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In this work we investigated the consequences of irradiation in the femur of rats to a radiation dose of 5
Gy. Three different sites in femur specimens were imaged using synchrotron radiation microcomputed
tomography to assess trabecular bone microarchitecture: head, distal metaphysis and distal epiphysis.
Histomorphometric quantification was extracted directly from the 3D tomographic images using
synchrontron radiation. The 3D tomographic images were obtained at the SYnchrotron Radiation for
MEdical Physics (SYRMEP) beamline at the Elettra Synchrotron Laboratory in Trieste, Italy. A better
understanding of the biological interactions that occur after exposure to photon radiation is needed in
order to optimize therapeutic regimens and facilitate development and strategies that decrease
radiation-induced side effects in humans. Results showed significant differences between irradiated
and non-irradiated mostly in head and distal metaphysis bone sites.
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INTRODUCTION

Therapeutic doses of radiation may also have deleterious
consequences on bone health (Hall and Giaccia, 2000).
In clinical practice, the quantitative evaluation of bone
tissue relies on measurements of bone mineral density
values, which are closely associated with the risk of
osteoporotic fracture (Sone et al.,, 2004). Improved
survival rates of cancer patients receiving radiotherapy
increase the interest to understand the mechanisms and
long-term effects of radiation-induced bone loss.
Although bone strength is mainly determined by bone
mineral density, the crucial role of trabecular bone
architecture for predicting fracture risk has been proven
in recent years. Acknowledging the importance of
trabecular bone microstructure, new tools that allow a
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three-dimensional (3D) non-invasive investigation of the
bone microstructure and a quantitative analysis of
trabecular architecture have been developed (Odgaard,
1997).

X-ray microtomography (UCT) is a non-destructive
technique, which enables investigation of the three-
dimensional structure of an object at the micron scale.
Experimentally, a series of digital radiographies at
different angular positions of the sample is recorded and
the reconstruction of the slice, which represents a virtual
thin-section of the sample, is obtained by using
mathematical procedure such as filtered back projection
(Uesugi et al., 2006).

The Synchrotron radiation (SR) combined with pCT
(SR-uCT) is a very useful technigue when it comes to
three-dimensional (3D) imaging of complex internal
structures. The pCT experiments presented in this paper
were conducted at the third generation Elettra
Synchrotron Light Laboratory in Trieste (Italy). Some
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Figure 1. (a) 3D image showing soft tissue and marrow attached to the bone and (b)
respective 3D image after complete segmentation.

peculiar aspects of this kind of sources for X-ray imaging
are introduced. These aspects are associated to the high
energy and low emittance of the electron beam. This
allows to study heavy or bulky samples in transmission
geometry, and to perform in-situ or real-time (at the
temporal scale of about 0.1 s) experiments. In recent
years, synchrotron radiation micro-computed tomography
(SR-uCT) has been applied as a nondestructive, high
spatial resolution method to image and quantify the
trabecular microarchitecture (Martin-Badosa et al., 2003).

The histomorphometric analysis tries to relate values
obtained from the images with the 3D structure of the
sample. To assess bone microarchitecture, 3D
stereological indices are extracted according to the
standard definitions used in histomorphometry: bone
volume (BV), bone surface (BS), bone volume to total
volume (BV/TV), surface to volume of the sample
(BS/BV), connection thickness (Th.Th), connection
number (Tbh.N) and connection separation (Tb.Sp)
(Nogueira et al.,, 2010; Oliveira and Lopes, 2004;
Chappard et al., 2008)

Many diseases, which lead to alterations in bone
microarchitecture, have already been investigated by
means of yCT histomorphometric quantification. Akhter et
al. (2007) studied changes in bone structure pre and
post-menopause using 3D-puCT histomorphometry by
evaluating BV/TV, Tb.Th, Th.Sp, Th.N and some other
parameters. Alterations in all the parameters were
reported. Sone et al. (2004) compared trabecular bone
microarchitecture and degree of mineralization between
osteoblastic bone metastasis and degenerative
osteosclerosis using synchrotron radiation puCT. Their
results showed significant changes in some analyzed
parameters (BV/TV and Tbh.N) while no difference was
noticed in Others (Th.Th and BS/BV). Chappard et al.
(2006) evaluated microarchitectural alterations in
osteoarthritic  bones using  synchrotron  3D-uCT
histomorphometry, and all morphological parameters
showed differences between osteoarthritis and
osteoporosis samples. Patel et al. (2003) analyzed

variation in trabecular bone structure in different
compartments and depths of the knee using 3D-uCT
histomorphometry, and showed that the parameters vary
with the depth from knee. Boyd et al. (2006) evaluated
bone morphometric parameters variation in
ovariectomized rats with in vivo uCT, during a certain
period of time. They found significant changes in
morphological indices by longitudinal analysis of the rats.

In this work, a home-made software routine developed
by the Medical Physics Group at the Physics Institute of
the State University of Rio de Janeiro was used to
compute these parameters. A better understanding of the
biological interactions that occur after exposure to photon
radiation is needed in order to optimize therapeutic
regimens and facilitate development and strategies that
decrease radiation-induced side effects. In this
framework, this work aims to use three-dimensional SR-
MCT to investigate the dose effects of photon irradiation
on bone microarchitecture.

METHODOLOGY
Samples

Wistar rats were obtained from the Laboratory of Radiological
Sciences of State University of Rio de Janeiro, Brazil. The study
was approved by the research and ethical committee of the State
University of Rio de Janeiro. The animals were maintained under
standard animal facility condition. Two adult female Wistar rats
were exposed to a sublethal radiation dose of 5 Gy applied to the
abdominopelvic field following anesthesia, using a small radiation
field size generated by a ®°Co source 75 cm away from the skin.
After 3 days, the femora were excised and immediately fixed with
10% formaldehyde neutral buffered solution. The specimens were
carefully cleaned of non-osseous tissues and were allowed to air
dry. Although adjacent tissues were removed, some tissue still
remained stuck to the bone. In the case of computed
microtomography it is not of great concern as the remaining soft
tissue and the marrow can be easily removed at the time of image
segmentation, just as it is shown in Figure 1. For control specimens,
the same cleaning procedure was performed.
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Figure 2. Selected sites of a typical femur
specimen to be analyzed.

Three regions of interest were selected so that histomorphometric
indices could be calculated from the trabecular bones at the
following sites: proximal epiphysis (head), distal epiphysis and distal
metaphysis as shown in Figure 2. In each region of interest, four
different sites were evaluated so that statistic relevance could be
achieved.

Experimental setup

All experiments were performed using the tomographic setup on
SYnchrotron Radiation for MEdical Physics (SYRMEP) beamline at
the Elettra Synchrotron Laboratory in Trieste, Italy. The setup has
precise alignment of the rotation axis of the sample with the
detector pixels. The beamline provides, at a distance of about 23 m
from the source, a monochromatic laminar section X-ray beam with
a maximum area of about 160 x 5 mm® at 20 keV. The
monochromator, that covers the entire angular acceptance of the
beamline, is based on a double Si(111) crystal system working in
Bragg configuration (Abrami et al., 2005).

Microtomography consists of recording a large number of
radiographs (projections) for each sample. In this work 900
projections were acquired while the sample was rotated stepwise
over 180 degrees in 0.2 degree steps. A micrometric vertical and
horizontal translation stage allows the positioning and the scanning
of the sample with respect to the stationary beam and a rotational
stage, with a resolution of 0.001° allows the acquisition of the
projections. High-resolution images were obtained by means of a
16-bit CCD (Charge Coupled Device) camera, 2048x2048 pixels,

14 ym pixel size (maximum spatial resolution: 25 ym). The energy
was set to 21 keV. The exposure time was about 2.7 s per
projections. Dark current and reference images without sample
were recorded to perform flat field correction on the projections.
Figure 3 presents the setup and the main components used in this
experiment.

Histomorphometric evaluation

The 3D reconstructed data are a collection of coefficients
distributed regularly into the space. The 3D tomography yields all
the spatial information needed to evaluate the parameters BV/TV
and BS/BV directly from the volume. A region of interest (ROI) was
defined containing only trabecular bone. After the definition of the
ROI, bone should be separated from background. Figure 4 shows
the gray-level histogram for one of the samples, showing clearly two
well-differentiated peaks, corresponding to background and bone.
Image segmentation is a critical issue in image processing and to
date, no standard segmentation method has been developed for
trabecular bone images. The threshold value is very important to
correctly evaluating the proposed (Hara et al., 2002). In this work,
automatic segmentation based on an iterative selection method
(Riddler and Calvard, 1978) was used to distinguish bone and
background, so that histomorphometric quantification could be
performed.

Histomorphometric analysis tries to relate values obtained from
the images with the 3D structure of the sample. The first method
adapting the conventional procedure of histomorphometry to digital
images was first presented by Feldkamp et al. (1989). For
conventional technique, which entails substantial preparation of the
specimen, sectioning and manual quantification, all parameters are
evaluated from slices. The 3D histomorphometry is more
compatible with the morphologic parameters: volume and surface.
The obtained results reveal the potentials in using 3D tomographies
to extract and evaluate histomorphometric parameters compared to
2D analysis since it avoids extrapolations (Oliveira and Lopes,
2004).

The quantitative assessment was performed using a home-made
software which uses a voxel representation of the volume of
microstructure (Oliveira et al., 2003). The total volume (TV) is the
number of voxels contained on the volume data file. The total
surface and the volume of the microstructure are counted summing
the areas and volumes of each individual model found in the data
volume. From the total surface (BS) and the total sample volume
(BV), the other parameters can be calculated (Nogueira et al.,
2010). This approach is based on Parffit's principles of the “plate
and rod” model (Chappard et al., 2008).

Toh = 2BV
ToN = BS

2TV "
Th.sp = 20V —BY)

RESULTS AND DISCUSSION

The tomographies were reconstructed on one slice at a
time with the Syrmep Tomo-Project software (Montanari,
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Figure 3. Experimental setup at the SYEMEP beamline.
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Figure 4. Gray level histogram.

2003) written in interactive data language (IDL), using a piece, the shaft (diaphysis) and a thickened head

filtered back projection algorithm to retrieve the 3D bone

structure image.

A long bone such as the femur consists of a centre

(epiphysis) at each end: proximal epiphysis (closer to
point of attachment) and distal epiphysis (farther from
point of attachment). The intermediate regions between
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Figure 5. 3D rendering of proximal epiphysis (head): (a) Control and (b) irradiated specimens.

Figure 6. 3D rendering of distal metaphysis: (a) Control and (b) irradiated specimens.

the diaphysis and the epiphyses are called metaphyses.
The diaphysis consists mostly of strong, dense bone
called compact bone and houses marrow (medullary)
cavity, which mostly stores yellow (fatty) marrow. As the
diaphysis is mainly composed of cortical bone, it was not
included on the quantification analysis. The samples
were imaged in three different regions: proximal
epiphysis (head), distal metaphysis and distal epiphysis.

Five morphological parameters were examined: bone
volume fraction (BV/TV), bone surface-to-volume ratio
(BS/BV), obtained directly from the images (primary
parameters), trabecular number (Th.N), trabecular
thickness (Tb.Th) and trabecular separation (Tb.Sp),
calculated indirectly from the primary parameters.

The reconstructed slices can be visualized as stacks of

2D images. 3D views of the sample can also be obtained
by volume rendering procedures. 3D uCT images of the
assessed samples are presented in Figures 5to 7.

Within the head site, no significant difference was
found between BV/TV of both groups (Figure 8).
However, significant difference was found between
BS/BV (-25.6%), Th.Th (33.9%), Tb.N (-23.1%) and
Th.Sp (26.6%) of the groups. The decrease in BS/BV
suggests that the irradiated femur site is less fragmented
than the non-irradiated one. Changes in BV/TV after
radiotherapy treatment has also been reported in
literature (Zhang et al., 2010; Chen et al., 2002;
Hopewell, 2003) and no significant alteration was found
as well.

BV/TV and Tb.N decreased (-16.8 and -24.5%
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Figure 7. 3D rendering of distal epiphysis: (a) Control and (b) irradiated specimens.

respectively) in the irradiated distal metaphysis relative to
the control one, while Th.Sp increased (40.8%)
significantly. Otherwise no important difference was
observed on BS/BV and Th.Th parameters at this same
site. These data are consistent with a recent study
including the same femur site (Willey et al., 2010). At the
distal epiphysis site, no significant difference was
observed in any parameter between the irradiated and
control groups.

Irradiation induced a mild increase in trabecular
thickness in all femur sites. Other studies also presented
this alteration, in other animal models (Sawajiri et al.,
2003).

Conclusions

In this present study, the assessment of bone
microarchitecture using SR-UCT was performed and the
resulting images showed excellent resolution, mainly due
to monochromatic characteristics of the beam (non beam
hardening effects) and the parallel geometry (less
approximation in the reconstruction algorithms) which are
key points for an accurate binarization (Landis and
Keane, 2010). SR-UCT proved to be a very powerful tool
as alternative for investigating bone microarchitecture in
post-irradiated specimens. SR-UCT provides information
about internal structure with a 3D visualization
alternative, besides providing quantitative analyses.
These preliminary results showed some differences
between irradiated and non-irradiated in head and distal
metaphysis sites, while no significant difference was
observed at the distal epiphysis. The most noticeable
change was in the distal metaphysis, which presented a
significant decrease on BV/TV. The relative bone loss
(decreased BV/TV) between irradiated and non-irradiated
femora in the distal metaphysis site accompanied by

lower Th.N and higher Th.Sp with little or no change in
Th.N seems to indicate that radiation-induced bone loss
is manifested through decreased connectivity and loss of
thin trabecular elements. It has already been reported
that radiotherapy produces an environment of hypoxia,
hypovascularity, and hypocellularity in local tissues.
Therefore apoptosis of osteoblasts, osteocytes,
osteoprogenitor cells, and endothelial cells occurs after
radiotherapy, which leads to progressive hyalinization
and fibrosis of medullary spaces and, subsequently, to
reduction of osseous vascularization (Blanco and Chao,
2006). All this leads to alterations on the balance of
osteoblasts and osteoclasts and thus, changes in bone
formation, what can explain the preliminary results found
in our work.

Although these results suggest radiation-induced
effects in bone microarchitecture, the number of testing
samples is still low. Validations on a higher and totally
independent set of samples are being conducted and this
forms the basis of our ongoing studies. The precise
mechanisms of radiation-induced bone loss are still
unclear, although radiation induced effects on bone cells
have already been observed at high dose levels (Gal et
al., 2000; Scheven et al., 1987). Further studies
addressing this issue, which make use of standard
techniques like histology are on the way to complement
this work, as well as analysis of bone of rats which
underwent chemotherapy treatment as adjuvant to
radiotherapy.
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Figure 8. Histomorphometric parameters for the control and irradiated specimens in the different femur sites.
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