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An Innovative CCD-Based High-Resolution CT
System for Analysis of Trabecular Bone Tissue

F. Baruffaldi, M. Bettuzzi, D. Bianconi, R. Brancaccio, S. Cornacchia, N. Lanconelli, L. Mancini, M. P. Morigi,
A. Pasini, E. Perilli, D. Romani, A. Rossi, and F. Casali

Abstract—Synchrotron-based digital radiography and microto-
mography devices are powerful, nondestructive, high-resolution
research tools. In this paper, we present a linear system with a
pixel size of 22.5 ym and a field-of-view (FOV) 13 cm long and
about 1 mm high. The system is composed of a linear converter
GOS screen coupled to an intensified electron-bombarded CCD
(EBCCD) camera, by means of a rectangular-to-linear fiber optic
adapter. This optical guide is composed of seven bundles, each one
transporting light in a coherent way to preserve spatial informa-
tion. In this way, a high spatial resolution over an extended FOV
is obtained. The detector works as an X-ray scanner by means of
a high-precision translation mechanical device with 18 cm travel
range. The total FOV obtained this way is 13 cm long and 18 cm
high. The aim of this paper is to demonstrate the feasibility of this
system to investigate a large area of a bone and to calculate the
appropriate histomorphometric parameters. Here we present an
investigation gained at ELETTRA synchrotron facility at Trieste,
Italy. A monochromatic 34-keV beam has been used for imaging
a human proximal femur, about 9 cm in width, with our system.
The reconstructed images (13 cm X 13 cm) were cross sections
containing femoral head, femoral neck, and greater trochanter.
The local variations in trabecular and cortical structure of the
examined bone were clearly visible at a level not obtainable with
medical CT scanners. The used spatial resolution allowed the
visualization of thin trabeculae, which typically lie in a range of
100 pm or lower. The quality of the reconstructed cross-section
images confirmed that the system presented is a novel tool for high
resolution three-dimensional (3-D) imaging of bone structure,
with a pixel size over a volume of interest not achievable with
conventional microCT scanners.

Index Terms—Biomedical, X-ray detectors, X-ray tomography.

I. INTRODUCTION

ICROCOMPUTED TOMOGRAPHY (microCT) and
digital radiography are nondestructive techniques which
provide high-resolution images of the internal structures of
the investigated objects. In addition, microCT images can be

Manuscript received January 5, 2005; revised April 14, 2006. This work was
supported in part by the University of Bologna (funds for selected research
topics).

F. Baruffaldi is with Laboratorio di Tecnologia Medica, Istituti Ortopedici
Rizzoli, -40136 Bologna, Italy.

M. Bettuzzi, D. Bianconi, R. Brancaccio, S. Cornacchia, N. Lanconelli, M.P.
Morigi, A. Pasini, D. Romani, A. Rossi, and F. Casali are with the Physics
Department, University of Bologna and INFN, I-40127 Bologna, Italy (e-mail:
alessandro.pasini @bo.infn.it).

L. Mancini is with Sincrotrone Trieste S.C.p.A., I-34012 Basovizza, Trieste,
Italy.

E. Perilli is with Laboratorio di Tecnologia Medica, Istituti Ortopedici Riz-
zoli, [-40136 Bologna, Italyand also with the Department of Electronics, Com-
puter Science and Systems, University of Bologna, I-40136 Bologna, Italy.

Digital Object Identifier 10.1109/TNS.2006.876047

elaborated for the realization of high-resolution three-dimen-
sional (3-D) digital reconstructions and models. Such 3-D
reconstructions can be used to visualize inner structures and
details, to investigate fine morphological variation, to perform
advanced morphometric analyses.

Osteoporosis is a major health problem and the possibility
of predicting the risk of fracture is vital for patients. It is a
destructive process occurring in bones, characterized by a loss
of bone mass and degeneration of the bone microstructure.
Bone strength depends on bone quality, which is commonly
assessed by measuring the bone mineral density (BMD) using
dual energy X-ray absorptiometry (DEXA). The BMD gives
information about the amount of mineralized tissue that is
present, which is due to the cortical shell and to the trabecular
bone. Unfortunately, BMD gives no information about the
spatial arrangement of the bone microstructure, e.g., the spatial
distribution of the trabeculae and of the cortical microporosi-
ties.

The fracture risk is strongly correlated with the loss of bone
mass, but there are patients with low bone mass which do not
suffer from osteoporotic fractures [1]-[3]. Therefore many in-
vestigators searched for factors others than low bone mass, as
changes in geometric structure, accumulated microdamage and
differences in tissue properties to explain the occurrence of frac-
ture in some osteoporotics and not in others. [4]-[11]

A number of studies showed the mechanical properties of
bone to be correlated to the trabecular microstructure [12]-[14].
The architectural structure of bone can be investigated with high
accuracy through histological sectioning in human biopsies.
Howeyver, this method is invasive and necessitates a mechanical
cutting of the object to be investigated at the microscope. A
substantial number of recent studies have focused on imaging
the microstructure of the bone in critical areas of the skeleton.
To this end, microCT can be used as a nondestructive technique
for analyzing the microstructure of trabecular bone, thanks to
its high spatial resolution [15]-[19].

Synchrotron radiation X-ray sources offer high photon in-
tensity, good collimation and a broad continuous energy range
from which almost any desired spectral region can be selected
with a very high resolution in energy. Synchrotron radiation
pushes high-resolution examinations to the micrometer range.
In addition, the use of a monochromatic source improves to-
mography examinations, by eliminating beam-hardening arti-
facts. For these reasons, tremendous efforts are made all over
the world to develop synchrotron-based microtomography de-
vices. However, these systems usually include a small field of
view, in the order of some centimeters, suitable for studies over
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Fig. 1. Sketch of the experimental setup, from right to left. (a) X-ray source.
(b) Collimator. (c) Object manipulator. (d) GOS converter screen. (e¢) Linear-to-
rectangular fiber optic adapter. (f) EBCCD camera.

bone samples of small animals, as rats or mice [18]. Especially
for large bones, as human bones, the samples are required to be
sectioned or cored [20]-[23], a delicate operation which can re-
move key structures from the study.

The main purpose of this paper is to investigate the perfor-
mance of a CCD-based system with a pixel size of 22.5 ym
and a field of view (FOV) 13-cm long and about 1 mm high.
This is obtained by using a distinctive fiber-optic ribbon, which
converts a linear geometry to a rectangular one. The system
has been patented by the University of Bologna and already
been used and tested for nonmedical applications [24]-[26]. In
this paper. a CT scan of a human proximal femur is presented.
The high spatial resolution of our system together with its large
FOV allow the analysis of the microstructure of an entire bone,
without the need of coring of small samples, in order to investi-
gate changes in the trabecular structure caused by osteoporosis.
We aim to demonstrate that with our system we are able to ana-
lyze at high resolution and in a nondestructive way a large area
of the bone, which usually is not achievable with common mi-
croCT or medical CT scanners, and calculate appropriate histo-
morphometric parameters.

II. MATERIALS AND METHODS

A. Description of the System

The essential components for a microCT system are a micro-
focus (or a synchrotron) X-ray source, a precise object manipu-
lator, and a high resolution X-ray detector. Our system is com-
posed of a sample-handler consisting of a rotation and transla-
tion stage. The object can be translated in z direction and rotated
with high positional accuracy. A two dimensional radiography
can therefore be obtained, by translating the object in front of
the linear detector. The maximum scanning length is limited to
18 cm by the mechanical travel range. The object manipulation,
data acquisition, image processing and reconstruction steps are
controlled by a common PC. In Fig. 1(a) sketch of the entire
system is depicted.

The detector consists of a linear converter screen (gadolinium
oxysulfide, GOS), a linear-to-rectangular fiber optic adapter,
and an intensified electron-bombarded CCD (EBCCD) camera.
The linear GOS screen has a front area equal to 129 mm X 1.45
mm and converts the X-rays into visible light, which is trans-
ported to the EBCCD camera by means of the linear-to-rect-
angular fiber optic adapter. The fiber optic adapter (Fig. 2) is
composed of seven bundles, each one made of glass microfibers
transporting light in a coherent way to preserve spatial infor-
mation. In this way, a high spatial resolution over an extended

2585

Fig. 2. Linear-to-rectangular fiber optic adapter, composed of seven bundles:
the linear input face on the left is converted into a rectangular exit on the right.

Fig. 3. Experimental setup at ELETTRA: the linear detector (on the left), the
human femur sample (on the right), and the X-ray synchrotron exit window (on
the extreme right).

FOV is obtained. The EBCCD camera acts as an image intensi-
fier provided with an intrinsic digitizer.

The main feature of the presented system is its high spatial
resolution, thanks to the pixel size of about 22.5 pm, even for
large objects (up to 13 cm). The high sensitivity of the EBCCD
camera allows the use of a low radiation intensity and a signif-
icant response also with a short exposure time. In addition, the
linear geometry is appropriate for beam collimation and a fur-
ther reduction in scattered radiation, leading to a better image
contrast. More details about the system are given in the Ap-
pendix. A complete characterization of this CT system was de-
scribed elsewhere in our previous works [25], [26].

B. CT System at Elettra

Here we present a tomographic investigation gained at
ELETTRA synchrotron facility at Trieste, Italy, at SYnchrotron
Radiation for MEdical Physics (SYRMEP) beamline. The
SYRMEP beamline has been designed for research in medical
diagnostic radiology. In this case, a monochromatic 34-keV
beam was used for imaging a proximal femur with our system.
For this CT system, the motion control includes rotational and
vertical translation stages (Fig. 3).

The analyzed bone is a human dried femur and has a max-
imum width of about 9 cm. Therefore, it is possible to get a
digital radiography of the object with a scanning of the linear
detector (maximum FOV equal to 13 cm x 18 cm). In order to
reduce the noise contribution, each single slice was obtained by
averaging 16 consecutive frames.
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TABLE I
ACQUISITION PARAMETERS USED FOR THE PRESENT STUDY
Beam energy 34 keV
Source-to-Object distance 24 m
Object-to-Detector distance 55cm
Exposure time per single frame 25 ms
# of averaged frames 16

Fig.4. Medical radiographic image of the examined femur. The two lines show
the different heights at which the two CT scans were performed. The histomor-
phometric analysis were done on ROIs within the lower scan line.

Table I summarizes the main parameters used for the acquisi-
tion of the femur at the ELETTRA synchrotron beamline. The
same parameters were used both for radiographic and tomo-
graphic inspections. The CT slices were obtained by using a
standard parallel beam reconstruction algorithm. The image re-
construction time was 1 min per slice on a Pentium IV 2.6-GHz
based PC.

C. The Sample Examination

The scanned bone was a human femur taken from the didactic
archive of the Rizzoli Institute, Bologna, Italy. The femur, ob-
tained from a human cadaver, was fixed in ethanol 70% for one
month. On the greater trochanter the bone presented a small
damage in the cortex. A clinician evaluated the femur having
Singh Index 5 (Singh Index O stays for severe osteoporosis, 6
for normal [27]) from a medical RX image (Fig. 4).

The proximal part of the femur was scanned two times, about
9 cm in width and 1 mm in height each. Each scan produced
a stack of 50 tomographic slices (total height equal to about
1 mm), in order to assess the feasibility of using this system
for analyzing the trabecular structure of the femur. The first
scan, named upper scan, contained femoral head and greater
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Fig. 5. The enhanced method used for the segmentation. Top row: raw recon-
structed image. Middle row: left—enhanced image, right—global threshold of
the raw image. Bottom row: binary image after logical AND operation between
images shown on the middle row and suppression of the isolated points.

trochanter; the second, named lower scan, contained femoral
neck and greater trochanter.

D. Extraction of the Bone Parameters

In order to perform calculations of the bone parameters an
edge enhancement segmentation was used. This technique is
based on a combination of edge enhancement and histogram
segmentation. It consists in clustering pixels with the respect
to both a homogeneity criterion and an adjacent criterion. Basi-
cally, the raw image is first segmented with a global threshold
method. On the other hand, the same raw image is filtered with
a high-pass filter, in order to get a more precise description of
the trabecular regions. The high-pass filtered image is then seg-
mented with the same global segmentation used for the raw
image. These two segmented images are then combined with a
logical AND operation and finally isolated pixels are removed.
Fig. 5 illustrates images obtained at the various steps of the
edge-enhanced method.

In the reconstructed cross sections of the lower scan a rect-
angular region of interest (ROI), named Big ROI (22 mm x 13
mm) was placed inside the femoral neck for histomorphometric
analysis. Two smaller ROIs, named Left ROI and Right ROI
were then considered within the selected Big ROI. The sizes of
these ROIs were 8.5 mm X 13 mm and 10 mm X 13 mm, respec-
tively, for Left ROI and Right ROI.

The parameters for the trabecular characterization are bone
volume fraction (BV/TV), trabecular thickness (Tb.Th), trabec-
ular separation (Tb.Sp), and trabecular number (Tb.N), calcu-
lated using the plate model, following the recommendations of
the American Society of Bone and Mineral Research [28]. The
BV/TV is the number of pixels recognized as bone divided by
the number of pixels constituting the ROI. The parameter Tb.Th
is the mean thickness of the trabeculae expressed in micron, the
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Fig. 6. Digital radiography of the human femur obtained with the presented
system: in this case the FOV is about 13 cm (width) x 8 cm (height). Top: entire
FOV. Bottom: enlargement of the box shown above.

parameter Tb.Sp is the mean distance between the edges of the
trabeculae expressed in micron, while Tb.N is the mean number
of trabeculae per unit length expressed in mm~—! [28].

The conventionally available microCT systems can reach
high spatial resolutions, but on the other hand they can only
investigate areas limited to few centimeters side [15]-[17],
[29]-[31]. Conversely, thanks to the large cross-sectional area
(13 cm x 13 cm) that we are able to inspect with the presented
system, it is possible to perform calculations of the histomor-
phometric parameters in big and in small areas, by choosing
arbitrary ROIs that are larger than the FOV of usually available
systems.

III. RESULTS

Fig. 6 shows a digital radiography of the upper part of the
femur. This radiography was obtained from a stack of acquired
frontal images, keeping the femur in a fixed rotational position
and shifting it in the longitudinal direction. The total scanning
time required for the whole projection was about 600 s, com-
prising exposure time, acquisition time, and time for mechanical
shifting. The trabecular structure is clearly identified over the
entire FOV. That allowed the investigation of 3-D bone archi-
tecture and the study of histomorphometric parameters. The en-
largement of a region inside the radiography confirms the great
capability of the system of showing very tiny structures within
the femur.

In Fig. 7, an example of a reconstructed tomographic slice
obtained in the CT scan (lower scan line) is shown. It can be
clearly seen that the system is capable to image thin trabecular
structures over the whole cross-sectional area. This is due both
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Fig. 7. Reconstructed tomographic slice of the human femur: the trabecular
structure is clearly visible over the entire FOV. Top: entire FOV. Bottom: en-
largement of the box shown above.

to the good characteristics of the system and to the use of a syn-
chrotron beam. The pixel size used here is comparable to the
one currently achievable with commercial microCT systems,
but those have FOV limited up to a couple of centimeters. The
use of the fiber-optic converter allowed us to extend the spa-
tial resolution to a width greater than 10 cm. In literature it is
reported that although only the highest resolution will predict
the correct values, a pixel size up to 100 pum is sufficient for
the quantitative description (in terms of BV/TV, Tb.N, Tb.Th,
Tb.Sp) of the trabecular bone structure [32]. Thus, the pixel size
of 22.5 pm used in the present study is more than adequate.

The two lines shown in Fig. 4 indicate the cross sections pre-
sented in Fig. 8 (the upper and the lower scan shown on the
top and on the bottom of the figure, respectively). The recon-
structed cross sections show local variations in the trabecular
and cortical structure of the examined bone at a pixel size not
obtainable with medical CT scanners (the typical pixel size for
those systems lies in the range of 500 pm to 1000 pm, even if in
literature special cases of 150 ym and 200 pm are reported [33],
[34]). Also the damage in the cortical bone is clearly observable
(Fig. 8 - upper scan).

The histomorphometric calculations were done over 50 slices
acquired for the lower scan. Table II summarizes the parameters
obtained in the Big ROI placed in the femoral neck.

Two smaller ROIs (Left ROI, Right ROI) were selected
within the Big ROI, as highlighted in Fig. 8. Visually, these
ROIs are characterized by a different structure: the left ROI
shows a thicker and larger amount of trabecular structure than
the Right ROI. Fig. 9 shows the segmented images of the two
ROIs and Table III summarizes the parameters computed on
them. The calculated parameters show a higher bone volume
fraction, larger trabecular thickness and trabecular number in
the left ROI, whilst the trabecular separation is larger for the
right ROI. Once again, we would like to stress that with the
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Fig. 8. MicroCT reconstruction of the two scans highlighted on Fig. 4. Top:
upper scan. The damage in the cortical bone at the trochanteric site is clearly
visible (outlined by an ellipse). Bottom: lower scan. Here, the three ROIs used
for the histomorphometric calculation are shown (Big ROI with dashed line,
Left ROI - L, and Right ROI - R, both with solid lines).

TABLE II
AVERAGE HISTOMORPHOMETRIC PARAMETERS OF
THE BIG ROI CALCULATED OVER 50 SLICES

BV/TV  Tb.Th Tb.N Tb.Sp
[%] [um]  [mm’] [um]
Big ROI  17.540.2 12242  1.4440.02 57648

Fig. 9. Left and Right ROI where the histomorphometric parameters shown in
Table III were calculated.

TABLE III
AVERAGE HISTOMORPHOMETRIC PARAMETERS OF LEFT AND RIGHT ROI
CALCULATED OVER 50 SLICES

BV/TV Tb.Th Tb.N Tb.Sp

[%] [um] [mm™] [um]
Left ROI 21.4+0.3 167+2 1.284+0.03 610+20
Right ROI 13.8+0.2 120+1 1.17£0.02  740+10

reconstruction of the entire FOV achieved with the present
system it is possible to calculate the parameters on any arbitrary
ROI in the femur, keeping it intact.

The reconstructed data from the 50 slices obtained in the
lower scan were finally combined into a unique volume Fig. 10
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Fig. 10. Three-dimensional images obtained from a stack of 50 microCT slices
of the examined human femur. Top row: two particulars of an ROIL. Bottom row:
reconstruction of the entire cross-sectional area.

shows examples of the rendering obtained over the volume of a
single ROI and of the entire reconstructed cross-sectional area.

IV. CONCLUSION

A high-resolution CT system with 22.5 pym pixel size and
FOV of 13 cm x 18 cm was set up for a synchrotron source.
The possibility of analyzing a sample of large size permits the
reconstruction of CT slices of big parts of bones or even com-
plete bones (i.e., proximal femur, wrist), leaving them intact and
without special sample preparation (i.e., specimen cutting, ex-
traction). We demonstrated the feasibility of using such images
to extract information about the trabecular structure by scan-
ning the proximal part of a human femur, containing greater
trochanter, femoral neck, and femoral head.

This system is an improvement with respect to standard mi-
croCT systems, since it gives the possibility to have data on a
complete bone and not just in a limited ROI. The spatial limits
(specimen size) were overcome in the present system because
of the use of a special fiber optic adapter. The linear pixel size
used (22.5 pm) is optimal for the imaging of trabecular bone
structure.

The quality of the reconstructed cross-section images con-
firms that this investigation technique permits high-resolution
3-D imaging of large volumes (up to 18 cm X 13 cm x 13 cm)
at a pixel size not achievable with conventional microCT scan-
ners.

In the near future, we are planning to test the system with reg-
ular X-ray microfocus tubes, in order to assess the practicability
of performing in vivo imaging of human patients.

APPENDIX

Here we provide further details about our CT system and the
femur investigation accomplished at ELETTRA beamline.
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With our manipulator we can perform not only a rotational
scanning, but also other motions such as helical scanning. In
fact, the scanner has two acquisition modes:

1) tiled-mode: CT data for a small vertical segment is ac-
quired with rotation-only scanning, and then the sample is
translated to a new vertical position;

2) spiral-CT mode: a two-dimensional image is acquired with
simultaneous vertical and rotational movement.

The fiber optic adapter is made of glass microfibers, each one
with a diameter of about 20 pum. The microscopic size of the
fibers provides a great flexibility to the adapter. The bundles are
aligned on the input face, by thus allowing a linear scanning
geometry. On the other hand, the fiber-optic bundles are stacked
at the exit, in order to fit the shape of the photocathode of the
EBCCD camera.

We give now some details about the EBCCD camera. The
CCD chip of the EBCCD camera is a special back thinned
CCD (about 10 micrometers thick), with 1024 x 512 pixels.
The EBCCD camera has a vacuum tube with an intense electric
field (6 kV in our case), to accelerate electrons emitted by
the photocathode. Unlike traditional Image Intensifiers, in
the EBCCD only one radiation conversion takes place, since
accelerated electrons are here directly detected by the CCD. As
aresult, high efficiency and gain are obtained. The signal is dig-
itized through a 12-bit ADC mounted onboard on the EBCCD
camera. The camera provides one digital output provided to
the PC through an RS-422 digital interface and one control
signal. The digital electronics of the EBCCD camera has been
developed at Geosphaera Research Center in Moscow and is
based on a microprocessor produced by Altera Corporation.
An additional control card named ST-card is provided as a
synchronization card: it generates a trigger signal, an exposition
signal and a gate signal for the EBCCD. The synchronization
with ST-card may reduce noise and electrical interference due
to 50 Hz frequency fluctuations. A Matrox Pulsar frame grabber
mounted on the PC is then used as digital data transfer and
communication device between the camera and the computer.
MIL Lite Matrox libraries were used to develop our in-house
software for controlling the camera and the other devices of the
system.

The SYRMEP beamline at ELETTRA is characterized by an
optics system based on a double-crystal Si monochromator that
works in an energy range between 8 and 35 keV. The beam-
line provides at a distance of about 20 m from the source, a
monochromatic, laminar-section X-ray beam with a maximum
area of 120 mm x 4 mm. For the present femur investigation, the
exposure time for each frame was fixed to 25 ms. The acquisi-
tion was done with 2800 projections over 180 degrees. The total
scan time over 180 degrees for a | -mm-thick slice was about 3.5
h (comprising exposure time, acquisition time, and time for ro-
tation).
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