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for Small Animal Cancer Research’
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Abstract

Dedicated high-resolution small animal imaging sys-
tems have recently emerged as important new tools for
cancer research. These new imaging systems permit
researchers to noninvasively screen animals for muta-
tions or pathologies and to monitor disease progression
and response to therapy. One imaging modality, X-ray
microcomputed tomography (microCT) shows promise
as a cost-effective means for detecting and characteri-
zing soft-tissue structures, skeletal abnormalities, and
tumors in live animals. MicroCT systems provide high-
resolution images (typically 50 microns or less), rapid
data acquisition (typically 5 to 30 minutes), excellent
sensitivity to skeletal tissue and good sensitivity to soft
tissue, particularly when contrast-enhancing media are
employed. The development of microCT technology for
small animal imaging is reviewed, and key considera-
tions for designing small animal microCT imaging
protocols are summarized. Recent studies on mouse
prostate, lung and bone tumor models are overviewed.
Neoplasia (2000) 2, 62—-70.
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Introduction

Since the introduction of computer-based tomographic
imaging nearly 30 years ago, advanced diagnostic imaging
technologies have revolutionized the practice of medicine.
X-ray computed tomography (CT) [1,2] and magnetic
resonance imaging [3] studies are routinely performed to
assay patient anatomy whereas single photon emission
tomography [4] and positron emission tomography [5]
provide functional maps of metabolic processes. These new
technologies have become common tools of the clinical
arsenal and have touched virtually every aspect of modern
medicine.

In recent years, high - resolution tomographic imaging has
become useful for small animal studies in the basic
biomedical sciences. Magnetic resonance microscopy
(MRM) has emerged as an important technology for in vivo
anatomic studies of soft tissue structure [6,7] whereas
micro-positron emission tomography [8—10] and high
Resolution single photon emission tomography systems with
pinhole [11] and parallel-hole [12] collimators have found
use in functional brain imaging and gene expression studies.

High-resolution X-ray computed tomography (microCT)
systems have also been used in small animal studies.
MicroCT systems have been used primarily for bone imaging
studies due to the high contrast between calcified and soft
tissue, but they have also been shown to be effective for soft-
tissue imaging, particularly when a contrast medium is
employed. Because of the relatively low cost of X-ray
imaging, microCT may emerge as a cost - effective alternative
to MRM for a number of research applications. In this review,
the state of the art in microCT imaging is summarized and
recent studies of bone and soft-tissue tumor models are
described.

Background
The typical configuration of early small animal CT systems is
shown schematically in Figure 1. The subject is placed on a
rotating stage between an X-ray (or in some cases ~v-ray)
source and a detector. The image spatial resolution is
primarily determined by the X-ray source focal spot size,
the detector element size and the system geometry whereas
the contrast resolution is principally set by the X-ray flux and
detector element size. In the early 1980s the available X-ray
detector elements were too large to provide the resolution
required to image rodents so some early investigators [13]
replaced the detector block with a translating X-ray film
cassette. The X-ray film was subsequently processed and
digitized, providing data sets with sufficient resolution (~150
microns) to reconstruct useful images of small animal
organs. By 1984 high-resolution X-ray detector technology
had improved, and Burstein et al. [14] reported a ~50-um
resolution image of a mouse thorax obtained using a 90-kVp
X-ray source and a 512-element linear array of X-ray
detectors. During this period, conventional CT systems were
also employed to simultaneously image multiple mice [15]
with relatively low resolution (>800 pm) but very high
throughput (eight mice at a time, 9.6 seconds per image).
In 1987 Flannery et al. brought X-ray microtomography
into a new era with the introduction of a three-dimensional
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Figure 1. Schematic diagram of a typical microCT system with fixed source
and detector and rotating stage.

imaging system using a two - dimensional detector consisting
of a phosphor plate optically coupled to a charge-coupled
detector (CCD) array [16,17]. To acquire a large number of
X-ray photons in each micro-pixel (~2.5 pmx2.5 pm)
these investigators employed a synchrotron X-ray source
beam line in place of the conventional X -ray tube. During this
time the Ford Motor Company Research Laboratories also
developed a three - dimensional microtomography system for
industrial applications using a laboratory X-ray tube for the
source and an image intensifier screen coupled to a video
readout. As a part of this effort the scanner was used to study
the subchondral bone architecture in guinea pigs with
osteoarthritis [18], human cancellous bone [19], and
trabecular bone structure [20]. A fundamental contribution
of the Ford group was the development of a new three-
dimensional “cone-beam” image reconstruction algorithm,
which remains one of the most widely used volumetric
reconstruction algorithms [21].

In the 1990s a number of groups [22-35] have
developed microtomography systems for high-resolution
specimen analysis. Most of these systems employ CCD-
based detector arrays, micro-focus X-ray tubes, and have
reconstructed image resolutions between 20 and 100
microns. The majority of the studies performed using these
instruments focused on high-density tissue such as bone or
teeth for which magnetic resonance imaging is less
successful.

For in vivo small animal studies, particularly large
population studies, the scanner configuration shown in
Figure 1 can be cumbersome because the subject must be
confined in a rotating carrier designed to prevent soft-tissue
organ motion. Recently, dedicated small animal microCT
scanners have been developed in which the detector and X-
ray source rotate about a fixed “patient bed” [36,37], much
like clinical CT systems. Both scanners employ conventional
X-ray generators but use different configurations. One of the
systems [36] acquires relatively high-speed sequential
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single-slice images using an array of twelve semiconductor
detectors, whereas the other [37] acquires volumetric
images using a 1024 x 1024 element CCD detector array.

Image Acquisition Hardware Considerations

A number of issues must be considered when designing or
specifying a microCT system, including the scanner geome-
try, the X-ray source and the detector. These topics are
summarized below.

Scanner Geometry

A projection X-ray imaging system is shown schemati-
cally in Figure 2. To first order, the image resolution is
determined by the X-ray source focal spot size, the detector
array resolution and the subject position with respect to the
source and detector. If the detector array resolution is limited
by the pixel spacing, x4 the projection image blurring due to
the finite pixel spacing may be modeled as a Gaussian
function with standard deviation

o4~ (7(1)(5 ) i (1)
? Oxs + dsg ) 2Xg~

where d,s is the source-to-subject spacing and dgq is the
subject-to-detector spacing. Note that the effective detector
resolution is improved by placing the subject closer to the X -
ray source to magnify the image cast on the detector face. Of
course, for finite-area detector arrays the image magnifica-
tion reduces the imaging system field - of - view. The choice of
magnification factor is typically a trade-off between the
desired resolution and the requirement that the object under
test must lie entirely within the field of view.

Similarly, if the X -ray focal spot size is specified as a full-
width-half-maximum dimension, x;rwnm, the projection
image blurring due to the nonzero X-ray focal spot size
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Figure 2. Schematic diagram of a typical early microCT source/detector
configuration.
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Figure 3. Calculated contrast resolution as a function of monoenergetic X - ray
energy for water phantoms with a range of diameters.

may also be modeled as a Gaussian function with standard
deviation

oy~ (dxs + dsd) Xt, FWHM @)

Oxs 2.35

Note that placing the subject closer to the detector reduces
the blurring due to the X-ray focal spot size. Increasing the
X-ray source-to-detector distance decreases the X-ray
photon flux, however, resulting in longer data-acquisition
times or poorer contrast resolution.

Because the blurring due to the pixel spacing and the X-
ray source focal spot size are independent functions, the net
system blur due to both of these functions may be obtained
by adding the standard deviations of the individual blurring
functions in quadrature:

OTotal = \/ 05+ o%. (3)

Designing a microCT scanner geometry is therefore the
process of selecting an appropriate source and detector for a
particular application (and budget) and optimizing dys and
dsq to achieve the desired combination of image resolution,
field of view, and data acquisition time.

A 3-D CT data set consists of a series of projection
images acquired as either the subject or the detector/source
assembly rotates over approximately 180 or 360 degrees.
The reconstructed image is a spatial map of measured X -ray
attenuation coefficients, p, expressed as CT Numbers
(defined below). The reconstructed image resolution can
be no better than the resolution of the individual projection
images and is also limited by the number of projections
acquired, the image reconstruction grid size, and the filter
employed during reconstruction. Image reconstruction algo-
rithms are discussed in more detail below.

X-ray Source

The parameters of primary importance in selecting an X-
ray source are the focal spot size, the bias voltage and the
beam filtration.

Focal spot size As discussed above, the image resolution is
limited by the focal spot size. For this reason, most microCT
systems employ microfocus X-ray sources with stationary
targets [26]; X-ray sources with focal spot sizes as small as
5 um FWHM are commercially available. However, the
maximum power that may be applied to a microfocus X-ray
source is limited by the rate at which heat can be removed
from the X-ray source target. Flynn et al. [26] note that for
stationary targets with small focal spot sizes the heat
dissipation is predominantly radial and approximately pro-
portional to the focal spot diameter. These researchers have
observed that the maximum power for a stationary-target
microfocus X -ray source approximately follows the empirical
relationship

Prax &~ 1.4(x;, FWHM)0'887 (4)

where P is the maximum X-ray tube power in watts and
Xirwhm 1S the focal spot size in microns. A survey of
specifications from a number of X-ray source suppliers
shows Flynn’s relationship to hold for most commercially
available X-ray tubes. Because the total X-ray flux emitted
by an X-ray source is approximately proportional to /V?[38],
where [ is the X-ray source anode current and Vis the bias
voltage, this power ceiling (Power=/V) imposes an upper
limit on the available X-ray flux.

Optimal X-ray energy For a Poisson-statistics limited
detection system, in which a finite number of X-rays are
emitted by the X-source, an optimal X-ray energy exists for
best contrast resolution [39]. MicroCT data sets are typically
Poisson-statistics limited due to the limited X-ray flux
emitted by microfocus X-ray sources and the small detector
element sizes. Following the work of Grodzins [39], the
contrast resolution limit may be expressed as

2D exp(u D)
N(AX)®u2

OCT Number

Measured CT Number ()

where the CT Number is the traditional CT metric for
measured tissue attenuation coefficient, jssue, NOrmalized
to the attenuation coefficient of water, pyater:

CT Number — Hissue — Fwater , 4000, (6)

Hwater

In Equation 5, oct number IS the standard deviation of the
measured CT Number, D is the diameter of the subject, p is
the energy dependent X-ray attenuation coefficient, Nis the
total number of X-rays entering the field of view during the
study and Ax is the detector element spacing. At low
energies, where . is large, the contrast resolution is limited
by the small number of X-rays penetrating the subject. At
higher energies, where 4 is small, the contrast resolution is
limited by the small nhumber of X-rays absorbed in the
subject. Equation 5 reaches an optimal (minimum) value at
the energy for which =2/D. Flannery et al. [16] and Flynn
et al. [26] have reported similar conclusions.

The calculated energy-dependent contrast for several
different sized water phantoms is plotted in Figure 3; for a 3-
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cm (mouse-sized) phantom the optimal energy is approxi-
mately 25 keV. It is interesting to note that the curve fora 30-
cm (human-sized) phantom has a much broader minimum,
indicating clinical scanners are less sensitive to X-ray
energy than are small animal scanners.

Of course, standard X-ray sources emit X-rays with a
range of energies. The foregoing discussion therefore
applies to the effective energy of the beam, or the X-ray
energy whose linear attenuation coefficient most closely
matches the measured characteristics of a polychromatic
beam [40]. The effective energy is generally near 30% to
40% of the peak energy (peak energy=bias voltage
xelectron charge) [41].

Beam hardening The polychromatic X -ray spectrum leads to
a second important consideration, beam hardening. As
noted above, the X-ray attenuation coefficient is strongly
energy dependent, especially at the low X-ray energies
preferred for small animal studies. As the X-ray beam
passes through the subject, the lower-energy X-rays are
preferentially absorbed near the surface, causing the
measured CT Numbers to be higher near the edges of the
subject. This is the well-documented beam-hardening
artifact [41—-45]. Prefiltration of the X-ray beam can reduce
the artifact by making the beam more monochromatic and a
number of algorithms have been developed to partially
correct for beam hardening [42,44,45]. Nonetheless the
effect is difficult to eliminate completely.

Detector

Most recently reported microCT systems employ phos-
phor screen image intensifier screens optically coupled to
CCD arrays [16,17,22,23,25—-33,35] or photodiode arrays
[32]. The key parameters to consider when designing or
selecting a microCT detector are the image intensifier
quantum efficiency and resolution at the selected X-ray
energy; the CCD or photodiode dynamic range, noise and
dark current characteristics, pixel size, uniformity, field of
view and read-out rate; and the optical coupling medium
efficiency, uniformity and distortion. A detailed review of
digital X-ray detector technology may be found in Ref. [46].

Reconstruction and Data Analysis Software

Tomographic Image Reconstruction

A tomographic imaging system acquires a series of X-ray
projections from a range of angles around the subject. Each
projection represents the value (or collection of values in a
multielement X-ray detector) of the X-ray attenuation line
integral through the subject along the line from the X-ray
source to the X -ray detector element. Imaging the subject at
equiangular-spaced views over 180 degrees forms a
complete set of projection data. Tomographic image
reconstruction creates a 2-D image (or 3-D volume) from
the measured projection data. The angular distance between
successive projections and the X-ray detector pitch are two
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of the primary factors controlling the resolution of the
reconstructed image.

The measured projection along the X-ray path /at angle ,
is given by the line integral equation

p(1,0) = e 19, (7)

where (/) is the attenuation coefficient of the subject along

1. One can see that the X - ray attenuation factor is dependent

on both the attenuation coefficient and the thickness of the

subject. The discrete version of Equation 7 used in practice is
- Z’i/ﬂ/

pip =€ ", (8)

where jis a pixel index, /; is the set of image pixels through
which X-ray beam i passes, /; is the intersection length of
beam j with pixel j, and p; is the attenuation coefficient for
pixel j. If we let f(x,y) represent the 2-D image to be
reconstructed, the line integral projection through f(x,y) is
called its Radon transform. The Radon transform of the
target image is precisely what is measured when tomo-
graphic projection data is acquired. The collection of
projections in the Radon transform domain is commonly
referred to as a sinogram.

The process of image reconstruction may be defined as
converting projection data in the Radon transform domain to
an image in the spatial domain. There are three major
classes of algorithms that use fundamentally different
approaches to accomplish this conversion: (1) Fourier-
transform-based backprojection algorithms [43,47-49],
(2) statistical algorithms [50-53], and (3) Radon-inver-
sion algorithms [43,47]. Fourier-transform-based recon-
struction techniques are most commonly used in microCT
and are discussed in somewhat more detail below.

Filtered Backprojection Reconstruction Algorithms

The traditional reconstruction algorithm used in most
practical applications is filtered backprojection (FBP), a
Fourier-based technique. FBP is derived from the Fourier
slice theorem [43] which basically states that the Fourier
transform of a parallel-ray projection of an image f(x,y)
taken at angle is a slice of the 2-D Fourier transform of the
reconstructed image, F(u,v), subtending an angle with the
u-axis (Figure 4). The complete 2-D Fourier transform of
the image, F(u,v) can be built by transforming all of the
individual projections of f(x,y), and then taking the inverse-
Fourier transform of F(u,v). Detailed developments of the
FBP algorithm are found elsewhere [43,47].

The advantages of FBP are that its implementation is
straightforward and the execution is relatively fast. FBP
algorithms do not perform as well, however, in cases where
poor statistics are encountered. Statistical reconstruction
algorithms are frequently employed for these applications
[50-52].

Early formulations of FBP assumed a parallel X-ray
architecture, i.e., the line integrals through the subject are
considered to be parallel. As X-ray CT systems evolved,
diverging X-ray fan-beam architectures became more
common because of their convenience and improved data
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Figure 4. Schematic diagram of the Fourier Slice Theorem showing the
relationship between projection data and Fourier domain image data.

acquisition speed. Also, fan-beam systems provide im-
proved resolution over the comparable parallel-beam
system (i.e. same number of detectors) because of
improved sampling in the central region of the subject. A
fan-beam sinogram can be resorted into a parallel-beam
sinogram and then reconstructed using the traditional
parallel-beam algorithm. Alternatively, the fan-beam sino-
gram can be reconstructed directly with a fan-beam
reconstruction algorithm such as those detailed by others
[43,54,55]. A simple way to derive the fan-beam recon-
struction algorithm is to apply a coordinate transformation to
the parallel-beam equations as described by Cho [54].

In conventional X-ray CT systems a 3-D volume is
calculated by reconstructing and stacking individual 2-D
slices. As noted above, however, most recently developed
microCT systems employ two-dimensional detector arrays,
allowing the acquisition of a truly three - dimensional data set.
Since the initial work by Feldkamp et al. [21], 3-D cone-
beam reconstruction algorithms have become an active area
of research. For example, Dusaussoy [56] developed a
Radon inversion, exact cone-beam reconstruction method
that is effective independent of cone angle size. Schaller et
al. have developed a fast, approximate cone-beam recon-
struction algorithm suitable for small cone angles and an
efficient Radon-inversion method for exact cone-beam
reconstruction [57]. Wang et al. [58] and Vannier et al.
[59] , among others, have also made significant contribu-
tions in this arena.

Despite these recent advances, the Feldkamp algorithm
remains the most commonly employed cone-beam recon-
struction method because of its straightforward implementa-
tion and its applicability to practical tomography systems.
Feldkamp’s algorithm is a 3-D backprojection method that
can be derived directly from the fan-beam equations for
FBP. It is an approximate solution, but has tremendous
practical utility for most cone-beam tomography applica-
tions.

Imaging Protocol Considerations

One of the most important advantages of any small animal in
vivo imaging technology is the ability to continue to study the
animal after an imaging procedure. For this reason, it is

critical that the imaging protocol have a negligible effect on
the health of the animal. The anesthesia, radiation dose, and
contrast media must be carefully selected to ensure the
health of the animal after the scan.

Anesthesia

High resolution in vivo imaging requires that the subject
be restrained during the scan; this is typically accomplished
by anesthetizing the animal. Detailed reviews of various
anesthesia protocols for small animals may be found
elsewhere [60-67].

Radiation Dose

Radiation dose to the animal is an important concern
when designing a microCT protocol. We have measured the
dose to various organs using the Oak Ridge National
Laboratory (ORNL) MicroCAT [37] using thermolumines-
cent detectors implanted in the bodies of euthanized mice.
For these studies, the X-ray source was biased at 40 kVp
with an anode current of 800 nA and 390 projections were
acquired with 0.5-second exposures per projection. A 6-mm
Lucite beam -filter was used to provide a modest reduction in
low-energy dose. The radiation doses for 390-projection
and 195 -projection scans are summarized in Table 1, where
the 195-projection doses were calculated based on the
measured 390-projection data. The estimated acute organ
dose delivered during a single 195-projection scan is on the
order of 5% of published LD50/30 values for mature mice
[68].

Contrast Media

In clinical studies, iodine or barium contrast media are
typically administered orally, intravenously or rectally to
enhance the measured CT Numbers of various organs or
tissues [40,41]. Similar protocols may also be developed for
small animal studies. To date, contrast enhanced imaging at
the ORNL has been limited to i.p. injection of a nonionic
water-soluble iodine contrast medium (e.g., Nycomed
Omnipaque-300). The i.p. injection route was selected for
its simplicity, an important factor when studying large
populations. The contrast medium opacifies the peritoneal

Table 1. Radiation Dose to Organs during MicroCT Study.

Dose Received
during Screening
(195 Projection)

Organ Dose Received
during High - resolution
(390 Projection)

Scan* (Gy) Scan’ (Gy)
Brain 0.76 0.38
Trachea 0.41 0.21
Heart 0.60 0.30
Liver 0.48 0.24
Kidneys 0.76 0.38
Intestines 0.63 0.32
Stomach 0.56 0.28
Bladder 0.45 0.23
Uterus 0.55 0.28

*Measured using thermoluminescent dosemeters.
'Estimate based on 390 - projection study.
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Figure 5. Kidney scan of an adult mouse acquired using 250 ml i.p. injected
Nycomed Omnipaque 300 contrast media to enhance the CT Numbers of the
kidneys and peritoneal fluids.

fluids, providing visible boundaries between organs, and is
removed through the liver and kidneys to the bladder,
increasing the measured CT Numbers for these organs. The
increase in CT Number provided by contrast media is
approximately
ACT Number ~ luirontrast media )
c H;/vater

9)

where C is the contrast medium concentration in the tissue
(mg/ml) and p' is the density-normalized attenuation
coefficient (/= y/density cm?/g).

A typical contrast enhanced kidney scan is shown in
Figure 5, where the mouse was injected i.p. with 250 ul of
Nycomed Omnipaque-300 30 minutes before the scan. The
mouse was anesthetized with a solution of tribromoethanol
dissolved in tertiary amyl alcohol and distilled water for an i.p.
injected dose of 300 mg/kg body weight. The mouse was
scanned using the ORNL “high resolution protocol” in which
the X-ray source was biased at 40 kVp and 400 p:A, and data
set consisting of 390 projections (1-second exposure per
projection) was acquired. The image was reconstructed on a
500x500-pixel grid using a fan-beam resorting algorithm
followed by a filtered-back projection algorithm with a
standard ramp filter [40].

Representative Images

Tramp Model

To assess the usefulness of microCT for soft-tissue
tumor studies, several mice from the autochthonous trans-
genic adenocarcinoma mouse prostate (TRAMP) model
recently developed by Greenberg and coworkers [69—-71]
were imaged. The TRAMP model is a transgenic line of
C57BL/6 mice carrying a DNA construct comprised of the
minimal — 426/ +28 base pair rat probasin promoter driving
prostate- specific epithelial expression of the SV40 large T
antigen. TRAMP males display prostatic intraepithelial
neoplasia by 10 to 12 weeks of age with distant metastases
by 24 to 30 weeks of age [70,71].

The University of California Berkeley Cancer Research
Laboratory (A. Hurwitz and J. Allison) provided the mice
used in this study. Six mature male TRAMP mice (approxi-
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mately 24 weeks old) were injected i.p. with 0.25 ml of
Conray 400 iodinated contrast medium 15 minutes before
sacrifice. The carcasses were then frozen and shipped to the
ORNL. The frozen carcasses were scanned using the ORNL
“screening protocol” in which the X-ray source was biased
at 40 kVp and the anode current was set to 400 pA. A total of
195 projections (1.0 seconds per projection) were acquired
in 1-degree steps. The images were reconstructed on a
250x250-pixel grid using a fan-beam resorting algorithm
followed by a filtered-back projection algorithm using a
standard ramp filter [40].

A typical reconstructed image of the TRAMP model pelvis
is shown in Figure 6. Tumors are visible above and below the
bladder, which appears as a bright white structure in the
middle of the image. The tumors are 6 to 10 mm in diameter
and clearly constrict the bladder. Fatty tissue is also present
around the tumors and bladder. The CT image agrees well
with necropsy data obtained from animals of similar age
(Norman Greenberg, private communication).

Lung Tumor

Kennel and coworkers at the ORNL have recently
developed targeted radioimmunotherapy for lung carcinoma
in which monoclonal antibodies labeled with alpha particle
emitting radioisotopes are targeted to lung tumor vessels
[72-75]. To evaluate the efficacy of microCT as a means of
imaging lung tumors in vivo a series of BALB/c mice were
seeded with EMT -6 lung tumors and serial CT images were
collected over a 17-day period. Thin section histology
samples were collected every 0.5 mm through fixed lung
from each group and used to determine the accuracy of
tumor detection by CT. CT proved most useful in detecting
lung tumors located in the hilar area and least useful in
detecting serosal surface and anterior lobe tumor foci.

For the CT studies of live mice, the animals were
anesthetized through i.p. injection of the tribromoethanol
solution described above. No contrast media was used. The
CT scan and image reconstruction followed the ORNL “high
resolution protocol” described above. An in vivo lung image

Figure 6. Pelvic microCT scan of a TRAMP model showing (A) prostate
tumors, (B) bone, (C) muscle, (D) bladder (opacified by contrast media
uptake), and (E) fat.
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is shownin (Figure 7a), where the image reconstruction grid
was 500x500. At the end of the 17-day period of study the
mice were sacrificed and the lungs were inflated with air for a
final scan using the same scanner settings as before. A
postmortem scan is shown in (Figure 7b), where the
reconstruction grid was 250x250. It should be noted that
some additional postreconstruction processing was applied
to (Figure 7b) to match the image scale with that of (Figure
7a).

Although streak artifacts and blurring due to pulmonary
and cardiac motion appear in the in vivo image (Figure 7a),
the larger tumors are evident. Observable tumors vary in size
from approximately 0.5 mm to 2 mm in diameter. The tumors
are visible in greater detail in the postmortem image shown
in (Figure 7b). The gross structural characteristics of the
lungs are also more clearly resolved. Tumor positions were
verified by comparing serial CT reconstructions with H+E
stained serial histology sections.

Tumors

Tumors

Figure 7. MicroCT lung scans of (a) living and (b) euthanized BALB/c
mouse seeded with EMT -6 lung tumors.

Figure 8. MicroCT scans of the ORNL 2Acr(e) mutant mouse exhibiting a
large bone tumor at the base of the skull.

Bone Tumor Model

To assess the usefulness of microCT for bone tumor
studies, a mutant mouse model developed at ORNL was
imaged. This mutant, 2Acr(e), was recovered among the
offspring of a male which had been exposed to acrylamide
monomer. The mutant line has been propagated in a
breeding stock at ORNL since 1986. The mutation is
presumed to be in an allele at the Mo (mottled) locus,
recently renamed Atp7aM°=ATPase, Cu** transporting,
alpha polypeptide, located on the X chromosome. The allele
Mo©F-2Ac  (provisional name) is transmitted through
females only because carrier males die prenatally. Hetero-
zygous females are characterized by mottled fur and curly
vibrissae. They may exhibit osteomas on the skull, scapulae,
and feet, with a frequency and body location that depends on
genetic background.

A mature female with a palpable tumor on the left side of
its skull was anesthetized through i.p. injection of the
tribromoethanol solution described above and CT data was
acquired following the ORNL “high resolution protocol”. No
contrast medium was used. Two transaxial image slices of
the tumor are shown in Figure 8,a and b where the tumor
has an in-plane area of approximately 3.5x5 mm?.

Conclusions

Recent advances in X-ray microCT hardware and software
make this new technology an important new tool for in vivo
small-animal-based biologic studies. MicroCT systems
provide high resolution, rapid data acquisition and sensitivity
to both skeletal and soft tissue. Soft-tissue sensitivity can be
enhanced using contrast media. Due to the relatively low
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cost of X-ray imaging hardware, microCT has the potential
to be among the least expensive small animal imaging
modalities. Important issues to consider when designing a
small animal X-ray microCT protocol are choice of anes-
thetic, X-ray dose/image quality tradeoffs, and choice of
contrast media. Recent images of mouse models for prostate
cancer, lung cancer and bone tumors demonstrate the
potential usefulness of X-ray microCT in cancer research.
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