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Abstract

This paper illustrates the utility of micro-computed tomography (micro-CT) to study the process of tissue engineered bone

growth. A micro-CT facility for imaging and visualising biomaterials in three dimensions (3D) is described. The facility is capable of

acquiring 3D images made up of 20003 voxels on specimens up to 60mm in extent with resolutions down to 2mm. This allows the 3D
structure of tissue engineered materials to be imaged across three orders of magnitude of detail. The capabilities of micro-CT are

demonstrated by imaging the Haversian network within human femoral cortical bone (distal diaphysis) and bone ingrowth into a

porous scaffold at varying resolutions. Phase identification combined with 3D visualisation enables one to observe the complex

topology of the canalicular system of the cortical bone. Imaging of the tissue engineered bone at a scale of 1 cm and resolutions of

10mm allows visualisation of the complex ingrowth of bone into the polymer scaffold. Further imaging at 2mm resolution allows

observation of bone ultra-structure. These observations illustrate the benefits of tomography over traditional techniques for the

characterisation of bone morphology and interconnectivity and performs a complimentary role to current histomorphometric

techniques.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Tissue engineering is a rapidly emerging interdisci-
plinary research field that aims to develop alternative
therapeutic strategies for repair and/or reconstruction of
damaged or lost tissue and organs. Porous polymer
scaffolds are promising materials for tissue engineering
because they offer a physical, three-dimensional (3D)
support and serve as a template for cell proliferation and
ultimately tissue formation. The question of how to
optimally design such a scaffold for different tissue
remains unsolved. However, various bone engineering
g author.
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groups have noted a correlation of scaffold pore size
with bone ingrowth [1,2]. Pore sizes of greater than
300mm were observed to have a greater penetration of
mineralised tissue in comparison with smaller pore sizes.
At pore sizes of 75mm, hardly any mineralised tissue was
found within the scaffold. It is believed that for smaller
pore sizes the penetration of neovascularisation, and hence
nutrient supply, to the growing cells is hindered. Three-
dimensional scaffolds for tissue engineering, to date, have
also been found to be less than ideal for applications in
bone replacement because they lack the mechanical
strength which is an essential prerequisite for implantation.
Clearly, there are several requirements in the design of
scaffolds for tissue engineering. Many of these require-
ments are complex and not yet fully understood.
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Fig. 1. X-ray micro-CT apparatus, with cone-beam geometry high-

lighted.
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It can be concluded from the literature and the
authors’ own research, that scaffolds designed for use in
cell-based therapies to repair/regenerate bone should
provide the following minimal requirements: (i) a three-
dimensional (3D) and highly porous structure to
support cell attachment, proliferation and extra-cellular
matrix (ECM) production; (ii) an interconnected/perme-
able pore network to promote nutrient and waste
exchange; (iii) a biocompatible and bioresorbable
substrate with controllable degradation rates; (iv) a
suitable surface chemistry for cell attachment, prolifera-
tion, and differentiation; (v) mechanical properties to
support, or match, those of the tissues at the site of
implantation; (vi) an architecture which promotes
formation of the native anisotropic tissue structure;
and (vii) a reproducible architecture of clinically
relevant size and shape [3–5]. To date, most scaffolds
reported for bone repair conform to only a few of these
criteria [6].
Scaffold processing techniques used to date have

often focused on the development of porous materials
via fibre bonding, solvent casting, particulate leaching,
membrane lamination, melt moulding, temperature-
induced phase separation, and gas foaming [2,7]. The
control over scaffold architecture using these fabrication
techniques are often highly process driven, and not
design driven. As a result, investigators have recently
turned to rapid prototyping (RP) techniques for
producing porous scaffolds for bone engineering appli-
cations [8].
While the engineering potential of various scaffold

architectures is considerable, the ability to design and
optimise structures is still very much ad hoc since local
structure and mechanical/transport properties have not
been measurable during tissue growth in vitro or in vivo.
Traditional methods for evaluating osseointegration of
tissue engineered scaffold/cell constructs are based on
2D histological and radiographical techniques and in
rare cases mechanical testing. To further the develop-
ment of optimal scaffold architectures and to character-
ise accurately the growth of bone into scaffolds requires
a fast and non-destructive technique to characterise and
measure the 3D properties of scaffold/tissue composites
during growth.

1.1. Composites during growth in 3D

Micro-computed tomography is a technique that can
be used to complement existing analysis techniques and
can be used to image specimens at the micron scale non-
destructively. M .uller and Ruegsegger have investigated,
and quantified, the architecture of cancellous bone using
micro-CT [9–15]; studies by Ritman et al. [16–25] have
investigated vascular networks and bone deposition
rates using micro-CT; and other groups have investi-
gated the effects of osteoarthritic disease upon bone
structure [26–30].
There exists the clear potential for X-ray micro-CT

techniques to study the process of tissue engineered bone
growth in 3D. This paper describes the imaging and
visualisation of the canalicular topology within human
cortical bone to assess the regeneration of bone tissue in
a pig orbit reconstruction explanted after a 3 month
in vivo growth period. We hypothesised, based on the
capabilities of the system, that imaging of bone and
tissue engineered bone at a scale of 1 cm at resolutions of
10 mm allows one to visualise the complex ingrowth of
bone into the polymer scaffold. Observations at this
scale allow one to quantitatively assess the morphology
and effectiveness of bone ingrowth at the scale of the full
scaffold implant. At higher resolutions, voxel size close
to 2 mm, micro-CT should enable one to image varia-
tions in mineralisation of the ingrowing bone.
2. Materials and methods

2.1. Micro-CT image acquisition

The experimental apparatus was developed and built
at the Australian National University utilising a cone
beam geometry (Fig. 1) [31]. By moving the position of
the rotation stage and X-ray camera, magnifications can
be set between x1.1 to over x100. The X-ray source
generates a polychromatic beam via Bremsstrahlung,
which is generally filtered to minimise beam hardening
artifacts. The limiting resolution is between 2–5 mm and
depends on the operating voltage (30–225 kV). The X-
ray camera can acquire radiographs with up to 20482

pixels at a depth of 16 bits per pixel. The large range of
X-ray energies is ideal for optimising the contrast
between the different phases in biomaterials and the
large dynamic range of the X-ray camera is ideal for
collecting the data with a large signal-to-noise ratio.
Combining these two important attributes allows one to
generate high-contrast and low-noise images of the
internal structure within biomaterials.
The maximum field of view (FOV) is 60mm.

Tomographic imaging is achieved by acquiring a series
of radiographs at different viewing angles around 360�.
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Fig. 2. (a) Single radiograph showing cortical bone specimen and mounting stub. (b) Central slice of tomogram showing channels within cortical

bone. (c) Normalised intensity histogram of entire tomogram.
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To sample optimally the specimen, the number of
radiographs in a tomographic series is p/2 times the
number of pixels in the width of the radiograph. An
example of a single radiograph at 10242 of a 5mm
cylinder of mid-femoral cortical bone is shown in Fig. 2a.
This image, taken at a magnification factor of � 11.9, has
a voxel size of 5.6mm. A 2mm thick plate was fabricated
from human bone and was placed over the X-ray source
to filter low energy X-rays. Whilst this led to a reduction
in beam hardening artefacts, the reduced X-ray flux
required a corresponding increase in acquisition time.
The X-ray source was operated at a voltage of 80kV and
current of 180mA. In total, 1600 projections were
captured over 360�, resulting in 3.8 Gbytes of data. The
entire acquisition took approximately 16hours with an
exposure time of 30 s/projection. For the 20483 voxel
tomogram, 3000 projections were collected, resulting in
24 Gbytes of data collected in 30 hours.

2.2. Image reconstruction

The tomographic series are first pre-processed and
then reconstructed with locally written software. The
reconstruction is based on the Feldkamp algorithm [32].
All data are processed on an AlphaServer Super-
computer (see: http://nf.apac.edu.au/facilities/sc/hard-
ware.php). It takes 1 hour to generate a 10243 voxel
tomogram on 32 CPUs and 4 hours to generate a 20483

voxel tomogram on 128 CPUs. An example of the
central slice through a cortical bone tomogram is shown
in Fig. 2b. The tomogram has a voxel size of 5.6 mm and
at this resolution non-mineralised channels with dia-
meters of 10–50 mm are easily resolved.

2.3. Phase identification

Tomograms consist of a cubic array of voxels with
‘‘energy-averaged’’ attenuation values, normalised to
16-bit intensities. In Fig. 2c, we show the normalised
intensity histogram generated from the cortical bone
cylinder encompassing slightly less than 1 billion voxels.
The histogram shows two distinct peaks—the peak with
the lower value is associated with the non-mineralised
channels, whilst the peak with the large value is
associated with the mineralised phase.
One would wish to have a clear bimodal distribution

between the pore and mineralised phase peaks. Un-
fortunately, the presence of features (e.g., osteocytes,
cement lines and micro-cracks) in the mineralised phase
at scales smaller than the voxel resolution and a
significant number of bone/pore interface voxels lead
to a spread in the histogram. This makes it difficult to
differentiate the two phases unambiguously. To analyse
tomograms quantitatively, it is necessary to have a well
defined and consistent method to label each voxel as
either pore or mineralised phase. The simplest method is
to choose a global threshold value. In practice, this is
not the best method, due to the amount of peak overlap
in the intensity histogram.
It has been shown that a reliable method of phase

separation can be made through detection and localisa-
tion of edges between distinct phases. We use an edge-
based kriging segmentation algorithm [33] to define the
binary pore-solid image. This approach involves the
choice of 2 cutoff values lying near the two peaks;
everything below the lower cutoff is designated as pore,
and everything above the upper cuttoff is designated
solid. For the cortical bone we observe the pore phase
peak at 19,800 and the mineralised phase peak at 23,000.
We chose cutoff thresholds of 20,000 and 22,000,
respectively. Indicator kriging [32] is then performed
to define the interface between the phases.
While cortical bone structure leads to the differentia-

tion of two phases, in many cases one may wish to
differentiate multiple phases. In the latter sections, we
describe the phase separation of the tissue engineered
bone into three phases; strongly mineralised phase,
polymer scaffold and poorly mineralised/pore phase.

http://nf.apac.edu.au/facilities/sc/hardware.php
http://nf.apac.edu.au/facilities/sc/hardware.php
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Fig. 3. 3D Visualisation of the topology of Haversian/Volkmann

channels within human cortical bone.
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2.4. 3D Visualisation

Volume rendering is a 3D visualisation method
wherein the data volume is rendered directly without
decomposing it into geometric primitives. Typically the
attenuation values within the volume is assigned a
colour and transparency depending upon lookup tables,
rays are traced into the volume and they are attenuated
and coloured depending on the transparency of their
route through the volume. We have used a 2GHz
Pentium 4 with 1Gb RAM to generate movies illustrat-
ing the distribution of phases in 3D. Custom built
scripts along with commercial software, Houdini
(www.sidefx.com) and Renderman (www.pixar.com),
are used in the rendering process. Typical rendering
time is about 60 s per image frame. Fig. 3 shows a frame
from a 3D visualisation of the cannicular network
within the cylindrical section of the femoral bone. The
upper part corresponds to the endosteal or marrow
surface. The cannicular network is highly anisotropic,
the alignment of the channels coinciding with the long
axis of the bone. Larger channels (presumed to be
Haversian canals) are connected to the endosteal surface
by smaller, more tortuous channels, presumably Volk-
mann canals. Full 3D movies are available for download
at the following URL: http://www.rsphysse.anu.edu.au/
appmaths/ct movies.

2.5. Preparation and implantation of polymer scaffolds

The scaffold design considered in this paper was
fabricated at the Laboratory of Biomedical Engineering,
National University of Singapore [34] using a rapid
prototyping technique known as fused deposition
modelling (FDM). Ten pigs were anaesthetised and a
defect measuring 1.5� 2.5 cm was created in the medial
wall of each orbit. A mould was taken of the defect
using silicon rubber and the wound was sutured shut. A
negative mould was then taken using dental cement and
a PCL scaffold sheet was heated and pressed to fit the
mould. The wound was left for 3–7 days to simulate
typical human clinical experience, after which the
wound was reopened and one of four protocols
assigned. Group one were left as control; group two a
graft of PLLA/PDLA non-porous sheeting was im-
planted; group three were assigned moulded PCL
scaffolds; and group four were assigned porous PCL
scaffolds that were bathed in a solution of the animals
marrow aspirate for thirty minutes prior to implanta-
tion.
After 3 months of healing, all grafts specimens were

extracted, fixed in buffered formalin, air-dried and
analysed with micro-CT. In this paper, we present only
the data from group four. Other comparative studies
have been published on this data set [35].
3. Results

3.1. Scaffold/tissue construct

The tissue engineered bone was first imaged at a
magnification factor of � 7.14, resulting in a voxel size
of 9.4 mm. The bone filter was also used for this
specimen. The X-ray source was operated at a voltage
of 80 kV and current of 180 mA. In total, 1600
projections were captured over 360 degrees. The entire
acquisition took approximately 16 h with an exposure
time of 32 s per projection.
A set of representative slices from the reconstructed

tomographic data is shown in Fig. 4, where the slices are
280 mm apart. Three phases are evident in the images;
strongly mineralised (bright), polymer (intermediate)
and poorly mineralised/pore phase (dark). The host
bone is shown in the lower right corner of each slice. The
PCL scaffold exhibits regular lattice-shaped struts, and
appears to be encapsulated to some extent by fibrous
tissue. A number of interesting features are evident.
Signs of degradation are visible within the scaffold:
cracks (A1), degradation of the PCL filaments from an
original diameter of 500 mm to approx. 300 mm, and
distortion (bending) of the regular structure (A2). We
also observe a large region of strongly mineralised phase
within the scaffold (B), but this phase lies away from the
host bone. Little bone ingrowth into the scaffold from
the host bone is noted.
It is unclear from these images whether the bone

within the scaffold is connected to the host bone. This
raises a question about the direction of the mineralising

http://www.rsphysse.anu.edu.au/appmaths/ct_movies
http://www.rsphysse.anu.edu.au/appmaths/ct_movies
http://www.rsphysse.anu.edu.au/appmaths/ct_movies
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front. Is the observed tissue ingrowth from the host
bone, or rather ‘outgrowth’ from the marrow aspirate
cells?
As expected, the architecture of the bone is defined by

the scaffold, giving it a regular lattice structure. Regions
of soft tissue ingrowth (C) are observed within the
scaffold. The apparent structure, lines of material
almost as dense as the polymer, is presumably associated
with artefacts from the dehydration process.
The normalised intensity histogram is given in Fig. 5.

The peaks in the phases are observed at 6100 (pore),
7800 (polymer) and 12800 (mineralised tissue). To
differentiate the image into the three separate phases
Fig. 4. Slices of PCL scaffold+marrow tomogram, 280mm apart. A1:

cracks in scaffold; A2: distortion of the regular polymer micro-

structure; B: mineralised phase within scaffold; C: area of soft tissue

ingrowth only.

Fig. 5. Normalised intensity histograms, showing the result of two applicatio

between bone and polymer/pore; (b) represents the second segmentation bet
we perform two phase-separation steps; between the
void and solid phases, and between the polymer and
mineralised bone phases. In the former case we choose
cut-off thresholds of 6800 and 7250 and in the latter
case, thresholds of 10,000 and 12,000. Indicator kriging
is then performed to define the boundaries of the phases.
Fig. 5 shows the separation of voxels into 3 phases by
application of the segmentation algorithm twice. An
example of the original grey scale image and the
resultant phase separated results are given in Fig. 6.
After phase separation we generate 3D visualisations

of the distribution of polymer and mineralised phase
within the specimen. A number of frames from this
visualisation are shown in Fig. 7. Investigation of the 3D
structure leads to further information about the process
of bone ingrowth. Firstly we note that the bone
ingrowth follows a strongly preferred orientation; the
original scaffold was generated using a 0/60/120 degree
pattern in the FDM process [34]. The growth of the
bone was strongly oriented along the plane of fabrica-
tion. In Fig. 7(b) and (c) it is also observed that the bone
ingrowth is primarily isolated to a single slice within the
scaffold, on averageB400 mm thick perpendicular to the
fabrication plane. In contrast, the growth within the
plane of fabrication extends B3 and B1.4mm. It is
unclear why the preferred orientation is observed, as
pore sizes are comparable along all three directions
within the scaffold. One can again observe in 3D the
bending of polymer struts near the host bone due to the
ingrowth into the pores nearest the host bone interface
(Fig. 7a).
Three-dimensional imaging allows one to investigate

the potential connectivity between the host bone and the
bone ingrowth within the scaffold. To do this we zoom
in near the host/implant interface. The image in Fig. 8
indicates that the large region of bone ingrowth in the
scaffold is disconnected from the host bone even though
it is very close to the host bone in one region. This lack
ns of the segmentation algorithm; (a) represents the first segmentation

ween pore and polymer/bone voxels.
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Fig. 7. 3D Renderings of PCL graft data set at different rotations.

Fig. 8. Image from 3D data set showing non-conjunction of new bone,

in scaffold, to old bone (lower left).

Fig. 6. Slice of PCL graft tomogram illustrating segmentation; grey level image (left); bone and scaffold (middle); and bone (right).
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of connection to the host bone is of considerable interest
in determining mechanisms of bone regeneration using
tissue engineering techniques.

3.2. Higher resolution imaging

A number of features could not be visualised within
the bone at the resolution described above. This led to a
study of subsets of the original system at higher
resolutions. In particular, we wished to image a region
of the bone ingrowth at higher resolutions.
A 2mm cubed specimen was taken from the miner-
alised phase within the scaffold and was imaged with
20483 voxels at a voxel size of 1.6 mm. Fig. 9 is a sub-
volume of the data set which shows the surfaces of
mineralisation. Apart from the polymer scaffold, inter-
nal substructure can be observed. At the moment it is
not possible to identify these substructures with
certainty, although blood vessels and larger cells would
certainly contribute.
4. Discussion

The utility of micro-CT is demonstrated by the ability
to obtain relationships even at relatively coarse resolu-
tions, as shown in the rendering of the canalicular
structures in cortical bone (Fig. 3, see URL for
animation). From the animation the anisotropy of the
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Fig. 9. Very high resolution 3D data set of regenerating bone within

scaffold showing substructure within calcified tissue.
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main canals is obvious. The relationships between the
Haversian and Volkmann canals, including the bending
of the Volkmann canals near the periosteal surface
provide details that are not readily visible from standard
2D histological imaging. Examination of the animation
for the ingrowth of calcifying tissue into a scaffold
reveals several significant features (Fig. 7). There are
sharp and distinct edges to the calcifying tissue. The
process of calcification would appear to be one where
the process of calcification is very rapid, once the signal
to calcify has occured. The lack of graded edges could
signify that calcification is a spatially abrupt process.
The nonunion between mineralising tissue in the

scaffold and the host bone occurs primarily on an
original surface. A surface created during surgery shows
good reconnection. One reason for this difference might
be that the biological potential was limited on the
original surface as only a bone marrow coating was
possible due to the clinical requirements explained
above. It would be instructive to use a true cell bone
MSC seeding and culturing technique to establish the
connection. This observation has significance from the
point of view of general bone regeneration versus wound
healing. A wound would appear to be necessary for
outgrowth and in particular for the bonding of tissue
engineered bone.
At the highest resolution, B2 mm voxels, imaging

allows the visualisation of the sub-structure of calcifying
tissue/callus. This area requires much more investigation
to make serious physiological assignment to the various
sub-structures. The current 2mm field of view does not
present a limitation for these high resolution studies,
indeed as three orders in length scale are feasible
mechanical properties [36] and transport modeling [37]
are still meaningful. Apart from these analyses number
of morphological measures are being investigated, such
as; volume fractions of tissues, directivity of calcifying
tissue, porosity, pore connectivity, putative vascularisa-
tion, curvature and surface-to-volume measures (Min-
cowski measures [38]). Initially these measurements will
be used at correlators for the processes of tissue healing
and regeneration within the scaffold environment.
5. Conclusion

Clearly, in a structure as complex as bone, micro-CT
provides a distinct advantage over conventional micro-
scopy. Structures can be followed continuously from the
level of osteon through to gross bone morphology. It is
not difficult to imagine that micro-CT will become a
standard technique in the assessment of tissue engi-
neered bone, bone regeneration and bone bonding.
Several challenges remain for the technique, however.
Developments in instrumentation need focus more on
the discrimination of different tissue types than on
improvements to spatial resolution. Although visualiza-
tion has become very sophisticated, the 3D analytical
tools and measures are still under development and will
require a substantial effort before they are refined to the
point of everyday use. However, this said the inter-
disciplinary nature of bone research affords the great
possibility for exchange with many other materials
sciences in which these issues too are currently under
serious consideration.
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