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Investigation of microstructural features in
regenerating bone using micro computed
tomography
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We illustrate some of the uses of micro-computed tomography (micro-CT) to study tissue-
engineered bone using a micro-CT facility for imaging and visualizing biomaterials in three
dimensions (3-D). The micro-CT is capable of acquiring 3D X-ray CT images made up of 20003
voxels on specimens up to 5¢cm in extent with resolutions down to 2 um. This allows the 3-D
structure of tissue-engineered materials to be imaged across orders of magnitude in
resolution. This capability is used to examine an explanted, tissue-engineered bone material
based on a polycaprolactone scaffold and autologous bone marrow cells. Imaging of the
tissue-engineered bone at a scale of 1cm and resolutions of 10 um allows one to visualize the
complex ingrowth of bone into the polymer scaffold. From a theoretical viewpoint the voxel
data may also be used to calculate expected mechanical properties of the tissue-engineered

implant. These observations illustrate the benefits of tomography over traditional
techniques for the characterization of bone morphology and interconnectivity. As the
method is nondestructive it can perform a complimentary role to current histomorphometric

techniques.
© 2004 Kluwer Academic Publishers

Introduction
Traditional histological techniques of evaluating the
mineralization and neovascularization within polymer
scaffolds for bone replacement are based on two-
dimensional (2-D) histological sections. Usually only
one or two sections are taken from a relatively large piece
of implant. Much important information is lost in this
process relating to the distribution of mineralizing tissue,
the proportion in any one area of the scaffold, any long-
term organization of the mineralizing tissue and the
relationship of the mineralizing tissue to the host tissue.
Micro-computed tomography (micro-CT) is a non-
destructive technique that can be used to image
specimens at the micron scale in 3-D. Ritman et al.
[1-5] have investigated bone deposition rates in several
tissues using micro-CT, while other groups have
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investigated the effects of osteoarthritic disease upon
bone structure [6—11]. Ruegsegger and Muller have
quantitatively investigated cancellous bone [12—18].
This work describes progress made towards the
identification and quantification of microstructural
features of mineralizing tissue within a polycaprolactone
(PCL) scaffold implanted into the orbital wall of a pig.

Materials and methods

Sample preparation

Tissue engineered scaffolds were prepared by fused
deposition modeling as reported elsewhere [19-21].
Under anesthesia, surgical defects of approximately
1cm? were created in the orbital wall of mature pigs
and reconstructed using PCL scaffolds infused with
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Figure I Explanted, fixed and dried sample of marrow-inoculated PCL
scaffold from orbital bone ( porcine model).

autologous bone marrow taken at the time of implanta-
tion. The scaffold was explanted at three months, fixed in
buffered formalin, defatted, and dried [19]. Fig. 1 shows
the sample as received for micro-CT imaging.

The micro-CT apparatus was developed and built at
the Department of Applied Mathematics, Australian
National University [22] and has a cone beam geometry,
thus allowing the magnification to be set by adjusting the
ratio of the distance between the X-ray source and the
specimen to the distance between the X-ray source and
the camera. The limiting resolution is between 2 and
5 pm, depending on operating voltage (30-120kV). The
camera is capable of acquiring X-ray images of
2048 x 2048 pixels with a depth of 16 bits per pixel.
High-contrast and low-noise images of the internal
structure within biomaterials can be generated due to
the large range of X-ray energies available from the
source and the large dynamic range of the X-ray camera.

Tomographic data, corrected for optical and camera
distortion, were acquired of the specimen (80kV,
10 x magnification, 10s exposure, 1800 projections)
and reconstructed by locally written software using
standard algorithms (Feldkamp technique [23]). To
process data, an AlphaServer SuperComputer (see:
http://nf.apac.edu.au/facilities/sc/hardware.php) is used
and takes 128 CPUs approximately 4h to generate a
20483 voxel tomogram.

The tissue-engineered bone was first imaged at a
magnification factor of x 7.14, resulting in a voxel size
of 9.4 um. A 2-mm thick bone filter on the X-ray source
was used for this specimen. The entire acquisition took
approximately 16h with an exposure time of 32s/
projection.

A set of representative slices from the reconstructed
tomographic data was first developed. These 2-D slices
were used to generate intensity histograms for various
regions: 6100 (pore/soft tissue), 7800 (polymer) and
12800 (mineralized tissue). To differentiate the image
into the three separate phases two-phase separation steps
were performed; between the pore and solid phases (cut-
off thresholds 6800 : 7250), and between the polymer and
mineralized bone phases (10000:12000). Indicator
kriging [25] is then performed to define the phases.

After phase separation, 3-D visualizations of the
distribution of polymer and mineralized phase within
the specimen were generated (Fig. 2).
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Figure 2 Rendered 3-D tomographic data of mineralizing scaffold and
original bone. Scaffold shows as semitransparent, white material, while
calcified areas (old, bottom left, and new, top right, bone are shown as
darker colour).

Higher resolution imaging and mechanical
property calculation

A number of features could not be visualized within the
bone at the resolution described above; this led to a study
of subsets of the original system at higher resolutions. In
particular, the region of bone ingrowth into the scaffold
was examined at higher resolution. From the higher
resolution images, voxel data were then used to assign
mechanical properties (bone or pore) to each voxel.
Overall elastic modulus was then calculated by the two-
phase finite element method of Arns et al. [22]. Bone
voxels were assumed to have equivalent properties to
cortical bone (K, = 17 GPa, Gype = 6.3 GPa) and the
pores were assumed to be either air or water.

Results and discussion

It was possible to resolve the original polymer scaffold
and regions of densely mineralized tissue using phase
identification techniques from the reconstructed tomo-
grams. However, large regions of the scaffold exhibited
no or very weak mineralization.

Three phases are evident in the image of Fig. 2;
strongly mineralized (dark red), polymer (white) and
poorly mineralized/pore phase (dark). The host bone is
shown in the lower right corner. The PCL scaffold
exhibits regular lattice shaped struts. There are a number
of interesting features visible including the effects of
shaping at implantation on distortion and cracking of the
scaffold. Three dimensional imaging at this resolution
allows the study of the morphology and surface proper-
ties of the scaffold matrix. The large region of strongly
mineralized phase within the scaffold is ascribed to new
bone formation, but this phase lies away from the host
bone in the sample provided. Little to no bone ingrowth
into the scaffold from the original host bone is noted. The
only growth visible is as minute ‘‘fingers’’ on the border
of the scaffold. It is unclear from these images whether
the bone within the scaffold is connected to the host
bone. It is unclear from these data whether the observed
mineralizing tissue ingrowth is from the host, or as a
result of the marrow aspirate cells.

The architecture of the bone is defined by the scaffold
giving the new bone a regular lattice structure. Small



porous regions are observed within the newly miner-
alized bone, these are presumably associated with
incomplete bone growth and the presence of a
neovascular network. The new bone ingrowth follows a
strongly preferred orientation along the plane of
fabrication of the original scaffold (generated using a
0/60/120 degree pattern in the FDM process [24]). It was
also observed that the new bone ingrowth is primarily
isolated to a single slice within the scaffold, on average
~ 400-um thick perpendicular to the fabrication plane,
while growth within the plane of fabrication extends
around 3 mm in one direction and about 1.4 mm in the
other. This preference for orientation would not appear to
be due to vascular accessibility as pore sizes are
comparable along all three directions within the scaffold.

Three dimensional imaging allows one to investigate
the potential connectivity between the host bone and the
bone ingrowth within the scaffold. High resolution
imaging of the region of bone ingrowth close to the
host bone reveals that the new bone is disconnected from
the host bone. It was noted that the bone ingrowth comes
very close to the host bone, but has a distinct interface
with no direct connection. This observation, along with
the minute amount of bone growth seen advancing from
the host bone, would indicate that there is no significant
revascularization progressing from the intact surface of
the host bone.

A downloadable version of the 3-D movie of the
sample is available at: http://wwwrsphysse.anu.edu.au/
appmaths/ct_movies/ which makes visualization of
the described features much more noticeable than static
2-D figures.

The very high resolution imaging of the newly
forming bone also displays some interesting features. A
number of micropores are visible within the highly
mineralized tissue. The pores are not highly connected
and display a disorderly architecture (Fig. 3). This may
be simply due to differences in the mineral content, as the
thresholding process will produce ‘‘pores’’ if the X-ray
absorbance of a set of voxels decreases below the
threshold level. Alternatively, active regions of cellular
expansion, prior to mineralization, may produce a similar
result as may the formation of a neovascular network.

Figure 3 Rendered 3-D tomographic data of mineralized new bone,
viewed with transparent surfaces. Porous microstructure is evident
within the regenerating tissue.
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Figure 4 Predicted linear elastic properties for 1.6 mm? subvolumes of
regenerated bone tissue. Pore voxels were given elastic properties of air
(dry) and water (wet) for different simulations.

Finite element modeling [22] was performed on 1603
voxel (1.6mm?) subvolumes of the regenerated bone.
Voxels were assigned elastic properties based on a two-
phase model (K., = 17GPa,Gy,,. = 6.3 GPa). The
predicted Young’s modulus for the new tissue (Fig. 4)
was comparable to human bone of the same porosity
[19].

Further work is planned to visualize and quantify the
possible microvascular network and to correlate X-ray
density with mechanical properties using nano-identa-
tion.

Conclusion

Micro-computed tomography has provided much useful
information in recent years about bone and tissue growth
and structure. As micro-CT instruments increase in
resolution and computing resources become available,
more higher detailed information becomes available. The
3-D nature of this information means that much
improved visualization of relationships is now possible.
This paper has used micro-CT at its highest resolution to
demonstrate the usefulness of this technique in visua-
lizing the mineralization of tissue-engineered bone
constructs. The observations regarding the lack of host
bone outgrowth, the directionality of new bone formation
in a structured scaffold and the possibility of visualizing
microvasculature in newly forming bone, all point to the
potential for this technique to provide valuable informa-
tion about the processes involved in tissue engineering
new bone.
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