
contributions in their respective fields.

since the introduction of these systems, there has been 
an increasing demand for microCt technology through-
out the world. with the advent of third- generation 
synchro tron radiation facilities, microCt with resolu-
tions of 1 μm and higher (termed ‘nanoCt’) became feasi-
ble.70–72 synchrotron radiation has several advantages over 
conventional X-rays, including a high brilliance, which 
allows higher resolutions in nanoCt applications,73 and 
the use of a monochromatic beam that produces accu-
rate density representations.74,75 the high resolution of 
synchrotron radiation microCt and nanoCt systems 
enables an even higher level of magnification, which in 
bone research is necessary to investi gate 3D properties 
of ultrastructural features, such as the canal network,76,77 
osteocyte lacunae78 (Figure 3) and even single cells,79 as 
well as direct functional outcomes, such as microcracks 
and microfractures.80–82

Quantification of microarchitecture
a method of quantitatively describing bone architecture 
and the changes associated with age or disease stage is 
the calculation of morphometric indices, also referred 
to as quantitative bone morphometry. in the past, struc-
tural properties of trabecular bone were investigated by 
the examination of two-dimensional (2D) sections of 
bone biopsies; 3D morphometric parameters were then 
derived from 2D images using stereological methods.83 
the correlations between 2D histology and 3D microCt 
are highly significant for bone volume density and bone 
surface density,36 which can be directly obtained from 
both 2D and 3D images; by contrast, a range of impor-
tant parameters, such as trabecular thickness, trabecular 
separation and trabecular number have to be derived 
indirectly from 2D images by assuming a fixed-structure 
model. typically, an ‘ideal plate’ or ‘ideal rod’ model is 
used, meaning trabecular bone consisting solely of either 
plates or rods; however, such assumptions are critical to 
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the accuracy of the measurements, owing to the fact that 
trabecular bone architecture differs by site and that it con-
tinuously changes its structure as a result of re modeling. 
this variability was demonstrated a decade ago in a large 
study of 260 human bone biopsies taken from five dif-
ferent skeletal sites, which were evaluated with both tra-
ditional 2D histomorphometry and newly developed 3D 
methods.84 For trabecular thickness, trabecular separa-
tion and trabecular number, the two methods produced 
markedly different results, and correlations between 
parameters calculated either from 2D or 3D images were 
only moderate. Furthermore, the strength of the corre-
lations depended on anatomical site, owing to ana to-
mical differences in bone architecture: the discrepancy 
between the true trabecular architecture and the assumed 
structure is larger for one site than for another. For this 
reason, deviation from the assumed model will lead to 
an unpredictable error in indirectly derived parameters. 
this is particularly true in studies that follow changes in 
bone structure over the course of age-related bone loss, 
and in those that evaluate drug therapy. in such cases, a 
predefined model assumption could easily overestimate 
or underestimate the effects of bone atrophy depending 
on the index assessed.

For these reasons, and in order to take full advan-
tage of volumetric measurements, several 3D image-
 processing methods have been developed that enable 
direct quantification of bone microarchitecture.84,85 
these techniques calculate actual distances in 3D space 
and, therefore, do not rely on an assumed model type and  
are not biased by possible deviations. in addition to the 
computation of direct metric parameters, non-metric 
parameters can be calculated to describe the 3D nature 
of a bone structure (Box 1). an estimation of how plate-
like or rod-like a bone structure is can be achieved using 
the structure model index.86 another parameter often 
used as an architec tural index is structural anisotropy,87 
a measure of the primary orientation of the trabeculae 
(often referred to as degree of anisotropy). the connec-
tivity density index was introduced to characterize the 
number of possible paths that connect the analyzed bone 
structure from one end to the other, expressed as the 
number of connections per mm3.88

Quantitative assessment of 3D trabecular bone morpho-
metry applies to porous structures as a whole and not to 
their individual elements. although such studies demon-
strate the importance of architectural bone properties in 
a statistical sense, they do not explain how the micro-
architecture physically contributes to the mechanical 
failure behavior of bone. the capacity to assess this is 
actually one of the biggest advantages of 3D image analy-
sis, as it enables topological analysis that targets indivi-
dual elements rather than the structure as a whole. the 
mathemati cal background to digital topological analysis 
has been developed by serra,89 and has since been adapted 
for applications in bone.90 using this method, the struc-
tural properties of individual trabecular elements can be 
calculated using volumetric spatial decomposition.91 the 

Organ
500 µm

Structure
50 µm
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CT

Tissue
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Figure 1 | schematic overview of hierarchical imaging with 
microCT and nanoCT. At the organ level, an image of a cut-
through vertebral body, obtained using desktop microCT, 
demonstrates the extensive heterogeneity in the vertebra 
of a macaque. At the structural level, desktop microCT 
illustrates the three-dimensional trabecular 
microarchitecture in a human vertebral sample. At the 
tissue level, synchrotron radiation microCT of a cortical 
bone sample from a mouse femur illustrates vascular 
channels (large holes) and cell lacunae (small holes). 
synchrotron radiation microCT at the cellular level shows 
osteocytic lacunae arranged around a microvessel in 
mouse cortical bone. Permission obtained from 
springer Ltd © Müller, r. et al. Functional microimaging at 
the interface of bone mechanics and biology. in Mechanics 
of Biological Tissue, Part V (eds Holzapfel, G. & 
Odgen, r. w.) 473–487 (springer, Heidelberg, 2006).
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ability to spatially break down the bone micro architecture 
and extract information about individual structural ele-
ments (for example, trabecular rods and plates) enables 
local bone morphometry; that is, the shape and form of 
each single bone element can be individually determined.91 
with this method it is possible to perform more-detailed 
analyses of 3D structures and to analyze the individual 
contribution of rods and plates to bone aging92 and to 
the mechanical competence of trabecular bone.93 as an 
example, in a study of human vertebral bone samples, 
a multiple linear regression model combining mean 
trabecular  separation, mean slenderness of the rods, and 

the relative amount of rod volume to total bone volume 
was able to explain 90% of the variance in bone stiffness. 
this model could not be improved by adding bone volume 
density as an independent variable.94

Quantitative morphometry has also been applied to 
the 3D analysis of cortical bone ultrastructure,76,77 as 
there is a growing body of work implicating cortical 
bone as an important target for bone quality assessment 
and pharmacological treatment. at the tissue level, the 
intricate canal network in cortical bone can be not only 
visual ized (Figure 3), but also analyzed with respect to 
the length and size of each canal as well as to topology.95 

0% 4% 8% 12%
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Figure 2 | Typical applications of microCT in the imaging of bone. a | Human spine trabecular bone structure in a two-plate 
compression testing experiment. b | Three-dimensional reconstruction of scaffold (grey) and bone ingrowth (green) in a 
minipig model of bone regeneration. Only part of the cylindrical scaffold is displayed, to enable a view of the inside of the 
scaffold. c | Performance analysis of a bone replacement material in a sheep fracture repair model. A gap was cut in the 
long bone (grey) and filled with bone replacement material (yellow); the fracture was fixed using a conventional T-plate.  
d | Mouse femur. Typically in bone research, different compartments (grey, full bone; red, cortical ring; yellow, trabecular 
region) are selected to compute morphometric indices. e | Titanium screw (red) in rat bone (yellow). f | Mouse cranium. 
Permission obtained from springer Ltd © stauber, M. & Müller, r. Methods Mol. Biol. 455, 273–292 (2008).
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at the cellular level, negative imaging78 of the mineral-
ized phase provides 3D imprints of osteocyte lacunae, 
which can be analyzed with respect to cell number and 
shape. the influence of these novel ultrastructural cor-
tical bone properties have been shown to influence the 
mechanical behavior of whole bones.96

additionally, Ct allows quantification of not only 
bone microstructure and ultrastructure but also bone 
mineralization, especially in cortical bone,74 but in 
trabecular bone as well.75 this is important, as bone 
mineraliza tion is estimated to disproportionately con-
tribute to bone strength97 and is believed to have a major 
role in explaining the antifracture efficacy of bisphos-
phonate treatment.98,99 although monochromatic beams 
assess mineralization very accurately, the same accuracy 
cannot be determined by the use of polychromatic X-ray 
sources,100,101 which can sometimes even lead to large 
errors in the determination of tissue mineralization.102 
this issue clearly demands further investigation before 
these systems can be fully trusted to analyze the degree of 
mineralization both on the organ and tissue levels.

Image-guided assessment of competence
although the inclusion of ultrastructural bone proper-
ties has strongly improved the prediction of bone com-
petence,103,104 they only do so in a statistical sense. as 
mentioned earlier, these properties do not explain the 
real physical contribution of the microarchitecture to  
the mechanical failure behavior of bone. to understand 
in more detail how differences in bone architecture influ-
ence bone competence, insight into load transfer through 
the bone is needed. with the advent of fast and powerful 
computers, simulation techniques such as micro-finite 
element modeling are becoming popular for investi-
gating the mechanical properties of bone. nevertheless, 
micro-finite element models have thus far mainly 
assessed bone loading in the elastic range, on the basis of 
the notion that the strength of bone is highly correlated 
with its elastic properties.105,106 However, bone fracture 
is a time-dependent, nonlinear event that involves local 
ma terial failure. although some failure characteristics 
have been elucidated, basic knowledge of local bone 
failure is still lacking. Parameters estimated or computed 
from images accurately predict mechanical properties 
for linear behavior (for example, stiffness, modulus) 
and to some extend ultimate behavior (for example, 
maximal strength). However, image-based approaches 
to determining mechanical properties beyond yield such 
as toughness, ductility and brittleness are difficult to 
perform; furthermore, most mechanical testing focuses 
on linear-elastic behavior. nevertheless, in estimating the 
risk of spontaneous fractures, an extended understand-
ing of the nonlinear failure behavior of both cortical and 
trabecular bone is essential.

image-guided failure assessment (iGFa)107,108 provides 
insight into failure behavior by enabling direct, time-
lapsed, 3D visualization and quantification of fracture 
progression on the microscopic level. additionally, a 

number of image analysis methods have been developed 
to identify and classify individual rods and plates, to then 
track those elements over the time course of failure, and 
to eventually compute local displacements and strains 
at each consecutive compression step.109 the results 
of time-lapsed compression tests showed that average 
strains were much smaller than the externally applied 
strain, but that maximum local strain values were five 
to eight times greater than the externally applied strain, 
providing further evidence for a band-like, local failure 
behavior of trabecular bone (Figure 2a).109

another study combined histological damage label-
ing, microCt and image-based finite element analysis 
to detect regions of compression microdamage in bovine 
tibial tr abecular bone.110 the pattern of trabecular failure 

100 µm 50 µm

a b

Figure 3 | Ultrastructural representation of void spaces within cortical bone of a 
mouse femur. a | Two-dimensional nanoCT slice of the cortical mid-diaphysis in 
transverse view, showing sections through canals and osteocyte lacunae. Data 
was assessed at the swiss Light source at 700 nm nominal resolution. b | Three-
dimensional representation of the cortical subvolume, visualizing the extent of the 
canal network (red) and osteocyte lacunae (yellow). volumetric information was 
extracted from the same data using negative imaging. reproduced from 
schneider, P. et al. J. Bone Miner. Res. 22, 1557–1570 (2007), with permission 
from the American society for Bone and Mineral research.

Box 1 | Measures of bone structure in three dimensions as assessed by CT

metric parameters

Bone volume density: relative volume of mineralized tissue per total volume

Bone surface density: relative volume of bone surface per total volume

Trabecular thickness: average thickness of the individual plates and rods  
in the structure

Trabecular separation: thickness of the spaces between trabeculae

Trabecular number: number of trabeculae per unit length

Non-metric parameters

structure model index: estimates ratio of plates and rod composing the structure

structural anisotropy: a measure of the primary orientation of the trabeculae  
(also referred to as degree of anisotropy)

Connectivity density: characterizes the number of possible paths that connect  
the analyzed bone structure from one end to the other
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observed with microCt positively correlated with the 
polarity and distribution of stresses within an indivi-
dual trabecula as predicted by finite element analysis. 
Furthermore, a comparison of individual trabecu lae 

revealed that local stresses and strains were significantly 
higher in damaged trabeculae than in undamaged trabecu-
lae.110 more recently, iGFa has been expanded to investi-
gate the failure behavior of whole vertebral bodies,111 by 
use of a non-contact method that enables in vitro quanti-
fication of endplate deformation under axial load in intact 
human cadaver specimens. the major advantage of this 
method is the ability to perform a repeated- measures 
experimental design, which enables the assessment of end-
plate deformation using time-lapsed microCt imaging in 
the same sample with increasing load. the approach can 
be used to analyze intact functional spine units and even 
in strumented specimens.111

whereas desktop microCt studies focus mostly 
on the microstructural level, synchrotron radiation 
microCt and nanoCt enable analysis of the next level 
of hier archy. with the advent of these synchrotron radia-
tion techniques, bone failure can be investigated on the 
micrometer and even the submicrometer level by direct 
observation of microcracks and microfractures in a fully 
nondestructive and even in a time-lapsed fashion. the 
development of an in situ mechanical compression device 
capable of exerting both static and dynamic displace-
ments on experimental samples has also improved the 
investi gation of different failure mechanisms at the micro-
structural level.80 applied in a study of failure mechanisms 
in trabecular bone, these methods revealed differences in 
the initiation and propagation of failure between fatigued 
and nonfatigued bovine bone samples. as expected, the 
nonfatigued sample exhibited a distinct band of localized 
failure, whereas the fatigued sample failed in a burst-like 
fashion. almost all of the microscopic cracks observed in 
both fatigued and nonfatigued samples were connected to 
a clearly recognizable bone surface. this also means that 
microcracks typically will not develop solely within the 
bone matrix but will always initiate or at least extend to 
the bone surface. thus, 3D methods to detect and analyze 
microcracks are preferred over 2D methods, where the 
orientation of the cut plane can introduce artifacts in  
the interpretation of the microcracks as being linear or fully 
inside the bone matrix. Further investigation revealed that 
trabecular bone often fails through the delamination of 
mineralized collagen fibrils112—the basic building blocks 
of bone matrix at the supramolecular level113—thereby 
providing a mechanism for energy dissipation while 
conserving trabecular bone architecture. microcracking, 
then, is of major importance in the determination of 
bone failure behavior in the post-yield phase (that  
is, toughness).

the concept of hierarchical biomechanical imaging has 
also been used to investigate the failure behavior of cor-
tical bone. For instance, compression testing performed 
concurrently with synchrotron radiation Ct has been 
used to observe, in 3D, fracture initiation and propagation 
in mouse femur.114 During compression of the femoral 
head, synchrotron radiation Ct showed that bone failed 
at the location where tensile stresses were highest in the 
cortical bone (that is, the superior femoral neck; Figure 4a 

1 mm

20 µm

50 µm
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Figure 4 | Hierarchical imaging of bone function with synchrotron radiation CT. 
image-guided failure assessment illustrates compression and fracture at a 
proximal mouse femur a | in the uncompressed femoral neck, and b | after 
displacement of the femoral neck. Nominal resolution 3.5 μm for both images.  
c | reconstructed slices of mouse femoral bone from the cortical mid-diaphysis. 
Nominal resolution 700 nm; 1% apparent strain. A microcrack is faintly visible 
(black arrow). d | At 2% apparent strain, the microcrack has propagated and is now 
clearly visible (black arrow). Nominal resolution 700 nm. e | Cortical bone at 1% 
strain with a microcrack and a microfracture. Uncracked ligament bridges intersect 
the microcrack (black arrows) and span the microfracture (white arrow). Nominal 
resolution 700 nm.
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and 4b). in addition, uncracked ligament bridges were 
imaged for the first time in 3D at a nominal resolution of 
700 nm,114 displaying the relationship of microcracks not 
only to the canal network but also to the much smaller 
osteocyte lacunae (Figure 4c and 4d). the results showed 
that osteocyte lacunae do not contribute to the initia-
tion of cracks, but are important in their propagation. of 
note, many cracks initiated at the open surfaces of the 
canal network, a mechanism that was recently shown to 
have an important role in human cortical bone failure.82 
uncracked ligament bridging in bone was first reported 
as a toughening mechanism115 that involves 2D uncracked 
regions along the crack path which, in the first phase of 
bone fracture, can bridge the crack on opening. at that 
point of bone failure, the long axes of the uncracked-
ligament bridges are mostly aligned parallel to the direc-
tion of crack propagation or to the long axis of the crack 
(Figure 4e). nevertheless, one has to bear in mind that 
rodent bone does not give reliable information about 
human bone in all cases and, therefore, care should be 
taken in the extrapolation of experimental data to clinical 
situations. the development of high-speed imaging that 
produces full tomographs at microscopic resolution in 
only a few seconds116 will facilitate high-throughput bio-
mechanical imaging and, therefore, also enable imaging 
of dynamic failure behavior.117

Clinical translation
as discussed in this review, the mechanical properties of 
bone depend on bone density, microstructure and ultra-
structure. For the clinician, however, the prediction of 
bone quality in individual patients is essentially restricted 
to the quantitative analysis of bone density alone. By use of 
hierarchical bone imaging, it is possible, for the first time, 
to assess the density and the trabecular and cortical macro-
structure, microstructure and ultra structure of bones using 
fully non destructive measurement techniques. whether 
these sophisticated engineering approaches will find their 
way from research to the clinic is yet to be determined, 
but it seems clear that there is great potential in the clini-
cal arena for noninvasive hier archical imaging. whereas 
high-resolution in vivo imaging at the microstructural 
level is already possible and prospects for improved cl inical 
and diagnostic purposes have been demonstrated,15,31 

measurements of ultrastructural bone features, such as 
microcracks or the shape and distribution of osteocyte 
lacunae, are still limited to the analysis of excised bone 
biopsies. nevertheless, paired iliac crest bone biopsy has 
been and still is being used to determine responses to 
treatment,46,49,75 and is therefore still an important tool in 
clinical practice. Clearly, however, this tool is far from ideal 
for several reasons. First, the procedure requires taking 
two invasive biopsies, which can be problematic; second, 
the biopsy specimens are neces sarily small; and third, two 
different bone architectures are being evaluated.

Conclusions
microarchitectural bone imaging is a nondestructive, 
noninvasive and precise procedure that enables the 
measure ment of trabecular and cortical bone as well as 
the repetitive assessment and computation of 3D micro-
structural and micromechanical properties. the proce-
dure can help improve predictions of fracture risk, clarify 
the pathophysiology of skeletal diseases, and define the 
response to therapy.

Biomechanical or functional imaging of bone, compris-
ing the combination of biomechanical testing and time-
lapsed imaging, is extremely valuable in studying bone 
failure mechanisms and how bone structure influences its 
functional behavior. Hierarchical investigations of micro-
crack initiation and propagation using synchrotron light 
and other high-resolution imaging techniques will lead 
to a better understanding of the relative contribution of 
the different hierarchical levels to the overall competence 
of bone.
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isi and PubMed databases were searched for published 
original articles that were related to the microtomographic 
imaging of bone. search terms included “bone” in 
combination with “micro computed tomography”, “mu CT” 
and “micro CT”. Manuscripts reviewed were full-text and 
published in english. The citations from these articles 
were also used to identify additional manuscripts of 
interest. The isi citation index was used to identify highly 
cited articles in the field. No restrictions were placed on 
the publication date. The reference list was last updated 
in April 2009.
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