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Abstract

Cortical bone histology has been the subject of scientific inquiry since the advent of the earliest microscopes.
Histology — literally the study of tissue — is a field nearly synonymous with 2D thin sections. That said, progres-
sive developments in high-resolution X-ray imaging are enabling 3D visualization to reach ever smaller struc-
tures. Micro-computed tomography (micro-CT), employing conventional X-ray sources, has become the gold
standard for 3D analysis of trabecular bone and is capable of detecting the structure of vascular (osteonal)
porosity in cortical bone. To date, however, direct 3D visualization of secondary osteons has eluded micro-CT
based upon absorption-derived contrast. Synchrotron radiation micro-CT, through greater image quality, resolu-
tion and alternative contrast mechanisms (e.g. phase contrast), holds great potential for non-destructive 3D
visualization of secondary osteons. Our objective was to demonstrate this potential and to discuss areas of bone
research that can be advanced through the application of this approach. We imaged human mid-femoral corti-
cal bone specimens derived from a 20-year-old male (Melbourne Femur Collection) at the Advanced Photon
Source synchrotron (Chicago, IL, USA) using the 2BM beam line. A 60-mm distance between the target and the
detector was employed to enhance visualization of internal structures through propagation phase contrast.
Scan times were 1 h and images were acquired with 1.4-um nominal isotropic resolution. Computer-aided man-
ual segmentation and volumetric 3D rendering were employed to visualize secondary osteons and porous struc-
tures, respectively. Osteonal borders were evident via two contrast mechanisms. First, relatively new
(hypomineralized) osteons were evident due to differences in X-ray attenuation relative to the surrounding
bone. Second, osteon boundaries (cement lines) were delineated by phase contrast. Phase contrast also enabled
the detection of soft tissue remnants within the vascular pores. The ability to discern osteon boundaries in con-
junction with vascular and cellular porosity revealed a number of secondary osteon morphologies and provided
a unique 3D perspective of the superimposition of secondary osteons on existing structures. Improvements in
resolution and optimization of the propagation phase contrast promise to provide further improvements in
structural detail in the future.

Key words: cortical bone; Haversian system; micro-CT; osteon; synchrotron.

remodeling (secondary). The secondary structures gener-
ated by the remodeling process are known as ‘secondary
osteons’ — a term synonymous with ‘Haversian systems’. The
ability of cortical bone to turnover its internal structure
means that this tissue is not only complex, but also dynamic.
Due to the central role of remodeling in bone adaptation,
maintenance and disease, interest in the regulation of this
process remains an important area of inquiry in bone biol-

Introduction

Cortical bone is comprised of a complex collection of micro-
structural elements, including those that arise through
growth and modeling (primary), and those that arise
through internal turnover of existing tissue, known as
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ogy. Recent years, for example, have seen the development
of increasingly sophisticated in silico models to explain the
regulation of basic multicellular units (BMUs; Smit & Burger,
2000; Smit et al. 2002; Burger et al. 2003; Martin, 2007; van
Oers et al. 2008a,b; Ryser et al. 2009) — the coordinated
cellular groupings responsible for the creation of secondary
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osteons (Frost, 1969). These models generally treat the BMU
as a cylindrical structure with an osteoclastic cutting cone
immediately followed by an osteoblastic closing cone.
Indeed, this is the conventional depiction of the BMU that
many, including ourselves (Cooper et al. 2003), have repro-
duced. While this geometry is certainly an appropriate ide-
alization of some osteons, alternative morphologies have
been described including drifting/waltzing (Robling &
Stout, 1999), branched (Stout et al. 1999) and clustered ost-
eons (Bell et al. 2001; see Cooper et al. 2006; Skedros et al.
2007 for more thorough reviews). Indeed, Johnson’s (1964)
description of osteon morphology, which just preceded
Frost's (1969) formal description of the BMU, included a
variety of forms ranging from classic cylindrical to branched
and highly irregular forms. The relatively limited 3D data
available hint at greater complexity (Amprino, 1948; Cohen
& Harris, 1958; Tappen, 1977; Kragstrup & Melsen, 1983;
Stout et al. 1999; Moshin et al. 2002) than is generally
accounted for in predominant conceptualizations of osteon
morphology. Arguably the lack of a wider recognition of
the variation in osteon structure is, in part, due to lack of
efficient 3D methodologies, and hence studies yielding rele-
vant volumetric information. Ultimately, a more complete
understanding of cortical remodeling requires a 3D (spatial)
and even 4D (spatial-temporal) appreciation of this tissue’s
microarchitecture. Such data will not only provide an
opportunity to better test existing models of spatial regula-
tion of remodeling, but will undoubtedly lead to novel
insights that will improve our understanding of bone adap-
tation, aging and disease. To date, the most effective means
of assessing osteon structure in 3D is serial sectioning — a
destructive and tedious method. Micro-computed tomogra-
phy (micro-CT), a non-destructive X-ray-based approach, has
facilitated an advance into the third dimension for the anal-
ysis of both trabecular and cortical bone. That said, conven-
tional micro-CT has been limited to the cortical canal
network (Cooper et al. 2003, 2006, 2007a,b; Jones et al.
2004; Basillais et al. 2007; Renders et al. 2007; Chen et al.
2010; Pazzaglia et al. in press), and has not enabled direct
assessment of secondary osteons (Cooper etal. 2004).
Synchrotron radiation (SR) micro-CT benefits from increased
brilliance that is orders of magnitude greater than conven-
tional X-ray sources. This improves image quality, reduces
scan time, enables higher resolution and facilitates the use
of monochromatic (single energy) X-rays (Peyrin, 2009). The
improved resolution has, for example, enabled the visuali-
zation of cortical vascular canals in smaller animals such as
the rat (Matsumoto et al. 2006, 2007), and even osteocyte
lacunae in the mouse (Schneider et al. 2007, 2009). The
improved image quality of SR micro-CT has also resulted in
some success in 2D visualization/segmentation of osteons
based upon absorption contrast (Dalstra et al. 2004, 2006;
Peter et al. 2007). To our knowledge, however, 3D render-
ings of osteons from such data have not been published.
This may, in part, reflect the fact that density differences

between osteons and the surrounding bone can be subtle
and inconsistent — complicating direct 3D rendering from
attenuation values. An unexplored capability of SR micro-
CT in this context is the potential for generating image con-
trast from differences in the X-ray refractive index within a
target. This contrast, known as ‘phase contrast’ (Wilkins
et al. 1996; Mayo et al. 2003; Stevenson et al. 2003; Meuli
et al. 2004; Rustichelli et al. 2004; Betz et al. 2007; Zhou &
Brahme, 2008; Gureyev et al. 2009), enhances object bound-
aries and can reveal structures not visible using absorption
contrast alone. Phase contrast, for example, is particularly
powerful for imaging soft tissues such as cartilage (Zehbe
et al. 2010), and can also reveal fine structural variations
within mineralized tissues such as striae of Retzius in teeth
(Tafforeau & Smith, 2008). Such dental striae are of compa-
rable scale to features in cortical bone such as cement lines
(osteon boundaries) and individual bony lamellae. This sug-
gests that visualization of osteons should be enhanced with
phase contrast, and thus 3D segmentation should be possi-
ble from SR micro-CT datasets. Our objective, therefore,
was to non-destructively image secondary osteons in human
cortical bone and visualize them in 3D.

Materials and methods

Bone samples

Sub-samples of a single human femur were derived from the
Melbourne Femur Collection held in the Melbourne Dental
School, University of Melbourne. These samples were prepared
from the proximal femur of a 20-year-old male who had died
suddenly with no known disease or treatment regimen that
could have affected his bones. The collection and study of bone
for the work described in this paper was supervised by the
Human Research Ethics Committee of the Victorian Institute of
Forensic Medicine (EC26/2000) and the Health Sciences Human
Ethics Sub-Committee of the University of Melbourne (HREC
980139). An institutional human ethics certificate (Bio#08-46)
was also issued at the University of Saskatchewan to approve
this work.

The bone was cleaned of soft tissue and preserved in 70% v/v
ethanol/water. Two 35-mm-long blocks were cut from the prox-
imal diaphysis using a hacksaw. From these diaphyseal rings, 2-
mm-thick slabs were sawn from the anterior, posterior, medial
and lateral quadrants using a sawing microtome (Leitz 1600,
Wetzlar, Germany) with an annular diamond blade. These were
further divided into 2-mm-square ‘matchsticks’ 35 mm long. See
Fig. 1 for detailed information pertaining to the location of the
samples within the diaphyseal cross-section. Image data from
three of these samples are included in the current study.

Micro-CT configuration and imaging

Synchrotron radiation micro-CT imaging was carried out at the
Advanced Photon Source, Argonne National Laboratory on beam
line 2BM (# 2 Bending Magnet). Monochromatic X-rays with
photon energy of 26.4 keV were collimated into a beam 3 mm
wide x 2 mm high. The energy chosen gives approximately 40%
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Fig. 1 Schematic overlay of ~ 2 mm x 2 mm samples (squares) over a
microradiograph generated from an adjacent block. Shaded squares
indicate the sources of the samples explored further below.

transmission through 2 mm of bone (assumed to be pure
hydroxyapatite). Transmitted X-rays were converted to visible
light with a cadmium tungstate scintillator and the images cap-
tured using a CCD camera with 2048 x 2048 pixels, the active
region of interest being limited to 1400 pixels high x 2048 pixels
wide by the rectangular beam cross-section. An objective lens
was chosen to give a theoretical isotropic voxel size of 1.4 um
when the scintillator to object distance was 60 mm. The 60-mm
distance enabled the propagation of phase shifts (Zhou & Brah-
me, 2008). Specimens were either mounted using a specially
designed kinematic mount compatible with the robot sample
handling system at 2BM or, where use of those mounts restricted
sample size, using modeling clay to attach samples to a plain
kinematic base. Mounted samples were positioned using high-
precision three-axis stages and rotated in the beam at 0.125°
steps to give 1440 projection images, each stored image being
the average of four frames. Each scan took 1 h and produced
about 100 Gb of data. For several samples, multiple adjacent
scans were acquired to produce a larger volumetric field of view
(e.g. osteon in Fig. 4 is 5.3 mm long).

Image reconstruction and analysis

Visualization of osteon boundaries was enhanced by a running
z-projection of adjacent slices using Image) (NIH; http:/rsbweb.
nih.gov/ij/) software. Average intensity projections through 10
images (14 um) were used to aid 3D osteon segmentation. Addi-
tional projections (median and minimum intensity) through
100 um (71 slices at 1.4 um thickness) were employed to
enhance visualization of different features. Osteonal borders
were segmented manually using an interactive LCD tablet
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(Cintig 12WX model; Wacom, Japan). These outlines were
created on intermittent slices and were interpolated for the
intervening slices using CTAnalyzer (SkyScan, Aartselaar,
Belgium). These interpolated outlines were then visually
inspected for accuracy and adjusted if necessary. 3D renders
were then generated with the awmira 5.2 software package
(Visage Imaging, Berlin, Germany). The porous structures were
isolated using threshold-driven (automatic) segmentation and
the osteonal surfaces were mapped over these structures. This
approach enabled the simultaneous visualization of the raw
volumetric data and the extracted surfaces in varying degrees of
transparency.

Results

The cross-sectional image data revealed vascular canals as
well as cellular-level porosity (osteocyte lacunae; Fig. 2A).
Phase contrast was evident in the images as bright halos
around the porosity (vascular and lacunar). Projections
along the z dimension (Fig. 2B-D) enhanced visualization of
microstructural features. The boundaries of osteons were
discernable — both through differential attenuation and
through phase contrast. While some evidence of primary
circumferential lamellae was observed (especially Fig. 2C),
no evidence of lamellae within osteons was detected. One
of the most striking features observed was the presence of
soft tissue remnants within the vascular pores. In some
cases, what appeared to be vessels were evident (Fig. 3).

The visualization of osteonal borders enabled manual
segmentation, and a variety of morphologies were
observed including a ‘classic’ cylindrical osteon with a cut-
ting cone apparent on one end (Fig. 4), an actively drifting
osteon (Fig. 5) and a branched osteon which was still form-
ing (Fig. 6). A particularly interesting observation was that
of the apparent occlusion of an adjacent canal by the pro-
gressing BMU evident in Fig. 4E (evident in 3D in Fig. 4B
and Q).

Discussion

We achieved non-destructive 3D visualization of secondary
osteons within human cortical bone. This confirms that syn-
chrotron technology holds great potential to shed new
light on cortical bone microarchitectural dynamics. That
said, not all osteon borders were consistently visualized and
automatic segmentation was not possible. Further, finer
scale features (e.g. lamellae within osteons) were not
observed. Tafforeau & Smith (2008) observed striae of Retzi-
us in a fossil tooth using 0.7-um pixel size (half that of the
current study). Undoubtedly, application of higher resolu-
tion would reveal additional features within cortical bone;
however, improved resolution often comes with a trade-off
in terms of decreased field of view. An alternative avenue
to explore for improved delineation of osteons is the opti-
mization of the specimen-to-detector distance for phase
contrast. Zehbe et al. (2010), for example, found that a
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100-cm distance to detector best highlighted structural
details in their bone/cartilage samples, whereas a shorter
distance (15 cm) provided a compromise between edge
enhancement (phase contrast) and attenuation contrast.
With our relatively small detector to target distance, our
images consisted primarily of attenuation contrast with
enhancement by phase contrast. While hypermineralized
rings around vascular canals can be observed in microradio-
graphs, the bright rings we observed were often paired
with adjacent dark rings — a feature characteristic of phase
contrast. Further, the visualization of soft tissues within
many pores — with apparent attenuation equal or greater
than bone matrix — is strong evidence for phase contrast.
Beyond attenuation and phase contrast, microstructural
segmentation may also be enhanced through the addition
of morphological data from the osteocyte lacunae. Osteo-
cytes are arranged between the concentric lamellae
surrounding osteon canals, and their patterning provides
another line of evidence regarding the delineation of
osteon borders (Fig. 2D). In the case of the branching
osteon (Fig. 6), the minimum projection (E) reveals how the
osteocytes are arranged relative to the two canals - sug-
gesting an organizational separation not apparent in the
other images. Ultimately, the optimization of scan para-

Fig. 2 Representative images from the
posterior block located at the periosteal
surface of the linea aspera (see Fig. 1). (A)
Single SR micro-CT cross-sectional image
(1.4 um isotropic voxels). (B) Average
projection through 100 um. (C) Median
projection through 100 pum. (D) Minimum
projection through 100 um, highlighting
pores. Scale bar at bottom right is 500 um
long.

meters and the employment of different approaches to seg-
mentation, alone and combined, promise improved
visualization of cortical microarchitecture in the future.

The availability of novel 3D data is of significance to a
number of areas of active research in bone biology. The
simultaneous observation of mineralized and soft tissues,
for example, holds tremendous potential to assess the inter-
faces of bone and its surrounding tissues. Notably, this
capability is already being explored to assess cartilage with
SR micro-CT (Zehbe et al. 2010). More relevant to the focus
of the current discussion is the possibility of examining
internal bone-soft tissue interfaces within the cortical vas-
cular porosity. It may, for example, be possible to visualize
bone formation within an individual BMU through the
detection of unmineralized osteoid. No special care was
taken in the current study regarding the preservation of
soft tissues within the specimens. Indeed, the specimens
had been desiccated in ethanol for a period of several years
and were then air-dried prior to imaging. As such, the
observation of soft tissue within canals was somewhat
unexpected. While soft tissue remnants were observed
within resorption spaces (Figs 4D, 5D and 6D), it is not
entirely clear if this is osteoid or not. More careful fixation
or cryopreservation would better facilitate the visualization

© 2011 The Authors
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Fig. 3 Soft tissue, possibly a vessel, within vascular pore from the
medial periosteal surface (Fig. 1). 2D cross-section image (left);
volumetric rendering showing the canal outline in transparency and
soft tissue remnants within (middle); isolated soft tissue remnants
(right). Scale bar at top left is 100 um long.

of intact soft tissue elements and their interfaces with the
mineralized bone matrix. Specific questions that could be
addressed with such an approach include ‘how close in
proximity are the cutting and closing cones?’ and ‘how
rapid and consistent is the infilling of a resorption space?’.

Fig. 4 Representative 3D (A-C) and 2D (D-F)
images of a ‘classic’ forming osteon (active
BMU) with roughly cylindrical form from the
lateral midcortex (Fig. 1). The porous
structures alone (A), vascular porosity with
the superimposed osteon outline (B) and
finally the osteon outline alone (C) are
portrayed in 3D. The 2D images (D-F) are
100 um average projections roughly
corresponding to the adjacent position in the
3D renders. An osteoclastic cutting cone is
evident superiorly and the newly forming
osteon is progressively filled in inferiorly. The
total length of the 3D render is 5.3 mm
(stitched together from multiple scans of a
single specimen). Scale bar at bottom right is
250 um long.
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As already noted, the conventional depiction of the BMU
places the closing cone directly adjacent to the cutting cone
and the resorption space is rapidly closed. Computer models
have relied upon this close spatial relation to link mechani-
cal phenomena with the reversal between bone resorption
and formation (Smit & Burger, 2000; Smit et al. 2002;
Burger et al. 2003). Conventional micro-CT examination of
BMU-related resorption spaces has, however, not provided
support for such a close relationship. Indeed, some resorp-
tion spaces appear to have no evidence of a closing cone
within several millimeters of the cutting cone (Cooper et al.
2006). This may be due to a methodological limitation (e.g.
osteoid not being visualized) or may reflect a real lag or
quiescent zone between the resorptive and formative
phases of the BMU (Johnson, 1964; Parfitt, 1983). Martin
(1991) has noted that increasing activation frequency can
lead to increased porosity despite maintenance of a balance
between the resorption and formation of bone within the
individual BMUs. This phenomenon is possible because
bone resorption tends to proceed quicker than subsequent
formation. Indeed, in one of Johnson's (1964) early depic-
tions of a BMU (fig. 19) — which matches the classic pattern
— he noted the slope of the closing cone reflects the infilling
rate and this seems to be a disclaimer that his figure was
temporally compressed. Johnson estimated a 90-day period
was required to fill a 250-um space when leaving a 50-um
canal. A radial closure of 100 um over 90 days yields a fill-
in rate of approximately 1.1 um day™', a value that is in
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Fig. 5 Representative 3D (A-C) and 2D (D-F) images of a drifting osteon from posterior periosteal surface (Fig. 1). The porous structures alone
(A), vascular porosity with the superimposed osteon outline (B) and finally the osteon outline alone (C) are portrayed in 3D. The 2D images (D-F)
are 100 um average projections roughly corresponding to the adjacent position in the 3D render. The sequence clearly shows that the osteon
began (F) as roughly cylindrical and then subsequently began to drift (D,E). The cutting cone of the drifting osteon extends beyond the superior
aspect of the scan, although a portion of it is evident within (D). The total length of the 3D render is 1.7 mm. Scale bar at bottom right is 250 um

long.

agreement with Frost’s (1963) 0.93 um day™' for healthy
human adults. Johnson placed the rate of advance of the
cutting cone at 100 um day™", a value that is high relative
to the 39 um day™"' reported by Jaworski & Lok (1972) in

canine bone. These data place the pace of osteoclast resorp-
tion at about 40-100 times that of osteoblastic infilling.
Thus, we should not expect to see a rapid closure of resorp-
tion spaces directly adjacent to the cutting cone as

Fig. 6 Representative 3D (A-C) and 2D (D-F) images of a branched osteon medial periosteal surface (Fig. 1). The porous structures alone (A),

vascular porosity with the superimposed osteon outline (B) and finally the osteon outline alone (C) are portrayed in 3D. The 2D images are (D) a
raw SR micro-CT image; (E) an average projection through 100 um; and (F) a minimum projection through 100 um (F). The 2D images (all same
location) were produced from the most superior slices used to render the 3D images. The total length of the 3D render is 1.7 mm. Scale bar at

bottom right is 250 um long.

© 2011 The Authors
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suggested by conventional depictions. Rather, BMUs, such
as that depicted in Fig. 4, with long sloping closing cones fit
the data better. That said, it is conceivable that the spatial
relationship between the cutting and closing cones is variable
and may be affected by various stimuli (e.g. hormonal,
mechanical), and thus may play an important role in bone bal-
ance within a BMU. More and better 3D data are needed to
understand this important aspect of the cortical remodeling
process.

A related area of inquiry involves the regulation and
functional significance of the orientation of secondary
osteons. It is generally held that secondary osteons are
aligned with the principle stresses experienced by the bone
tissue (Hert et al. 1994; Petrtyl et al. 1996). This patterning
is proposed to arise through the mechanical regulation of
the cutting cone in the active BMU (Smit & Burger, 2000;
Smit et al. 2002; Burger et al. 2003). We recently hypothe-
sized that the increasing circularity of osteons observed
with aging (Britz et al. 2009) may be due to a change in the
orientation of osteons (e.g. increasingly longitudinal with
age). Three-dimensional data are ideally suited to answer
this question. It has also been proposed that BMUs have the
capacity to ‘steer’ towards defects within cortical bone
(Martin, 2007). Similarly, van Oers et al.’s (2008a) model for
BMU regulation enables steering of osteons towards areas
of apoptotic osteocytes. Abrupt changes in course by active
BMUs should leave tell-tale clues, such as sharply curved
osteons, which should be discernable with 3D image data.
The drifting osteon depicted in Fig. 5 transitions from a
cylindrical form (inferior) to a drifting form superiorly. It is
unclear what may account for this, but perhaps it is possible
that localized stimuli (such as those induced by a micro-
crack) may have played a role. Again, further investigation
is needed to address this proposition.

The degree to which remodeling is directed by micro-
damage is unclear, with some defining two types of BMUs —
targeted and untargeted (Parfitt, 2002). Martin (2002) has
posed the question ‘is all cortical bone remodeling initiated
by microdamage?’ - speculating that all remodeling is
targeted. Calculating the probability that remodeling is
initiated by microcracks is not a simple undertaking as it is
based upon a number of assumptions regarding spatial
relations (Burr & Martin, 1993). Conventional 2D data are
not well suited to definitely address this question. For
example, secondary osteons may be many millimeters in
length, and the very hypothesis to be tested proposes that
evidence of micro-damage will be destroyed by their
creation. SR micro-CT may provide the best opportunity to
test hypotheses linking the initiation of remodeling to
microcracks through 3D visualization of not only BMUs/
secondary osteons, but perhaps even the micro-damage
(Lee et al. 2003; Thurner et al. 2006; Larrue et al. 2007;
Voide et al. 2009) simultaneously.

Most models for the spatial regulation of remodeling
employ a simplified geometry and deal with the case of a
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single osteon. It is unclear if and how such models can
explain more complex osteon morphologies including
highly branched and clustered forms. Further, BMUs, by
their secondary nature, do not pass through a uniform
tissue space. Indeed, with progressive age they must navi-
gate through, and interface with, an increasingly complex
existing 3D microarchitecture (Cooper et al. 2007b). Our
observation of a BMU occluding a neighboring canal
(Fig. 4E) reveals the complex 3D behavior of cellular popula-
tions. This complex spatio-temporal behavior is sure to chal-
lenge existing models for the regulation of remodeling.
Finally, the ability to resolve osteocyte lacunae within the
context of the secondary osteons will enable a more refined
analysis of their density and morphology. A number of
recent studies have linked osteocyte morphology with me-
chanosensing (Vatsa et al. 2008) and disease states (van
Hove et al. 2009). Qualitative inspection of our renderings
reveals considerable variation in osteocyte density/orienta-
tion both within and between osteons. Indeed, a parallel
analysis of these scan data has revealed variation in the size
of osteocyte lacunae within osteons (Hannah et al. 2010).
The mechanisms underpinning variation in osteocyte size,
density and orientation are currently unclear, but failing to
analyze osteocytes within the larger context of their sur-
rounding microstructural environment risks missing impor-
tant factors linked to adaptation, aging and disease. A
dramatic example of this is that osteons within an individ-
ual can vary considerably in age and, in a newly arising dis-
ease state, only newly formed osteons would be expected
to manifest any differences in osteocyte density (and possi-
bly morphology/orientation).

In the current study we examined a limited number of
samples from a single human femur to demonstrate the
proof of principle that osteons can be visualized in 3D using
phase contrast SR micro-CT. While SR micro-CT affords
numerous advantages, it comes with the key limitation of
access. There are a limited number of such facilities in the
world, and beam time will always be a limiting factor. The
best use of this technology is thus likely to be as a supple-
ment to conventional micro-CT and histology — targeted to
key questions that are not readily addressed in alternative
ways. A key potential, yet to be explored, is the possibility
of in vivo animal imaging of cortical microarchitecture —
which would benefit from the potential of reduced dose
from high-energy imaging relying upon phase rather than
attenuation contrast.

Concluding remarks

While the study of cortical microstructure extends back to
the advent of the earliest microscopes (Cooper et al. 2003),
it has largely remained in the 2D realm and thus our under-
standing of the 3D complexity of this tissue has remained
limited. Conventional micro-CT has enabled the shift to 3D
analysis of cortical porosity, and SR micro-CT is contributing
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further microstructural details including osteocyte lacunae
and secondary osteon structure. This powerful tool can be
brought to bear to address a number of important
questions in bone biology, and will shed new light on
our understanding of the complex and dynamic nature of
cortical bone.
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