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Application of MCNP"V to Computed Tomography in Medicine

Ronald . Brockhoff(KSU). Guy P. Estes
Charles R, Hillstmason & hanger). John J. DeMarco(ucla).
and Timothy D. Solberginela)

I Introduction

The MONPTY code has been used to simulate
C'T scans of the MIRD human phantom. In ad-
dition, an actual (*T scan of a patient was used
to create an MONP geometry. and this geom-
etry was computationally "("T scanned™ using
MOCNP to reconstruct ('T images. The results
show that MCNP can be used to model the hu-
man bhody based on data obtained from ('T scans
and to simulate ('T scans that are based on these
or other models.

II Image Reconstruction

Methods

Image reconstruction of a computed tomography
(CT) image is based on the fact that materials
of differing electron densities attenuate x-rays
to varying degrees. In fact, for a b=am of x-
rays passing from a source to a detector, through
the phantom, the total attenuation of the x-ray
beam can be represented by a simple line inte-
gral as shown by Radon.!? Then. a projection
of the phantom can be obtained by combining
these line integrals, which for a series of parallel
line integrals can be accomplished by applying
a Fourier transform to the projection data at a
constant projection angle. To produce such a
projection a source and detector could be moved
paiallel to each other along opposite sides of the
phantom, or a line source parallel to an array
of detectors could be placed about the phantom
(see Fig. 1).

Once a series of projections have been made
at equal angular intervals about the phantom.
they can be combined to form an image of the
original phantom. Spedifically. if a 1-D Fourier
transform of each projection is performed. then

the image can be obtained by noting that the
transform of each projection s equal o the 2-
D transform of the phantoiir  Henew, an image
of the phantom can be obtained by taling the
inverse 2-D Fourier transform.? In other words.
by iaking the Fourier transform of a projcction.
the transform along a radial line in the {frequencey
domain of the phantom can be obtained. Thus.
with an infinite number of projections and an
infinite number of detectors, a complete set of
data in the frequency doniain can be obtained,
and simple inversion will give an exact image of
the phantom.

Unfortunately, only a finite number of projec-
tions and detectors can be obtained for a phan-
tom, which only allows the construc'’ n of an
approximate 2-D view of the phantom. Thus.
to obtain the original image interpolation of the
data in the frequency or space domain must be
performed. The method of filtered backprojec-
tion was implemented to facilitate this image
interpolation and reconstruction from the fre-
quency domain. Each projection was weighted
in the frequency domain to account for the dis-
crete nature of the projections. and then bhack-
projected into the space domain. In addition.
a Hamming window was applied to reduce the
occurrences of aliasing artifacts.]

For parallel beam projections the optimum
ratio between the number of projections and the
number of detectors can be found via a Fourier
analysis. This theoretical derivation shows that
for a parallel beam geometry, the number of pro-
jections is approximately equal to /2 times the
number of detectors used in each projection.!
For calculations in this study. 128 detectors were
defined for each projection. and projection data
was collected at 2 degree intervals between 0 and
360 degrees.

In essence. the image reconstruction used in
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A line source and a detector array are defined about the phantom and projections are

calculated at 2 degree increments. The position of the source and detector arrays are shown for the
1st (i.e., 0 degre: = of rotation) and 22nd (i.e.. 44 degrees of rotation) scans.

this study was implemented using the VIEWIT
utility, based on the following procedure: (1) the
1-D Fourier transform was applied to the projec-
tion data to convert the data to the frequency
domain. (2) the data was filtered by weighting
the projection data, (3) an inverse Fourier trans-
formed to convert the data back to the space do-
main and (4) the filtered data was backprojected
into an array in the space domain.

III MCNP Calculations

MCNP? ic a general-purpose Monte Carlo code
for calculating the time-dependent continuous-
energy transpori of neutrons, photons. and/or
electrons in three dimensional geometries.
MOCNP is used around the world for many diverse
applications including nuclear criticality safety.
radietion shielding. medical physics and radio-
therapy. oil well logging. nuclear safeguards.
and nuclear reactors. and it has been exten-
sively benchmarked with kpcwn experimental
results.6.7.8.9.10.11.12.13.14

To simulate a parallel beam projection using
MCNP. a line source of monodirectional x-rays

directed along a slice of the MIRDab:ab (Mathe-
matical Internal Radiation Dosimetry) phantom
was defined (see Fig. 2). The energy distribution
of the source used in the calculations is shown in
Fig. 3. though other energy distributions were
examined. In fact, the specification of different
source configurations is easily accomplished us-
ing MCNP’s built-in source options. For detec-
tion purposes an array of detector volumes was
defined parallel to the line source on the oppo-
site side of the phantom. Then the phantom
was rotated at 2 degree intervals using a series
of surface transformations to obtain the different
projections of the phantom.

The flexibility and ease of the geometry spec-
ification in MCNP allowed for the construction
of several different phantoms with varving de-
grees of complexitv. A MIRD phantom model
was constructed based on published results!? as
seen in Fig. 4. Then simnplified phantoms based
on the MIRD model were constructed with an-
nular bones and simulated tumors. Finally, an
MCNP lattice geometry of a patient’s chest was
constructed from an actual (‘T scan of the pa-
tient at U('LA.16 The original C'T scan obtained
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Fig. 2. MIRD geometry used for ("' scanning.
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Fig.3. Source Energy Spectrum for CT scanner.

An internal view of the MIRD M(CNP
geometry.

Fig. 1.

from UCLA is shown in Fig. 5.

To reduce the computational time required
to run a simulation, the grid used to represent a
slice of the phantom was reduced from the 512
X 512 grid. used in the original C'T scan. to a 61
X 64 grid as shown in Figs. 6-77.

IV Results

Several MC'NP simulations were performed at
Los Alamos National Laboratory (LANL) to de-
termine the quality of the CT imagines that
could be obtained by simulating a C'T scan of
a phantom. The first geometry that was mod-
eled was the MIRD phantom, and the results for
a slice through the chest are shown in Fig. 7. As
one can see the results are quite good for this
simple geometry. and aliasing is minimal.

After the MIRD model had been success-
fully used to simulate a CT scan, a simplified
form of the MIRD phantom was constructed.
This model was constructed with hollow annu-
lar bones to represent the inhomogeneity in bone
composition in the human body. The marrow
was assumed to be normal MIRD flesh mate-
rial. In addition, a small "tumor™ was simuiated
in the right lung. This tumor was composed of



Fig. 5. UCLA CT scan of the chest with 512 X

512 resolution.
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Fig. 6. UCLA MCNP geometry derived from a
CT scan of the chest.

Fig. 7.

Reconstructed CT of MIRD Phantom



Fig. 8.
with annular bones and a tumor in the right
lung,.

Reconstructed CT of MIRD Phantom

the same material composition as the rest of the
lung, but the density was increased to 2 g/cm”,
about twice the density of normal flesh. The re-
sults are shown in Fig. 8. The marrow inside of
the bones can be clearly distirguished in the fig-
ure. and the tumor in the right lung can be seen
without difficulty.

Next, the MCNP geometry obtained from a
CT scan of the chest of a patient at UCLA was
used to simulate the original CT scan. The re-
sults are shown in Fig. 9. and exhibit the major
(as well as some minor) details of the original
CT of 6. The scan is quite representative of the
original scan considering the course grid (64 X
64) used in the MCNP geometry and the small

Fig. 9. Reconstructed CT of the MCNP geom-
etry of the chest.

number of detector locations (128) used in the
simulation. Further studies are planned to in-
vestigate how dose rates calculated near material
interfaces with a coarse model such as this agree
with those calculated in more detailed models.

Some aliasing does exist in this scan. but if
the number of detectors along each projection
and the number of projections were increased.
then the clarity of the scan would be expected
to increase.

V Conclusions

The results of this study show that MCNP can
be used successfully to simulate CT scans. both
for phantom geometries and for models of hu-
mans based on actual CT scans. For the latter
case, the results indicate that when a geometry
is constructed on a coarser spatial mesh than the
original CT. the overall results of a subsequent
MCNP CT reconstruction are remarkable similar
to the original CT scan. This would indicate that
the modeling of the human geometry in terms of
a somewhat coarser spatial grid may be adequate
for certain medical studies, thus reducing com-
puter time requirements for treatment planning
with detailed Monte Carlo calculations. Thus



one could conclude that such simplitied MONP
geometries constructed from T scans could he
used Lo evaluate at least some classes of med-
ical treatment planning scenarios.  Studies are
underway to perform similar calculations using
a 128x 128 MCNP model based on the same (T
scan. and evaluate the differences in calenlated
dose rate for various treatment scenarios.

In addition. these studies indicate that
MCNP could be used to design new (T ma-
chines, perhaps resulting in better and less costly
designs for specific applications. By computa-
tionally evaluating the treatment patients re-
ceive from these machines. the machine design
process could be improved. In addition. since
patient-specific models of the anatomy can be
implemented in MC'NP, the quality of radiologi-
cal procedures for each patient can be improved.

Unfortunately, the construction of (T scans
from a MCNP geometry is at present computa-
tionally costly, and are not now justifiable for
routine use. However, although the M('NP sim-
ulation may he computationally costly. it may be
justifiable for high risk medical procedures and
equipment design. The construction of accurate
MCNP geometries from a ('T scan can be easily
implemented. and represents a potentially valu-
able diagnostics tool in itself.
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