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X-ray microtomography, commonly known as computerized axial tomography or CAT
scans, has been performed on bone samples of different animal's, including peli can,
antelope, and emu, to seethe three-dimensional structure of the bone. Espedally of
interest are the internal Haversian canals, which contain bloodvessls, nerves, and a
variety of other cdl types that depend on the canal's age. Theinitial projedion data has
been reconstructed using improved software and processed to all ow both viewing of dice-
by-dlice movies using Shockwave Flash and three-dimensiona virtual redity viewing
using the Virtual Redity Modeling Language (VRML). We dso hope to oltain agraph
representation of the Haversian network to analyze how it changes as the animals age.

1. Method of Tomography Reconstruction

To perform x-ray microtomography, an x-ray beam is passed through a sample and the resulting x-ray
pattern isrecorded. This can be used to find how much of the x-ray beam has been absorbed by the sample.
More images are recorded whil e rotating the sample from 0 to 180degrees, resulting in a set of images
from all around the sample. It can be proved mathematicdly (Webb, 108-110) that these images are
enoughto recmnstruct a threedimensional picture of the bone, but thisis beyond the scope of this more
pradicd document. There ae several methods of implementing the mathematicd solution, but the most
common, and the one that will be used here, is that of convolution and badkprojedion. In this method, eat
verticd dliceis processed individually. Simply put, the datais first convolved (or filtered) with one of
several possble edge deteding filters, and then the information from ead angle is badkprojeded into a
image space ad summed.

In pradice, this smple procedure is compli cated by many pradicd facors, and the original images must be
processed before the image can be reconstructed. First, the x-ray beam is not uniform throughout, nor is
the room freeof other x-ray sources, so awhite field (a picture of only the beam, with no sample) and a
dark field (a picture with no beam) must be obtained and used to cancd out these effeds using the formula

originalimage- darkfield
whitefield - darkfield

fixedimage=

Figure 1. An original image. Figure 2. A corrected image.

Each verticd dliceisthen recnstructed individually. First, a sinogram containing all the data clleded
about a spedfic diceis constructed by putting the data from each projedion ange into asingle row of a
new image. Theinitial data must then be converted from a beam to an apparent thicknessof the sample.
Thisisdone using Bea's expresson for beam attenuation (Webb, 99).



1(x) = 1,7
Solving for apparent thickness i x, the atenuation coefficient of the material timesits length, we obtain
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where |y is cdculated separately for ead row by averaging a cetain number of pixelsto the left and to the
right of the sample, where the beam could passunattenuated to the detector. This I can then be used for
ead point in that row to cdculate the gparent thickness. Calculatingit separately also solvesthe

problems that ead projedion may not have the sameinitial intensity, that is, there will appea to be
horizontal linesin the sinogram. Compare Fig. 3 and Fig. 4.

Figure 3. An original Figure 4. A fixed sinogram.
sinogram. Notethe Thehorizontal lines are gone.
horizontal lines.

These sinograms must now be processed further to remove or minimize potential artifads that can be
caused by inconsistenciesin theinitial data. The two main artifads are half-circles around feaures of the
sample and full circles around the center of the reconstruction. The half circles are due to the fad that the
rotation axis of the sample is not diredly lined up with the center of the beam, resultingin the center of the
sinogram being off. The center must be found, and the sinogram moved over the proper amount. Sincethe
projedion at 0 degrees and at 180 cegrees sould contain the same data except reversed, these two rows of
the sinogram can be used to find the center by finding the same feaures on both and cdculating the average
of their values. Usually several feaures are tried and an average used.

Thefull circles surrounding the center of the recnstruction are due to verticd linesin the sinogram, which
can be due to bad detedor elements, among other things. The simplest way to remove these linesis smply
to wash them out by smoocthing ead row out by a cetain number of pixels. Althoughthiscan result in
dightly less defined recmnstructions, this is usually outweighed by the removal of the more obvious rings.

Finally, eat row of the sinogram is filtered with a Shepp-L ogan filter to emphasizethe elges, and eat
ange's datais badprojeded into the reconstruction.



.

Figure5. A filtered sinogram. Figure 6. A reconstructed image.

2. Reconstruction I mprovements

Previoudly, reconstruction was done in LabView using Fortran libraries, and took between thirty and sixty
Pentium hours for large data sets. After rewritingthe codein IDL, the time was shortened to ten to twenty
Pentium hours, afador of threeimprovement. The new code dso is ableto better remove the concentric
rings mentioned ealier. Much thanksis due to Mark Riversfor his ealier work on tomography in IDL.

We dso experimented with parallel processng, with the hope of sharing the processng load between many
computers during the night and on weekends. A very simple parall el processng tedchnique seems best, that
of running the same ade with different data on the multi ple machines. Using an implementation of the
Message Passng Interface(MPI), which all ows computers to simply send messages badk and forth

between ead other, we plan to use one wmputer as a master, and the rest as daves. The master will have a
list of the dlices that need to be processed and farm them out to the other machines one by one. When a
madhine finishes adlice, it will simply be assgned anew one. In this simple way, the recnstruction time
can be gredly reduced by afador equal the number of computers avail able, minus the master.

Complicating thisisthat in order to runthe software on machines without IDL, it must be rewritten in C (or
another language that can be compiled to diredly runon PC's). Unfortunately, part of IDL's geed gains
result from hard-coded matrix operations, which cannot be duplicaed with standard C. Some functions
will have to be written using assembly code, which preliminary tests siow to be faster than C by a fador of
threefor simple matrix operations, or perhaps by using optimized libraries from Intel. These libraries have
not been tested yet.

3. Viewing of the Data

After the data was remnstructed, it was processed for creaion of dice-by-sice movies and virtual redity
viewing. To make the dlice-by-slice movies, the data was cropped to aregion of interest and thresholded
from both above and below to remove extraneous noise and maximizethe range of the useful data.
Bitmaps were then creaed of ead slicein each diredion, which were then imported into Shockwave Flash
to creae the movies.

Of more interest isthe virtual redity viewing of the bone structure. Thisis achieved by modeling an
isosurfaceof the bone volume with palygons. These polygons are described by a set of points and a set of
li sts detail ing which points are members of the palygons, and these sets can be ssimply output into Virtual
Redity Modeling Language (VRML). VRML isan open Internet standard, and browsers are avail able for



all platformsand all web browsers. It all ows for the bone samples to be viewed threedimensionally and
rotated at will so that the structure can be seen from any possible angle or viewpoint, including viewpoints
inside the sample. SeeFigure 7.
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Figure7. A VRML representation of a bone sample, viewed in Worldview 2.1 in Internet Explorer.

Using these viewing techniques on the new tomographic data have dl owed for new discoveries about the
structure of the Haversian canal. For example, it has been discovered that in some plexiform bone, the
canas are found to be in web-like planes conneded by occasionall y perpendicular canals.

4. Analysis of the Bone Structure

Work on the analyzing the bone structure with a graph representation continues. Preliminary work on two-
dimensional modelsis encouraging. Inthese models, the canals are thinned down to asingleline, whichis
then analyzed to find the nodes (where threeor more lines mee together), and their connedivity (which
nodes diredly contad which other nodes). Nodes are found by analyzing the neighbors around ead point
to seehow many paths lead away from it, and the connedions are found by foll owing these paths away
from ead node until another node isreaded. If these dgorithms can be extended to threedimensions, a
graph representation will quickly be readed.
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