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ABSTRACT

In recent years, a new technique for in vivo spectrographic imaging of stable isotopes was presented as Neutron
Stimulated Emission Computed Tomography (NSECT). In this technique, a fast neutrons beam stimulates stable
nuclei in a sample, which emit characteristic gamma radiation. The photon energy is unique and is used to
identify the emitting nuclei. The emitted gamma energy spectra can be used for reconstruction of the target
tissue image and for determination of the tissue elemental composition. Due to the stochastic nature of photon
emission process by irradiated tissue, one of the most suitable algorithms for tomographic reconstruction is the
Expectation-Maximization (E-M) algorithm, once on its formulation are considered simultaneously the
probabilities of photons emission and detection. However, a disadvantage of this algorithm is the introduction of
noise in the reconstructed image as the number of iterations increases. This increase can be caused either by
features of the algorithm itself or by the low sampling rate of projections used for tomographic reconstruction.
In this work, a linear filter in the frequency domain was used in order to improve the quality of the reconstructed
images.

INTRODUCTION

There are several diseases that are characterized by changes in stable isotopes concentration,
and the quantification of these elements, which begin to change even before morphological
changes occur in the affected tissues, can provide early in vivo diagnosis of the pathologies.
As examples we can cite cases like the difference in concentration of certain chemical
elements between benign and malignant tissues [1], quantitative analysis of iron overload in
the liver [2], efficiency of nutrients transport [3], changes in concentration of certain
elements for Alzheimer’s disease [4], kidney disease [5] and heart disease [6].

The stimulated emission tomography by fast neutrons provides a noninvasive alternative to
histological analysis with similar results without the need for a surgical procedure. In this
technique, a beam of fast neutrons with a low dose rate is used to stimulate stable isotopes of
elements in the irradiated media, causing the emission of gamma rays whose energies are
characteristic of emitting nuclei. The isotopic composition is determined by obtaining the
emission spectrum of interactions from nuclear inelastic scattering, which is then used for the
identification of the emitting isotopes. Considering the use of multiple neutron beam
projections, it is possible to perform tomographic reconstruction of a qualitative map of the



2011 International Nuclear Atlantic Conference - INAC 2011
Belo Horizonte, MG, Brazil, October 24-28, 2011

Associacio BrasiLeira DE ENERGIA NUCLEAR - ABEN

ISBN: 978-85-99141-04-5

spatial distribution of the nuclei of stable isotopes that are stimulated to emit characteristic
gamma rays.

Due to the stochastic nature of photon emission process by irradiated tissue, one of the most
suitable algorithms for tomographic reconstruction is the Expectation-Maximization (E-M)
algorithm [7]. According to the algorithm formulation are considered simultaneously the
photons emission and detection probabilities and these features make this approach one of the
most relevant applications of the E-M algorithm. However, after some iterations, the
reconstructed images have a certain level of degradation due to noise caused either by
features of the algorithm itself as the low sampling rate of projections used for tomographic
reconstruction [8].

In this work, a linear filter in the frequency domain was implemented in order to improve the
reconstructed images quality. The steps of the image processing aimed highlighting the main
features of the reconstructed objects and the suppression of the inherent noise of the
tomographic reconstruction. The next sections are organized as follows: in the section 2 will
be presented the main related concepts to the NSECT technique, the developed tomographic
system as well the simulations environment and the designed linear filter; in the section 3 will
be evaluated the obtained results with the tomographic images enhancement and discussions
about the reconstructed images quality and conclusion will be done in section 4.

METHODOLOGY

2.1. NSECT and the tomographic system

NSECT is based on inelastic neutron scattering where a beam of fast neutrons stimulate the
stable nuclei in a sample, emitting characteristic gamma radiation. The photon energy is
unique and is used to identify the emitting nuclei. The gamma spectrum can be used for
tomographic reconstruction and spectroscopy of the elements distribution in the sample
acquired through a non-invasive in vivo scan [9]. In order to reproduce this tomography
technique, a monoenergetic collimated neutron source and gamma detectors were virtually
simulated with Monte Carlo method assuming all the physical characteristics of the radiation
transport.

The Monte Carlo method (MCM) can be described as a statistical method, which uses a
sequence of random numbers to perform a simulation. In terms of radiation transport, the
stochastic process can be seen as a family of particles moving randomly in each individual
collision as they travel through matter. The average behavior of these particles is described in
terms of macroscopic quantities such as flux or particle density. The expected value of these
quantities corresponds to the deterministic solution of the Boltzman equation. Specific
quantities such as deposited energy or dose are derived from these quantities.

In practical applications of the MCM, the physical process is simulated directly, without
solving the mathematical equations representing the system behavior. The only requirement
needed is that the physical process can be described by a probability density function, which
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models the physical process of the observed phenomenon. Thus, the essence of MCM applied
to radiation transport is to estimate quantities, observing the behavior of a large number of
individual events [10].

The MCNP code is a well-known and widely used Monte Carlo code for neutron, photon, and
electron transport simulations [11]. The first MCNP version was released in the mid-1970s
for neutron and photon transport, and was enhanced over the years to include generalized
sources and tallies, electron physics and coupled electron-photon calculations, macrobody
geometry, statistical convergence tests and other features. The present work utilized the last
MCNP released version which is the version 5. The MCNPS5 particle transport simulation
requires an input file (inp), which allows the user to specify all the information about
geometry modeling, source specifications, material compositions, and the specific quantities
to be estimated.

2.1.1. Tomographic system

The simulated tomographic system is based on a first generation computed tomography (CT)
scanner. Using this design, the source is modeled as a 7 MeV neutron pencil beam which is
translated across the patient to obtain a set of parallel projection measurements at one angle.
While in a conventional x-ray CT the source and detector are aligned in opposite sides, in
NSECT scanner the detectors should be located at preferentially at 45° around the neutron
beam [9]. This feature should be done to minimize counting from inelastic neutron scattering
on detectors and, in a experimental approach, neutron detector damage from scattered
neutrons.

In order to improve detection efficiency, eight gamma-ray detectors were modeled as
cylinders of 10 cm diameter and 9 cm height and have the natural composition of high-purity
germanium (HPGe). The detectors are positioned 45 degrees from each other forming a
shape-ring detection system of 80 cm diameter and displaced 60 cm from center of CT field
of view (FOV). The source/detection system is then rotated slightly and a set of counts is
obtained from the track particle transport in detectors during a translation past the sample.
This process is repeated once for each projection angle. The Figure 1 exemplifies the
simulated tomographic system.
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Figure 1. Three-dimensional (a) and two-dimensional (b) perspectives of the simulated
tomographic system in a 45 degrees rotation about the y axis.
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The irradiated sample is a x-ray CT phantom composed by sixteen cylinders of 4 cm diameter
and 20 cm height. All of them are symmetrically disposed in a cylinder of 42 cm diameter
and 20 cm height made of Lucite. Each one of the sixteen cylinders has a specific
composition which simulates some tissues of interest like compact bone, lungs, muscle and
fat tissue. More details about these compositions can be found in [12]. The Figure 2 shows
this array of cylinders.
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Figure 2. Simulated phantom composed by different materials. Labels are provided in a
purpose of matching some regions of interest on tomographic reconstruction.

Each numerical label in Figure 2 refers to a specific chemical composition. According to the
Table 1, the materials that composed the phantom are quite different and due to this feature,
the tomographic reconstruction of this phantom is a interesting approach for evaluate the
potential of NSECT to identify and perform the reconstructions considering the isotopic
composition individually.

Table 1. Phantom materials [12].
Label | Phantom material
1 Lucite
Spongiosa
H+900
Solid water
H + 1200
RW -3
PMMA
H - 800
H - 500
10 Compact bone
11 Polyethylene

Nellle A ENE I N LV, | NSNS (US| O]

12 Muscle
13 H + 200
14 Fat
15 H + 400
16 Lung

17 H + 700
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The simulated sinogram was obtained considering 5975 neutron beam projections where it
was performed 239 translations on 25 equidistant angular positions from 0 to 360 degrees.
Due to excessive cpu time, it was not possible to simulate the sinogram in high sampling rate,
thereby some level of aliasing is expected on reconstructions. The neutron pencil beam was
modeled as a square section of 0.25 cm?” and for each projection were simulated one million
neutron histories.

The tomographic reconstructions were performed using E-M algorithm which nowadays is
widely employed in emission tomography research. The algorithm features are beyond scope
of this paper and more details can be found in [8].

2.2. Unsharp masking in the frequency domain

The reconstructed images using the E-M algorithm usually shows some level of degradation
due to ill-posedness of the tomographic reconstruction problem. In addition, depending on the
sinogram sampling rate, specific aliasing pattern can be observed in the reconstructed images
like streaks. This kind of artefacts can be recognized through high-frequency component of
the two dimensional fast Fourier (2D FFT) transform of image under evaluation.

However, some important image features as edges and contrast are also described in the high-
frequency component and it is possible that the same image processing can affect in different
levels all the high-frequency components. It is desirable to suppress the artefacts as much as
possible without compromising any interfaces or contrast levels. Therefore it was
implemented the unsharp masking for image enhancement.

According to the literature [13], a low-pass filter g can be used to split an image I into two
parts: a smooth part gel, and the remaining high-frequency part I - gl containing the edges
and other image details. Hence, seems reasonable to describe the image as follow:

[—gel+(I—geI), (1)

where the expression I — g ¢ I is a approximation of the Laplacian of 1. Basically, the unsharp
masking enhances the image details by emphasizing the high-frequency component.

Using frequency domain methods, the unsharp masking can be defined according to the
equations below:

m(XsY) = f(XaY) - fLP (X7Y)a (2)
with

fip(x, y) = =F '[hee (u,v) * F(u,v)], 3)

where (x,y) and (u,v) are respectively spatial- and frequency- domain variables, hip (u,v) is
a low-pass filter, F(u,v) is the 2D FFT of the input image f(x,y) (pixel value in the spatial
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domain) and F' is the inverse discrete Fourier transform (IDFT) [14]. The notation ¢ refers
to an array multiplication.

Then, the unsharp masking is composed by the input image f(x,y) and m(x,y) weighted by a
penalty parameter:

sh(x,y) = f(x,y) = am(x.y). “4)

Using a low-pass gaussian filter, the deviation parameter ¢ is responsible for the size of the
frequency band that is enhanced and A controls the strength of the enhancement. Small
values of ¢ and A must highlight the finest details. In this paper it was adopted o = 5 for a
low-pass gaussian filter in a 200 x 200 reconstructed images size and A = 0.25.

RESULTS AND DISCUSSION

According to the basics of the NSECT, it is feasible evaluate individually the isotopes
contribution to the gamma spectrum counting and consequently to the tomographic image. In
a purpose of demonstrate this feature, the reconstructed image from the full gamma spectrum
was compared with partials reconstructions where it was chosen four isotopes of interest.

The most abundant isotope in the phantom materials including compact bones, lungs, muscle
and fat tissue is carbon, so it is easy to identify this isotope in the gamma spectrum. The
calcium, silicium and magnesium isotopes are located only in a few phantom materials and
they are not present in the Lucite chemical composition. The magnesium isotope is present
only in the phantom material No. 16, the calcium isotope is found in phantom materials No.
2,3,4,5,10,12 13, 15 and 17 and the silicium isotope is found in phantom materials No. 3,
5,8,9,13,15, 16 and 17.

As previously described, the simulated sinogram considering all the isotopic composition was
used first to perform a tomographic reconstruction of irradiated phantom. The Figure 3 shows
this initial tomographic reconstruction and its respective 2D FFT. All performed
reconstructions were achieved using seven iterations.



2011 International Nuclear Atlantic Conference - INAC 2011
Belo Horizonte, MG, Brazil, October 24-28, 2011

Associacio BrasiLeira DE ENERGIA NUCLEAR - ABEN

ISBN: 978-85-99141-04-5

a

Figure 3. Tomographic reconstruction using the full sinogram (a) and its respective
2D FFT (b).

Due to the low sampling rate of projections, in image appears some artefacts as streaks and
this aliasing pattern can be observed through the intense variation in the high-frequency
component of the 2D FFT. With respect to the identified phantom materials, apart from
Lucite No. 1, only three structures were promptly reconstructed. The reason for that is the
low isotopic concentration with regard to carbon abundance.

Using energy windows applied in the original gamma spectra, the counts related to the
isotopes under evaluation were used to generate four sinograms and these were input data to
perform individual tomographic reconstructions, which reproduces the spatial distribution of
each kind of isotope in the irradiated sample. The Figure 4 shows the reconstructions and
their respective 2D FFT.

. ; / .
Figure 4. Tomographic reconstructions considering the isolated contribution of distinct
isotopes: reconstructions respectively from silicium, carbon, calcium and magnesium
isotopes (a, ¢, e, g) and its respective 2D FFT (b, d, f, h).
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The Figure 4a shows the magnesium spatial distribution. There are eight phantom materials
that contain this isotope and, due to the low concentration, only one phantom material do not
appears on the reconstruct image which is No. 16. The carbon spatial distribution is presented
on Figure 4c. As expected, this image shows a good definition due to the high carbon
concentration. In a particular case, the chemical composition of the phantom material No. 6
shows more than 90 % of carbon. In Figure 4e, the calcium spatial distribution is identified in
5 of the 9 phantom materials where the best identification refers to the compact bone (No. 10)
and the magnesium spatial distribution present only in phantom material No. 16 is shown in
Figure 4g. Intense streaks appear in the high-frequency component of the 2D FFT due to
reconstruction artefacts produced by the low sampling rate of projections.

The neutron pencil beam propagation is not straight forward due to elastic scattering mainly
with hydrogen nuclei. Therefore, even setting an energy window on the detected gamma
spectra, some undesirable counts appear on sinogram which induces a background in the final
reconstructed image. This feature explains the background image on Figures 4a and 4g.

These four partials tomographic reconstructions were processed using the unsharp masking
described in previous section. According to the literature, this image processing has the
propriety of highlighting the finest details while the image homogeneity is preserved. This
image details are very important in order to preserve the reliability between the irradiated
sample and reconstructed images. The Figure 5 shows the results of the tomographic images
enhancement and their respective 2D FFT.

B
QO

d h

-
g

Figure 5. Tomographic images enhancement using the unsharp masking for

reconstructions considering the isolated contribution of distinct isotopes:

reconstructions respectively from silicium, carbon, calcium and magnesium isotopes (a,
¢, e, g) and its respective 2D FFT (b, d, f, h).
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The quality of the images enhancement improved the phantom materials identification
presented on Figure 2. Interfaces and contrast levels are in agreement with array of cylinders.
The 2D FFT reveals the same pattern of improvement if compared with the Figure 4 as result
of the frequencies distribution homogeneity. In all reconstructions, the high-component
frequency becomes less intense and this feature suppressed some aliasing artefacts.

Considering the tomographic images enhancement, is expected a quality improvement in an
image that contains all of evaluated isotopes. Then, in an additional step, the processed
images were fused into a new tomographic image considering simultaneously the four
isotopes. The fusion was obtained through the mean pixel value of each reconstructed image
which was normalized by the maximum intensity. The Figure 6 shows the fused image.

a b

Figure 6. Fusion of the enhanced tomographic images (a) and its respective
2D FFT (b).

Comparing the fused image with the tomographic reconstruction using the original sinogram
showed in the Figure 3, it is possible to observe better contrast levels and the identification of
phantom materials becomes clearer. Other important details are the preservation of edges in
addition of the identification of more phantom materials than first tomographic
reconstruction, besides aliasing artefacts were suppressed. The superior quality of the fused
tomographic image can be also evaluated through its 2D FFT which shows a homogeneous
distribution of the frequencies including the high-frequency component when compared with
2D FFT of the first tomographic reconstruction. In order to compare the reconstruction
improvement, the edges of reconstructions showed on Figures 3a and 6a were detected using
the Canny method, Figure 7.
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Figure 7. Canny edge detector applied on fused image (a) and tomographic
reconstruction from original gamma spectra (b).

According to the edge detection, some unidentified phantom materials initially reconstructed
from original gamma spectra becomes visible on fusion of the enhanced tomographic images,
specially the inner ones. Another important feature observed through the outer contours is the
artefacts suppressing without compromising the phantom-air interface. These improvements
on the fused image justify the proposed methodology in an effort to emphasize the main
details of each processed image while phantom material identification is preserved.

The simulated phantom is composed by seventeen cylinders made of different materials, but
at least one isotope is common among all of them. Therefore, it would be expected that all
cylinders were identified in some isotopic individual reconstruction or in the fused image.
This statement is correct, however there are some details that should be discussed before
concluding whether the NSECT technique can or cannot provide useful information, and
especially in what situations.

Basically there are two factors that affect the NSECT performance which are neutron beam
and composition related. As mentioned before, the neutron pencil beam propagation is not
straight forward due to elastic scattering. Then, even in a collimated configuration, the
neutron beam stimulates the surrounding area of beam path. Considering this fact, on each
neutron beam projection, the photon emission cannot be originated in a region well-known.
This implies in a poor resolution for reconstruction of small structures.

The influence of composition over the reconstruct images is dependent of the similarity
among chemical components. The simulated phantom was intentionally proposed in order to
demonstrate this feature. The unidentified phantom materials has chemical compositions very
similar, and in association with the neutron beam scattering it was not possible to distinguish
then due to the small difference of counting between successive neutron beam translations.
Now a days different modalities of diagnosis can provide complementary information about
anatomy and physiology. However, there are few of them that can quantify the tissue
composition in a noninvasive procedure. Even considering the drawbacks related to
resolution and identification of small structures, the NSECT technique is able to provide
simultaneously anatomic and physiologic information about a range of pathologies.
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According to the literature, the breast cancer detection [15], the assessment of calcium
deposition related to breast microcalcifications development [16], and evaluation of iron
overload in liver [17] are examples of applications where the absorbed dose can be compared
with x-ray CT scan or conventional x-ray image.

CONCLUSION

The proposed methodology was able to improve the reconstructed tomographic image in
association with the isotopic individual selection. In the present approach, it was
demonstrated the capacity of the NSECT technique in perform tomography for isolated
isotopes.

Due to additional noise associated to the E-M algorithm and aliasing artefacts from histogram
sampling, image processing become necessary in order to improve the reconstructed image
quality. According to the obtained results, besides image quality improvement, the image
processing revealed details unobserved when the images were fused. Using this approach the
fused image from the enhanced images revealed more phantom materials than tomographic
reconstruction from original sinogram without any processing technique.

The tomographic image enhancement was achieved by implementation of the unsharp
masking in the frequency domain and this filter shows good properties for this application by
suppressing artefacts and highlighting finest details without compromising edges or contrast
levels.

Initially the NSECT technique was proposed aiming at anatomic images reconstructions, but
considering the potential for isotopic identification, it is clear that NSECT can be used for a
functional approach, once specific isotopes could be associated with pathologies or some
physiological states.
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