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Although biomedical imaging technology is now read-
ily available, few attempts have been made to expand
the capabilities of these systems by adding not only
quantitative but also functional analysis tools combining
microimaging with time-lapsed mechanical testing. An
area of special interest is multiscale functional imaging
of trabecular bone to assess the relative importance
of bone “quality” in the assessment of the mechanical
competence of bone. First, relevant studies dealing
with hierarchical imaging of trabecular bone and classic
analyses such as quantitative morphometry and finite-
element analysis to predict bone strength are reviewed.
Second, studies are presented investigating failure
mechanisms of three-dimensional trabecular bone
through dynamic, time-lapsed microimaging, including
image-guided techniques developed for this purpose
and utilizing microcompression. For the first time, these
allow the direct three-dimensional visualization and
quantification of failure initiation and progression at the
microstructural level.

Introduction

The principal function of skeletal bones is to withstand
the loads and moments that are placed upon them. When
these loads exceed the bone tissue’s ability to support
them, fractures inevitably occur. In individuals with osteo-
porosis, fractures can occur without a singular traumatic
event; thus early detection of bone loss—a skeleton at
risk—will allow more prompt and appropriate treatment
and ultimately improve our ability to prevent fractures.
Osteoporosis is defined as a skeletal disorder character-
ized by compromised bone strength, predisposing to an
increased risk of fracture [1]. Hence, osteoporosis would be
best diagnosed by in vivo measurements of bone strength.

The present “gold standard” of determining bone strength
is a functional, mechanical test. Direct mechanical test-
ing is a straightforward procedure but it is limited by its
destructiveness. Therefore, this method is not applicable
in vivo, and although it can be used in vitro, a sample can
only be tested once, which limits the assessment of direc-
tion-dependent failure characteristics. Furthermore, these
tests are prone to errors related to boundary artifacts and
to the size of the specimens, which are often so small as to
hamper high-precision measurements [2-4].

Bone mineral density (BMD) measurements are fre-
quently used as a surrogate measure of bone strength.
Significant correlations between apparent bone density and
various mechanical properties have been demonstrated for
large populations using power-law regressions [2,5,6]. On
average, about 70% of the variability in bone strength in
vitro is determined by its density [7]. However, the rela-
tionship between changes in bone density and changes in
fracture risk is unclear. A 40% to 50% reduction in the risk
of fracture through supplementation with calcium and
vitamin D has been reported, although BMD increased by
only 1% [8,9]. In contrast, a marked increase in BMD as
a result of fluoride treatment did not decrease the risk of
fracture [10]. On an individual basis, the predictive capac-
ity of bone density seems to be even more limited. BMD
explained only 4% to 28% of the 35% to 50% reduction
in vertebral fracture risk after antiresorptive treatment
[11-13], and although many older persons may lose
bone, as expressed by a decrease in BMD, not all develop
fractures [14,15]. Furthermore, individuals who have
had a previous fracture are at an increased risk for future
fractures, independent of BMD [16].

These findings all contribute to the notion that bone
density has limitations as a surrogate for bone strength and
fracture risk. This is not surprising: BMD, bone geometry,
bone microarchitecture, and the bone material characteristics
are all components that determine bone strength as defined
by the bone’s ability to withstand loading. Neuromuscular
function and environmental hazards influencing the risk
of falling are also important factors in determining fracture
risk. As a result, it has been found that on an individual basis,
10% to 90% of the variation in the strength of trabecular
bone cannot be explained by bone density [7]. Alternatively,
several studies have shown that bone microarchitecture
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Figure 1. Schematic overview of hierarchical imaging. From top
to bottom, Organ, cut through vertebral body demonstrating the
large heterogeneity in the vertebra (desktop micro-CT); Structure,
three-dimensional representation of the trabecular microarchi-
tecture in a vertebral sample (desktop micro-CT); Tissue, cortical
bone sample of a mouse femur illustrating vascular channels
(large holes) and cell lacunae (synchrotron radiation micro-CT);
Cell, fibroblast stretching between two polymer yarn filaments
(synchrotron radiation micro-CT).

strongly influences its stiffness and strength, and predictions
of trabecular bone competence can be greatly improved by
including architectural parameters in the analysis [17-19].
Nevertheless, few attempts have been made to expand the
capabilities of these systems by adding both quantitative and
functional analysis tools combining bone architecture micro-
imaging with time-lapsed mechanical testing.

This article reviews strategies for new three-dimen-
sional (3-D) approaches for functional imaging in the
study of osteoporosis and bone loss. The focus is on
hierarchical assessment of trabecular bone failure using
a combined experimental and computational approach.
With the introduction of microstructural imaging systems
such as desktop micro-CT, a new generation of imaging
instruments has entered the arena, allowing easy access
to the 3-D microstructure of bone and giving researchers
a powerful tool for the exploration of hierarchical rela-
tionships between structure and function in age-related
bone loss and osteoporosis.

Three-Dimensional Imaging of

Bone Microarchitecture

Traditionally, trabecular bone morphometry has been
assessed in two dimensions. The structural parameters
are either inspected visually or measured from sec-
tions, and the third dimension is added on the basis of
stereology [20]. To overcome some of the limitations
of two-dimensional histology, several 3-D measure-
ment and analysis techniques have been developed
over the past two decades. The most common is the
use of stereo microscopy or scanning microscopy to
qualitatively assess 3-D microstructure. Using these
methods, researchers have been able to demonstrate
the loss of 3-D connectivity with age by visual obser-
vation [21]. Serial sectioning also has been employed
to explore the third dimension quantitatively, allow-
ing true measurements of connectivity and other 3-D
structural properties such as volume fraction and
surface area [22]. Nevertheless, because it is truly
destructive, serial sectioning techniques will not allow
secondary measurements such as mechanical testing or
dynamic histomorphometry.

An ideal imaging approach would be hierarchical,
volumetric (3-D), multi-contrast (hard vs soft tissue),
and, above all, fully noninvasive. Hierarchical imaging
denotes the ability to resolve anatomic features at a vari-
ety of resolutions and size scales using basically the same
imaging modality and ideally covering a few orders of
magnitude in resolution. This ability will allow measure-
ments starting at the organ level (500 um resolution) and
going down from the structural level (50 um) to tissue
level (5 um), and even to the cell level (0.5 um) using the
same technology (Fig. 1).

One such approach to imaging and quantifying tra-
becular bone in three dimensions is CT scanning, which
provides multiscale biologic imaging capabilities with
isotropic resolutions ranging from a few millimeters
(clinical CT) to a few tens of micrometers (micro-CT)
down to 100 nanometers (synchrotron radiation nano-
CT). Early implementations of 3-D micro-CT focused on
the methodologic aspects of the systems and required
equipment that was not widely available [23]. Recent
developments have emphasized the practical aspects of
microtomographic imaging [24]. This and other similar
types of systems, now also commercially available, can
be used routinely in basic research and clinical labora-
tories. Also known as desktop micro-CT, these systems
provide nominal resolutions ranging from roughly 5 to
100 um. Specimens with diameters ranging from a few
millimeters to 100 mm can be measured. Desktop micro-
CT is a precise and validated technique [25-29], which
has been used extensively for research projects involving
bone microarchitecture [29-34] and biomaterials [35,36].
Since the introduction of these systems, there has been
increasing demand for microtomographic technology
throughout the world.
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Quantification of Bone Microarchitecture

In terms of understanding the basic structure types that
exist in trabecular bone, simple models have been pro-
posed. A common distinction is the division into rodlike
and platelike bone structures. These highly idealized
models can be considered to be two ends of a spectrum;
the architecture of a real bone specimen will be a mixture
of both rods and plates. The prevalence of these types
depends on the anatomic site and the bone age, with typi-
cal progression from a platelike to a rodlike structure.

A method of quantitatively describing bone archi-
tecture and the changes associated with age or stage of a
disease is the calculation of morphometric indices, also
referred to as quantitative bone morphometry. In the past,
structural properties of trabecular bone were investigated
by examining two-dimensional sections of bone biop-
sies. Three-dimensional morphometric parameters were
then derived from the two-dimensional images using ste-
reological methods [20]. Highly significant correlations
between two-dimensional histology and 3-D micro-CT
have been found for bone volume density (BV/TV) and
bone surface density (BS/TV), where BV stands for bone
volume, BS for bone surface, and TV for total volume [37].
Although measurements like BV/TV and BS/TV can be
obtained directly from two-dimensional images, a range
of important parameters such as trabecular thickness
(TbTh), trabecular separation (Tb.Sp), and trabecular number
(Tb.N) are derived indirectly, assuming a fixed-structure
model. Typically, an ideal plate or ideal rod model is used.
Such assumptions are unreliable because trabecular bone
architecture differs at different sites and continuously
changes its structure as a result of remodeling. This problem
was demonstrated clearly in a large study of 260 human bone
biopsies taken from five different skeletal sites and evaluated
with both traditional two-dimensional histomorphometry
and newly developed 3-D methods [38]. For Tb.Th, Tb.Sp,
and Tb.N, marked differences between the two methods
were found and correlations were only moderate. Because of
anatomic differences in bone architecture, correlations var-
ied according to anatomic site. The discrepancy between the
true trabecular architecture and the assumed structure will
be larger for one site than for another site. Hence, deviation
from the assumed model will lead to an unpredictable error
of the indirectly derived parameters, particularly in studies
that follow the changes in bone structure in the course of
age-related bone loss and those that evaluate drug therapy.
In such cases, a predefined model assumption could easily
overestimate or underestimate the effects of the bone atro-
phy, depending on the assessed index.

For these reasons, and in order to take full advan-
tage of the volumetric measurements, several new 3-D
image processing methods have recently been presented,
allowing direct quantification of bone microarchitecture
[22,38]. These techniques calculate actual distances
in 3-D space; because they do not rely on an assumed
model type, they are not biased by possible deviations.

In addition to the computation of direct metric param-
eters, nonmetric parameters can be calculated to describe
the 3-D nature of a bone structure. An estimation of the
plate-rod characteristics can be achieved using the struc-
ture model index (SMI) [39]. For an ideal plate structure,
the SMI is 0; for an ideal rod structure, the SMI is 3. For
a structure with both plates and rods, the value will be
between 0 and 3. Another parameter often used as an
architectural index is geometric or structural anisotropy
[40], a measure of the primary orientation of the trabecu-
lae, often referred to as degree of anisotropy (DA).
Quantitative assessment of 3-D trabecular bone mor-
phometry applies to porous structures as a whole, not
to their individual elements. Although studies demon-
strate the importance of architectural bone properties in
a statistical sense, they do not explain the real physical
contribution of the microarchitecture to the mechanical
failure behavior of bone. A recent project aimed to cal-
culate the structural properties of individual trabecular
elements [41]. The ability to break down the bone microar-
chitecture and extract individual structural elements, such
as trabecular rods and plates, allows local bone morphom-
etry—that is, determination of the shape and form of each
individual bone element. It is then possible to quantify
individual trabeculae with respect to their volume, thick-
ness, orientation, and type of structure, as well as their
contribution to mechanical competence. In a recent study,
local bone morphometry was performed on a large num-
ber of human vertebral bone samples and was compared
to bone stiffness [42]. A multiple linear regression model
combining mean trabecular spacing, 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.
Furthermore, it was found that mean trabecular thick-
ness of the rods was significantly related to bone stiffness
(”? = 0.42), whereas mean trabecular thickness of plates
had no correlation to stiffness. Globally determined tra-
becular thickness, which, as classically assessed, does not
discriminate between rods and plates, had poor predictive
power for bone stiffness (? = 0.09), demonstrating the
importance of local analysis of individual rods and plates.

Experimental Assessment of

Bone Competence

Although high-resolution imaging is of great value in
assessing age-related bone loss and the effects of interven-
tions on bone microarchitecture, the ultimate aim of any
bone measurement in patients is to assess bone strength.
The gold standard to determine bone competence is direct
mechanical testing of bone. Although it is a straightforward
procedure, care must be taken in interpreting the results,
which are influenced by anatomic site and loading direc-
tion and can be affected to a large extent by end-artifacts
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[2,3]. Mechanical testing has shown huge heterogeneity in
bone mechanical properties, and not only across sites and
specimens. Even within the same bone, these properties
can differ 50-fold. Testing has also shown that bone is not
equally strong in all directions. This mechanical anisotropy
is expressed as the ratio of the stiffness in the strongest direc-
tion to the stiffness in the weakest direction, and can range
from basically 1 (no preferential orientation) to over 10 for
both stiffness and strength [43-45]. Because the mechani-
cal behavior of trabecular bone is largely determined by its
architecture, many investigators have correlated structural
parameters with mechanical properties. Several studies
have shown that bone density alone explains about 70% of
bone elastic properties, but including structural anisotropy
increases the predictive power to over 90% [17-19].

All these studies were performed on excised bone spec-
imens. In a recent study [46], we showed for the first time
that the inclusion of bone architectural indices is also ben-
eficial for predicting the mechanical competence of whole
bones. We evaluated the effect of ibandronate on bone
mass, architecture, and strength in a study of 61 ovariec-
tomized adult macaques. The macaques were divided into
five groups (n = 11-15): sham control, ovariectomized
control, and ovariectomized low-, medium-, and high-
dose ibandronate. We showed that, in pooled populations,
bone mass, as assessed by BV, is the single most important
predictor for ultimate load (1? = 0.67). In stepwise multiple
regression analysis, Tb.Sp, SMI, and BS/BV contributed an
additional 21% independently of BV, so that a total of 88%
of the mechanical-structural relationship was explained.

Image-Based Assessment of

Bone Competence

Although the inclusion of architectural parameters has
strongly improved the prediction of strength for bone
specimens [19], this occurs only in a statistical sense.
These parameters do not explain the real physical contri-
bution of the microarchitecture to the mechanical failure
behavior of bone. To understand how differences in bone
microarchitecture influence bone strength, insight into
load transfer through the bone architecture is needed.
With the advent of fast and powerful computers, simula-
tion techniques are becoming popular for investigating
the mechanical properties of bone.

Microstructural finite-element analysis

Using microstructural finite-element (UFE) models
generated directly from computer reconstructions of
trabecular bone, it is now possible to perform a “virtual
experiment’—that is, to simulate a mechanical test in
great detail and with high precision. Detailed FE models
of trabecular bone can be created using 3-D microstruc-
tural images, as previously described. They are often
denoted as “high-resolution,” “large-scale,” or “micro-
structural” FE models. These models typically represent

small trabecular cubes measuring 5 to 10 mm, a scale at
which the bone behaves as a continuum. After assigning
appropriate material properties to the elements defining
the structure, these computer models provide realistic
response characteristics to simulated loading. For linear
deformation conditions, a comparison of biomechanical
compression tests and LWFE models shows very good agree-
ment when a homogeneous, isotropic tissue modulus is
applied [47,48]. This result holds true for both normal
and osteoporotic bone [49]. These computer models
allow calculation of loads at the microstructural level or
even the tissue level [48,50] and have been used exten-
sively to accurately determine the apparent mechanical
properties of bone specimens.

Recently, it has been shown that these uFE models
can also accurately predict trabecular bone failure for
both bovine [51¢¢] and human [52] trabecular bone. The
UFE predictions of apparent stresses and strains at failure
were equal to experimentally measured values for the
same bone specimens, demonstrating that the quality
of UFE analyses has reached such accuracy that the use
of such simulation techniques can be an effective way to
reduce experimental errors [18] and can be used as an
alternative to destructive mechanical tests [51ee]. A great
advantage of UFE analysis is that the models can be ana-
lyzed many times under different conditions to simulate
various types of loading. Furthermore, bone UFE models
provide better insight into the relationship of structure
and strength by allowing us to look inside the bone to
see where stresses are localizing and therefore where they
may cause fracture [53].

Image-guided failure assessment
Thus far, p\FE models have mainly assessed bone load-
ing in the elastic range, based on the notion that bone
strength is highly correlated with its elastic properties
[44,54]. However, bone fracture is a time-dependent,
nonlinear event that includes high local deformations and
local trabecular fractures. Although some work on bone
failure characteristics has been done, basic knowledge of
local trabecular failure is still lacking. In estimating the
risk of spontaneous fractures, an extended understand-
ing of the failure behavior of trabecular bone is essential.
For this reason, our group has developed an image-
guided technique allowing direct, time-lapsed, 3-D
visualization and quantification of fracture progression
on the microscopic level [55e]. This technique has
recently been validated in comparison with classic, con-
tinuous mechanical testing [56ee]. Additionally, novel
image analysis approaches have been developed in order
to identify and classify individual rods and plates, to
track those elements over the time course of failure, and
eventually to compute local displacements and strains
from consecutive compression steps [57]. This new
method uses sequential structural images from stepwise
microcompression testing to 1) align all images from the
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Figure 2. Failure assessment in a human
spine sample using time-lapsed tomo-
graphic imaging. Top row, Compressed
specimen, imaged in steps of 4% strain.
Middle row, How microcompression

can be used to noninvasively monitor the
deformation of individual plate elements.
Bottom row, How microcompression
can be used to noninvasively monitor the
deformation of individual rod elements.

various steps; 2) identify local anatomic features (nodes)
in the structure, which can be followed directly in the
structure throughout all the steps; 3) create a network
of connections between those nodes by image decom-
position; and 4) compute nodal displacements and local
strains between the nodes.

In an initial study, trabecular bone specimens were
compressed in steps of 0%, 1%, 2%, 4%, 8%, and 12%
and local strains were determined experimentally. The
method was validated using images that contained only
translations or a uniform stretch in the direction of
compression. For the translation, our method predicted
the correct translations and the computed strains were
zero, as expected. For the uniformly stretched images,
we computed strain averages close to the stretch factor
(< 1% error) with a standard deviation of about 10%.
For the actual bone microcompression tests, the results
showed that average strains were much smaller than the
externally applied strain, but maximum local strain val-
ues were five to eight times greater than the externally
applied strain, providing further evidence for a bandlike,
local failure behavior of trabecular bone (Fig. 2). These
strains were found in rod-like elements that were aligned
with the main strain axis. Some of these elements bend,
others buckle, and some are compressed. Although inter-
node strains can indicate active structure elements, they
cannot distinguish the different behavior of these ele-
ments and how much energy is absorbed. They also do
not correlate well with the amount of deformation in an
element. Therefore, internode strains alone cannot fully
explain the failure mechanisms of trabecular bone.

Recently, histologic damage labeling, micro-CT
imaging, and image-based finite-element analysis
were combined to detect regions of trabecular bone
microdamage [58¢]. For the purpose of the study, bovine
tibial trabecular bone cores underwent a stepwise, uniaxial
compression routine in which specimens were micro-CT

imaged following each compression step. Regions of trabec-
ular bone microdamage were then registered to estimated
microstructural stresses and strains. The results indicate
that the mode of trabecular failure observed by micro-CT
imaging agrees well with the polarity and distribution of
stresses within an individual trabecula as assessed from
finite-element analysis. Analysis of on-axis subsections
within specimens provided significant positive relation-
ships between microdamage and estimated tissue stress
and strain. In a more localized analysis, individual micro-
damaged and undamaged trabeculae were extracted from
specimens loaded within the elastic region and to the
apparent yield point. As expected, damaged trabeculae in
both groups showed significantly higher local stresses and
strains than undamaged trabeculae [58e].

Bone Breaks at Its Weakest Link

Image-guided failure assessment has shown that failure
of an individual trabecula can lead to global bone fail-
ure; hence, bone failure can be best predicted using a
“weakest link of the chain” approach [59]. Local bone
morphometry allows identification of “weak” trabeculae
and therefore improves the predictive ability to determine
bone strength and failure behavior. A 10% change in
local thickness (in the rods only) was found to be respon-
sible for a three-fold increase in the mechanical strength
of osteoporotic bone, whereas changes in bone density
were only linearly related to bone strength. This might
explain a number of findings in which small changes in
bone density could produce up to 70% reduction in the
incidence of fracture. If it were possible to preferentially
treat the weakest links of the structure, a minor increase
in individual element quality, rather than large quantities
of new bone, might be enough to prevent a fracture. At
this time, however, this idea is purely speculative because
there are no data from treated patients, although it will
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be possible to obtain such data from iliac bone samples
of real patients undergoing treatment. The ability to
analyze the same bone sample using both noninvasive
microarchitectural imaging and mechanical testing is
likely to cause a revival in the use of iliac bone biopsies
in the initial assessment of therapeutic success and the
regulatory approval of new drugs.

Conclusions

Microarchitectural bone imaging is a nondestructive,
noninvasive, and precise procedure that allows the mea-
surement of trabecular bone as well as the repetitive
3-D assessment and computation of microstructural and
micromechanical properties in patients. The procedure
can help improve predictions of fracture risk, clarify
the pathophysiology of skeletal diseases, and define the
response to therapy. Hierarchical bioimaging, in combina-
tion with biocomputational approaches, is well suited to
the investigation of structure-function relationships and
trabecular failure mechanisms in normal, osteoporotic,
and treated bone. We expect these findings to improve
our understanding of the influence of densitometric,
morphologic, and loading factors in the etiology of spon-
taneous fractures of the hip and the spine. Eventually,
this improved understanding may lead to more success-
ful approaches for the prevention of such fractures.
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